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Land degradation is threating biodiversity, soil fertility, food and water security, as well
as rural and urban economies. To address this issue, new policies should endorse innovative
strategies and management approaches that target key processes such as erosion, soil and water
pollution, and the loss of biodiversity. These efforts align to achieve the United Nations
Sustainable Development Goals (SDGs) and attain land degradation neutrality during this
convulse Anthropocene.

Across various regions worldwide, there is a growing focus on assessing the significant
land degradation processes, ranging from hillslopes to catchment and regional scales. Through
direct measurements, experimental methods, and modeling techniques, it becomes evident that
land degradation is a formidable challenge for humanity. While the scientific literature provides
a comprehensive understanding of land degradation processes in some areas, there is a notable
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gap in information regarding the impact of land uses, climate scenarios, and soil-water
management at different scales on a broader range of non-studied territories.

This special issue seeks to bring together in-depth analyses of past, present, and potential
future land degradation processes, employing modeling techniques with Geographic
Information Systems (GIS) and in situ measurements or experimental approaches. A total of
eight research articles, one short communication and one book review delves into the impact of
land degradation on human and natural ecosystems, along with strategies to confront these
challenges. The interdisciplinary nature of these investigations incorporates economic, social,
perceptual, and biophysical data to provide a holistic understanding of the complex issue of
land degradation. Some examples of land degradation processes and main topics that can fall
within these publications are: 1) Soil degradation (erosion, sealing, pollution, etc.); ii) Soil
quality indicators and land-use changes; iii) Land consumption and land amelioration; iv) Data
monitoring and evaluation instruments; and v) Tools and strategies to achieve land degradation
neutrality.
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ABSTRACT. The optimum use and appropriate management of renewable resources, with dynamic
characteristics, needs to evaluate and classify the ecological capability of environment and its socio-economic
conditions. Land use planning (LUP) is an iterative process based on the dialogue amongst all stakeholders aiming
at the negotiation and decision for a sustainable form of land use in rural areas as well as initiating and monitoring
its implementation. The main objective of this paper is the implementation of integration quantitative model
namely EMOLUP (Eco-Socioeconomic Model of Land Use Planning) in Sepidan Township of the Fars province
in Iran. Therefore, two main steps were prepared for the new model: I. Ecological capability evaluation of different
land uses. This step is composed of the geometric mean method instead of the Boolean and MCE methods. II.
Land use planning and prioritizing for the various uses. This step has been composed intersecting ecological
capability maps and land use planning, based on two scenarios (economic and social). Then, it was compared with
current qualitative and quantitative methods. Also, current land use is used for calibrating and modifying the
proposed models. Results show using the geometric mean method is better than Boolean models, and the method
of the calibrated geometric mean (with overall accuracy > 63 and kappa index > 0.39 for all land uses) is the best
among different used models. Also, results of prioritizing and land use planning showed that quantitative method
with two socio-economic scenarios (with an average of EPM erosion model = 0.31) is the best method for land
use planning in the study area. We confirmed that the EMOLUP model can contribute to a better understand land
use planning in different regions of the world.

Una nueva propuesta del modelo EMOLUP para la evaluacion de la capacidad ecoldgica de
diferentes manejo y planificacion del uso del suelo en Sepidan, Iran

RESUMEN. El uso 6ptimo y la gestion adecuada de los recursos renovables, con caracteristicas dinamicas,
necesita evaluar y clasificar la capacidad ecologica del medio ambiente y sus condiciones socioecondmicas. La
planificacion del uso del suelo (LUP) es un proceso basado en el didlogo entre todas las partes interesadas con el
objetivo de negociar y decidir una forma sostenible del uso del suelo en areas rurales, asi como iniciar y monitorear
su implementacion. El objetivo principal de este documento es la implementacion del modelo cuantitativo de
integracion denominado EMOLUP (Modelo Eco-socioecondémico de Planificacion del Uso del Suelo) en el
municipio de Sepidan, en la provincia de Fars (Iran). En concreto, se prepararon dos pasos principales para el
nuevo modelo: I. Evaluacién de la capacidad ecolédgica de los diferentes usos del suelo. Este paso incluye el método
de la media geométrica en lugar de los métodos booleano y MCE. II. Ordenamiento territorial y priorizacion de
los distintos usos. Este paso considera la interseccion de mapas de capacidades ecologicas y la planificacion del
uso del suelo, en base a dos escenarios (econdmico y social). Posteriormente, se compard con métodos cualitativos
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y cuantitativos actuales. Ademas, el uso actual del suelo se utiliz6 para calibrar y modificar los modelos propuestos.
Los resultados muestran que usar el método de la media geométrica es mejor que los modelos booleanos, y el
método de la media geométrica calibrada (con una precision general >63 y un indice kappa >0,39 para todos los
usos del suelo) es el mejor entre los diferentes modelos utilizados. Ademas, los resultados de la priorizaciéon y la
planificacion del uso del suelo mostraron que el método cuantitativo con dos escenarios socioeconémicos (con un
modelo de erosion EPM promedio = 0,31) es el mejor método para la planificacion del uso del suelo en el area de
estudio. Confirmamos pues que el modelo EMOLUP puede contribuir a una mejor comprension de la planificacion
del uso del suelo en diferentes regiones del mundo.

Key Words: EMOLUP model, geomean, boolean, Prioritizing, land use, capability.

Palabras clave: modelo EMOLUP, media geométrica, booleano, priorizacidn, uso del suelo, capacidad.
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1. Introduction

Land refers to earth’s terrestrial surface and includes climate, soil, landform, water, plants,
animals, human settlements and infrastructure. In biophysical land evaluation analysis and land
performance assessment, there are two major trends: qualitative and quantitative. In general terms, a
land evaluation system is considered qualitative when in its development the values of diagnostic
properties define categories (Makhdoum, 2006). The system is considered quantitative when these
values are combined mathematically to give an index on a sliding scale. Land use planning (LUP) is a
procedure which leads to an optimal and sustainable use of the land and all its attributes (Sarvazad et
al., 2015; Yohannes and Soromessa, 2018; Nazari Viand et al., 2019). Use of the land may take various
forms, from intensive use such as settlements and irrigated agriculture to less intensive use such as
livestock production, forestry or nature reserves (Alavi Panah et al., 2001; Asadifard et al., 2019). The
same piece of land can be used for more than one purpose at the same time (e.g. forestry and livestock
production) or have different uses during different periods of year (e.g. rainfed cropping during the wet
season, followed by grazing during the dry season). Land use planning is not something new: it has been
practiced from the time that humans domesticated animals for livestock production and started crop
cultivation (O’Neill, 1989; Abu Hammad and Tumeizi, 2010; Benthem, 2013; Ayalew, 2015; Masoudi
et al, 2017; Jokar et al, 2021). It should be noted that land use planning must deal with the
understanding of all problems, of potentials and alternatives for land use in all areas of the planning unit.
It cannot be concerned selectively with partial areas, which are particularly intact or degraded. The
whole area used by the stakeholders has to be planned (Mokarram and Zarei, 2021). Hence, before the
beginning of development, it is better to select the suitable developing site in terms of ecological
capability and land use planning in order to prevent reduction of natural resources, which may happen
for the reason of illogical usage (Nouri and Sharifpour, 2004; Masoudi, 2014; Hosseini, 2018).

A significant amount of literature and research has been dedicated to intelligent systems for land
use and management. The study conducted by McHarg (1969), land suitability assessment has become
a standard practice in land use planning. Land uses include both natural and man-made uses. The FAO
(Food and Agriculture Organization of the United Nations) (1976) defined land evaluation as the process
of assessment of land performance when used for specified purposes. In this way, land evaluation can

6 Cuadernos de Investigacion Geografica, 49 (2), 2023. pp. 5-28
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be useful for predicting the potential use of land based on its attributes (Rossiter, 1996). In such classic
methods like the FAO, Storie (1987) made the classification quite strict based on maximum limitation.
This is because, according to Boolean logic, only one low index is enough to reduce the suitability of
land from a highly suitable class to a not suitable class (Masoudi, 2018). Also, computer-assisted overlay
techniques such as the Geographic Information System (GIS) were developed as a response to the
manual method’s limitations in mapping and combining large datasets (Steinitz et al., 1976;
Najafinezhad et al., 2013; Lahmian, 2016; Jahantigh et al., 2019). Methods such as Multi-Criteria
Decision Making (MCDM) and genetic algorithms have considerably advanced the conventional map
overlay approaches to land use suitability analysis (Oyinloye and Kufoniyi, 2013; Safaripour and Naseri,
2019). However, it is well-known land use suitability analysis methods have one problem. They do not
assure a spatial pattern with contiguity or compactness in land allocations for different types of land use.
Also, these methods are complex to use (Masoudi, 2018).

Among leading models in the field of economic planning (prioritizing), the French and the
Anglo-Saxon models can be mentioned (Kindleberger, 1967; Metze, 2002). Also, there is a model
designed by Nakos (1984) in Greece related to land use planning. Fallahshamsi (2004) investigated the
economic evaluation of different land uses in the kalibar-chai forest-covered watershed in Iran, using
linear programming and the GIS (Geographic Information System), and based on the cost-benefit
method. Najafinezhad et al. (2013) compared the efficiency of systematic and multi-objective land
allocation (MOLA) methods for land use planning using the GIS. They found that the map obtained
from MOLA was better in terms of land use allocation and also, for reducing erosion and sediment
production as compared to that of the systematic method. Piran et al. (2013) had utilized AHP and GIS
methods for assessing land suitability for forest at Bdresh county western Iran. Pan et al (2021)
conducted practical efficient regional land-use planning using constrained multi-objective genetic
algorithm optimization for Dapeng, China. Results showed that the comprehensive model gave superior
fitness compared to the contrast experiments.

Considering the above mentioned-lack the main goal of this paper is the implementation of
accurate integration quantitative models in order to evaluate ecological suitability and prioritize different
land uses including forest, rangeland, agriculture, conservation, and development. Our research will help
to achieve the Sustainable Development Goals of the United Nations and the Land Degradation
Neutrality challenges due to the soil and water proper management we propose (Keesstra ef al., 2018;
Keesstra ef al., 2021). To achieve this goal, an experimental area including total area of Sepidan county
placed in Fars Province, Iran was selected because of available data for this land evaluation and also
different variation in climate and topographic condition.

2. Materials and methods
2.1. Study Area

Sepidan county is situated in Northwest of the Fars province of Iran with an area of 286,000
hectares. Sepidan city is located in 51° 59' east longitude and 30° 15' north latitude (Fig. 1). The
population of this county was equal to 91,049 people based on the 2015 census. Its average rainfall
thirty-years past is 758 mm, with 35% and 65% relatively in the form of snow and rain, respectively,
evenly distributed. The weather is very cold in the winter and reach to -15°C and cool and mild in the
summer with average daily temperature of 25°C. From the contemporary technicalities of climatic
classification and general populace, this city is considered cool and moist to semi-dry (Goudarzian and
Yazdani, 2015). A major part of this county is mountainous and covered with forest, and due to its
climate, it is one of the important agricultural and animal husbandry areas of Fars province. This county
has been successful in preparing and distributing meat outside the province. Walnut, peach, apple and
cherry trees comprise the most products of the region. It should say that Sepidan is one of the most
famous ecotourism regions in Fars province and Iran. The region's cool climate in summer and snow-
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covered mountains in winter and the natural tourist attractions of the region and the existence of riding
tracks and ski tracks and areas such as Tangheh-Tizab and Chalehgah have given a special boost to the
tourism industry. Figure 1 shows the location of the study area.
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Figure 1. Location of the study area in Iran.
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2.2. Ecological capability evaluation
2.2.1. Modeling Process for Ecological Capability Evaluation

The present paper aims to find a suitable model for land capability evaluation, for different land
uses in the study area, using software like ArcGis9.3 (Produced by ESRI Company, USA), ENVI4.7,
and Excel. Two types of data were obtained: numerical data and thematic maps, mainly in the map
format. All such relevant data were obtained from the local and main offices and institutes of the
Ministries of Agriculture and Energy in Iran. Figure 2 shows the platform structure of the designed
model.

Criteria

I | | | |

Topography Climate Soail Vegetation Geology and etc

|:> Formulating model with
Boolean and Average methods

Validation and
Calibration

Figure 2. Flowchart showing the methodology adopted for ecological capability evaluation in this study.

Classification
of parameter

2.2.2. Classification of Models

The Iranian Ecological Model (Makhdoum, 2006, Masoudi, 2018) is a land evaluation model
for different land uses. For example, forestry (including 7 Classes), agriculture and rangeland
management (including 7 Classes), development (including 3 Classes) and ecotourism (including 3
Classes). It should be noted that the ecological potential in every use reduces by increasing the capability
number of the class. In the revised method, classes mentioned were reclassified (in order to make a
standard classification). Accordingly, the uses of agriculture and natural resources (forest and rangeland)
were reclassified into four Classes (Anex la) including: highly suitable (1), moderately suitable (2),
poor (3), and not suitable (4). Human-made uses (development and ecotourism) were reclassified into 3
Classes including: highly suitable (1), moderately suitable (2), poor and not suitable (3) (Anex 1b). Also,
environmental conservation uses or protected land was classified into 2 Classes including: suitable (1),
not suitable (2) (Anex Ic¢).

2.2.3. Formulating Model

Boolean Algebra: Boolean logic has three basic operators: Intersection (logical term AND),
Union (logical term OR), and Inverse (logical term NOT).

Geometric Mean: In the geometric mean method such as the MEDALUS model (Kosmas et al.,
1999; Zakerinejad and Masoudi, 2019) and according to criteria, in the uses with four classes, every
indicator was given the weight between 0 and 3 (Anex 1). In this, 0 indicates the non-suitability of the
ecological condition (Class 4) and 3 represents the most suitable ecological condition (Class 1) for a
utilization like irrigation. Scores of 1 and 2 are given to the third and second classes, respectively. In
uses like development with three classes, every indicator was given the weigh between 0 and 2 (Anex

Cuadernos de Investigacion Geografica, 49 (2), 2023. pp. 5-28 9
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1). In this, 0 stands for poor and non-suitable ecological condition (Class 3) and 2 stands for the most
suitable ecological condition (Class 1).

Then every criterion (like topography) was calculated based on the geometric mean of indicators
(Equation 1).

Criterion_X= [(Layer-1) x (Layer-2)...x (Layer-n)] ' (Equation 1)

In this, Criterion_X is the defined criterion; Layer is the indicator map of criterion; and n is the
number of used indicators. Then the criteria were multiplied through the geometric mean (Equation 2).

Final Criterion = [(Layer-1) x (Layer-2)...x (Layer-n)] " (Equation 2)

In this, Final Criterion is the final layer of ecological capability; n is the number of used criteria.
Then classes of qualitative and suitable ecological capability were defined, for uses of three and four
classes, in the study area in a GIS (Table 1).

Table 1. Suitability classes in capability maps and models for 4 classes’ uses (a) and models for 3 classes’ uses
(b) regarding the scores of polygons.

(a)
Suitability classes
. Good (1) Moderate (2) Poor (3) Not suitable (4)
Their score
2.5-3 1.5-25 0.5-15 <0.5
(b)
Suitability classes
. Good (1) Moderate (2) Poor & Not suitable (3)
Their score
1.5-2 0.5-1.5 <0.5

Note: The capability of conservation use was calculated based on the Boolean (OR) method.

Arithmetic Mean (Sum): In the arithmetic mean method, scores given to indicators were averaged (Tables 2 for
classification).

MCE (WLC) method: In this paper, MCE was used for assessment. Accordingly, questionnaires
were given to experts in the field of different uses for weighting the criteria and factors. Then calculation
of weightings was done in Expert Choice software. Weight of criteria and factors was obtained with
Consistency Ratio or CR<0.1. Then WLC (weighted linear combination) method used for the weighted
overlay of the input data layers. With the weighted linear combination, factors are combined by first
applying a weight to each factor and criteria (Equations 3), followed by a summation of the results to
yield a suitability map (Equations 4). Finally, constraint factors (C;) were multiplied in map
(Fallahshamsi, 2004).

[(W;x factorl) + (W, x factor 2) ...+ (W, x factor)] xC; (Equation 3)
[(W; xCriterial) + (W; x Criteria2)...+ (W, X Criteria)] X C; (Equation 4)

2.2.4. Validation and Calibration

Validation: In order to validate models, samples of ground reality (current land use map) were
gathered by “Create Fishnet” algorithm (a systematic random sampling) in ArcGIS 9.3 environment
(Congalton, 1991). Number of samples was based on importance of ground reality in every use. So, the
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regions with more suitable condition for every use were sampled more than other regions (Fallahshamsi,
1997).

Then these points were overlaid to land capability maps. The obtained result is observed in a
table named “Error Matrix” and by quantitative indices such as “Overall Accuracy, Kappa and Inclass
Coefficients” (Fallahshamsi, 1997).

Calibration: To ensure the agreement of capability maps to current conditions (regarding
omission and commission in errors and maps of parameters in the geometric mean method), quantitative
ranges of suitability classes (Table 1) were slightly changed. For example, the range of Class 0.5-1.5
was changed to 0.5-1.85. This kind of calibration was done in other classifications like the MEDALUS
method.

2.3. Prioritizing Different Land Uses
2.3.1. Modeling Process

The present paper aims to find a land use planning model for prioritizing different land uses of
the study area using ArcGis9.3. Every use with the best accuracy was intersected in a vector format in
the ArcGIS software environment. Current land use was also applied. Figure 3 shows platforms structure
of the designed model.

Land capability evaluation
\
| Conservation | I Forest " Rangeland " Develonment ” Asriculture II Ecotourism I

Evaluation based on calibration
map with best accuracy

-
Proposed land use maps with
Overlay maps [ P ’ P

different methods
I
Modified maps based on
socioeconomic, ecological and
current land use
l
[ Final 1and use map

Figure 3. The conceptual framework of land use planning for the proposed model.

It should be noted that the land use planning process is based on selection of the best use in
every polygon (unit). Hence, different methods were applied in order to select the best use.

Quantitative Method: Initially, the quantitative method developed by Nakos (1984) was used.
Then it was revised (based on conditions in Iran) by Makhdoum (2006). To be more specific, four
scenarios were developed for different land uses based on the regional information, including: current
land use area, ecological scenario, economic scenario, and social scenario. Table 2 shows one example
describing the four scenarios in a study area (as a planning unit).

The first scenario was ranked by evaluating the current land use. The land use with highest area
in this region (forest) was given highest rank and the land use with least area in this region (protected
zones) was given the least rank. But for other scenarios questionnaires was prepared. Experts of the
study area were asked to rank different land uses for these other scenarios based on their knowledge and
experience. Then all land uses were ranked for each scenario and given scores of 10 and below based
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on their ranks (Table 2a) and classes of ecological capability (Table 2b). For example, if in one scenario
in a land unit, the rank of forest is in third place and its ecological capability is in Class 2, then the score
in its first step is 8, and one point is lowered for its capability reduction (Class 2), making the forest
score 7. If ecological capability is in Class 3, the reduction in each scenario would be of two points.

To achieve a systematic analytical model, all layers of ecological capability maps were used by
a vector format in GIS software environment. Then appropriate utilization of each land unit (polygon)
was determined and prioritized. Appropriate utilizations are those that have a higher sum of scores
among the used scenarios (Table 2b). Many of the units were seen to be fit for two appropriate uses by
the quantitative model, considering the socio-economic status of the area, consistency of land uses and
current land use.

Table 2. Example of scenarios designed for the study area (a) and Relative values (0-10) assigned to different
land uses according to capability classes of the land with taking into consideration of different scenarios (b).

(a)
Scenariol Rangeland > Forest > Agriculture > Conservation > | Development
Scenario2 Conservation > | Rangeland > Forest > Agriculture > Development
Scenario3 Development > | Agriculture > Rangeland > Conservation > | Forest
Scenario4 Development > | Agriculture > Conservation > | Rangeland > Forest
Weighted values | 10 9 8 7 6
(b)
apability class | Rangeland Forest Agriculture Conservation Development
Scenario 1 3 2 1 2
1 10 7 7 7 5
2 9 6 6 10 5
3 8 4 8 7 9
4 7 4 8 8 9
Sum 34 21 29 32 30
Priority 1 5 4 2 3

Modified Quantitative Method (four scenarios): Modifications were made in the process of
work for assessing land use planning with a quantitative model. These modifications are described as
follows:

a. Each use was prioritized based on the highest score derived after summing up the scores of the
scenarios. Of course, it is necessary to have appropriate capability (suitable or Classes 1 and 2)
for the utilization with highest score.

b. The compatibility of uses was considered. If uses are compatible together (for example, forest
and conservation), they will be considered together. If uses are not compatible together (for
example, development and forest), they will be considered based on economic needs (especially
current land use).

c. Current land use map was applied for assessment because of socio-economic compulsions of
the population, especially in rural areas. The main modifications in this step are to hold the
following land utilizations:

1) Agricultural lands with suitable capability (classes 1 and 2).

2) Settlement lands (urban, rural, and industrial areas).
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3) Forest lands with a canopy cover of more than 25% (F; and F») and those with
conservational roles based on compatibility of uses.

4) Forest lands with a canopy cover of less than 25% (F3) that were prioritized as rangeland.
They are prioritized as Forest — Rangeland based on compatibility of uses.

5) Rangelands with a canopy cover of more than 25% (R, and R»), F3 and ecotourism with
suitable capability (Class 1) with taking into consideration of compatibility of uses.

6) Current protected lands with taking into consideration of compatibility of current land use
(for example, natural resources) and holding man-made current land use in current
protected lands (except core zones).

7) Lakes and river beds.

8) Lands not prioritized in earlier steps (with suitability Classes 3 and 4); their utilizations are
retained.

In this study proposed land uses are defined with different codes including: F (Forest), E
(Ecotourism), R (Rangeland), IF (Irrigated Farming), DF (Dry Farming), D (Settlement &
Development), E (Ecotourism), C (Conservation), BL (Bare Land), L (Lake and water body).

Modified Quantitative Method (two scenarios): Due to problems in evaluation of the
quantitative methods (4 scenarios) [a) the larger area of one utilization (for example, rangeland) as
compared to the smaller area of another utilization, giving higher weight to the former; b) the existing
ecological scenario in land ecological capability evaluation where experts may mistakenly prioritize the
ecological scenario], the revised quantitative method was used based on two scenarios (economic and
social) with mentioned modifications.

Qualitative and its Modified Method: Qualitative method (Makhdoum, 2006; Khosravi ef al.,
2012; Masoudi, 2018) keeps current utilizations with suitable capability (Classes 1 and 2) after
intersecting ecological capability maps with the land use map. Other lands are prioritized based on
utilizations that have better land capability. In modified qualitative method, some positive changes
(mentioned in the modified quantitative method) were added.

2.3.2. Validation of Models

In order to validate models, the EPM (Erosion Potential Method) model was used (Gavrilovic,
1998). Based on the EPM model assigned with land uses, maps of proposed models were compared with
the current land use map. The model close to good land uses assigned to the EPM model is considered
to be the better model. The ranked land uses (agriculture and natural resources) assigned to the EPM
model (with a little modification) were sorted based on their impact on soil protection (Table 3a). This
ranking helps to compare land use planning maps to current land use. Based on Table 3a, if the optimized
uses have better situations than current land use (A), positive (+1) score is given; if the optimized uses
have worse situations than current land use (B), negative (-1) score is given; and if the optimized uses
are the same as current land use (C), zero (0) score is given.

Point 1: If the current land use is kept and its ecological capability is in Class 1 (except protected
lands), a positive (+1) score is given (D) due to its socio-economic importance.

Point 2: Converting a river bed to other uses is equivalent to a negative (-1) score.

It should be noted that the use of residential and industrial development has not been mentioned
in the EPM model. Hence, a separate table (Table 3b) was made to compare current and optimized land
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uses with regard to destructive out-site and in-site effects, and socio-economic special features for this
use.

Also, for future (not current) environmental conservation, the score was considered to be
positive due to land improvement and its protective role. Additionally, to convert areas of natural
resources and agriculture to ecotourism, the rating -1 to +1 was used based on the capability degree of
agriculture and ecotourism areas, and due to environmental and socio-economic special features for
these uses.

Based on the above points, the proposed models were compared together. For this purpose, a
certain number of points (1707) was scattered with the Create Fishnet algorithm in ArcGIS9.3
environment and was based on the study area (a systematic-random sampling). In the next step, proposed
models were compared based on average ratings. So, the final number is between +1. If the positive
number obtained is larger, it represents the suitability of the prioritization process.

Table 3. Validation of proposed models by EPM model to compare with current land use (a) and validation of
proposed models by comparing with current land use and development (b).

(a)
Order Land use Description
1 FiF Current Dense and Semi dense Forest (capability
b2 classes of 1 and 2 in optimized use)
5 IF, DF with suitable capability Irrigated and Dry Farming with suitable capability
(Classes of 1, 2) (classes of 1 and 2)
Current Sparse Forest (capability class of 3 in
3 F3, Ry optimized use), Current Dense Range (capability class
of 1 in optimized use)
4 R Current Semi dense Range (capability class of 2 in
: optimized use)
IF, DF with none suitable Irrlgateq 'c.md Dry Farming with weak to none suitable
5 capability (3, 4) and R capability (classes of 3 and 4) and Current Sparse
P Y 3 Range (capability class of 3 in optimized use)
6 Desert (BL, SL) Barren and Saline lands
Examples Examples Code
R> (current) to F» (optimized) A
F» (current) to R; (optimized) B
F (current) to F (optimized) C
IF (current) to IF (capability 1) D
(b)

Current land use Optimized Use Score Reason and Description
Development Every use (e.g., range) -1 Socio-economic conditions
Development Development 0 No change

Every use Development -1to+1 Based on capability degree of both uses
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3. Results and discussion
3.1. Ecological Capability Maps

The final results of validation for different uses are observed in Table 4. The final maps of
ecological capability, with the best accuracy and suitability classes for different methods, are observed
in Figure 4. The maps include methods of Iranian ecological model and maximum limit by Boolean
algebra, MCE, arithmetic and geometric mean, and calibration of geometric mean.

Results (Table 4) generally show that the revised method using the geometric mean (with overall
accuracy > 59 and kappa index > 0.39 for all land uses except for the natural resources area with kappa
index < 0.2) is better than Boolean and MCE models. Of course, in the results of rainfed agriculture,
development and natural resource uses there are not any difference between geometric mean and MCE
(WLC) models. Also, the method of the calibrated geometric mean (with overall accuracy > 63 and kappa
index > 0.39 for all land uses) is the best among different used models. It should be noted that the arithmetic
mean (with overall accuracy 17 to 57% and kappa index < 0.01 for all land uses except for the natural
resource area) have the lowest accuracy. In fact, the Boolean method (with overall accuracy 34 to 48 and
kappa index = 0.0) is the worst suitable way in natural resources uses. Also, inclass coefficient was found
to be the best to estimate suitable classes. These results are in good agreement with study results of Sanaee
et al. (2010), Jokar and Masoudi (2016) and Asadifard (2016). In relation to natural resource utilizations,
it was found that the calibration of geometric mean (with overall accuracy > 78 and kappa index > 0.64)
has the best accuracy as compared to the other models like geometric mean evaluation and the difference
in the results is almost significant. But between accuracy indices for geometric mean and their calibration
in man-made utilizations like irrigated farming, development and etc. are not significant difference.

Table 4. Overall Accuracy, Inclass and Kappa coefficients in the used models.

Boolean Average
Land Uses Model Max | Arithmetic MCE
Index Ecological | .~ (Simple MCE) | (WLC) Geometric | Calibrated
Overall Accuracy 37.5 47.1 57.44 57.36 63.44 63.44
trigated 'y appa Coefficient 017 | 029 0.02 0.09 0.39 0.39
& Inclass Coefficient 1.1 0.22 1.41 1.82 1.17 1.17
. Overall Accuracy 74.59 66.4 38.4 78.68 78.37 79.4
rainted [ "Kappa Cocfficient 045 | 0.15 0 0.55 0.54 0.56
& Inclass Coefficient 0.9 0.14 0.62 1.33 1.25 1.3
Overall Accuracy 48.3 46.7 73.65 73.73 73.73 92.5
Rangeland Kappa Coefficient 0.05 0.03 0 0.004 0.004 0.79
Inclass Coefficient 0.1 0.04 2.79 2.8 2.8 9.83
Overall Accuracy 33.81 41.3 53.71 59.29 59.29 77.6
Forest Kappa Coefficient 0.02 0.14 0 0.2 0.2 0.64
Inclass Coefficient 0.05 0.07 1.16 1.34 1.37 3.08
Overall Accuracy 82 88 17 88 88 88
Development® | Kappa Coefficient 0 0.46 0 0.46 0.46 0.46
Inclass Coefficient 0 0.52 0.2 0.52 0.52 0.52
Overall Accuracy 54 74 38 73 81 82
Ecotourism | Kappa Coefficient 0.2 0.56 0.09 0.59 0.7 0.72
Inclass Coefficient 0 0 0.49 0.76 1.14 1.35

8Urban and industrial development
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Figure 4. Ecological capability maps prepared with best accuracy.
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Additionally, Figure 5 (for example ecotourism use) shows that the study area by the Simple MCE
(arithmetic mean) methods tend to fall under good classes; Boolean methods tend to fall under not suitable
classes; and the geometric mean and its calibration and WLC methods tend to be placed between the other
methods. This indicates that the geometric mean and its calibration can be a useful and flexible model for
finding the potential of use. This format of changes in the range of classes in different models for other
uses in the region was also observed. These results are in good agreement with results of Elaalem et al.
(2010), Najafinezhad et al. (2013), Jokar (2015) and Asadifard (2016) and are based on the same methods.

90
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2 50 | = =Calibration P il
g3 .
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540 MCE ’ o
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Figure 5. Percent of land under different capability classes for different methods of ecotourism use.

As a whole, AHP is a widely used method in WLC and was introduced by Saaty (Saaty, 1977;
Saaty and Vargas, 2001). AHP is based on three principles: decomposition of the overall goal (suitability),
comparative judgment of the criteria, and synthesis of the priorities (Baniya, 2008; Nazari Viand ef al.,
2019). In contrast to above methodologies, this research showed that proposed method is easier than AHP
and saves time and cost.

Also, the proposed method using geometric mean and different criteria reduces the high effect of
certain criteria like soil with ten indicators as compared to other important criteria with fewer indicators.
Therefore, climate and topography with only two indicators have an equal weight as the soil factor. Also,
there is a range of ecological conditions that create restrictions in the land such as very severe salinity. By
placing the number zero in an equation and multiplying, these regions were not considered to be suitable.

3.2. Land Use Planning Maps

Land use planning methods were applied in every polygon after intersecting ecological
capability maps of different land uses with the current land use. Final results of validation for land use
planning methods are observed in Table 5. The basic method is based on primary methods: Nakos (1984)
and Makhdoum (2006).

Table 5. Validation of land use planning methods.

Basic Modified
Model .
.. .. . Quantitative
Index Qualitative Quantitative Qualitative - -
4 scenarios 2 scenarios
EPM (Average) 0.23 0.01 0.25 0.29 0.31
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Results generally show that modified methods (with EPM index for modified qualitative = 0.25,
for modified quantitative with 4 scenarios = 0.29 and for modified quantitative with 2 scenarios = 0.31)
are better than basic models (with EPM index for basic qualitative = 0.23 and for basic quantitative with
4 scenarios = 0.01) due to reforms; and revised quantitative methods are better than qualitative models
due to quantitative calculations, existing scenarios, and modifications. Also, the modified quantitative
method with two scenarios (EPM index = 0.31) is the best among the different used models. Actually,
the quantitative method with two scenarios is even better than the quantitative method with four
scenarios. It shows that the area and ecological scenarios are not suitable for land use planning. These
results agree well with Babaee and Ownegh (2006), Jokar (2015), Asadifard (2016) and Masoudi ef al.
(2020). Additionally, it was found that the quantitative method with two scenarios (Figure 6) has more
land for future conservation (in accordance to the mentioned regions). In other words, the existing
scenarios of area and ecology led to the use of conservation being seen as less than range or forest
(Masoudi and Jokar, 2015). The areas defined in Figure 6 represent future conservation. On the whole,
Figure 6 and Table 5 show that 31% of the study area will be improved by the two scenarios method,
using socio-economic and ecological information.

Legend

050 10 20 30 40
e e e KilOmeters

Figure 6. Final map of land use planning by two scenarios. [Note: Proposed land use: F (Forest), E
(Ecotourism), R (Rangeland), IF (Irrigated Farming), DF (Dry Farming), D (Settlement & Development), E
(Ecotourism), C (Conservation), BL (Bare Land), L (Lake and water body)].
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The total results obtained in Table 6 are as follows:

1. To keep most forest lands and rangelands (especially R1, R2, and most of R3) in the optimized
land use map.

2. To keep most irrigated lands in the optimized land use map.
3. To increase conservation lands in optimized land use as compared to current land use.

4. To increase development, use due to socio-economic issues, taking into consideration
environmental conservation and EIA (Environmental impact assessment).

5. To convert few parts of deserts to natural resources in optimized land use.

6. To perform ecotourism in some forest lands.

Table 6. Percent are of current and optimized land uses.

Land use Current land use (%) Optimized land use
9.28 (F)
0.25 (FC)
Forest 35.47 0.56 (FEC)
5.79 (FR)
5.41 (FE)
16.04 (R)
Rangeland 24.12
0.15 (RC)
Irrigated farming 27.41 20.35
Ecotourism - 30.43
Rainfed farming 10.84 5.61
Development 1.12 1.22
Desert 0.68 0.52
2.79 (C)
Conservation -
1.48 (EC)
Sum 100 100

4. Conclusion

In this paper, different evaluation methods such as the Boolean and average were investigated.
Results showed that the suitability of every use and the selection of suitable evaluation methods could
be estimated by current land use. Since current land use is an important parameter, the socio-economic
conditions in a region were stated (Di Gregorio and Jansen, 1998).

The modified classification of parameters has helped to increase the accuracy of the new model
in land use planning. This indicates that in each specific area, a special classification appropriate to the
conditions of the area is required. The geometric mean method has also improved the accuracy of the
models, which shows this method has higher flexibility and accuracy. Another important advantage of
this method is the simplicity of implementation compared to other methods.

In this paper, it was found that the quantitative method with two scenarios (social and economic)
is the best method for land use planning. It should be noted that the proposed method considers
ecological as well as socio-economic issues. Of course, if socio-economic information is not available,
we can use the revised qualitative method.

We conclude that land management study based on geo-mean, its calibration and validation
methods, and modification methods of land use planning (especially quantitative method with two
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scenarios) are suggested to managers. Also, we denominate this kind of ecological capability evaluation
and land use planning for different land uses with a proposed model of EMOLUP (Eco-Socioeconomic
Model of Land Use Planning) to the scientific societies.
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Anex 1. The indicators used in the model of land evaluation for agriculture and natural resources or four
classes’ models (a) and for Development and Ecotourism or three classes’ models (b) and Conservation Use (c).

(a)
Criteria Parameter Irrlga‘t ed Ralnf‘ed Forest Rangeland Class
Farming Farming
0-8' 0-5 0-35 0-15 1
o 8-15 5-15 35-55 15-25 2
Slope (%) 15-30 15-25 55-65 25-40 3
Topography >30 >25 >65 >40 (in mountains) 4
Elevation Plain Plain 0-1000 1
(m) or Land - - 1000-1800 - 2
type Hill . Hill . 1800-2600 3
Mountain Mountain >2600 4
Slight Slight Slight 1
Moderate Moderate Moderate 2
Drought Severe & very | Severe & very - Severe & very 3
severe severe severe
- - - 4
>400 >800 >400 1
Rain (mm) ) 200-400 500-800 200-400 2
50-200 200-500 50-200 3
. <50 <200 <50 4
Climate 18-21 1
Temperature <18, 21.1-30 2
(°c) i i >30 i 3
- 4
Semi-arid to 1
Humid
Current state -
of climate Arid ; ) ) ) 2
Very arid 3
- 4
Heavy, Heavy, Heavy, moderate, Heavy, moderate,
moderate, moderate, licht licht 1
light light & &
Texture Coarse Coarse Coarse, very Coarse 2
coarse
Very coarse Very coarse - Very coarse 3
- - - - 4
Deep (>80) | Deep (>80) Deep (>80) Semi d(efspogo deep |
Sg‘g‘_gg;p S‘(’;‘B‘_gg;’p Semi deep (50-80) | Shallow (25-50) | 2
Soil Depth (cm) Shallow (25- | Shallow (25- Shallow to very Very shallow 3
50) 50) shallow (<50) (<25)
Very shallow | Very shallow
to no soil (0- | to no soil (0- No soil (0) No soil (0) 4
25) 25)
6.1-8.5 <85 4.2-7 <9 1
n 4.2-6,8.5-9 8.5-9 7.1-8.5 - 2
P 9-9.5 9-9.5 8.6-10 >9 3
>9.5 >9.5 >10 - 4
0-35 0-35 >15 0-35 1
Gravel 35-75 35-75 16-50 35-75 2
percent >75 - >51 >75 3
- >75 - - 4
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Good to Good to Good to moderate | Good to moderate
moderate moderate (0.1-25) (0.1-25) 1
Drainage (0.1-25) (0.1-25) ) ]
(cm/hr) P°°>r2(5<)0 €, P°°>r2(5<)0 L poor (<0.1,>25 | Poor (<0.1, 25) 2
- - - - 3
- - - - 4
None, slight None, slight None, slight None, slight 1
Moderate Moderate Moderate Moderate 2
Erosion Severe Severe Severe, very Severe, very severe 3
severe
Very severe Very severe - - 4
h/lfézz:;e ;;:;Z:;e Fine Fine to Moderate 1
Granulating Coarse Coarse Moderate Coarse 2
- - Coarse - 3
- - - - 4
(;Z:El(:r) Perfect (granular) 1
Evolution Moderate Moderate 2
(Structure) Low ) Low ) 3
None (no None (no 4
structure) structure)
<8 <8 <8 1
Salinity 8-16 8-16 8-18 2
(EC in ds/m) 16-32 16-32 i 18< 3
>32 >32 - 4
<15 <15 <15 1
15-30 15-30 15-30 2
ESP 30-50 30-50 i >30 3
>50 >50 - 4
Good (>1.5) Mogeo;ctiet((;l) Good (>1.5) Good t?>1\1/[)oderate 1
(Foigg:lyc Mot | Low() | Moderate (1-1.5) Low (1) 2
V)
matter %) Livgvzo(l]f )ry VGZ II;OW Low (1) Very Low (<1) 3
- - Very Low (<1) - 4
Limestone and
Dolomite,
Intermediate
pyroclastic rocks
of Eocene, Shale,
Clay Stone, 1
Conglomerate and
marl type 1,
Ophiolite of
melange color,
Geology Geology - - floodplain -
Granite,
sandstone, loess, )
schist and gneiss
and amphibolite
marl Type 2,
alluvial fans,
alluvial terraces, 3
sand dunes,
continental shelf
sediments
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Salt domes,
gypsum dome,
calcite and 4
dolomite marble,
quartzite
75-100 >50 1
Canopy 25-74 25-50 2
Cover (%) ) ) <25 5-25 3
- <5 4
Wood with gradel 1
Wood with grade )
2
2
Wood Value ) ) Wood with grade ) 3
3
None Commercial 4
Forest lands 1
Vegetation . . 2
Vegetation Rangelands 3
Type ) ) Poor Rangelands i
(canopy cover 4
<25%), Desert
>5 1
Annual 2.1-5 2
Growth (m®) ) ) <2 ) 3
- 4
>500 1
Dry Forage 350-500 2
(kg/ha) ) ) ) <350 3
- 4
>3000* 1
Quantity of 1500-3000 2
water <1500 - - - 3
(m?/year) Without water 4
resources
Lowering of 200__2300 ;
water =30 - - - 3
Water table(cm/y) . 4
0-750 1
EC(umhos/c 750-2250 2
m) >2250 ) i ) 3
- 4
0-18 1
18-26 2
SAR 26 - - - 3
- 4
(b)
Criteria Parameter Development Ecotourism Class®
0-15 0-15 1
Slope (%) 15-30 15-30 2
>30 >30 3
Plains except of flood plains 1
Topography
Plateau & upper terraces, )
Land type alluvial- colluvial fans -
Mountains, Hills, Flood
. 3
Plains
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501-800 1
Rain (mm) 51-500, >800 - 2
<50 3
18.1-24 21-24 1
Temperature® (°c) 24.1-30, <18 18-21, 24-30 2
>30 >30, <18 3
>15 1
Number of sunny
Climate days (in spring & - 7-15 2
summer months) <7 3
. . 40.1-70 1
Relatl\;e humid 240, 70-80 ) 5
(%) >80 3
1-35 1
Wind speed(km/h) 36-60 - 2
>60 3
Moderate (often) Usually moderate 1
Texture light(often) Coarse, light, heavy 2
Heavy(often), Regosols, Very heav 3
Lithosols vy Y
Deep Deep 1
Depth Semi deep Semi deep 2
Shallow to very shallow Shallow to very shallow 3
0-25 1
Gravel percent 26-50 - 2
>50 3
Good (2-6) Good (2-6) 1
Drainage (cm/hr) Moderate (0.1-2, 6-25) moderate to poor (0.1-2, 6-25) 2
Soil Poor (<0.1, >25) Incomplete (<0.1, >25) 3
None, slight 1
Erosion Moderate - 2
Severe, very severe 3
Moderate 1
Granulating Fine, coarse - 2
Very fine 3
Evolution Perfect (granular) Perfect (granular) 1
(Structure) Moderate Moderate 2
Low Low 3
Fertility Good, moderate (>1) 1
(Organic matter - Low (1) 2
%) Very low (<1) 3
— pyroclastic rocks, Granite
Sandstone, Ophiolite of D
melange color, sediments of Ophiolite of mel'ange color, sand 1
continental shelf dunes, con}mental shelf
sediments
Limestone and Dolomite,
Intermediate pyroclastic Limestone and Dolomite,
rocks of Eocene, Granite, sandstone, loess, schist and gneiss )
Geology Lithology alluvial fans, Shale, Clay and amphibolite, quartzite,
Stone, Conglomerate, loess, alluvial fans, flood plain
alluvial terraces
marl, schist and gneiss and
amphibolite, sand dunes, marl, Shale, Clay Stone,
Salt domes, Gypsum dome, Conglomerate, Salt domes, 3
calcite and dolomite marble, gypsum dome, calcite and
quartzite, floodplain, Buffer’ dolomite marble
(Fault, River)
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0-25 Forest lands with canopy cover of 1
50-80 %
Vegetation Canopy Cover (%) 26-50 Forest lands vsgl_tglocoznopy cover of 2
=50 Poor Rangelands, Forest lands 3
with canopy cover>80%, Desert
Quantity of water >225 >40 1
Water for everyone 150-225 12-39.9 2
(Lit/day) <150 <12 3
Forest park of Natural and
planted, Nature Park, National
Park, Protected Area, Biosphere 1
Reserve, World Heritage,
. Historical artefacts and national
Conservation Protected area - .
and pilgrimage
- 2
Reserve forest, Wildlife
Sanctuary, National natural 3
monuments
()
Parameter Class
Cheetah, Zebra, Fallow deer, Ibex,
Chamois, Panther, gazelle, Chinkara, Suitable
Wild goat, Ovis, Wolf, Sable, Wild
Value of Species (Mammals) Cats, Bear
Fox, Badger, Hyena, Weasel, Pig,
. d . None
Porcupine, Squirrel, Jackal, Pika, Suitable
Hedgehog, Bat, Rabbit, Rodents
>5 Suitable
Species Biodiversity <5 None
Suitable
Mangroves, estuaries, ponds Suitable
Sensitive Habitats None
Other .
Suitable
Reserve forest, Forest Park of Natural
and planted, National Park, Nature Park,
Protected Area, Biosphere Reserve, Suitable
Protected Area Wildlife refuges, National natural
monuments
None
Other Suitable

! This slope classification is assigned for horticulture and Class 1: 0-5, Class 2: 5-8, Class 3: 8-15 and Class 4: >15 is assigned
for Irrigated cultivation.
21t is evaluated for only Commercial Forestry suitability
3t is evaluated for only Commercial Forestry suitability
4This classification is assigned for horticulture and Class 1: >4000, Class 2: 1500-4000, Class 3: <1500 and class 4: Without

water resources is assigned for Irrigated cultivation

SPoor & not suitable situation for third class

SFor ecotourism in spring & summer seasons
"Major Fault= 1km, Minor Fault =300m; River= 1km (Gharakhlou et al., 2008, based on guidelines of Department of Energy
and Department of Housing and Urban Development in Iran)

28

Cuadernos de Investigacion Geografica, 49 (2), 2023. pp. 5-28



https://www.google.com/search?biw=1366&bih=667&q=Ovis&stick=H4sIAAAAAAAAAONgecTozC3w8sc9YSmrSWtOXmM04eIKzsgvd80rySypFFLjYoOyZLh4pTj1c_UNLDIyqow0GKS4uRBcHgALYTiUSAAAAA&sa=X&ved=0ahUKEwj3h930s47MAhUDLZoKHWCyC50Q6RMIgAEwDg
https://www.google.com/search?biw=1366&bih=667&q=Ovis&stick=H4sIAAAAAAAAAONgecTozC3w8sc9YSmrSWtOXmM04eIKzsgvd80rySypFFLjYoOyZLh4pTj1c_UNLDIyqow0GKS4uRBcHgALYTiUSAAAAA&sa=X&ved=0ahUKEwj3h930s47MAhUDLZoKHWCyC50Q6RMIgAEwDg

Cuadernos de Investigacion Geografica
Geographical Research Letters

[O) Copyright © 2023, The authors. This work is licensed under g .
a Creative Commons Attribution 4.0 International License. http://doi.org/10.18172/cig.5506

2023 N°49 (2) pp. 29-49 EISSN 1697-9540

CIRCULATION WEATHER TYPES AS A KEY FACTOR ON
RUNOFF INITIATION AND SEDIMENT DETACHMENT IN
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ABSTRACT. In this research, the circulation weather types (CWTs) associated with individual surface pressure
data at different atmospheric heights were used to correlate and quantify soil erosion events collecting soil loss (g
m2), runoff (1 m2) and sediment concentration (g L) using field plots and sediment collectors. Representative
Mediterranean shrubland, located at Sierra de Enguera (Eastern Spain), was used as a case study where 213 rainfall
episodes and related soil loss events were recorded for the 2010-2014 period. Average annual precipitation of 544
mm was registered, summarizing a total of 2,720.1 mm for the five years of the research period. A total of 34.4%
of the registered precipitation events ranged from 10 to 29.9 mm, 23.5% from 30 to 49.9 mm, and 15.9% from 50
to 99.9 mm. The dynamic low-pressure with fronts (DLp+f) CWT was found to generate the highest precipitation
amount reaching 60.6% of the total precipitation (105 of the 213 events). Over a third (35%) of the precipitation
events occurred during Eastern CWT, which accounted for 48% of the total precipitation with average values of
17.6 mm per event. From the total runoff, 65.6% was related to the combined Eastern and cold drops (CD) CWT.
The DLp+f CWT was found to produce 48.9% of sediment mobilization, of which 73.5% of this amount was
generated by Eastern CWT. The highest sediment concentration event was found for the southern CWT under
thermal low-pressure (TLp) reaching 51.65 g L', followed by A (anticyclones) with the Eastern CWT (42.23 g ).
As a whole, the southern is the CWT generating the highest average sediment concentration (28.66 g L!), followed
by Easter CWT. Our findings suggest that CWTs contribute to foreseeing the periods with the highest soil losses
and may help to prevent them. We discuss the need to analyse the changes in soil erosion rates due to CWT to
better characterize the soil erosion process and assess the soil erosion rates, improve the current soil erosion models
and investigate how climate change is changing the role CWT plays in runoff initiation and sediment delivery.
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Tipos de tiempo como factor clave en el inicio de la escorrentia y el arranque de sedimentos
en matorrales mediterraneos

RESUMEN. En esta investigacion, los tipos de tiempo (CWT, por sus siglas en inglés) asociados con datos de
presion de superficie individuales a diferentes alturas atmosféricas se utilizaron para correlacionar y cuantificar
los eventos de erosion del suelo que corresponden a la pérdida de suelo (g m™?), la escorrentia (1 m?) y la
concentracion de sedimentos (g L) utilizando parcelas de erosion y colectores. Se utilizé como estudio de caso
una zona de matorral mediterraneo representativo, ubicado en la Sierra de Enguera (este de Espafia), donde se
registraron 213 eventos de precipitacion y eventos relacionados de pérdida de suelo durante el periodo 2010-2014.
Se registrd una precipitacion media anual promedio de 544 mm, sumando un total de 2.720,1 mm para los cinco
afios de investigacion. El 34,4% de los eventos de precipitacion registrados varié de 10 a 29,9 mm, el 23,5% de
30a49,9 mmy el 15,9% de 50 a 99,9 mm. Se encontrd que la baja presion dinamica con frentes (DLp+f) genero
la mayor cantidad de precipitacion alcanzando el 60,6% de la precipitacion total (105 de los 213 eventos). Mas de
un tercio (35%) de los eventos de precipitacion ocurrieron durante el CWT del Este, lo que represento el 48% de
la precipitacion total con valores promedio de 17,6 mm por evento. Del total de la escorrentia, el 65,6% estuvo
relacionado con el CWT combinado de gotas frias y tiempos del este (CD). Se encontré que el DLp+f producia el
48,9% de la movilizacion de sedimentos, de los cuales el 73,5% de esta cantidad fue generada por el CWT del
Este. El evento de mayor concentracion de sedimentos se encontrd para el tipo de tiempo del Sur con baja presion
térmica (TLp) alcanzando 51,65 g L™, seguido por A (anticiclones) del Este (42,23 g L!). En su conjunto, €l sur
es el CWT que genera la mayor concentracion promedio de sedimentos (28,66 g L), seguido del Este. Nuestros
hallazgos sugieren que los CWT contribuyen a prever los periodos con mayores pérdidas de suelo y pueden ayudar
a prevenirlos. Discutimos la necesidad de analizar los cambios en las tasas de erosion del suelo debido a cada tipo
de tiempo para caracterizar mejor el proceso de erosion del suelo y evaluar las tasas de erosion del suelo, mejorar
los modelos actuales e investigar como el cambio climatico estd cambiando el papel que juega los CWT en el
inicio de la escorrentia y en la entrega de sedimentos.

Keywords: Precipitation, Soil erosion, Land management, Human-affected ecosystems, Regional issues.

Palabras clave: Precipitacion, Erosion del suelo, Gestion de tierras, Ecosistemas afectados por el hombre, Temas
regionales.
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1. Introduction

Understanding soils as an indispensable Earth resource is necessary to know how ecosystem
services work and which human activities can take place in a specific land (Jonsson and Davidsdéttir,
2016; Keesstra et al., 2018a; Norman, 2020). For millennia, humans have used the soil to establish
settlements and to obtain minerals or food (Altinbilek, 2004; Neville 2007). However, prolonged
exploitation has generated serious issues affecting the quality and, subsequently, soil fertility (Rodrigo-
Comino et al., 2021). For decades, scientists have reported that soil is being affected by numerous land
degradation processes such as soil compaction (Al-Dousari et al., 2019; Drewry et al., 2008), sealing
(Larsen et al., 2009; Munaf0 et al., 2013), arson fires (Fernandez-Anez et al., 2021) or contamination
(Radziemska ef al., 2019; Rodriguez-Seijo ef al., 2018). Among them, anthropogenic soil erosion is one
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of the land degradation processes threatening humankind's sustainability (Bork et al., 2003; Brown,
1981; Panagos et al., 2020) because it causes nutrient loss in agricultural fields, damages lowlands,
increases desertification risk inducing biodiversity and generate productivity losses (An et al., 2019; Di
et al., 2019; Xie et al., 2019).

The Mediterranean belt is one of the most affected areas by soil losses due to the intensification
of urbanization (Egidi et al., 2021), agriculture (Mohammed et al., 2020; Raclot et al., 2009;
Vanwalleghem et al., 2011) or grazing (Kairis et al., 2015; Minea et al., 2019). Prospects regarding
climate change trends are claiming that soil erosion is becoming more intense in the most vulnerable
lands (Borrelli et al., 2020; Nearing et al., 2004), with the consequent higher risks of desertification
(Martinez-Valderrama et al.,, 2016) and deterioration of rural economy (Ashby, 1985; Bayu, 2020;
Sobral et al., 2015).

Soil erosion is a complex process involving numerously interrelated and inherent factors such
as rock and vegetation cover, antecedent soil moisture, roughness, slope, soil management or soil
properties (Auzet et al., 2002; Sun ef al., 2013). It also depends on the weather conditions before and
during erosive events and, for this reason, generating knowledge about weather conditions will allow
the scientific community to foresee the negative consequences of soil erosion and develop efficient
control measures (Rodrigo-Comino et al., 2019). To achieve this goal, defining the different circulation
weather types (CWTs) and the rainfall events that may produce runoff and soil loss is a significant need.
The CWTs have been extensively used for different purposes and classifications (Brazel and Nickling,
1986; Hess and Brezowsky, 2010; Lamb, 1972; Schroeder et al., 1964) but are mainly restricted to
specific areas and focused on weather forecasting and historical climate research (Ramos et al., 2015).
Recent improvements, during the last two decades, in remote sensing techniques, satellite information
and climate datasets have made it possible to conduct more accurate studies considering larger scales
and longer periods (Cortesi et al, 2014; Fernandez-Raga et al, 2017; Kidson, 2000; Trigo and
DaCamara, 2000).

The relationship between weather types and soil erosion was originally used to assess landslides
close to river or mountain catchments (Nadal-Romero et al., 2014; Pattison and Lane, 2012). These
works suggested that it is possible to find a correlation using a large number of precipitation events.
Other studies (Nadal-Romero et al., 2015; Pefia-Angulo et al., 2020, 2019) analysed large datasets from
the Mediterranean belt to correlate weather types and soil erosion rates (Pefia-Angulo et al., 2021).
However, little information is available about the way that CWTs affect runoff generation at the pedon
scale, and most of the research is carried out in agricultural or forestry landscapes. This paper assesses
the sediment delivery and runoff yield which will give a wider view of the soil erosion process and the
climatic factors involved when vegetation cover changes.

To our best knowledge, assessments at hillslope and pedon scales considering CWTs and soil
erosion are scarce. Recently, our research group (Rodrigo-Comino et al., 2020a, 2019) carried out
studies on CWTs in vineyards in Southern and Eastern Spain, comparing active and abandoned vine
plots, and conventional soil management systems. Both studies found key steps for designing soil
erosion control measures to mitigate the negative impact of extreme rainfall and runoff considering
atmospheric conditions. However, the need for new approaches to detect the amount of rainfall needed
to activate soil losses and prevent erosive events remain, and this is relevant for shrublands and forest
as most of the previous research comes from agricultural land. The main goal of this study is to assess
the relationship between CWTs and soil erosion at the pedon scale. To achieve this goal, a representative
hillslope located in the Mediterranean belt was selected as a case study to, specifically, i) analyse CWTs
associated with individual surface pressure data at different atmospheric heights; ii) detect CWTs and
individual surface pressure data generating soil losses; and iii) estimate how shrublands are affected by
soil losses.

Cuadernos de Investigacion Geografica, 49 (2), 2023. pp. 29-49 31



Rodrigo-Comino et al.

2. Materials and methods
2.1. Study area

A typical Mediterranean maquia ecosystem representing a large area of the Mediterranean
climatic region was selected as a study case. The shrublands are widespread due to the degradation of
the original forest covers and they are diverse in plant composition but with similar characteristics: lower
biomass than forest land and adapted to forest fires due to sprouting and seedling strategies. The
experimental soil erosion station of Sierra de Enguera is located in the Eastern Iberian Peninsula (60
Km from the coast) at an altitude of 758 m above sea level (Fig. 1). The climate is typically
Mediterranean (Csa according to K&ppen and Geiger (1930) and Kottek et al. (2006) with a mean annual
temperature of 12.7°C, mean annual rainfall of 540 mm, and characterized by a long drought period
(from June to September). Intense rainfall events usually bring daily rainfall amounts higher than 100
mm. Soils are classified as Inceptisols (Soil Survey Staff, 2014) and show rock outcrops and a cover of
rock fragments. The vegetation is composed of a mixture of Mediterranean maquia species (Ulex
parviflorus Pourr., Pistacia lentiscus L., Evica multiflora L., Juniperus oxycedrus Sibth. & Sm., Quercus
coccifera L. and Rosmarinus officinalis L.). The experimental station was constructed in January 2010,
and runoff information collection started in October 2010 and lasted 5 years (from October 2010 to
September 2014). The data from January to October 2010 were not considered due to the disturbances
created by the plot installation.

(1) T

38°55° 43.24" N;
0°49'51.71"° W
758 ma.s.l. O

Figure 1. Localisation of the study area (1 and 2), landscape (3) and plots (4).

2.2. Assessment of CWTs

A total of 213 rainfall events were selected from the continuous rainfall records of the nearby
meteorological station. A rainfall event is considered to have a minimum total rainfall value of 1 mm
and is separated by a minimum of 6 continuous dry hours (Rodrigo-Comino et al., 2020a. All single-
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day (24 hours) events were counted. For multi-day events, only those retaining the same CWT, wind
surface direction, or recorded no erosion, were counted.

In each event, individual surface pressure data (500 hPa) and dominant surface wind (intensity
and direction) were recorded on the study experimental station. This study is aimed to identify and classify
CWTs using synoptic maps. This assessment requires the use of a variety of downscaling procedures that
attempt to relate circulation-scale variability (large scale) to precipitation variability at local scales (Jones
et al, 2013). To achieve this goal, we used the following meteorological sources: i) Wetter Zentrale
(https://www.wetterzentrale.de); ii) Leeds University website (http://homepages.see.leeds.ac.uk); and, iii)
the Spanish Agency of Meteorology (AEMET; http://www.aemet.es/es/portada).

Using the meteorological sources described before, the CWTs were catalogued and related to
precipitation volumes and numbers of events, as well as their soil erosion results. The CWTs identified
correspond to the following individual surface pressure data exhaustively described (Nadal-Romero et
al., 2015; Rodrigo-Comino et al., 2020a): i) Dynamic low-pressure without fronts (DLp); ii) Thermal
low-pressure (TLp); iii)) Dynamic low-pressure with fronts (DLp+f); iv) Cold Drop (CD); v)
Anticyclones with fronts (HP+f); vi) Anticyclones/Weak pressure (A). In another study, Rodrigo-
Comino et al. (2020a) observed that other conditions that exhibited height inversion, related to coastal
areas or arid and semi-arid lands close to the Iberian Peninsula. These conditions were excluded from
this analysis because that classification was not adequate for soil erosion assessment. This assessment
was based on how, and to what extent, the situation at 500 hPa affects the volume and the number of
events that have an impact on soil erosion. The events have been classified according to the duration
since this is how the runoff and soil loss values have been recorded.

2.3. Sampling plot strategy and soil erosion assessment

Sixteen circular plots (from 0.33 to 0.45 m?, average 0.38 m?) were constructed with drainage
connected to a 30 L container through a 40 mm diameter pipeline in the same slope, but under four
different canopy cover (4 x 4 plots): Quercus coccifera L., Pistacia lentiscus L., Ulex parviflorus Pourr.
and Rosmarinus officinalis L., to collect information about the detachment of sediments and runoff
initiation. The runoff discharge and sediment concentration were collected, and plots borders, drainage,
collectors, pipes and deposits were repaired after each rainfall event. Information on 150 erosive events
was collected. Soil erosion rates and runoff coefficients were calculated for each rainfall event. Rainfall
data was supplied by the Spanish Agency of Meteorology (AEMET) meteorological station located 5
Km from the study site. Sixty-four (four per plot) soil samples at 0-2 cm depth were collected to
determine calcium carbonate content, grain size, organic matter, and bulk density. Soil organic matter
was determined by the Walkley-Black method (Walkley and Black, 1934). Bulk density was measured
using the ring method (Al-Shammary et al., 2018) and calcium carbonate with the potassium dichromate
method. The grain size was determined with the pipette method (Deshpande and Telang, 1950).

3. Results
3.1. Soil characterization

In Figure 2, the characterization of the soil properties obtained after sampling the study area is
presented. Vegetation cover averaged 95% (maximum 98% and minimum 89%). Litter cover amounted
to 31.1% (maximum 48 and minimum 19%). Rock fragment cover percentage was 19.8% (maximum
32% and minimum 13%) and gravel 6% (maximum 9.5% and minimum 2.7%). Organic matter in the
samples was 6.12%, bulk density 1.01 gr cm™ and calcium carbonate 59.1%. Soil texture was identified
as clay loam.
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Figure 2. Soil properties and environmental characteristics within the studied plots.

3.2. Characterization of precipitation events (2010-2014)

A total of 213 precipitation events were identified during the studied period (Fig. 3). The mean
annual precipitation was 544 mm (October to September). The yearly precipitation distribution was
554.2 mm in 2010; 590.4 mm in 2011; 593.7 mm in 2012; 560 mm in 2013; and 422.4 mm in 2014. The
total accumulated rainfall was 2,720.1 mm. The three highest rainfall events recorded reached 176.8
(15/11/2012), 145.5 (23/11/2011) and 100.5 mm (25/04/2013).

Figure 4 shows the classification of each precipitation event in the base of the different
individual surface pressure data described in Methods. The information was used to obtain the
percentage of each rainfall related to the soil erosion events (top part) and the number of events
considering each surface pressure data (bottom part). The 34.4% of the total events ranged from 10 to
29.9 mm, 23.5% from 30 to 49.9 mm and 15.9% from 50 to 99.9 mm. The highest precipitation amount
was generated by DLp+f reaching 60.6% along 105 events, one of them higher than 100 mm and four
in the 50-99.9 mm range. However, the highest number of events (85) generated precipitation values
ranging from 1 to 4.9 mm (39.9%). A total of 55 events (25.8%) were recorded with precipitation values
in the 10 to 29.9 mm interval, and 48 events (22.5%) ranged from 5 to 9.9 mm. The occurrence of HP+f
(34 events) and CD (21 events) accumulated 13.0 and 11.6% of the total precipitations, respectively. It
is worth highlighting that CD was able observed during one precipitation event within the 50-99.9 mm
value range. In contrast, the mildest precipitation events (only one within the 29.9-50 mm range, and
the rest lower) occurred with DLp (5.5%), A (4.8%) and TLp (4.4%), registering 18, 22, and 13 of the
total set of events, respectively.
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Figure 3. Temporal distribution and accumulated precipitation events during the studied period
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Figure 4. Classification of precipitation events per intervals considering each individual surface pressure
data. i) Dynamic low-pressure without fronts (DLp), ii) Thermal low-pressure (TLp); iii) Dynamic low-
pressure with fronts (DLp + f); iv) Cold Drop (CD); v) Anticyclones with fronts (HP + f); vi)
Anticyclones/Weak pressure weather systems (A).
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In Table 1 and Figure 5, the number of events distribution (%) and total precipitation of the
events registered for the different CWTs are summarized. It was found that 35% of the precipitation
events occurred during Eastern CWT, summarizing 48% of the total precipitation with an average
precipitation value of 17.6 mm per event. Western and North CWT registered 17% and 13% of the
events, respectively, but also the lowest precipitation amount (245.8 mm and 244.3 mm, respectively),
and averages (6.6 and 8.8 mm, respectively). Southern CWT recorded 16% of total precipitation along
34 events averaging 11.9 mm. Finally, mixed atmospheric conditions accounted for 19% of the total
precipitation, averaging 13 mm per event along 40 events.

Table 1. Number of events (n), total precipitation (mm), average total rainfall and standard deviation (S.D.) of
the events recorded for the different weather types

Weather types Total precipitation N° of cases Average S.D.
N 94.2 9 10.5 14.4
N-NE 0 0 0 0
NE 673.6 28 24.1 30.9
E-NE 111 3 37 45.9
E 494.5 41 12.1 13.5
E-SE 26.5 2 13.3 0.4
SE 265.8 21 12.7 11.6
S-SE 0 0 0 0
S 138.6 13 10.7 9.6
S-SW 0 0 0 0
SW 71.2 9 7.9 6.1
W-SW 7.9 2 4.0 2.2
W 131.7 24 5.5 3.0
W-NW 35 2 17.5 7.8
NwW 145.7 18 8.1 11.6
N-NW 5.4 1 5.4 0
Mixed 520 40 13.0 15.8

N (N,NNE,

Mixed NNW, N
(combined 1 :’,%W]

W (SW, WsSwW, W,

E (NE, ENE,
WNW)

E, ESE)
35%

S (SE, SSE,
S, SSW)
16%

Number of cases (%) TQtﬂ] precipitation events {mm]

Figure 5. Distribution of the number of events (%) and total precipitation (mm) of the events registered for the
different weather types.
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3.3. Runolff generation depending on the weather types

Out of the 150 rainfall events, only 40 (less than one-third) registered runoff, suggesting that,
in general, the longer the event lasts, the greater the volume per rainy day. In Table 2, runoff generation
and total discharges are summarized for all the events recorded. It is worth highlighting that the most
repeated rainfall events lasted one day (104 times). Similarly, the longer the event lasts, the higher the
average runoff coefficient recorded, which implies a progressive saturation of the soil and runoff
generation. Considering rainy days (Table 3), 37 of the 213 rainfall events registered runoff. Considering
the specific CWT, Eastern CWT recorded most of the events and the highest percentage of runoft (50%),
accounting for almost half of the events where runoff was recorded (37 out of 78).

Table 2. Number of runoff events used to assess runoff and soil loss generation, and sediment concentration
classified per duration days

Duration N Total VZ{):ﬂe mm/day Runoff | Runoff Ar\tllflr:f%e S’(0 g1 lril(;;s coii(eiilr?rzrtliton

(days) events | days (mm) o (mm) coefficient (2 )

1 104 104 1154.4 11.1 23.4 63.3 2.0 1063.0 16.8

2 33 66 752.9 11.4 25.9 72.4 3.4 1987.6 27.5

3 11 33 567 17.2 29.8 81.1 5.3 2884.5 35.6

4 0 0 0 0 0 0 0 0

5 2 10 246.8 24.7 17.2 45.9 7.0 904.7 19.7
Total 150 213 2721.1 6839.2

Table 3. Weather types and, runoff and soil loss characterization. i) weather type (WT); ii) number of cases (n);
iii) precipitation (P); iv) Runoff estimated in liters (R),; and v) average runoff coefficient (Av. Rc %)

WT n | Pmm) | Av | R(D) R Av.Rc | Cases | Events | Rc % of | SL (g) SC
(mm) (%) with R | withR | (%) | cases (g1
with
R

N 28 | 2453 8.8 43 11.9 4.9 10 7 4.8 35.7 246.2 20.7
E 74 | 1305.6 | 17.6 | 70.7 | 198.1 20.2 37 19 152 | 50.0 | 5563.1 | 29.0

S 34 | 4044 | 119 | 6.7 | 185 4.9 12 5 4.6 353 43.6 2.7
w 37 | 2458 6.6 1.2 33 0.8 5 1.3 13.5 16.0 4.8
Mixed | 40 | 520.0 13 109 | 313 3.7 14 7 6.0 35.0 971.0 31.1
Total | 213 | 2721.1 78 40 6839.8 | 17.67

volume of runoff occurs with Southern weather types.

Considering the 40 events showing runoff (Table 4), 262.74 mm of precipitation was recorded
(9.7% of the total precipitation), from which 54.8% correspond to DLp+f. CD summarized 25.3% of the
total runoff volume while HP+f represented 11.8% of the runoff volume. The highest volume of runoff
corresponds to weather types from the Eastern (78.5%). The remaining types of weather conditions
account for 5.1% of the total events, and volumes are always below 5% of the total with a predominance
of association with Eastern winds. However, there is an exception with the TLp, where the greater
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Table 4. Assessment of atmospheric conditions, rainfall events, runoff generation and weather types. i) Dynamic

low-pressure without fronts (DLp), ii) Thermal low-pressure (TLp), iii) Dynamic low-pressure with fronts (DLp

+ f); iv) Cold Drop (CD), v) Anticyclones with fronts (HP + f); vi) Anticyclones/Weak pressure weather systems
(4); vii) atmospheric situation (AS); viii) average (4Av).

AS l'm™ N E S Y Mixed Total %

DLp Total 0.15 1.78 0 0.15 0.38 2.46 09
Av. 0.15 1.78 0 0.15 0.38 0.49

CD Total 0 66.47 0 0 0 66.47 253
Av. 0 5.57 0 0 0 1.11

TLp Total 0 0.09 7.87 0 0.09 8.05 3.1
Av 0 0.09 393 0 0.09 0.82

Al Total 0 10.67 0.22 0 0 10.89 4.1
Av. 0 3.56 0.22 0 0 0.76

DLp+f Total 11.72 94.40 8.89 3.16 25.69 143.87 54.8
Av. 1.11 6.01 1.26 0.79 3.09 2.45

HP+f Total 0 24 .35 1.55 0 5.11 31.01 11.8
Av. 0 6.09 0.78 0 1.70 1.85

Total 11.87 197.76 18.53 3.31 31.27 262.74 100
% 4.5 75.3 7.1 1.3 11.9 100.0

3.4. Soil erosion rates depending on the weather types

The Eastern CWT was found to generate the highest volume of sediment discharge, both in total
amount (g m) and concentration (g L™!), with 95.4% of the total mass.

Considering the 40 events that recorded runoff (Table 5), a total of 6.8 kg was collected, which
implies 19,845.11 g m? (considering 0.34 m? plots). It was found that DLp+f generated 48.9% of the
mobilized sediments, and of this amount, 73.5% was generated by Eastern CWTs. CD registered 25.4%
of the soil loss, all related to Eastern CWTs and HP+f, which represent 12.9% of the mobilized soil loss.
The remaining CWTs supposed to be lower than 7% soil losses, all of them associated with Eastern
CWT, except TLp, where most of all the mobilized mass was generated by Southern CWT.

Table 5. Assessment of atmospheric conditions, rainfall events, soil loss and weather types. i) Dynamic low-
pressure without fronts (DLp), ii) Thermal low-pressure (TLp); iii) Dynamic low-pressure with fronts (DLp + f);
iv) Cold Drop (CD); v) Anticyclones with fronts (HP + f),; vi) Anticyclones/Weak pressure weather systems (4);
vii) atmospheric situation (AS), viii) average (Av)

AS g m? N E S W Mixed Total %
DLp Total 2.68 42.42 0 2.68 12.80 60.57 0.3
Av. 2.68 42.42 0 2.68 12.80 12.11
CD Total 0 5036.68 0 0 0 5036.68 | 254
Av. 0 419.72 0 0 0 83.94
TLp Total 0 0.87 1179.07 0 0.87 1180.82 6
Av. 0 0.87 589.54 0 0.87 118.26
A Total 0 1306.85 2.23 0 0 1309.09 6.6
Av. 0 435.62 2.23 0 0 87.57
DLp+f Total 460.48 | 7133.22 320.26 125.86 1662.16 9701.99 | 48.9
Av. 51.16 475.55 45.75 31.47 207.77 162.34
HP+f Total 0 2372.45 39.77 0 143.76 255598 | 12.9
Av. 0 593.11 19.88 0 47.92 132.18
Total 463.16 | 15892.49 1541.33 128.54 1819.58 19845.11 | 100
% 2.3 80.1 7.8 0.7 9.2 100.0
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Sediment concentration differed from total soil losses and runoff results (Table 6). DLp+f
showed high sediment loads per unit volume (17.61 g 1'"), but not the highest values. TLp-Southern
CWTs recorded the highest sediment concentration (51.65 g 1'") followed by A-Eastern CWTs (42.23 g
1Y), and HP+f-Eastern WTs (33.58 g I'"), suggesting that, as a whole, the Southern CWT generated the
highest sediment concentration, followed by the Eastern CWT. The Western CWT of Atlantic Ocean
origin generated the lowest sediment concentration.

Table 6. Assessment of atmospheric conditions, rainfall events, sediment concentration (g I'') and weather types.
i) Dynamic low-pressure without fronts (DLp); ii) Thermal low-pressure (TLp), iii) Dynamic low-pressure with
fronts (DLp + f); iv) Cold Drop (CD); v) Anticyclones with fronts (HP + f); vi) Anticyclones/Weak pressure
weather systems (A); vii) atmospheric situation (AS); viii) average (Av)

AS N E S W Mixed Av

DLp 6.21 8.23 0.00 6.21 11.59 6.45
CD 0.00 26.11 0.00 0.00 0.00 5.22
TLp 0.00 3.32 51.65 0.00 3.32 11.66
A 0.00 42.23 343 0.00 0.00 9.13
DLp+f 13.54 26.04 12.42 13.73 22.30 17.61
HP+f 0.00 33.58 8.84 0.00 9.70 10.42

4. Discussion
4.1. Soil erosion as a worldwide concern and the need for weather types research

Previous investigations conducted from the pedon scale (de Lima et al., 2003; Telak et al., 2021)
to the regional or continent ones (Carretier et al., 2018; Panagos et al., 2015) concluded that soil erosion
is a big concern for humankind due to the possible irreparable consequences on food security, biodiversity
and natural resources. However, less attention is paid to responsible atmospheric factors at different heights
(Fernandez-Gonzalez et al., 2012; Jones et al., 2013) than the methods used and the final consequences in
form of soil and water losses. The main goal of this research was to understand how soils react after each
precipitation event because of different barometric situations and diverse CWTs. Nowadays, this topic is
poorly studied at the hillslope scale due to the elevated amount of data needed to establish a statistically
considerable trend (Pefia-Angulo ef al., 2021; Rodrigo-Comino ef al., 2019). The specific number has not
been delimited and it is a key point to be stated in coming investigations. However, this difficult task will
also depend on climate variations. Also, this research will be affected by the season monitored
corresponding to the most representative years within the climatic trend of each region. In this study, a
total of 213 precipitation events (rainfall and snow) were collected over 5 years. We can state that, despite
the three extreme rainfall events higher than 100 mm, the precipitation was in line with the usual trend of
Eastern Spain (Pifol et al., 1998). In 2014, the rainfall amount was less than 500 mm, which also agrees
with the occurrence of dry periods of the Mediterranean belt in the last decades studied by other scholars
with clear ecological implications (Dong et al., 2019; Guillot et al., 2019; Vautard et al., 2007; Vicente-
Serrano et al., 2004). Our research is a good example of the variability of the weather types that induce
soil erosion, but also that few weather types are responsible for the high erosion rates in a location. To
update the world knowledge on soil erosion and to plan future restoration and rehabilitation plans new
studies on the weather types are necessary.

4.2. Weather type research. A need for standardization of the methods

We classified the total collected precipitation per interval. This allowed us to determine the most
representative precipitation events and ranges and the least usual ones. Precipitations less than 50 mm
were the most common reaching 57.9% in total volume. Only 16% was higher than that, which
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originated from cold drops and DLp+f. Considering the CWTs, the Eastern WTs generated heavier
precipitation events, coming from the Mediterranean Sea. This agrees with previous studies highlighting
the connection between heavy rainfall events and the Eastern WT (Littmann, 2000; Senciales-Gonzélez
and Ruiz-Sinoga, 2020), and also, the difficult predictability (Alpert ef al., 2004; Hochman et al., 2019).
Also, several local publications informed about the rapid development of these extreme precipitation
events when cold and warm air streams keep in contact with rapid interchanges (Benhamrouche and
Martin Vide, 2011; Clar, 2017; Nufiez Mora, 2007). Eastern WTs and both cold drops and DLp+f were
also responsible for the maximum runoff and erosion collected in the study area. These results coincide
with other investigations made at the regional scale after comparing multiple plots and several years of
monitoring (Nadal-Romero et al., 2015; Pefia-Angulo et al., 2020, 2019). Also, in agricultural fields
such as vineyards, the same WTs were able to generate the highest soil erosion rates and water losses.
At larger scales, these high soil and water losses could even generate catastrophic events such as the
ones of July 2021 in China and Western Europe. It is very common as other authors demonstrated in the
past regarding urban flash floods, gully generation or landslides close to rivers without vegetation cover
(Camarasa Belmonte and Segura Beltran, 2001; Camarasa-Belmonte, 2016; Portugués-Molla et al.,
2016). This is not only observed along the European Mediterranean belt, for example, the study
conducted by Gilabert and Llasat (2018), highlighted that Eastern WTs under Mediterranean conditions
may also generate extreme flood events, for example, in California (USA).

Once the scientific community accept that weather-type research should be developed at a world
scale, we could better understand the soil erosion phenomenon. There is a key issue to be solved: the
standardization of the methods. Right now, the three main concerns are to establish a range of rainfall
intensity to be consistent from one study to the other. Upon different studies, we found that the ranges
varied due to the different climates and, then, because of different rainfall intensities. This makes it
difficult to compare results from one region to another, from one author to the other. It must be
developed a rank for the rainfall intensities will be used by all the authors to allow us to make
comparisons among study sites. Another key issue to improve the knowledge of weather types and soil
erosion is to determine the main weather type during the measurements of the soil losses. We suggest
here that the weather type should be considered multiple (different weather types in one rainfall event)
when this will occur, but one should be the predominant weather type when the rainfall event will be
characterized. The multiple weather types of rainfall events are a discussion topic for the future. And
finally, another key methodological concern is to determine the period of rainfall (and soil erosion)
event. We suggest that the rainfall events must be separated at least by 6 hours of dry weather and the
rainfall events should be separated once this dry period takes place.

4.3. Weather types and soil conservation

From an applied and scientific perspective, it is necessary to consider potential environmental
solutions to be applied in areas affected by extreme rainfall events concentrated in a few events- They
are difficult to be predicted such as the catastrophic floods in China and Germany shown along with
July 2021 and recurrent rainfall events that cause economic damages and casualties. Those rainfall
events are found on different continents and in climatic conditions. Furl ef al. (2018) found the Blanco
River flood in South Texas an extreme event and Angillieri et al. (2017) in El Rodeo village,
Northwestern Pampean Ranges in Argentina. Those extreme events are found in different climates,
including the aridest ones such as the Atacama Desert where Izquierdo et al. (2021) researched
catastrophic flood events with a mudflow. Or in temperate ones (Smith ez al., 1996). All those examples
of extreme runoff and soil loss showed that research on the weather types is necessary to understand
past events, manage the present ones and foresee the future ones to better manage them.

One of the solutions to the high erosion rates and corresponding flooding is the key relevance
that vegetation cover plays on soil conservation, water infiltration capacity and retention (Collins, 2004;
Martinez-Casasnovas et al., 2009; Mohammed et al., 2020). In abandoned areas or human-affected
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ecosystems such as our study area, the conservation of a healthy vegetation cover is definitive to achieve
sustainable soil erosion rates. Our research has shown that the shrubland is a highly protective vegetation
cover, and this can be a solution for urban areas with a high level of impermeabilization and agricultural
land also affected by high erosion rates (Novara et al., 2019).

High soil erosion rates were found in this research during the eastern and cold drop atmospheric
conditions, and this informs us that the soils should be covered with plants or mulches during the
Autumn period when the highest soil losses take place. Previous research demonstrated that there are
solutions to the millennia-old mismanagement of Mediterranean ecosystem types. Rodrigo-Comino et
al. (2020b) used the cover of Vicia sativa Roth. to reduce the soil losses in vineyards. Cerda et al.
(2021a) applied weeds as cover crops in olive groves with success. Novara et al. (2019) cover crops in
olive and vineyards and Cerda et al. (2021b) in Prunus persica found that tillage or herbicides are the
cause of the main soil degradation that use cause a reduction in the soil organic matter, aggregate
stability and soil water retention capacity. This is why the use of control measures such as the ones
applied in organic farming is recommended to restore soils in Mediterranean ecosystems (Baiamonte e?
al., 2019).

Finding the causes of the soil losses will allow us to better find the right management.
Determining the weather types and when they occur such as we did in this research will contribute to
planning better restoration strategies. This is a worldwide benefit. High erosion rates are found in other
regions of the Planet. Then, it is needed to apply sustainable management in many areas of the world
due to the natural conditions (climate, sloping terrain, loss of forest or excessive tillage) and they must
be designed upon the environmental conditions. This means that each region should develop weather
types and soil erosion relationship studies to plan the most successful management for soil and water
conservation. Madarasz ef al. (2021) found that conservation tillage is definitive to control the soil losses
in Central Europe, and Klik and Rosner (2020) reviewed the long-term conservation experience in
Austria and their impact on soil erosion. Rutebuka et al. (2021) demonstrated also the importance of
terracing to reduce soil erosion rates. Chen ef al. (2019) on the effect of vegetation coverage on soil
erosion in a small watershed in China, and Kassawmar et al. (2018) and Negese et al. (2021) in Ethiopia.
The two decades of research by Prasuhn (2020) demonstrate the impact of the conservation programs
on soil losses in Switzerland. All this research will be highly beneficial from using a weather-type
research approach that will inform when and which magnitude of soil erosion they are facing.

Understanding the influence of weather types on soil erosion is a key approach also to
understanding the dynamics of soil erosion processes. The connectivity concept informs about how the
sediment and water are transported and then connected from one scale to another (i.e. from pedon to
watershed scale) and this is related to the intensity of the rainfall, and then to the weather type. The
research of Keesstra et al. (2018b) showed that the connectivity of the sediments in a watershed or slope
is highly dependent on the rainfall event characteristics. The weather types research approach should
bring information about when and how long the soil erosion events take place. Zhao et al. (2020)
assessed the sediment connectivity of a catchment in the Loess Plateau in China and confirmed the
impact of afforestation and check dams reducing the connectivity, but also found that the rainfall volume
and rainfall intensity are relevant. Weather types research will inform about the periods where the
connectivity is higher. Lopez-Vicente et al. (2021) also found that the sediment connectivity is
determined by factors such as soil erosion barriers in a small basin recently affected by a forest fire;
however, in both study sites the rainfall was considered the key factor, and then weather types contribute
to better understand the soil erosion processes. The connectivity issue is highly related to conservation
strategies that use to reduce soil losses due to the reduction in connectivity. This is found in agricultural
land (Ares et al. 2020) but also in rangelands (Johnson et al. 2021). Climatic conditions always play a
key role in connectivity, which can be assessed properly via the weather types research we developed
here. We can now confirm that some weather types induce higher connectivity such as the East winds
and some others such as the Western ones reduce the connectivity of the sediment and water under
shrubland ecosystems.
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The large dataset of weather types can help to improve the soil erosion models or complete other
ones such as the recent improvements in soil biodiversity (Orgiazzi and Panagos, 2018), shallow water
(Hajigholizadeh et al., 2018), or the phosphorus in the sediments (Krasa et al., 2019). Soil erosion
modelling has been also reviewed for post-fire conditions by Lopes ef al. (2021) and we found that the
weather types contribute to a better understanding of the soil erosion processes and this should be
incorporated into the models.

Even more relevant is that the large dataset of weather types must help to improve the soil
erosion models. The information the weather types bring should also be used for the development of
future soil erosion models that will take into account climate change. The climate change scenarios offer
to the scientific research community information about the change in temperature and rainfall, but it will
be also a change in the weather types and then soil erosion. Those research fields -weather types, soil
erosion models and climate change- are new challenges that this paper shows as opportunities for future
research directions and projects.

5. Conclusions

Circular Weather types (CWT) associated with individual surface pressure data at different
atmospheric heights were analysed for 213 rainfall events (2010-2014) and soil and water losses were
measured for the period to establish which kind of precipitation event related to each CWT can activate
soil and water losses. Considering average annual precipitation of 544.0 mm and a total of 2720.1 mm
during the study period, we concluded that a total of 34.4, 23.5 and 15.9% of the collected events ranged
from 10 to 29.9 mm, 30 to 49.9 mm and 50 to 99.9 mm, respectively. The highest precipitation amount
was generated by DLp+f (dynamic low-pressure with fronts) reaching 60.6% of the total precipitation,
and 35% of the precipitation events occurring during eastern CWT (48% of the total precipitation). Most
of the total runoff was collected during the Eastern CWT and cold drops (CD) summarizing 25.3% of
the total runoff volume. Almost half of the mobilized sediments correspond again to DLp+f and 73.5%
of this amount was generated from Eastern WTs too. Southern WTs under TLp (Thermal low-pressure)
amounted to the highest sediment concentration reaching and the Southern WT the highest sediment
concentration, followed by the Eastern ones.
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EFFECT OF TILLAGE SYSTEMS COMBINED WITH PLASTIC FILM
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ABSTRACT. This study researches the influence of the three tillage systems (conventional, economical and
mulch tillage) when combined with different soil plastic mulching and fertilizer applications on key selected soil
physical properties (SPP) at 0-20 c¢m soil depth in a wheat agricultural site, during summer (from 1% June to 31*
July 2015). SPP include soil porosity (@), volumetric soil water content 60 days after irrigation to field capacity
(6k0), and mean weight diameter of aggregates (MWD). The term mulch tillage refers here to a soil conservation
practice where the soil surface is disturbed by tillage whereby crop residues are mixed with the soil and a certain
amount of residues remain on the soil surface, while mulching refers to the placement of inorganic material over
the top of a soil surface to protect it. Soil treatments included tillage system: conventional tillage using a
combination of a mouldboard plough and a disc harrow (MP+DH), economical tillage using a rotary cultivator
(RC), and mulch tillage using a chisel plough (MT+CP); soil plastic mulching: transparent mulching (TM), black
mulching (BM) of 200 cm wide with 0.05 cm thick, and without mulching (WM); and fertilisers: composed organic
fertiliser (CoF), no-composed organic fertiliser (NoF), and chemical fertiliser (ChF). The split—split-plot design
under the randomized complete block design (RCBD) was established in 27 treatments with 3 replicated, to map
@, Gs, and MWD based on 81 soil samples from all treatments. Results showed that the different soil treatments
have diverse impacts on SPP. MP+DH resulted in the higher 65 (0.22 cm® cm™), MWD (0.85 mm), and ®
(56.87%). Our findings showed that MT+CP obtained a higher MWD of 0.98 mm and lower ® of 49% compared
to other tillage systems. Soil mulching had significantly modified SPP, with BM resulting in the highest ®
(55.65%), B9 (0.35 cm® cm™), and MWD (1.06 mm). Results indicated no significant differences between fertiliser
types on SPP. The CoF had a significant effect on MWD and related soil characteristics studied. These findings
can help us to understand the individual and combined effects of the tillage system, mulching, and fertilization
application on some soil characteristics in wheat agriculture. A further study with more focus on the influence of
tillage depths and mulching types (plastic vs organic mulch for different crops) under a variety of soils and climatic
conditions, as well as on soil thermal properties needs further investigation.

Efecto de la combinacion de sistemas de cultivo, cubiertas plasticas y fertilizantes sobre las
propiedades fisicas del suelo de un trigal del sur de Iraq

RESUMEN. Este estudio investiga la influencia de tres sistemas de labranza (convencional, econdmico y con
mantillo) cuando se combinan con diferentes aplicaciones de fertilizantes y cobertura plastica del suelo en
propiedades fisicas del suelo (SPP), a 0-20 cm de profundidad, en un area agricola de trigo, durante el verano (del
1 de junio al 31 de julio de 2015). Los SPP incluyen la porosidad del suelo (®), el contenido volumétrico de agua
del suelo 60 dias después del riego a capacidad de campo (o) y el diametro medio ponderado de los agregados
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(MWD). El término cultivo con mantillo se refiere aqui a una practica de conservacion en la que la superficie del
suelo es alterada por la labranza, de modo que los residuos del cultivo se mezclan con el suelo y una cierta cantidad
de estos residuos permanece en la superficie del suelo. El mulching se refiere a la colocacion de material inorganico
sobre la superficie del suelo para protegerlo. Los tratamientos del suelo incluyeron el sistema de labranza
convencional que utiliza una combinacion de arado de vertedera y grada de discos (MP+DH), labranza econdmica
que usa un cultivador rotativo (RC) y labranza de cobertura que utiliza un arado de cincel (MT+CP); mulching
plastico del suelo: mulching transparente (TM), mulching negro (BM) de 200 cm de ancho con 0,05 cm de espesor,
y sin mulching (WM); y fertilizantes: fertilizante organico compuesto (CoF), fertilizante organico no compuesto
(NoF) y fertilizante quimico (ChF). El disefio de parcelas subdivididas bajo el disefio de bloques completos al azar
(RCBD) se establecio en 27 tratamientos con 3 repeticiones, para cartografiar @, &gy MWD en base a 81 muestras
de suelo con todos los tratamientos. Los resultados mostraron que los diferentes tratamientos del suelo tienen
diversos impactos en SPP. MP+DH alcanzé el mayor &5 (0,22 cm? cm™), MWD (0,85 mm) y @ (56,87%). Por
otro lado, MT+CP obtuvo un MWD mayor de 0,98 mm y un ® menor de 49% en comparacion con otros sistemas
de labranza. El mantillo del suelo modificé significativamente el SPP, con BM alcanzando el mayor @ (55,65%),
G50 (0,35 cm® cm®) y MWD (1,06 mm). Los resultados no indicaron diferencias significativas entre los tipos de
fertilizantes en SPP. El CoF tuvo un efecto significativo en MWD y se relaciond con las caracteristicas del suelo
estudiadas. Estos hallazgos pueden ayudarnos a comprender los efectos individuales y combinados del sistema de
labranza, el mulching y la aplicacion de fertilizantes en algunas caracteristicas del suelo en el cultivo del trigo. Un
estudio mas centrado en la influencia de las profundidades de labranza y los tipos de mulchings (mulching de
plastico versus mulching organico para diferentes cultivos) en una variedad de suelos y condiciones climaticas, asi
como en las propiedades térmicas del suelo, necesitaria una investigacion mas profunda.

Keywords: Conventional tillage, soil porosity, soil water content, soil aggregate stability, land management.

Palabras clave: labranza convencional, porosidad del suelo, contenido de agua del suelo, estabilidad de agregados
del suelo, gestion del suelo.
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1. Introduction

The implementations of appropriate tillage systems, mulching, and fertilizers play a key role in
improving soil properties as well as increasing crop productivity (Li et al., 2022; Naveen et al., 2021;
Rodrigo-Comino et al, 2020). Tillage is the mechanical manipulation of soil for managing crop
production. It also has a substantial impact on soil properties such as porosity, water content
conservation, and stability of aggregates (Al-Shammary and Al-Sadoon, 2014; Liebhard et al., 2022;
Ndzelu et al., 2021; Silva et al., 2021). It is based on the utilization of mechanical applications to
overturn soil layers with its crop and weed residues, leading to an increase in soil organic content due
to the mixture. There is a wide range of tillage systems: conventional tillage (Mirzaei ef al., 2023; Torppa
and Taylor, 2022), reduced tillage (Deng et al., 2022), shallow tillage (Arvidsson et al., 2014), optimum
tillage (Gorucu et al., 2006), minimum tillage (Githongo ef al., 2021), economical tillage (Chen et al.,
2020), conservational tillage (Zheng et al., 2022), mulch tillage (Jiang et al., 2022), no/zero tillage
(Mirzaei et al., 2022; Zhao et al., 2022), or tillage-plant systems (Li et al., 2019).

Soil mulching is one of the most soil management applications used as the addition of any
organic or inorganic material over the top of the soil surface to protect it (Al-Shammary et al., 2020).
Some of the benefits include reduced soil erosion (Parlak et al, 2022; Wang et al, 2021), less
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compaction (Adekalu et al., 2006), water conservation (Yang et al., 2023), increased control of soil
temperature (Yin et al., 2023), and a reduction in weed growth (Agarwal ef al., 2022). Soil mulching is
also a practical way of increasing soil temperature to levels that are lethal to microorganisms that cause
disease in agricultural production (Bu et al., 2013; Rodrigo-Comino, 2018; Steinmetz et al., 2016; Zhao
et al., 2023). It is developed and used in different geographical areas with different purposes, for
example, in the Middle East and Israel, to reduce soil heating. Still nowadays a great amount of soil
mulching investigations is still being undertaken worldwide (Kahlon et al., 2013; Nzeyimana et al.,
2017). However, the effect of mulching combined with mechanical and chemical treatments on soil
properties has received less attention. Even less in arid and semi-arid areas where water scarcity and
land degradation processes are a consequence of human impacts (Rodrigo-Comino et al., 2022) and the
imminent climate change such as Iraq (Qader et al., 2023).

Soil porosity (®), volumetric soil water content conservation 60 days after irrigation to field
capacity (o), and mean weight diameter of aggregates (MWD) are some significant soil physical
properties (SPP) affecting crop growth and development (Mondal and Chakraborty, 2022). They
influence plant growth directly but are also affected by mulching, tillage, and fertilizer application (Zhao
et al., 2012). A considerable amount of literature has been published on determining the performance of
soil mulching under different conditions. The use of plastic mulches in agricultural fields can influence
soil's physical, chemical, and biological properties (Braunack et al., 2015; Jiang et al., 2017; Maul et
al., 2014; Rodrigo-Comino et al., 2018; Scarascia-Mugnozza et al., 2012). Furthermore, the plastic
cover can reduce the consumption of water use in irrigation, and lead to conserving water (Anikwe ef
al., 2007; Bhardwaj and Sarolia, 2013; Jiang et al., 2017), decrease soil compaction (Mahadeen, 2014),
and improve the heating conditions in the soil (Li et al., 2016). The recent scientific literature is full of
examples of countries where the use of these types of mulches are used. For example, Nzeyimana ef al.
(2017) investigated the effect of mulching type on SPP conditions in Rwanda, concluding that soil
mulching has a significant influence on bulk density (pb). Furthermore, the results revealed that
improving SPP depends on the study location and the type of mulching used. Kahlon et al. (2013) and
Figueiredo et al. (2017) also showed that the soil tillage system had a strong influence on SPP in Central
Ohio. In addition, Crittenden and de Goede (2016) showed that a tillage system, directly and indirectly,
influenced soil water content regimes. Zhang et al. (2017) investigated the effect of organic and
chemical fertilizers on SPP, showing that organic fertilizer strongly led to a decrease in pb. Xin (2016)
argued that organic and mineral fertilizers can influence SPP in North China, showing a significant
decrease in pb. Although several studies have reported on individual influences of tillage practices,
mulching and fertiliser application on SPP, the integrated effect has rarely been studied, particularly
under dry soil conditions. Therefore, the main objective of this work is to study the influence of the
individual and combined effects of a different combination of tillage, mulching, and fertilizers on SPP.

2. Materials and methods
2.1. Experimental site, soil sampling and measurements

This study was carried out during the summer season of 2015 at Al Qataniyah village
experiment, Aziziyah city, Wasit, Iraq (32.9° N, 44.9° E at 36 m a.s.l.). The soil site was categorized
under the Typic Torrifluvent group texture (Soil Survey Staff, 2014), it is located within arid and semi-
arid areas, where the annual average temperature is 45 °C. The rainfall is mostly during the Dec to Feb
with rainfall 145 mm, with site slope from (northeast to southwest and eastern outlines to the centre).
Soil physical and chemical properties were measured using laboratory standard methods. This was done
by collecting soil samples, 7 cm height and 5 cm diameter soil cylinders, at three depths (0-10, 10-20,
and 20-30 cm) at randomly selected spots. Disturbed soil samples at each depth were mixed to obtain a
representative sample of the corresponding depth. Samples were placed in plastic bags and transfer to
the laboratory for drying under ambient conditions and grinding, then samples were passed through a 2
mm sieve. The physical and chemical analyses of the general soil characteristics are shown in Table 1.

Cuadernos de Investigacion Geografica, 49 (2), 2023. pp. 51-63 53



Gatea Al-Shammary et al.

Soil bulk density (pb ) was measured by the ring method (with a volume of 125 ¢m?) for undisturbed
cores (Zheng et al., 2021).Particle density (D,) was measured by the pycnometer method (Ruehlmann
and Korschens, 2020). Porosity was calculated from measured values of pb and D,. Particle size
distribution was measured according to (Soil Survey Staff, 2014). Soil pH and electric conductivity (EC)
were measured using an electrical conductivity meter, while soil organic matter (SOM) was determined
by the loss on ignition method according to (Jackson, 2005), COs>, HCO;!, CI!* SOs4, Ca?*, Mg*", Na®,
K+ were detected by saturated paste extract, according to (Rhoades, 1983).

The MWD was measured by several steps. Soil samples were taken from each soil treatment
and transported to the laboratory to maintain soil structure from distortion or damage and then manually
disaggregated at a certain water content suitable to maintain the natural order of the assemblies. Briefly,
soil samples were sieved using two sieves: first with a mesh size of 9 mm, and then with a mesh size of
4 mm. Then, the soil aggregates between 4-9 mm were left to dry under laboratory conditions, 50 g from
aggregates for each soil treatment was taken and placed on over a group of sieves with mesh sizes 4.75,
2.36, 1.00, 0.50, and 0.25 mm from top to bottom. Then, samples were moistened from the bottom by
capillary using distilled water for 6 min and sieved again for 6 min. The contents of each sieve were
separated and dried at 105 °C for 24 h. The MWD was computed as MWD = YN, ¥ w; (Besalatpour et
al., 2013), where: X is the average diameters of each mesh size (mm), w; is the rate of dry-weight
aggregate to total dry-weight of soil expressed as a percentage.

Before tillage practices, the soil at the experimental site has a clay loam surface texture (Soil
Survey Staff, 2014) with an average of 35% clay, 41 silt, and 24 sand. D, at 0-30 cm depth has an average
of 2.63 Mg m>. Soil EC decreased with increased soil depths. SOM was high with values of 6.0 g kg™ at
0-10 cm soil depth and 4.0 g kg™ at 20-30 cm depth. Main chemicals measured at the three depths include
COs52, HCO5! ,CI'!, SO42, Ca™, Mg*, Na*, and K*, are reported in Table 1.

Table 1. Main characteristics of the studied soil.

dse(;it]h EC o SOM C mole ¢/L in saturated paste extract b D, MWD Particle sizs/ distribution —
dsm™ keo! 2 1 1- 2+ 24 + + M 3 & 0

(cm) sm gkg CO; Hcos CI Soy Ca Mg Na K gm” |Mgm mm Clay Silt Sand

0-10 2.06 7.0 6.0 0 7 13 14 144 4 3.8 0.717 1.21 2.61 0.60 39 40 21 a

1020 | 170 | 7.3 4.8 0 9 8 1.1 7.2 8 29 0.651 1.24 2.64 0.56 33 44 23 10:3’1

20-30 | 134 | 73 4.0 0 10 3 1.0 8.3 2 2.6 0.648 1.29 2.65 0.48 34 40 26

2.2. Experimental design

54

The field site includes the following experimental design:

Tillage systems: 1) Conventional tillage: a combination of mouldboard plough followed by a
disk harrow (MP+DH), plough to 25 cm depth; 2) Economical tillage: rotary cultivator (RC);
and 3) Mulch tillage: chisel plough (CP) to a depth of 30 cm and leaving the remains of the

straw crop to cover the soil surface after ploughing.

Mulching: transparent mulch (TM), black mulch (BM), and without mulch (WM).

Fertilisers: composted organic fertiliser (CoF), no-composted organic fertiliser (NoF) at an
amount of 0.40 kg m? of cattle dune, and chemical fertiliser (ChF) of diammonium phosphate
(DAP) at an amount 0.06 kg m. The CoF was prepared by aerobic decomposition before being
used by leaving it for a period of 10 weeks until an appropriate degree of decomposition was
reached and, then, mixed with the soil surface manually.

These three individual treatments combined resulted in 27 treatments (3 tillage systems * 3
mulching * 3 fertilizers). Each combined treatment was implemented in 4 m? plots, leaving 1 m between
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each of the experimental units, 1 m between ploughing treatments, and 1 m between replicates to prevent
interferences among experimental units. Each of the 27 combined treatments was replicated three times,
making a total of 81 experimental plots over the entire area of 585 m?, as shown in Figure 1.

The study used a tractor (New Holland T8.320), mouldboard plough (MP) with four boards,
rotary plough (RC; mini-1200), chisel plough (CP), and disk harrow (DH). The specifications for the
tractor and equipment used are shown in Appendices 1-2. The DH was used to mix fertilisers with the
soil. In addition, irrigation to field capacity was made by surface irrigation. After the implementation of
the three different tillage systems and the incorporation of the three different fertiliser types, the
experimental plots were covered with plastic sheets (mulching) 200 cm wide and 0.05 c¢m thick for the
transparent mulching (TM) and the black mulching (BM). Polyethylene film was used for soil mulching
perfectly attached to the soil surface, which is essential to reduce water losses. Finally, the polyethylene
sheets from all plots were removed after 60 days and the soil samples were collected to measure @, G,
and MWD for each soil treatment.

B: Agriculture equipment used A ‘ Agri-tillage systems used
Conveational tillage sysiem Till ith Malching il
with moldboard plough +diic " S ¥
\ rotary phagh ‘with chisel plough

Plastic
fertilizer

Figure 1. Schematic diagram of the experimental field.

2.3. Statistical analysis

The split-split-plot design under the randomized complete block design (RCBD) was used to
design and analyze the experimental data. @, G, and MWD were calculated for each soil treatment at
0-20 cm soil depth, and the influence of tillage, mulching, and fertilizer on @, 6, and MWD was tested
by the two-way ANOVA analysis using SAS 9.4v (SAS, 2013). The results were statistically tested by
the least significant difference (LSD) method at the 0.05 probability level.

3. Results and discussion
3.1. Soil Porosity

The effect of tillage, mulching, and fertilizer on ® are presented in Figure 2. A significant variation
between tillage on ® was found, where the CP gave the lowest ® at 49.00%, while the MP+DH gave the
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highest @ at 56.87% (Fig. 2a). The reason for this result is the rise of p; in CP treatment compared with
RC and MP+DH treatments, as shown in Figure 2a. Mulching shows significant differences in @ between
BM treatment (55.65%) and WM (52.98%). However, the differences between BM and TM treatment and
between TM and WM, were non-significant (Fig. 2b). These results are due to decreasing soil p, with BM
compared with TM and WM. The findings show no significant differences between fertiliser applications
on @ (Fig. 2¢). The interaction between tillage and mulching showed significant differences in ®, with the
highest value for MP+DH and BM (58.34%) and the lowest ® for CP+WM (51.29%) (Fig. 2d). Also, ®
values were higher for MP+DH than for CP, RC as a result of decreasing SD values in plots ploughed by
MP+DH compared with RC ploughing. The general trend in © values with the three types of tillage from
highest to lowest was BM > TM > WM for the majority of soil treatments.

A significant positive correlation was indicated between tillage and fertilizers in ® values (Fig.
2d), with the highest @ value showing for MP+DH and CF (58.60%) and the lowest @ value at CP and
CF (49.40%). The interaction between mulching and fertilizer found significant differences in @, with
the highest value for BM and CF (56.77%), and the lowest value for WM (52.14%) (Fig. 2e).

a b N
8 :I 153 LD :I 234 LE‘D'] NS
2 |b wit |b L& |2
o o
& £ o
g 5 ]
= E w
[=]
o | Ia = ] |ab NoF |a
a
=
& 1 |L‘ BM ‘a CoF |a
- - - - T T T r - T T r T T g T T )
0 10 20 0 a0 50 80 0 10 20 30 40 50 60 0 10 20 £l 40 50 50
Soail porosity (®, %) Soil porosity (®, %) Soi porasity (@, %)
d e f
LSO H11.45 LD 41 1.40 LS04 311
CPVWM le CPChF 4 e WM *HoF - 1d
RCWA le CP*CeF | e WH"CoF 1d
RC*TM 4 ] e RE*Col 4 jabc WM ChE o ]ac
s o 1 cd W RO jcde | THCNoF Ib
. RCEM 4 ] cd & cper d  bed = BMtChio Ja
(MP+OH)"WM 1 be RCCRE 4 1abe TM*CoF < 1a
CP'EM b (MP+DH)"ChE 4  be THCHE o El
[MP+OH T 18 MBaDHNeE 4 ™ BM *NoF | ] &
(MPSDH)EM 18 (MPeDH)"CoF 4 1a BM"CoF &
0 10 20 » 4 s 60 0 10 20 0 40 5 80 0 10 20 30 40 50 &0
Soil porosity (@, %) Soil porosity (®, %) Soil porosity (®, %)

Figure 2. Individual and combined effects of tillage, mulching, and fertilization practices on soil porosity (®).
LSD: least significant difference (method at the 0.05 probability level, RC: Rotary cultivator, MP+DH:
Ploughing mouldboard plough followed by a disk harrow, CP: Chisel plough, TM: Transparent mulch, BM:
black mulch, WM: without mulch, CoF: composed organic fertilizer, NoF: no-composed organic fertilizer,
ChF': chemical fertilizer, *: Interaction effect of the treatments.

3.2. Soil water conservation

Results in Figure 3 represent the effect of tillage, mulching, and fertilizers on soil water
conservation measured as the volumetric soil water content 60 days after irrigation to field capacity
(60). Results show a significant difference between the tillage system on & values. The RC gave the
highest average 6 with 0.30 cm?® cm-?, whereas the CP gave the lowest average s with 0.15 cm® cm
3 (Fig. 3a). This is expected due to the increase of p, with CP treatments. Soil mulching also provides
significant differences in G, with the highest value of 6 using BM, 0.35 cm® cm™, and the lowest
value using WM, 0.17 cm® cm™. The general trend in o from highest to lowest, is BM > TM > WM,
caused by the fact that BM has a stronger effect on reducing evaporation (Anikwe et al., 2007; Bhardwaj
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and Sarolia, 2013; Jiang et al., 2017; Mahadeen, 2014). On the other hand, no significant differences
between fertilizers on 6k values were found. The interaction between tillage and mulching in G
(significance at the p level of 0.05) had the highest value for RC+TM (0.33 cm® cm™), whereas the
lowest Gk (0.13 cm? cm™) was obtained for CP * WM (Figure 3d). Also, & values were higher in BM
plots for the three tillage systems compared with TM and WM. Plots ploughed by RC using BM had
significantly higher G values than plots using TM and WM, with values 37% and 43% higher
respectively, while G values in the RC and BM plots were significantly higher than in TM and WM
plots with values 30% and 180%, respectively. Furthermore, the interaction between the tillage system
and fertilizer type showed non-significant differences between most treatments except for RC and CoF,
NCF, and ChF with MP+DH and CoF. The highest & value was obtained for RC and CoF (0.32 ¢cm’?
cm?), and the lowest value for MP+DH and CoF (0.18 cm® cm™). The interaction between soil mulching
and fertilizer type showed significant differences between most treatments, presenting the highest &
value (0.388 cm?® cm™) for BM and ChF, while the lowest value (0.09 cm® cm™) appeared for WM and
CoF (Figure 3f). The general trend in & values considering interactions between mulching and fertilizer
type, from highest to lowest, was BM and all fertiliser types > TM and all fertiliser types > WM and all
fertiliser types. The reason for this is the influence of soil mulching on soil water consumption by
controlling evaporation from the soil surface, which leads to water conservation (Jiang et al., 2017,
Mamkagh, 2009; Testa et al., 2015; Wang ef al., 2009).
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Figure 3. Individual and combined effects of tillage, mulching, and fertilizer practices on soil water
conservation (Gs). LSD: least significant difference method at the 0.05 probability level, RC: Rotary
cultivator, MP+DH: Ploughing mouldboard plough followed by a disk harrow, CP: Chisel plough, TM:
Transparent mulch, BM: black mulch, WM: without mulch, CoF: composed organic fertilizer, NoF': no-
composed organic fertilizer, ChF: chemical fertilizer, *: Interaction effect of the treatments.

3.3. Mean weight diameter of aggregates

The effect of tillage, mulching, and fertilizers, as well as their interactions on the mean weight
diameter of aggregates (MWD) is shown in Figure 4. Significant differences were found between the
tillage system on MWD. The CP showed the highest MWD value of 0.98 mm, whereas the RC showed
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the lowest MWD of 0.73 mm (Fig. 4a). This is because ploughing with CP leads to the destruction of
soil structure as a result of turning the subsoil to the top by CP, as well as with MP+DH. The mulching
type also had a significant effect on MWD, showing higher MWD for BM and TM (1.06 and 0.84 mm,
respectively) compared to WM with MWD of 0.66 mm. MWD increased using mulching (Fig. 4b),
which could be explained by the increased soil water content with mulching leading to higher stability
of the soil aggregates (Ma et al., 2014). As expected, fertilizer type significantly affects MWD. The
highest MWD occurred for CoF with 1.02 mm, and lowest for ChF with 0.75 mm (Fig. 4c). Soil
structural stability increase with rising the decomposition of organic content (Ye ef al., 2017).
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Figure 4. Individual and combined effects of tillage, mulching, and fertilizer practices on mean weight
diameter of aggregates (MWD). LSD: least significant difference method at the 0.05 probability level, RC:
Rotary cultivator, MP+DH: Ploughing mouldboard plough followed by a disk harrow, CP: Chisel plough,

TM: Transparent mulch, BM: black mulch, WM: without mulch, CoF': composed organic fertilizer, NoF': no-
composed organic fertilizer, ChF: chemical fertilizer, *: Interaction effect of the treatments.

The combination of the tillage system and mulching showed significant differences in MWD
(Fig. 4d), with the highest MWD value for CP+BM (1.22 mm) and the lowest MWD for RC+WM (0.59
mm). Moreover, the results showed that the interaction between MP+DH and BM had a higher MWD
value (1.05 mm) compared to MP+DH, and WM showed a lower value (0.68 mm). A likely explanation
is that the lower destruction of soil aggregated by CP compared to turning ploughs, and mulching
reduces evaporation allowing the soil to maintain high water content.

Figure 4e shows a significant effect of the combined tillage system and fertilizer type on MWD.
The highest value was 1.12 mm for CP+CoF, while the lowest value was 0.65 mm, for RC+NoF and
RC+ChF. The stability of soil aggregates is increased by CP, which breaks up and loosens the soil
without turning it. As expected, MWD increased as soil organic content increased. Another important
finding was that mulching + fertilizer application had a significant influence on MWD, obtaining the
highest value (1.25 mm) at BM * CoF, whereas the lowest (0.60 mm) at WM * ChF. Thus, the MWD
is indirectly influenced by tillage, mulching, and fertilizer treatments.
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4. Challenges of the current study

The soil physical properties (SPP) were studied with the impact of the individual and combined
effects of soil management practices within arid and semi-arid areas in southern Iraq. The conventional,
economical, and mulch tillage system; transparent, black plastic mulch; organic and chemical fertilizers
were effect on the SPP in clay loam texture for the wheat-agricultural sites. These results might be
applicable to clay loam and clay texture properties. On the other hand, despite these recent limitations,
Further investigation about long-term studies based on the influence of tillage and mulching under a
variety of soils and climatic conditions of Iraq, as well as on soil thermal properties are strongly
recommended. Furthermore, the Long-term no-tillage system effect on soil thermal-physical attributes
in wheat /barley cultivation needs to be further studied.

5. Conclusions

The present study was designed to study the individual and combined effects of tillage,
mulching, and fertilizer on @, s, and MWD in agricultural land. The main results indicate that tillage
systems were significantly positively correlated with ®, and MWD (p<0.05). MP+DH showed higher
@, whereas CH showed higher MWD (0.98 mm) compared to MP+DH, RC (0.85 and 0.73 mm,
respectively). The highest values of @, 6, and MWD were obtained when BM was used. This was
attributed to the influence of BM on reducing water losses, thus, allowing the soil to retain more water.
On the other hand, no significant differences between fertilizer types on ® and G were found. However,
fertilizer type was significantly correlated to MWD, with the highest MWD for CoF and the lowest for
ChF due to the increasing decomposition of organic content in the CoF. The interaction between
MP+DH and BM showed the highest ®, while CP+BM showed the highest MWD.
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Appendices. Specifications for the tractor and equipment used

Appendix 1. Characteristics of the tractor used.

Specification New Holland T8.320

Years of production 2007

Engine model / type 6.75T
Engine displacement (cm?) 7474
Number of cylinders 6T

Engine rated power (hp) 125

Type of drive transmission Mech

Front wheel size 23.1R26

Rear wheel size 13/65-18
Weight 11200 kg

Appendix 2. Specification for the agriculture equipment used.

Mouldboard | Rotary plough, Chisel Disk harrow/
. . . mini 1200 with . Double unit /8
Specification plough with four . plough with 7 .
7 discs loaded Disc of each
mould-board Blade .
blade unit
Working width (cm) 105 128 170 155
Maximum soil tillage depths (cm) 33 20 40 20
Length (cm) 220 - - -
Weight (Kg) 300 232 390 -
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ABSTRACT. Ain Sefra is part of the Ksour Mountains and it's situated in southwestern Algeria, where the
climate is arid. The study area is progressively facing regression and degradation exacerbated by climate change.
These trends point to a significant acceleration of desertification and drought and the loss of production systems
that play a critical social, ecological, and economic role in the region. To better understand the natural hazard
of dryness in Ain Sefra and the impact of climate change, we used various drought indices and remote sensing
data. Hence, analyzing precipitation records from 1965 to 2021, through several drought indices, droughts
were identified as a recurring phenomenon. Moreover, the frequency of successive dry years is relatively
high. There were three most extended continuous dry periods. The first phase lasted seven years from 1980 to
1987, the second twelve years from 1994 to 2006, and the third nine years from 2012 to 2021. Calculation of the
Modified Soil-Adjusted Vegetation Index (MSAVI) for five multidate satellite images allowed us to follow the
evolution of land use elements in this region from 1977 to 2017. Indeed, the study of these multi-temporal images
reveals a considerable growth of sands, moving towards the north and northeast of the zone during the last
decades. The combination of drought indices and remote sensing seems to be most promising; whose results
are valuable tools for guidance and decision support to local and regional authorities.

Evaluacion de la degradacion del suelo y sequias en una region drida utilizando indices de
sequia, indice de vegetacion ajustado al suelo modificado y datos de sensores remotos Landsat

RESUMEN. Ain Seft, en las montafias Ksour, esta situada en el suroeste de Argelia, donde el clima es arido. El area
de estudio se enfrenta progresivamente a la regresion y degradacion exacerbada por el cambio climatico. Estas
tendencias apuntan a una aceleracion significativa de la desertificacion y la sequia y a la pérdida de sistemas de
produccién que desempeiian un papel social, ecolodgico y econdomico critico en la region. Para comprender mejor el
peligro natural de la sequia en Ain Sefra y el impacto del cambio climatico, se varios indices de sequia y datos de
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teledeteccion. Al analizar los registros de precipitacion desde 1965 hasta 2021, a través de varios indices de sequia,
se identificaron las sequias como un fendmeno recurrente. Ademas, la frecuencia de afios secos sucesivos es
relativamente alta. Hubo tres periodos secos continuos mas prolongados. La primera fase duro siete afos, de 1980 a
1987, la segunda doce afos, de 1994 a 2006, y la tercera nueve afios, de 2012 a 2021. El célculo del Indice de
Vegetacion Ajustado al Suelo Modificado (MSAVI) para cinco imagenes satelitales multifecha nos permitié seguir
la evolucion de los elementos de uso del suelo en esta region desde 1977 hasta 2017. De hecho, el estudio de estas
imagenes multitemporales revela un crecimiento considerable de arenas, moviéndose hacia el norte y noreste de la
zona durante las ultimas décadas. La combinacién de indices de sequia y sensores remotos parece ser muy
prometedores, pues sus resultados son valiosas herramientas de orientacion y apoyo a la decision de los entes locales
y regionales.
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1. Introduction

Climate change has been reported worldwide in recent years (e.g., Ripple et al.,, 2021; Tahir
et al., 2021; UN, 2022). Because of the increased intensity and frequency of severe events such as
droughts, heatwaves, sandstorms, forest fires, and floods, scientists are now focusing on the effects
of climate change (e.g., Corwin, 2021; Malhi et al., 2021; Niiierola et al., 2020; Camarasa-Belmonte,
2021; Rodrigo-Comino et al., 2022; Eekhout et al., 2021). Droughts are one of the most complicated
extreme climatic situations, affecting more people than any other hazard or natural disaster (Wilhite,
2000; Oliveira-Santos et al., 2022; Mendoza-Uribe, 2022). The impacts of droughts have generally been
referred to as direct impacts, such as reducing vegetation cover and decreasing soil and vegetation water
content (Van Leeuwen et al., 2019; Valdes-Abellan et al., 2020; Palacios-Cabrera et al., 2022; Silva et
al., 2022). Therefore, lower crop productivity, less water reservoirs, deterioration in the number of herds,
increases in the risk of fires are identified (Fadhil, 2011). If the current year is succeeded by one or more
dry years, the drought's severity is felt. In addition, a series of consecutive dry years is more severe than
a singular drought (Spinoni et al., 2014; Jodar-Abellan et al., 2019). Drought is a lack of precipitation
for an extended period, usually a season or more, resulting in water scarcity affecting agricultural or
environmental activities (Mishra and Singh, 2010; Camara-Artigas et al., 2022; Juarez et al., 2022).
Thus, drought is a progressive process that begins with a lack of rainfall, expressed as meteorological
drought. It can be classified into four categories: meteorological, agricultural, hydrological, and
socioeconomic (Eklund and Seaquist, 2015). Meteorological droughts are also the source of
hydrological droughts (Spinoni et al., 2014; Jodar-Abellan et al., 2018). Agricultural droughts depict
severe decrease in soil water that results in crop failure. Drought can worsen, resulting in a so-called
socioeconomic drought. Its prevalence is linked to natural water reserves, and reservoirs constructed by
human when storage cannot meet the demand for water (Guo et al., 2019; Boix-Fayos et al., 2020;
Eekhout et al., 2020). As a result, if appropriate safeguards are not taken, it will severely impact
economies of the affected regions. Drought features must be accurately estimated to plan for optimal
water resource usage and agricultural productivity (Kogan and Guo, 2016).
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More than 100 drought indices are used to determine drought globally (Jain ef al., 2015). Among
all the standardized drought indices, McKee et al. (1993) presented the Standardized Precipitation Index
(SPI), which is widely used to identify drought in various regions throughout the world (Li et al., 2020;
Sobral et al., 2019; Stagge et al., 2015; Tsakiris and Vangelis, 2004). SPI is recommended because it
only uses precipitation and is straightforward to calculate at various periods. It also characterizes short-
and long-term meteorological and agricultural droughts (Golian ef al., 2015). The SPI is directly tied to
soil water on short durations, but it can also be related to groundwater and reservoir storage on longer
timelines (Keyantash, 2018). According to IPCC assessments, the Mediterranean basin, particularly
North Africa, is one of the most vulnerable regions to climate change (Wang, 2005). However, there is
a scarcity of data on the North African region (UN, 2022; Derdour et al., 2020). Analysis of remote
sensing data can support continuity meteorological data and indices by filling gaps that can occur in
long time series, as well as providing a wealth of information about vegetation, soil status, and land use,
which is frequently used in drought studies to quantify the growth and degradation of various land use
items in response to climatic factors (dry and wet periods) and human activities. Therefore, remote
sensing became an alternative to collect information that is challenging to obtain by other means. Over
the last decade, data from various satellite-based platforms have figured prominently in drought
research (e.g., AghaKouchak et al., 2015; West et al., 2019). Furthermore, advancements in algorithm
improvement as well as cloud-based processing and storage capacity have significantly expanded the
potential application of remote sensing for drought research. In addition to providing an autonomous
experimental capability, remote recognizing data can be used to minimize doubts and constrain
modeling efforts aimed at drought estimates. During last years, numerous studies have been published
on drought monitoring and its ramifications such as desertification, soil loss, sand dune mobility (e.g.,
AghaKouchak et al., 2015; Bouarfa et al., 2022a; Wardlow et al., 2012; West et al., 2019; Rahdari and
Rodriguez-Seijo, 2021; Zhang and Jia, 2013; Ibafiez ef al., 2022; Cimusa-Kulimushi ef al., 2023).

Drought is one of the most concerning manifestations of climate change in Algeria. Several
droughts had previously occurred before the start of the twentieth century, in the 1940s, and the 1970s
resulting in low harvests, animal losses, and increased food prices (Seltzer, 1946). Droughts in recent
years have been even more notable for their geographic scope and ferocity. They were characterized by
rainfall shortages that significantly reduced monthly mean flows (Bouabdelli et al., 2020; Habibi et al.,
2018; Lazri et al., 2015). In this work, drought episodes in the region of Ain Sefra, which is located in
southwest Algeria, were studied using drought indices such as the previously mentioned SPI, the
precipitation mean deviation index (MDX), the rainfall index (RI), the Frequency analyses (FI), and the
standard deviations Indicator (SDI). These indices were used at various time scales (1, 3, 6, 9, and 12
months) from a database of the only rainfall station situated in the city, over 56 years (1965-2021),
summarizing 672 monthly precipitation series. On the other hand, a diachronic study using remote
sensing was conducted to reconstruct the evolution of the sand mobility and vegetation cover in Ain
Sefra between 1977 and 2017 using the Modified Soil-Adjusted Vegetation Index (MSAVI). This
research aims to understand better the impact of climate change and management methods on these
vulnerable areas, detect dry and wet periods in Nadma (Argelia), and then assess their trends over time.

2. Materials and Methods
2.1. Study area

This study was conducted in southwestern Argelia in the Ain Sefra region (Fig. 1: 32°30'00"N
/33°00'0"N and 0°50'0"W / 0°20'0"W), covering an area of 13,409 km?, in the high plains of southern
Oran. The case study area is located in western Algeria, between the Tell and Saharan Atlases, in the
"Ksour Mountains" region, highly affected by droughts (Haddouche et al., 2008). The study area is
composed by sets of massifs with complex structures that are elongated and stretched along the general
axis of the southwest/north- east fold (Derdour ef al., 2020). These structures are generally related to
tectonics, lithology, and erosion. They are made up of hard rocks (limestone, dolomitic limestone and
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sandstone) of Jurassic age, whose slopes are generally steep (Derdour et al., 2020). Among these folded
formations, the Jurassic anticline culminates at 2236 m a.s.l. in a southwest/northeast direction (Derdour
et al., 2017a). The study area is situated in the Wilaya of Nadma, mainly occupied by a flat plain. The
altitude increases significantly towards the South (1000 to 1330 m a.s.l.). It is riddled with many small
basins of different sizes and origin (Sebkha, Dayas, hydro-wind basins locally called Mekmene, Oglat
or Haoud). We distinguish between the salty pits (Chott Chergui, Chott ElI Gharbi, Sebkha de Naama)
and the Dayas and the Mekmenes, where unsalted surface water accumulates (Bouarfa ef al., 2022b).
Dayas soils are generally deeper compared to encrusted glacis. The Chotts and the Sebkhas are salty
depressions resulting in a steppe with halophytes. Throughout the Algerian steppe and the pre-Saharan
region, multiple traces of wind activity increasingly underline the arid facies of the landscape. Therefore,
wind is the fundamental element in shaping semi-arid, infertile, and desert landscapes. The hydrographic
network in the study area is endorheic (Derdour and Bouanani, 2019). It is poorly developed and often
emerges in areas of evaporation such as Dayas or Sebkhas. The valleys are however quite short, not very
sinuous, showing a flat bottom and badly drawn banks. This explains the low slope of the river and the
presence of endorheic basins (dayas). Hydrologically, the valleys are not perennial and only flow
episodically during rainy periods (Derdour ef al., 2017a).
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Figure 1. Study area.

2.2. Data collection

The precipitation dataset from 1965 to 2021 at Ain Sefra, run by the National Office of
Meteorology of Algeria, was used. The climatic data was processed, and the homogeneity of the climatic
series was verified. It should be noted that missing data were downloaded from the IOWA State
University website (IOWA, 2022). The considered weather station is located at 722729.00 UTMx and
3627490.00 UTMy and depicts a mean altitude of 1084 m a.s.1l.

Five satellite images type Landsat 2 Multispectral Scanner System were used to get images of
the year 1977, Landsat 3 Multispectral Scanner System , and Thematic Mapper (TM) to get images of
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the year 1987, Landsat 5 Multispectral Scanner System and Thematic Mapper to get images of the year
1997, Landsat 7 Enhanced Thematic Mapper Plus Instrument to get images of the year 2007, and
Landsat 8 Operational Land Imager and Thermal Infrared Sensor to get images of the year 2017 of
the study area , downloaded from the US Geological Survey website (USGS, 2022). They allowed
for diachronic research in the study area and the detection of changes using remote sensing, a technique
for identifying the various states of an object or phenomena when monitored over time. These satellite
images from different years (1977, 1987, 1997, 2007, and 2017) were chosen to conduct this
comparison study. The selected satellite images were taken in March of every year, around the
same time. A post-classification technique performed change detection analysis of multidate satellite
images. The Landsat TM data pre-processing in this work contains multiple correction techniques that
are carried out in several steps, including radiometric correction, FLAASH atmospheric
correction, supervised classification, post-classification, and geometric corrections.

2.3. Drought indices
2.3.1. Standardized Precipitation Index (SPI)

The SPI is a multi-scalar stochastic predictor that assesses precipitation deficit during wet and
dry spells and allows for drought monitoring on multiple time scales (McKee et al., 1993). This
indicator was proposed by the World Meteorological Organization as a jumping-off place for rainfalls
monitoring. It has been utilized in numerous prior researches due to its simplicity, and widespread
acceptance. The computation is carried out with the help of monthly rainfall data which has been adapted
to a probability density function such as gamma over a lengthy period. Any percentile from the chosen
distribution model is handled as a percentile on a Gaussian distribution function, and the appropriate
Z value is recorded as the SPI value.

The SPI is calculated by fitting a probability density function to the frequency distribution of
precipitation accumulated across the time scale of interest. This is done for each month (or any other
temporal basis of the raw precipitation time-series as required) and each place in space individually.
The normalized normal distribution is then applied to each probability density function. The probability
density function of the gamma distribution is as follows (Eq.1):

x* e */B for x > 0 (1)

where x is precipitation, o>0 is the shape e parameter, and >0 is the scale parameter.

The gamma probability density function parameters are estimated at the data location for each
time scale and observation. To estimate « and /3 parameters, maximum likelihood solutions are
utilized (Edwards, 1997; Thom, 1966). The SPI is defined as (Eq.2):

Pi—Ppy,

SPI = )

where: P; is the annual rainfall for a given year (mm), P,, the mean rainfall (mm), and ¢ the standard
deviation. The data are then used to calculate drought characteristics such as duration, intensity, and
severity. Moderate, severe, and extreme drought situations are indicated by ranges of -1.49 to -1.0, -1.5
to -1.99, and <-2.0. Various classifications of drought intensity based on SPI thresholds are available
(McKee et al., 1993).

2.3.2. Precipitation Mean Deviation Index (MDX)

The MDX (Eq.3)is the variation between both the annual precipitation level (P;) and the
average rainfall level (Pm).
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MDX = P, — P, 3)

The yearly distribution of precipitation offers immediate information on the variability of
rainfall rates. It is easy to distinguish the wet and dry years by comparing it to the series average. It also
makes it possible to estimate the precipitation shortage at the year's level and picture and establish the
number of shortfall periods and their sequence. A deficit year is one in which the precipitation is less
than the mean, and a surplus year is when the standard is exceeded.

2.3.3. Rainfall Index (RI)

The RI reflects how much precipitation is collected in comparison to the long-duration mean
designed for a certain place and timeframe. The rainfall index R/ is defined as (Eq.4):

RI =P)/P, (4)
In particular, if this ratio is more than one, the year is characterized as wet, and as dry if it is

less than one. We have used the difference relative to the norm (Ruy), to identify rainfall in a
lengthy set of rainfall records (Eq.5).

Ry =RI -1 (5)

The cumulative of the indices (Rns) of successive years makes it possible to identify the main
trends by disregarding the slight fluctuations from one year to the next. It is a wet trend when the
total of the indexes rises and a dry trend forthe opposite scenario (Bergaoui and Alouini, 2002).

2.3.4. Frequency analyses (FI)

Frequency analyses are commonly used based on the characteristics of a phenomenon such as
droughts. Annual rain is classified in increasing order based on their chance of not surpassing (F),
which is calculated as follows (Eq.6):

F = (--).100 (6)

N+1

where 7 is the ranking of the year based on an increasing categorization of rainfall quantities; N is the
number of years of monitoring. Years are categorized into five groups of likelihoods of non-exceedance,
as shown in Table 1.

Table 1. Classification of frequency.

Class Frequency
Very dry F<15%
Dry 15% <F <35%
Normal 35% <F <65%
Wet 65% < F <85%
Very wet 85% <F

2.3.5. Standard deviations Indicator (SDI)

This index is measured by considering the annual rainfall mean readings (Pn) in relation
to the value of standard deviations (o) whose formulation is as follows (Eq.7, Bergaoui and
Alouini, 2002):

o = |G| 2P - P2 (7
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when P; is less than P,-o, serious droughts are identified. However, if P; is a smaller amount than
P.-20 the drought is severe, as depicted in Table 2.

Table 2. Drought severity classes.

Type of drought |Comparison criterion
Moderate P,— ca <P <P,
Strong Pp,— 20 <P, <Py-0
\Very strong P, <P,-20

2.4. Diachronic analysis using Remote Sensing

In this study, we used Landsat satellite images to understand the change observed in sand and
vegetation cover. Hence, we tested statistically the "change detection" technique over 40 years (between
1977 and 2017) by using an index that considers soil influence called the Modified Soil-Adjusted
Vegetation Index (MSAVI). This index, proposed by Qi et al. (1994), suggests an enhancement to the
original soil-adjusted vegetation index (SAVI). In particular, the L-shaped adjustment parameter that
characterizes the soil and its vegetation cover rate in the MSAVI is no longer a constant, but it is
automatically adjusted to local conditions. This index has been widely used in the low vegetation zone,
as in the case of our study area. MSAVI is determined as a ratio of the R (red) and NIR (near infra-red)
wavelengths values with an inductive L function utilized to amplify the lessening of soil influences on
the flora signal.

Likewise, MSAVI values range from -1 to 1, where i) -1 to 0.2 indicate bare soil; ii) 0.2 to 0.4
is the seed germination stage; and iii) 0.4 to 0.6 is the leaf development stage.

3. Results and Discussion
3.1. Drought indices
3.1.1. Standardized Precipitation Index (SPI)

The rainfall index was calculated to characterize precipitation deficiencies at various time
periods in aspecific location. This analysis, which considers the futility of time, mainly reflects drought's
influence on the availability of numerous water supplies. Droughts receive a negative rating, whereas
floods receive a positive value. The SPI of the study area was calculated by fitting rainfall series collected
over 56 years from 1965 to 2021 (McKee ef al., 1993). The chronological variation of the SPI index
relative to the station of Ain Sefra shows that the SPI goes through a global deficit trend with the
existence of many distinct wet and dry periods (Fig. 2). The values of SPI of the study area ranged
from -2.608 to 1.986, where the drought years represent 14.28 % of the series (SPI < -1.00), the wet
years represent 7.14% (SPI> 1.00), and the near-normal years (-0.99<SPI<0.99) represent 78.57%.
In addition, three wet periods were identified, 1967 to 1980, 1987 to 1994, and 2006 to 2012, the
year 2008 being highly wet (SPI=1.99). In contrast, there were three dry periods, 1980 to 1986, 1994
to 2005, and 2012 to 2021, the year 2016 being arid (SPI = -2.61). The most crucial peak for Ain
Sefra is negative (SPI= -2.61). Throughout Ain Sefra's chronology, floods have frequently been
produced by rainy periods after extended periods of dryness, such as the floods of 1990 (SPI=1.71)
and floods of 2008 (SPI=1.99). The main statistical parameters of SPI in the study area are: a value of
1.99 to the max positive, -2.61 to the max negative, 0.58 to the mean positive and -0.76 to the mean negative.
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Figure 2. Annual SPI evolution at the study area.

3.1.2. Precipitation Mean Deviation Index (MDX)

The computation of the index of the divergence from the average of the rainfall series at the
study area (Fig. 3) makes it possible to show that during this long observation period of 56 years
(19662021), there were 48.2% of surplus years and 51.8 % of deficit years. An essential deficit retained
from this rainfall series is —146.66 mm recorded in 2020-2021. It is worth remarking here that there
are four sequences of a single isolated dry year (1973, 1977, 1992, 2013), one sequence of two successive
dry years (2019 to 2021), and three sequences of more than two subsequent dry years (1980 to 1984,
1986 to 1990, 1995 to 2007). The most extended drought sequence was between 1995 and 2007,
with 12 consecutive dry years. During 1980-2001, the overall trend is drought, but this is interspersed
with a short period with a wet tendency.
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Figure 3. Precipitation Mean Deviation Index at the study area during the monitoring period.

3.1.3. Rainfall Index (RI)

The analysis of drought by the RI and cumulative deviations shows an alternation of
sequences with a generally dry trend and arrangements with a naturally wet trend (Fig. 4). The RI values
at the study area ranged from -146.66 to 240.33, and the values of varied from -0.72 to 1.19. From
1980 to 1990 and from 1992 to 2007, the overall trend is represented by drought. But it is interspersed
with short periods with a wet movement, the most important of which extend over consecutive years
(1990 to 1992, 1993 to 1995, and 2008 to 2013). This confirms the findings based on the SPI
results.
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Figure 4. Rainfall Index at the study area during the monitoring period.

3.1.4. Standard deviations Indicator (SDI)

The calculation of the deviation indicator from the average of the rainfall series of the station
of Ain Sefra (Fig. 5) makes it possible to show rainfall evolution during this long observation period (56
years from 1966 t02021). Thus, the graphic allows us to distinguish, among the deficit years, 62.50% of
years of moderate drought, 10.71% of years of severe drought, and 26.78% of years of very severe
drought.
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Figure 5. Precipitation Standard Deviation Index at the study area.

3.1.5. Frequency analyses

In this study, dry and wet years have been identified with the MDX and the RI. To better specify
the degree of drought recorded, we have used other indices such as the frequency analysis. The
application of frequency analysis to the rainfall series of the weather station gave us a higher accuracy
for standard years than years with deficit and surplus. Thus, Figure 6 represents variations in annual
rainfall in the function of the hydrological years by comparison with the different classes of frequencies.
For the station of Ain Sefra, over the 56 years of observation: 7 were very dry, 11 were dry, representing
a 32.14% of the series, 15 standard years represented a rate of 26.78%, 11 wet years, and 12 were very
wet, representing a 41.07% of the series. We conclude that SPI and the frequency analysis indices have
nearly the same results and descriptions based on these results. However, the frequency analysis has
more detailed explanations, particularly regarding the standard years concerning SPI and MDX indices.
Nevertheless, the frequency analysis does not make it possible to identify the overall trends in rainfall
at the level of the station studied.

Cuadernos de Investigacion Geografica, 49 (2), 2023. pp. 65-81 73



Derdour et al.

120 4

80 o

60 o

Frecuency (%)

40 |

20 o

v
o «\'éi\*‘%'é\ '5\6\0,\';\ S \”‘”q’Q & \'>°Y’ *’* K o,\&:,\'éa & &dp&@ \"'@v\“éo\”»@%\ Sy o,\ <,\
FELF LN F S F P PSS S E T

Figure 6. Frequency analysis for the rainfall series at the study area.

3.1.6. Persistence of drought

The drought is perceived more intensively if the year in question follows one or more dry years.
A series of consecutive dry years is more severe than a single drought. For the station of Ain Sefra,
drought, as determined by the SDI, occurred during three sequence periods and represented by 50% of
the entire series, one of 12 years (from 1994 to 2006), the other of 7 years (1980 to 1987), and the third
of 9 years (from 2012 to 2021). Following the analysis of the dry years determined by the frequency
analysis method at the Ain Sefra station, it was found that there were 18 dry years, where six sequences
of a single isolated dry year (1985, 1992, 1995, 2013, 2015, 2017), three sequences of two successive
dry years (1980 to 1982, 1987 to 1989, 2019 to 2021) and one sequence of six subsequent dry years
(1997 to 2003). For the region, the percentage of an isolated dry year is 10.71%. Sequences of
consecutive dry years (two or more) represent 21.43%, according to the analysis of rainfall data from
the Ain Sefra station, which characterizes the most representative example of the whole area. Through
several drought indices, we can conclude that drought is a recurring phenomenon. A summary of
different indices used in this study is given in Table 3.

Table 3. Summary indexes for evaluating droughts at the study area from 1965 to 2021.

Isolated dry .
Dry years years Successive dry years
Value % Value % Value %
MDX 29 51.78 6 10.71 4 41.07
SPI 8 14.28 3 7.14 1 1.78
RI 29 51.78 6 10.71 4 41.07
FI 18 32.14 6 10.71 4 41.07
SDI 15 26.78 5 8.92 3 26.78

3.2. Diachronic analysis using Remote Sensing

Results of the accomplished diachronic analysis are showed with maps plotting the changes
obtained from multi-temporal Landsat images (between 1977 and 2017). The calculation of the MSAVI
of the satellite images covering the study area for March 1977,1987, 1997, 2007, and 2017 allowed us
to visualize the impact of drought over time (Fig. 7). The confusion matrix was used to evaluate the
categorization and plotted in Figures 7 and 8. Thus, the kappa coefficient was employed to measure the
classification quality. This matrix indicates the trust level and the main confusion during an image
classification (some class pixels can be confused by others). When the kappa coefficient exceeds 0.8
(80%), the classification is considered conventional and relevant. In our study, the kappa value exceeded
this threshold of 80% in all the cases (1977: 92.2%; 1987: 96.4%; 1997: 89%; 2007: 83.2%; 2017: 88%)).
Thus, this statement allowed us to verify our findings. After rigorous examination, it was discovered
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that the dynamism of sands in the study area has gone through numerous phases over the five sequences
studied (1977, 1987, 1997, 2007, and 2017), ranging from regression to progression. This trend is
primarily due to the drought, but other aspects such as wind speed, extensive labor, and overgrazing
could also be considered. In general, the sand invasion has increased. This upward trend of sand
encroachment has maintained to the present day and represents a serious hazard. Likewise, according to
our map examinations, we conclude that the area's sandy accumulations have evolved and become
unsteady through time. Maps of the diachronic study have clearly shown that there has been a very
significant evolution of sands in terms of area, showing a transition towards the north and the north-east
of the study area during the last 56 years (1965-2021), being droughts the main cause from the author’s
knowledge. In 2017, the sand encroachment massively increased by 286.61% compared with 1977, as
in Figure 8, while the vegetation cover category was affected by the type of year, dry or wet. Vegetation
cover represented 20.64% of the study area in 2007 in the wet year, where the SPI value was 1.99, and
represented only 0.78% of the study area in 1977, where the SPI value was -0.76. The vegetation density
decreased considerably in 1997 compared to 1987, owing to consecutive dry years. Table 4 summarizes
the evolution of land use components of the study area (1977-2017).
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Table 4. Evolution of land use components of the study area (1977-2017).

Class (%)
Year Sands Degraded Soils Outcrops Vegetation
1977 8.29 63.92 27.01 0.78
1987 11.86 40.71 30.72 16.71
1998 12.2 42.03 39.16 6.61
2007 15.66 25.03 38.67 20.64
2017 23.76 40.47 3041 5.36

4. Conclusions

This paper assessed the potential change in the Ain Sefra region's climate from 1965 to
2021 using, among others, drought indices and remote sensing. The study area is affected by extreme
weather events, from droughts to floods. The drought indices used in this study present suitable pictures
and perceptions of drought in the research area. The chronological variation of the SPI index relative
to the station of Ain Sefra shows that the SPI goes through a global deficit trend with the existence of
many distinct wet and dry periods. The values of SPI in the study area range from -2.608 to 1.986,
where the most significant peak is negative. Three consecutive dry periods were identified in the first
of 7 years (1980 to 1987), the second of 12 years (from 1994 to 2006), and the third of 9 years (from
2012 to 2021), where the year 2016 is arid with an SPI value of -2.61. Contrariwise, three wet periods
were distinguished from 1967 to 1980, 1987 to 1994, and 2006 to 2012, where 2008 was highly more
west (SPI=1.99). Floods are often caused by wet periods after long consecutive dry periods throughout
the history of Ain Sefra, such as the floods of 1990 (SPI=1.71) and floods of 2008 (SPI=1.99). The
MDX showed that during this long observation period of 56 years (1965-2021) in Ain Sefra, we had
recorded 48.2% surplus years and 51.8% deficit years. The rainfall index showed that the overall trend
is represented by drought from 1980 to 1990 and 1992 to 2007. Still, it is interspersed with short periods
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with a wet movement, the most important of which extend over consecutive years (1990 to 1992, 1993
to 1995, and 2008 to 2013). According to frequency analyses, over the 56 years of observation: 7
were very dry, 11 were dry, representing 32.14% of the series, 15 standard years represented 26.78%,
11 wet years, and 12 were very wet, representing a 41.07% of the series. The results obtained in this
study showed that drought is arecurring phenomenon.

A diachronic assessment was used in the study area to monitor droughts between 1977 and 2017.
The MSAVI index of the satellite images covering the study area for March of 1977, 1987, 1997, 2007,
and 2017 allowed us to visualize the impact of droughts over time. Following our results plotted as
maps, key findings emerge that the area of sandy accumulations has increased in extent and becomes
unsteady through time. The maps of the diachronic study have clearly shown that there has been a very
significant evolution of sands in terms of area with a transition of it towards the north and the north-
east. These issues are mainly related with droughts according to the author’s knowledge. This upward
trend of sand encroachment has continued to the present day and represents a severe hazard. In 2017,
the sand encroachment massively increased by 286.61% compared to 1977. The combination of drought
indices and remote sensing seems to be most promising, their findings being valuable tools for
supervision and assessment supporting decisions of local and regional authorities.
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ABSTRACT. Trends and median slope of daily rainfall that can affect rainfall aggressiveness and cause erosion
in the Bogota - Duitama corridor were studied. For this, the daily records of 26 stations (35 years, from 1980 to
2014) were evaluated, using the Sen's statistic and the Mann-Kendall test with confidence levels higher than 90%.
The studied area covered about 8,100 km?, located between 2,100 and 3,300 m a.s.1. in the Colombian Andes. Four
stations with positive trends in median annual rainfall were found (from 6.90 mm/year to 28.80 mm/year) and one
station with a decrease in median rainfall of -6.86 mm/year. In order to analyze the pluvial aggressiveness as the
main agent of soil erosion, the Modified Fournier Indices (MFI) were generated for periods of 10 days. With the
maximum decadal Modified Fournier Indices (MFlamax) of each year, it was possible to establish the median
positive trend (Sen) of rainfall aggressiveness in five stations and three stations with negative trends. Through the
correlation between the degree of erosion with the square of the decadal average maximum values of each year
(MFl4max?) and the negative annual precipitation, a coefficient of determination (R?) greater than 0.50 was found.
The validation of MFlIgmax* to explain the degree of soil erosion is a new useful methodology for land use planning
and monitoring. In this way, developing countries have the possibility of using a tool to face the processes of
pluvial erosion, vulnerability and adaptation to climate change.

Erosion del suelo por lluvias e impactos del cambio climdtico en un altiplano andino en
Colombia

RESUMEN. Se estudiaron las tendencias y la mediana de la pendiente de las lluvias diarias que pueden afectar la
agresividad de las lluvias y causar erosion en el corredor Bogota - Duitama. Para ello, se evaluaron los registros
diarios de 26 estaciones (35 afios, de 1980 a 2014), utilizando el estadistico de Sen y la prueba de Mann-Kendall
con niveles de confianza superiores al 90%. El area de estudio abarcé alrededor de 8.100 km?, ubicada entre los
2.100 y 3.300 m s. n. m. en los Andes colombianos. Se encontraron cuatro estaciones con tendencias positivas en
la precipitacion media anual (de 6,90 mm/afio a 28,80 mm/afio) y una estacion con una disminucién en la
precipitacion media de -6,86 mm/aio. Para analizar la agresividad pluvial como principal agente de erosion del
suelo, se generaron los indices de Fournier Modificado (IFM) para periodos de 10 dias. Con los Indices de Fournier
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Modificados (IFMgmax) maximos decenales de cada afio, fue posible establecer la mediana de la tendencia positiva
(Sen) de la agresividad de la Iluvia en cinco estaciones y tres estaciones con tendencias negativas. Mediante la
correlacion entre el grado de erosion con el cuadrado de los valores maximos medios decadales de cada afio
(MFlLymax®) y la precipitacion anual negativa, se encontr6 un coeficiente de determinacion (R?) superior a 0,50. La
validacién de IFMgma® para explicar el grado de erosion del suelo es una nueva metodologia util para la
planificacion y el seguimiento del uso del suelo. De esta manera, los paises en desarrollo tienen la posibilidad de
utilizar una herramienta para enfrentar los procesos de erosioén pluvial, vulnerabilidad y adaptacién al cambio
climatico.

Keywords: Climate trends, rainfall aggressiveness, decadal modified Fournier index, Mann-Kendall.
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1. Introduction

With the global predictions projected for the year 2070 by Borrelli ef al. (2020), based on a
semi-empirical modelling approach and the Revised Universal Soil Loss Equation (RUSLE), soil
erosion rates of 43 « 10° (+9.2 to -7) Mg yr'! are predicted, with respect to a baseline of 2015. These
projections for all global dynamics scenarios indicate a trend towards a more vigorous hydrological
cycle (extreme values), which could increase global water erosion from 30% to 66 %. For their part,
Arias-Munoz et al. (2023) in the middle-upper basin of the Mira river, in the Andes of Ecuador, on the
border with Colombia, estimated an average erosion rate of 32 t/ha/year, which can reach a maximum
value of 812 t/ha/year.

Studies carried out by the Institute of Hydrology, Meteorology and Environmental Studies
(IDEAM et al., 2015), indicate that 40% of the territory of Colombia presents some degree of erosion.
The problem is especially relevant due to the large proportion of affected soils with some degree of
erosion in the departments of Cundinamarca (80.3% of 23,984 km?) and Boyaca (72.1% of 23,175 km?).
Severe erosion covers 6.8% of the department of Boyacd, while 5% occurs in the department of
Cundinamarca. Due to erosion in the Colombian Andes, this soil degradation has been affecting more
than 90% of the territory with agricultural vocation, which leads to the deterioration of the peasant
productive base.

Additionally, the impacts of climate change, whose effects could initially be seen in rainfall
erosion, may be related to the variations in rainfall patterns and the increase in winds, thus affecting
drought. However, although some of the poor moisture conditions can be partially offset by heavy rains,
erosion can affect soil and water resources due to increased storms (Basher ef al., 2012).

For their part, Almagro et al. (2017) argue that due to the variability and changes in rainfall, it
is important to consider that the impacts of climate change on the erosivity of rainfall can lead to
processes of greater soil degradation. Therefore, it is critical to identify ways and methods of how the
country can adapt itself, reduce its vulnerability, and increase its resilience towards this phenomenon.
For these reasons, the present study focuses on developing simple and practical methods with available
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daily precipitation data, which allow for improving soil conservation measures and adaptation processes
to changes in rain erosivity. Likewise, it is worth taking into account that, although other authors (di
Lena et al., 2021)studied the trend of the Modified Fournier Index (MFI), no studies were found with
the maximum annual values of MFI calculated for 10 days; together with its verification with the degree
of soil erosion for the same period studied through regression equations.

However, despite the multiple scenarios evaluated and the numerous methods and models to
assess erosion, it is not clear how to quantify the impact of climate change on soil erosion (Xiaofei et
al., 2021) and select the most appropriate erosion model for the Andean territory. Therefore, there is
little knowledge of the implications of the model's conceptualization on projected soil erosion rates
under climate change (Eekhout and de Vente, 2020).

Additionally, it is necessary to take into account that the soil can be affected by different rainfall
regimens and intensities, which should be studied through indices developed by the institutions with the
available information. Similarly, although from the review of previous studies, it has not been possible
to establish any clear association of erosion with climate change, further research should be carried out
based on the different ways environmental sustainability is impacted. This situation leads to the need
for a better understanding of the benefit of the soils in climate regulation and ecosystem services (Lal et
al., 2021).

Based on the above, the objective was to determine the existence or absence of changes or trends
in rainfall that may lead to soil erosion; with the hypothesis, in which: there is a relationship of soil
erosion with the trend or change in the indices of pluvial aggressiveness.

2. Materials and methods
2.1. Study area

The study area was delimited to the rural corridor between Bogota (the capital of Colombia in
the department of Cundinamarca) and Duitama (the northeast city of the department of Boyacd), a
territory that contains the representative customs of the Altiplano Cundiboyacense in terms of their
agricultural practices (Lamprea Quiroga and Sanabria Marin, 2020). The shape of the land corresponds
to a flat to gently undulating relief of the Colombian Andes, derived from water accumulation processes
in lakes and swamps, with subsequent sedimentation processes from its steep edges; along the Bogota,
Suérez and Chicamocha rivers. This plateau also presents the largest population process in Colombia
(Instituto Geografico Agustin Codazzi [IGAC], 2014)

The corridor presents a relative geomorphological homogeneity with a gradual decline
(fundamental to studying pluvial erosion and not making the analysis more complex with mass removal),
over an altitudinal range of 2,100 to 3,300 meters above sea level. The main crops are potatoes, fruit
trees and vegetables. Livestock is pasture-fed.

The land cover is dominated by agricultural activities (58%) and forests (29%). The soils belong
to the order Entisols, Inceptisols and Andisols. The minimum temperatures oscillate between 6.5 to
11°C, and the maximum between 12 and 18 °C. (Instituto de Hidrologia et al., 2015). In the department
of Cundinamarca, there are 28 municipalities (4,252 km?) and 32 in Boyaca (3,847 km?), covering an
area close to 8,100 km?, approximately 170 km long by 47 km wide (Fig. 1).
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Figure 1. Distribution of the degree of erosion. Source: Own elaboration based on Instituto de Hidrologia et al.
(2015).

2.2. Erosion

The national study of soil degradation by erosion in Colombia (Instituto de Hidrologia -IDEAM-
et al., 2015) provided reference information on the erosive process. In IDEAM et al. (2015, pp. 23-43)
the methodological development is described. With this, the study area's classification and distribution
of eroded surfaces were developed. Figure 1 shows the degree of very severe erosion in red. Very severe
erosion, in Cundinamarca, affects the municipalities of Guatavita, Nemocdn, Tausa, Suesca, Cucunuba
and Guasca (between 240 and 1,080 ha), resulting in a total area close to 5,600 ha (1.3%) of the area
study. This surface increases to more than 9% of the department of Cundinamarca, adding the areas with
severe erosion (orange colour). In Boyacd, very severe erosion is found (between 400 and 7,120 ha) in
the municipalities of Raquira, Sachica, Samacd, Chiquiza, Sora, Villa de Leyva, Gachantiva, Santa Sofia
and Cucaita, which together add up to 20,570 ha (5.5 %). If severe erosion is added, it reaches about
12% affectation in the department of Boyaca.

2.3. Data source
2.3.1. Pluviometry

The climatic stations were selected based on the following: a) the largest number of stations (26
of 54) with records between 1980 and 2014 (35 years); b) Stations with more than 90% of the total daily
precipitation records, although the methodology for trend analysis is not sensitive to missing value (Pal,
2009). Table 1 shows the selected stations.
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The period from 1980 to 2014 was selected, mainly based on the collection of information from
the erosion map (Instituto de Hidrologia ef al., 2015). In contrast, the randomness of the series was
verified with the Turning Point test, according to the methodology exposed by Clarke (1984, p. 26).

Table 1. Information from the weather stations used.

Name Elevation Latitude Longitude c e e
Station Cat. masl. |° min. s ° mign. s Depart. | Municipality
Arcabuco PM 2600 5 45 38.1173 26 389| Boy. |Arcabuco
Azulejos Los PG 2780 5 39 49|73 12 3.6| Boy. |Tuta

Casa Amarilla PM 3200 5 32 1.7|73 9 48.6| Boy. |Toca

Cerezo El PM 2900 5 41 575173 4 18.3| Boy. |Paipa

Combita PM 2820 5 37 441|173 19 26.4| Boy. |Combita
Emporio Hacienda El PM 2120 5 36 58|73 32 38.6| Boy. |[VilladeLeyva
Nuevo Colon AM 2438 5 21 13.7173 27 23.4| Boy. |Nuevo Colon
Raquira PM 2290 5 32 19.6|73 37 529| Boy. |Raquira

San Pedro de Iguaque PG 2985 5 38 24.0(73 27 1.6| Boy. |Chiquiza
Siachoque PM 2720 5 30 26473 15 1.0| Boy. |Siachoque
Surbata Bonza AM 2485 5 48 88|73 4 28.1| Boy. |Duitama
Tibana PM 2115 5 18 55073 23 454| Boy. |Tibana
Turmequé PM 2400 5 19 41|73 19 46.4| Boy. |Turmequé
UPTC CP 2690 5 33 12873 21 19.0| Boy. |Tunja

Umbita PM 2300 5 13 88|73 26 404| Boy. |Umbita

Villa Carmen CP 2600 5 30 42173 29 448| Boy. |Samaca

Villa de Leiva CP 2215 5 39 21.0(73 32 38.2| Boy. |[VilladeLeyva
Amoladero El PM 2963 4 51 28.7|73 44 43.4| Cundi. |Guatavita
Aepto. El Dorado SP 2547 4 42 201174 9 2.4| Cundi. |Bogota
Cucunuba PM 2620 5 15 37|73 46 14.7| Cundi. |Cucunuba
Hato El PM 2575 4 52 0074 9 13.9| Cundi. |Tenjo

Leticia PM 2650 5 18 11.5|73 42 35.1| Cundi. |Lenguazaque
Potreritos PM 2802 4 49 437173 46 9.4| Cundi. |Guatavita
Silos CcO 2709 5 7 38|73 42 5.1| Cundi. |Choconta
Simijaca PG 2590 5 30 40.7(73 51 49.3| Cundi. |Simijaca

Santa Cruz de Siecha PM 3100 4 47 34173 52 149| Cundi. |Guasca

Source: Own elaboration based on information from IDEAM.
Notes: Depart: Department; Cundi.: Cundinamarca; Boy.: Boyaca; Cat: Station category; PM: Pluviometry; PG:
Pluviographic; AM: Agrometeorological; CP: Climatic Principal; SP: Synoptic; °: degree; min: minute; s: seconds.

2.4. Precipitation analysis and comparison with the erosion map

The methodology developed with the daily values of precipitation by the station is summarized
in the following major steps: a) Analysis of the daily precipitation, complete the series and generate the
decadal Modified Fournier Indices (MFIg). Rainfall analyses were carried out over periods of ten days,
which is decisive for evaluating the short-term effects of the main erosive and productive agent. b)
Obtaining the maximum annual value of the decadal Modified Fournier index (MFILimax). ¢) Evaluation
of trends in annual precipitation and the MFlimax. d) Obtaining the multiannual mean value of the
maximum values of the indices (MFlamax). €) Calculation of the weighted erosion level of the erosion
map (IDEAM et al., 2015) to obtain the correlation and regression with the multiannual average of the
MFlimax and annual rainfall. Table 2 presents a synthesis of the methodology developed, based on the
analysis of the behaviour of rainfall, to determine the existence of changes or trends that may affect the
erosivity of rainfall.

The Pearson correlation coefficients between all stations were calculated to complete the daily
rainfall. From this process, groups of five stations were formed to carry out the process of completing
the daily precipitation data, with a) The Normal Ratio method used by Linsley et al., (1977, p. 64),
including the influence of the El Niflo Ocean Indices from the National Weather Service Climate
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Prediction Center (National Oceanic and Atmospheric Administration [NOAA], 2021) according to
(Medina ef al., 2008); and b) Based on the least mean square error (RMSE) between the Homogeneous
Fields Method of Antelo and Ferndndez (2014) and the Normal Ratio method, mentioned above, the
way to complete the daily rainfall data for each station was chosen.

Table 2. Methodological synthesis process with its techniques and activities.

Techniques for daily precipitation analysis and
MF1q

Techniques for trend analysis, compare with the
erosion map, correlation and regression.

Rainfall consistency analysis with the Turning Point
or Gust Test (Clarke, 1984).

Completion of the rainfall series with the Normal

Obtaining the maximum annual value of the decadal
Modified Fournier Index (MFIamax).

Evaluation of the trends (Mann-Kendall, 1948) of

annual rainfall and MFIamax, with their Median
slopes (Sen, 1968).

Ratio method (Linsley et al., 1977), including the
influence of the ENSO adapted from Medina et al.
(2008) or the Homogeneous Fields method (Antelo
R. & Fernandez, 2014) according to the lower
value of the Root Mean Square Error (RMSE).

Obtaining the multiannual average value of the
maximum values of the MFI4max, by rain gauge
station.

Generation of decadal Modified Fournier Indices

(MFI,) (Gomez, 1999). Calculation of the weighted erosion level from the

erosion map (IDEAM et al., 2015) to obtain the
correlation and regression with the multiannual
average of the MFlumax and annual rainfall.

2.4.1. Generation of decadal Modified Fournier Indices

Since pluviographs are scarcer in the developing countries of Latin America, the analysis of the
aggressiveness of the rains was based on the availability of the records of the pluviometers, instead of
the pluviographs. For this reason, Modified Fournier indices were used.

According to Kirby and Morgan (1984), in Gomez (1999), the analysis carried out by Fournier
around the year 1960 with the sedimentary values of more than 140 rivers in Europe, Asia and the United
States, obtained a high correlation between the sediment load and an index generated with annual and
monthly rainfall. Although Fournier (1960) initially obtained a high correlation of the sediment load
versus the relationship between the monthly precipitation of the rainiest month (p) and the average
annual precipitation (P), this index (p?/P) was later modified by Arnoldus (1977) in Renard and
Freimund, (1994). With the modified Fournier index, the correlation of R? with the R factor (rain erosion
factor in the universal soil loss equation -USLE-) increased from 0.55 to 0.91. The modification
introduced by Arnoldus (1977) is illustrated in equation 1.

2
MFI =312 B (Equation 1)

Where MFI is Modified Fournier Index (mm), p; is the rainfall for the i month (mm), P is the annual
rainfall (mm), and i the month.

2.4.2. Obtaining decadal Modified Fournier Indices

Firstly, the rain patterns were divided into periods of ten days. Decade 1, from day 1 to 10;
decade 2, from day 11 to 20; and decade 3, from the 21* to the 28" or 29" or 30™ or 31*, depending on
the number of days in each month, as proposed by Gémez (1991; 1999). With these decadal Modified
Fournier indices (MFly), the monthly Modified Fournier indices (MFl4m) and annual (MFl4,) can be
obtained through the corresponding accumulation. The modified MFI; at the decadal level (every 10
days) used in the present investigation was:
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2
MFI; = Y19, %i (Equation 2)

Where MFl, is the Decadal Modified Fournier Index (mm dec.™), p; is precipitation of each of the 10
days (mm), P is the Average precipitation in the corresponding decade (mm), and i the day.

2.5. Obtaining the maximum annual value of MFIdmax

Of the 36 decadal Modified Fournier indices of each year (MFlamax), the maximum value of each
year by rainfall station was selected. Thus, the aggressiveness trends of the rains were evaluated using
the maximum annual value of the MFIq of each station, according to the methodology of Chow et al.
(1994, p. 394) and Suresh (2008, p. 563).

2.6. Evaluation of trends in annual precipitation and the MFIldmax

With the records of the total annual rainfall for each station, the trends were evaluated with
different levels of statistical confidence (90.0%; 95.0%; 97.5%; 99.0% and 99.5%). These statistical
confidence levels were applied to all the series analysed, taking into account the sensitivity of the method
Mann (1945) and Kendall (1948). The value of the median slope was obtained with the method proposed
by Sen (1968).

2.6.1. Trend analysis method with decadal Fournier indices

With this methodology (analysing the maximum annual values) it was intended to measure the
potential impact of the acting agent (rain) on soil erosion over time (trend) as an expression of climate
change.

2.6.2. Sen’s test

Sen (1968) developed a non-parametric estimator to evaluate the magnitude of the data trend,
which consists of evaluating the presence of a slope (positive or negative) of the time series
(equidistantly distributed data, in days, months, years, etc.). For this, the algorithm proposed by Hirsch
and Smith (1982) is used, which is an extension of those suggested by Theil (1950) and Sen. According
to Hirsch and Smith (in Gallego, 2003), Sen's test is a robust method to doubtful values, the lack of
records and atypical data since it is evaluated through the median for N pairs of data with the following
expression:

_ Xir— Xi
Ql T -

Where Q; is the slope between the data pairs Xi' and Xi; Xi is the measurement at time 1'; X is the
measurement at the time i; 1’ is time after time I; and N’ is the calculated number of slopes, between the

data pairs.

(Equation 3)

The median of the N values of Q; is the estimator of the slope of Sen. The median slope (Q) is
obtained with the estimator of the slope of Sen, through:

Qn' +Q Ny

! . I ' (_) ( )
Q' = Q[&], if N'isodd; yQ = —2——2=
2

5 ,if N’ is even. (Equation 4)
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2.6.3. Mann-Kendall (M-K) test

The Mann—Kendall test allows for the detection of the existence of a trend in a time series but
does not provide an estimate of its magnitude. The M-K test is a nonparametric test based on a test
earlier developed by Kendall (1948).

The null hypothesis (Ho) of the M-K test is that the data (x;, x> ..., Xn) are identically and
independently distributed random variables, and the alternative hypothesis (H;) is that they are
distributed with a decreasing or increasing trend, using the statistic called St of Kendall, with the
following expression:

St=3r = =i+ sgn(X; — X;) (Equation 5)

The function sgn (X) is the sign function, whose value is -1, 0 or 1; depending on whether the argument
is negative, null, or positive, respectively.

The variance of (S) of the null hypothesis is obtained with the following equation:

n(n—1)*(2n+5)— X3_, t, (tp—1)*(2tp+5)
18

Var (§) = (Equation 6)

In equation 6, n is the Number of data; tp is the number of measurements equal to a particular
value; and q el number of linked values (Number of linked groups). A linked group is a set of
data from a sample that have the same value.

The range of levels for a specific confidence interval is carried out when evaluating C, through
the following expression:

C, = Z1—(%) * [Var (S) (Equation 7)

Where C, is distributed as a Normal distribution with mean 0 and variance 1. To test for an upward or
downward trend, the confidence level is compared to the absolute value of Z; which is obtained from
the Normal distribution tables. Based on the previous equation, the values, low (M) and high (Ma+1),
can be found using the confidence limits with the following expressions:

N'+Cqy
2

N'-Cq .
2 )

M; = My = (Equation 8)

The selection of the slopes corresponds to M; and M»+1, which are the respective Confidence Limits
(CL, and CLy; upper and lower)

2.7. Obtaining the multiannual average value of the maximum values of the MFlamnax

With the 35 maximum annual values of the MFlumax, the average quantity was obtained, with
which the aggressiveness of the rains was characterized within the evaluated period (1980 to 2014).

2.8. Correlation between the level of erosion weighted vs. MFlanax and precipitation

Based on the erosion map in Figure 1, made by Instituto de Hidrologia et al. (2015), the
weighted average of the five degrees of erosion in the surrounding areas within a radius of 1 kilometre
was calculated. The assigned weighting values, with the ranges of erosion levels obtained, are shown in
Table 3.
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Table 3. Weighting values and erosion levels.

Value applied to the degree of Ranges of the levels of erosion .
.. . 1o Degree of erosion
erosion in the weighting generated
0.5 <0.5 Without evidence of erosion.
1.0 0.6t0 1.0 Light
2.0 1.1t02.0 Moderate
4.5 2.1t04.5 Severe
5.0 4.61t05.0 Very severe

With the level of erosion obtained from the weighting of the areas around one kilometre from
each rain measurement station, the correlation and regression process are subsequently carried out with
the average value of the MFlamax and the annual precipitation.

Additionally, it should be noted that Microsoft Excel was used to calculate the previous
equations and the median of the slope of Sen in the M-K test. Regarding the maps with isolines, these
are generated through a Geographic Information System (GIS) and the inverse interpolation distance
weighted (IDW) method.

3. Results and discussions
3.1. Pluviometry and rain trends

Most of the rain measurement stations record two periods, with the highest amounts in April
and October, corresponding to the bimodal regime. The stations with a monomodal regime are located
towards the southeast side, in the municipality of Guasca, Cundinamarca, concentrating rainfall in June
and July. Figure 2 shows the map with the multiannual mean isohyets.

Additionally, Table 4 synthesizes the values obtained from the average annual accumulated
daily rainfall and the results obtained with the slope trend tests (M—K and Sen). Positive trends were
found in four stations, with more than 95% of the confidence level (CL) statistic. Similarly, the Potreritos
station presented a negative trend with 90% CL. This station is located southwest of the corridor at
2,802 m a.s.l. in Guatavita, with high annual rainfall (1,717 mm), yielding a median decrease of about
6.9 mm/year.

Table 4 highlights the significant median increase of more than 28 mm of rain/year at the Tibana
station, followed by the El Dorado airport station (8.5 mm/year) in Bogota, Silos in Choconta (6.9 mm
/year) and Surbata Bonza in Duitama (6.4 mm/year). The increases in rainfall are located in stations that
register sufficient contribution of annual rainfall for the plants and where severe or very severe erosive
processes are not recorded.

The climate change in the rains patterns of the El Dorado airport (Bogotd) is consistent with the
studies performed by Rojas et al. (2010), who reported a variation of 13.1 mm/year for the period 1985
to 2008. Although these authors found increases for the period 1987 to 2008, in the municipalities of
Villa de Leyva (12.2 mm/year) and Tenjo (9.8 mm/year), with CL of 95% and 90%, respectively, in this
study, these variations were not found. This lack of trend for the 35 years leads us to suggest that the
difference concerning the positive trend could be derived from the relatively short period (22 years)
selected in the study by Rojas et al. (2010). In other words, the employed tests are sensitive to the length
and cut-off year of the period analysed.
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Figure 2 Multiannual mean total precipitation map 1980-2014.

Table 4. Sen and Mann-Kendall (M-K) test with Confidence Levels (CL) for annual rainfall.

. Confidence Multiannual

Station (Sen)lv([ril(:rlla)lflear'l) M-K | Level (CL) Sfoll;le sﬂ;le rain

(%) (mm)
El Dorado 8.504 () 99.0 19.475 0.225 860
Silos 6.911 () 97.5 12.449 0.135 976
UPTC 2.385 -1.500 5.780 660
Surbata Bonza 6.392 (@) 95.0 0.205 11.561 904
Villa de Leiva 4213 -1.150 10.273 1,017
Villa Carmen 1.011 -2.063 5.267 717
Casa Amarilla -0.668 -4.777 4.129 790
El Emporio -1.070 -4.800 3.077 665
Potreritos -6.868 -) 90.0 -12.494 -1.427 1,717
El Amoladero 7.673 -1.617 15.516 1,769
Umbita 1.643 -2.171 5.950 1,077
Nuevo Colén 2.118 -0.681 5.318 930
Simijaca 1.851 -3.414 6.112 869
Réquira 0.979 -6.933 7.675 994
Arcabuco 3.966 -10.820 19.444 1,813
Siachoque -0.8600 -7.381 4.5027 759
Azulejos -1.336 -6.839 3.797 826
Combita 5.850 -0.653 12.925 896
El Cerezo -2.194 -7.566 3.841 915
San Pedro de Iguaque -3.316 -11.378 4.381 890
Tibana 28.800 () 99.5% 11.750 47.465 1,234
Turmequé -5.565 -11.542 1.974 826
Cucunuba 1.940 -2.275 6.809 717
El Hato 3.795 -0.474 8.691 759
Leticia 3.817 -1.413 8.821 793
Santa Cruz de Siecha 3.154 -3.376 13.011 1,157

Notes: CLI: Lower confidence limit; CLu: Upper confidence limit; (+): Positive trend
(-): Negative trend with the MK test; CL: Confidence level. The records in bold showed a trend.
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Additionally, it is necessary to take into account that despite having found negative median
slopes (decrease in annual precipitation), several stations did not present a negative trend in
precipitation, with a statistical CL greater than 90%. Figure 3 shows in red the stations with median
negative slopes less than -1.0 — see. Table 4 for more information.
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Figure 3. Distribution map of annual precipitation trends.

3.2. Rainfall aggressiveness considering the decadal modified Fournier Index (MFly)

For the study of the erosive aggressiveness of the rain, it is necessary to take into account that
all the analysis was carried out based on the Modified Fournier index (MFIy) for 10 days (decadal).
Thus, to classify the aggressiveness of the rain through the Maximum decadal Modified Fournier Index
of each year (MFI4max), the qualification made by Gémez (1975; in Gomez, 1999) is taken as a reference
—see Table 5.

Although the classification made in Table 5 by Gomez (1975; in Gémez 1999) was based on
studies in the Colombian coffee region (an area with greater amounts and intensities of rain than in the
Cundiboyacense highlands), there is a coincidence of the stations classified with the MFlg4, greater than
210 mm (medium degree of aggressiveness) with the areas that present degrees of severe and very severe
erosion.

Next, the aggressiveness of the areas with the greatest rainfall was characterised by the average
maximum annual values per station (MFlimax). The average spatial distribution of the MFlgmax can be
seen in Figure 4, where the map with the isolines with the greatest rainfall aggressiveness is shown in
orange, red and purple colours.
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Table 5. Rainfall aggressiveness rating with Modified Fournier Index (MFI).

MFlq MFla, MFLamax Degree of Precipitation characteristics
(mm) (mm) (mm dec year™') (¥) erosion P
<5.0 <140 <20.0 Light Light rains are well distributed.
5.1-80 | 140.1-210 20.1-25.0 Low | Low-intensity, frequent and well-
distributed rains.
8.1-10.0 | 210.1-280 25.1-30.0 Moderate | 2ins of medium intensity, frequent, of
good to regular distribution.
. Heavy rains, frequent or not, from good
10.1-14.0 | 280.1-350 30.1-35.0 Hight to bad distribution.
. Heavy to very heavy rains, frequent or
> 140 > 330 >3350 Very high not, from good to bad distribution.

Notes: MFId: Decadal Modified Fournier Index; MFIda: Annual Decadal Modified Fournier Index; MFIdmax:
Average annual maximum decadal Modified Fournier index; (*): Classification adopted with the present
investigation. Source: Adapted from Gomez (1975) in Gémez (1999).
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Figure 4. MFI average annual maximum decadal.

Based on the comparison of the map of the average MFlimax and the map of soil degradation
(Instituto de Hidrologia et al., 2015), there is a high correspondence with the degrees of severe and very
severe erosion in the department of Boyaca in the municipalities of Raquira, Villa de Leyva, Sachica,
Samaca, Chiquiza, Sora, Santa Sofia and Cucaita; which are located towards the western side of the
middle — upper third, of the corridor studied (see polygons in red and fuchsia colours).

In the department of Cundinamarca, the municipalities of Nemocon, Tausa, Suesca and
Cucunuba present very severe and severe degrees of erosion, which is consistent in this study with an
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average IFMymax greater than 30 mm/decade. In Cundinamarca, possibly due to the lack of rainfall
stations in the southeast of the study area, in Guatavita (south of the Tominé reservoir), the aggressive
behaviour of the rains was not detected through the MFlamax. This situation may correspond to a water
shadow on the leeward side of the mountain that blocks the path of moist winds from the eastern plains
(see Fig. 4).

3.2.1. Trends of annual maximum decadal Modified Fournier indices MFIdmax

After obtaining the decadal Modified Fournier indices (MFIly), the maximum values of each year
(MFlgmax) were selected, to do so, the M—K and Sen tests were employed to evaluate the existence or
absence of the trend of the aggressiveness of the rain. The results of the trends of the maximum decadal
Modified Fournier Indices of each year by the station are shown in Table 6.

Table 6 includes the “Erosion Level” column, which corresponds to a weighted average of the
areas found within a radius of 1 kilometre from each station, based on the degree of erosion in Figure 1
(Instituto de Hidrologia et al.,, 2015). Table 6 is ordered by the level of erosion. Additionally, the
following aspects are highlighted.

Table 6. M-K and Sen tests for averages of the decadal annual maximum values of the Modified
Fournier Indices (MFlana,) and multiannual Precipitation mean (Pp)

Median CL CL: Slope | CLu Slope Mean Erosion Pp
. (Sen) MPFIamax MPFIamax MPFIamax level
Station | MFILamax . . . (mm
(mm year %) (mm year | (mm year | (mm dec (weighted car’)
D) & D) D) year™!) average) |~
El Amoladero -0.054 -0.155 0.126 21.72 0.73 1.769
Arcabuco -0.099 -0.363 0.105 32.00 0.93 1.813
Turmequé 0.088 -0.125 0.282 23.34 1.00 826
Tibana 0.353 95.0 0.068 0.748 25.38 1.00 1.234
Surbata Bonza 0.353 90.0 0.041 0.609 25.80 1.00 904
Casa Amarilla 0.140 -0.154 0.388 25.90 1.00 790
El Dorado 0.330 90.0 0.008 0.637 27.33 1.00 860
Umbita 0.268 99.5 0.003 0.697 23.86 1.04 1.077
San Pedro de Iguaque | -0.462 97.5 -1.018 -0.018 30.20 1.49 890
Potreritos -0.086 -0.264 0.090 23.35 1.56 1.717
Santa Cruz de Siecha -0.105 -0.360 0.104 22.17 1.60 1.157
El Hato 0.206 -0.189 0.680 28.01 1.74
Simijaca -0.003 -0.293 0.306 27.97 1.84 869
Nuevo Colén 0.036 -0.323 0.410 20.85 1.91 930
Combita -0.344 95.0 -0.742 -0.047 23.96 1.98 896
Siachoque 0.020 -0.161 0.166
Silos 0.034 -0.169 0.248 2.00 976
El Cerezo 0.144 -0.197 0.471 27.76 2.00 915
Azulejos -0.087 -0.294 0.194 25.22 2.00 826
Leticia 0.184 -0.068 0.512 30.92 2.00 793
UPTC 0.109 -0.081 0.285 22.47 2.00
Villa Carmen 0.294 -0.044 0.646 31.98 2.45
Cucunuba 0.663 -0.901 2.206 30.45 2.63
Villa de Leiva 0.128 -0.208 0.567
El Emporio 0.230 -0.027 0.496
Raquira 0.319 -0.167 0.926

Notes: CL: Confidence level of the trend; CLi1: lower confidence limit; CLu: upper confidence limit.

The color of the cells corresponds to the median values in yellow, green to the lowest value of erosive
aggressiveness (MFImax) and greater precipitation, and red where the highest values of MFI.c and less
precipitation are found.
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Although the Combita stations (erosion level 1.98; moderate) and San Pedro de Iguaque (erosion
level 1.49; moderate) presented a negative trend; The aggressiveness of the rain (MFlgmax, mm dec yr')
was close to the range of the moderate value (25.1 to 30.0) in the Combita (23.96) and San Pedro de
Iguaque (30.2) stations.

With a behaviour contrary to the previous situation, positive trends were detected in the
IMFdmax of the Tibana (25.38), Surbata Bonza (25.80), El Dorado (27.33) and Umbita (23.86) stations.
However, these values of pluvial aggressiveness were located in low (20.1 to 25.0) to moderate (25.1 to
30.0) ranges, in addition to showing slight levels of light erosion (<1.04).

The previous results allow us to establish that despite the fact that the aggressiveness of the rain
(MFIgmax) showed a positive trend in four rain measurement stations, the level of soil erosion was slight
(<1.04) in the period 1980 - 2014. In the opposite sense, the two stations that presented moderate levels
of erosion (1.1 to 2.0) showed negative trends in the MFLjmay.

Additionally, the previous results do not show changes in the areas that, until 2014, had severe
to very severe levels of erosion. On the one hand, no trends were found and there are averages of high
rainfall aggressiveness (30.1 to 35.0) or higher in most of the terrains with degrees of severe (2.10 to
4.50) to very severe (4.51 to 5.00) erosion. Therefore, their degradation conditions due to trends in the
aggressiveness of the rains remained in the same adverse conditions.

3.2.2. Relationship between erosion and the mean maximum of MFIgmax

The best regression model between the erosion level (Y) and the MFlum«x Was obtained by
squaring the values of this index, shown in equation 9.

Level of Erosion (Y) = - 0,0070 + 0,0027 (MFLimax)* (Equation 9)

By including the multiannual mean precipitation (Pp) in a multiple regression model, it was
possible to increase the explanatory power with equation 10.

Level of Erosion (¥) = 1,0105 - 0,0010 (Pp) + 0,0026 (MFLimax)* (Equation 10)

Using Analysis of Variance and the F test, the existence of a relationship between at least one
of the independent variables with the level of erosion at 95% confidence in the two previous models was

verified. The coefficients of determination (R?) and determination (Ez) adjusted to explain the level of
erosion were: 0.445 and 0.421 for equation 9; and 0.519 and 0.478 for equation 10.

The explanation of the levels of soil erosion in more than 50%, based on rainfall, leaves for the
inherent conditions of the soil, and agricultural management measures that facilitate the retention of
moisture in the land, the key to avoiding erosion.

3.3. Other aspects of rainfall aggressiveness indices and annual precipitation

Based on Table 6, it could be expected that severe or greater erosion occurs in 50% of the cases,
where the multiannual average precipitation is less than 720 mm/year, and there are no factors that allow
water retention in the land. This annual rainfall threshold is close to the value reported by Hudson (1982)
regarding the relationship between precipitation and soil erosion (about 750 mm/year), who adds that
the factor that most influences soil erosion by water is the average annual rainfall. In regions with little
precipitation, water erosion may be small. However, when little precipitation falls, the water is retained
by the water-hungry vegetation, with runoff it is almost nil. At the opposite extreme, rainfall greater
than 1,000 mm per year often results in dense forest vegetation that protects the soil.
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The approach by Hudson (1982) is oriented in a similar direction to the one exposed by
(Varallyay, 2010). The latter author expects that, with greater precipitation, especially heavy rains and
electrical storms, an increased rate of erosion will result from greater runoff. However, the increase in
moisture could be offset by the increasing soil conservation effect of denser and more permanent
vegetation due to increased water supply.

Regarding the non-concordance of the threshold of 720 mm year! and the higher degrees of
erosion in the south of the Tominé reservoir (Guatavita), it could be explained by the effect of the rain
shadow (leeward), which despite the high humidity (with more than 1,700 mm/year) in the upper part
(2,960 m a.s.l.) of Guatavita, presents severe erosion in the lower part of the mountain (2630 m a.s.lL.
without rain gauges). Additionally, it should be noted that there is no clear association of the erosive
phenomenon with respect to the increase in precipitation, even more so when the spatial variations of
the climatic characteristics can be found in mountain areas (di Lena et al., 2021; Valdés-Pineda et al.,
2016).

4. Conclusions

Climate changes between 1980 and 2014 with a statistical confidence level greater than 90%
using the Mann-Kendall test, and the trends of the median slope with the Sen statistic, were detected.
Increases in annual precipitation at El Dorado Airport (Bogotd), Silos (Chocontd), Surbatd Bonza
(Duitama) and Tibana, and decreases in Potreritos (Guatavita), were observed. Similarly, increases in
the aggressiveness of rain (decadal annual maximum Modified Fournier Index -MFlumax) in Umbita,
Tibana, Surbatd Bonza (Duitama) and El Dorado (Bogota), with decreases in said index were detected
in San Pedro de Iguaque (Chiquiza) and Combita.

With the application of methods for calculating the median slope and the detection of trends in
rainfall aggressiveness through MFlin., a new and useful methodology is presented for the planning
and monitoring of territorial ordering against soil degradation processes due to rain erosion.

Although changes with statistical confidence levels (>90%) were found in annual precipitation
and in pluvial aggressiveness (MFlamax) that can cause soil erosion, it cannot be established that greater
soil degradation can be explained solely by the change climate of the above variables.

—2

Finally, the level of soil erosion can be explained (R? 0.519 and R adjusted 0.478) through a

regression model based on the square of the average of the maximum annual values of the decadal
Modified Fournier Indices, and the negative value of the average annual precipitation.
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ABSTRACT. Modeling techniques have enabled us to understand how to protect vital infrastructures using nature-
based solutions. In this research, we demonstrated that by selecting a specific vegetation pattern distribution upstream
of'the pile as a nature-based solution, we could reduce the amount of scouring around the bridge piles. This is essential
to avoid the negative impacts that occur after landslides, flash floods, or mudflows close to populated areas. This
solution can mitigate the global problem of bridge failure. To achieve this goal, an Acoustic Doppler Velocimetry
device (ADV) was used to measure the velocity components in an experimental channel with a 90 cm width, 15
meters long, and 60 cm high. Two different widths of vegetation were used: the overall vegetation, with a 90 cm
width, and the patched one, with a 10 cm width, positioned upstream of the bridge pile. In the case of using patched
vegetation, a 36% reduction was observed in the amount of scouring around the bridge pile compared to the free-
vegetation case, showing the positive effect of using vegetation to reduce scouring. In both cases, the amount of
negative Reynolds shear stresses decreased when the presence of vegetation was registered. Using octant analysis,
the overall vegetation was shown to convert internal events into external ones in front of the pile. However, in the
case of using patched vegetation, internal events were also observed in addition to external events. Patchy vegetation
changed the transverse direction of outward vortices from internal to external. In the presence of patchy vegetation,
the dominance of the inward event decreased sharply. The presence of vegetation in the flow path affected some
bursting events and, as a result, reduced scouring. The results showed that each of the used vegetation models has a
different effect on bursting events, and these events can affect the amount of scouring hole depth.

Estudio de las perspectivas tridimensionales de la estructura de flujo alrededor del pilote
del puente en funcion de la distribucion del patron de vegetacion

RESUMEN. Las técnicas de modelado nos permiten comprender como proteger infraestructuras vitales mediante
soluciones basadas en la naturaleza. En esta investigacion, demostramos que, al seleccionar una distribucion
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especifica del patron de vegetacion aguas arriba de un pilote, podriamos reducir la cantidad de socavacion
alrededor de los pilotes de un puente. Esto es clave para evitar los impactos negativos que ocurren después de los
deslizamientos de tierra, las inundaciones repentinas o los flujos de lodo cerca de areas pobladas. Esta solucion
puede mitigar la desestabilizacion de infraestructuras como los puentes. Para lograr este objetivo, se utilizd un
dispositivo de Velocimetria Acoustic Doppler (VAD) para medir los componentes de velocidad en un canal
experimental de 90 cm de ancho, 15 metros de longitud y 60 cm de altura. Se utilizaron dos anchos diferentes de
vegetacion: la vegetacion en general, con un ancho de 90 cm, y la parcheada, con un ancho de 10 cm, ubicada
aguas arriba del pilote del puente. En el caso de usar vegetacion parcheada, se observo una reduccion del 36% en
la cantidad de socavacion alrededor del pilote del puente en comparacion con la vegetacion libre, mostrando el
efecto positivo de utilizar vegetacion para reducir la socavacion. En ambos casos, la cantidad de tension negativa
de Reynolds disminuyd en presencia de vegetacion. Mediante un andlisis de octantes, se demostré que la
vegetacion en general convirtié los eventos internos en externos frente a la estructura. Sin embargo, en el caso de
utilizar vegetacion parcheada, también se observaron eventos internos ademas externos. En presencia de
vegetacion irregular cambié la direccion transversal de los vortices hacia afuera de internos a externos. En
presencia de vegetacion irregular, la dominancia del evento interno disminuy6 bruscamente. La vegetacion en la
trayectoria del flujo afect6 algunos eventos de fractura y, como resultado, redujo la socavacion. Los resultados
mostraron que cada uno de los modelos de vegetacion utilizados tiene un efecto diferente en los eventos de fractura
y estos eventos pueden afectar la profundidad del agujero de socavacion.

Keywords: Coherent structure, octant analysis, quadrant analysis, vegetation management, nature-based solutions.

Palabras clave: Estructura coherente, andlisis de octantes, analisis de cuadrantes, gestion de la vegetacion,
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1. Introduction

Scouring transfers materials from the bed and riverbanks around the bridge piles, abutments,
and other hydraulic structures by the water flow (Shahriar et al., 2021). It is important to note that three
primary sources of scour contribute to the final results, which are: (i) long-term aggradation and
degradation, (ii) contraction scour, and (iii) local scour. Long-term aggradation involves the deposition
of material eroded from the upstream of the bridge. In contrast, degradation is scouring that occurs due
to a deficit in sediment supply from upstream over relatively long reaches, as appearing in clear-water
conditions (Arneson et al., 2012). Several studies in the United States have reported extensive
irreparable damages caused by bridge failure due to scour and state that scour around foundation
structures is a leading cause of bridge collapse (Briaud ef al. 2005). The defeat due to erosion and
irreparable damages is not only an issue in the United States but globally. Considering the future
scenarios where climate change could incorporate a concentration of extreme precipitation events after
long periods of droughts, extreme weather conditions, and efficient solutions becoming indispensable
(Clarke et al., 2022). The potential economic, financial, and human life lost due to scour-induced failures
signifies the importance of identifying the principal causes of scour and taking necessary mitigation
actions before damage is incurred (Short et al., 2016).

Many empirical models have been developed to estimate the equilibrium scour depth in bridge
piers (Vonkeman and Basson, 2019). The development of these models includes experimental and field
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data or both, ultimately leading to the creation of mathematical and numerical models (Shahriar et al.,
2021). However, scouring around the piers is a complex process influenced by many factors that are not
considered when developing empirical models (Ettema et al., 1998). Also, under the same hydraulic and
geometric conditions, different models give significantly different scour estimates. In the design step,
using a model that gives non-conservative results may lead to bridge failure, while choosing a very
conservative model would lead to an unfavorable economic effect (Beg and Beg, 2013). This issue
highlights the necessity of investigating the flow structure around the bridge foundation in different
laboratory conditions and understanding and documenting foundation scouring estimation models after
a comprehensive understanding of the flow structure.

In general, two approaches have been proposed to prevent the scouring of bridge piers. First,
strengthening the bed, and second, changing the flow pattern to reduce the strength of the eddies created
around the pile (Zaid et al., 2019). To date, many results have been reported on the interaction between
flow and vegetation in channels. For example, the effects of patched vegetation on river morphology,
sediment transport, and hydro-environmental sequences have been demonstrated to be very efficient
(Caroppi et al., 2019; Afzalimehr et al., 2021). Using vegetation as a nature-based solution would allow
protecting rivers, controlling erosion, and trapping sediments (Rossi ef al., 2018). Vegetation in rivers
and floodplains increases resistance, decreases flow capacity, and changes sediment transport and
sedimentation (Mohammadzade et al., 2015). The interaction between flow and vegetation is a complex
process, and research in this field has led to essential simplifications in practical applications (Tempest
et al., 2015). Investigation of the flow velocity and turbulence intensity distribution around the bridge
pile when vegetation is present in the scouring area could provide helpful information. It is well-known
that vegetation absorbs significant momentum (Huai et al., 2019), thereby changing the shear stress
distribution structure, but this condition has yet to be examined around bridges.

According to past research (Miyab et al., 2022), it can be predicted that the presence of
vegetation upstream of the bridge pile can be an effective solution in reducing the amount of scouring.
However, investigating the flow structure around the bridge pile is still unknown and has outstanding
potential. Supposing the presence of vegetation can be a factor in protecting the bridge piles against the
scouring phenomenon. In that case, it will be valuable to analyze its interaction with the flow around the
bridge foundations based on studying turbulent flow components. In addition to being simple and cost-
effective, the vegetation solution does not add to the construction costs. Although the studies conducted
on the scouring of bridge foundations are extensive, they have yet to provide a single solution to reduce
scouring for different hydraulic conditions, which indicates a weakness in understanding the structure
and behavior of the flow around the bridge foundation. Also, most of the methods used in the studies
are not environmentally friendly. Therefore, in the current research, the vegetation cover upstream at
different spatial patterns will be evaluated as an effective solution to change the flow structure to reduce
the eddies created around the bridge pile. This research desires to recognize the coherent flows formed
around the bridge pile in the presence and absence of vegetation through quadrant and octant analysis.
Furthermore, the amount of Reynolds shear stress and scour profile formed around the bridge support
are investigated when vegetation is located upstream of the bridge pile.

This research aims to investigate the effect of different vegetation patterns upstream of bridge
piles on flow structure, coherent flows, Reynolds shear stress, and scour profile. Specifically, it will
compare the flow velocity and turbulence intensity distribution around bridge piles with and without
vegetation and analyze the effect of different vegetation patterns on bursting events and scour depth.
We consider this research significant in terms of multidisciplinarity due to its diverse applications within
control measures related to physical geography, forestry, civil, and terrain engineering studies.
Vegetation cover is a simple, cost-effective, and environmentally friendly solution to reduce the loss of
money invested in vital infrastructures. This study allows us to understand the flow structure around
bridge piles with vegetation, which could be essential for designing effective protection measures for
land management plans from the catchment to the regional scales.
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2. Methods and Materials
2.1. Experimental channel

This study was conducted in a flume with a length of 15 meters, a width of 90 cm, and a height
of 60 cm, featuring a maximum flow rate of 50 liters per second, located in the hydraulic laboratory of
Isfahan University of Technology. The flume had a plexiglass bottom and sidewalls, presenting a
rectangular cross-section. The water level was regulated by a sliding gate downstream of the flume. To
mitigate turbulence in the flow, there was a flow-calming chamber in the inlet tank constructed with
perforated bricks and honeycomb. A digital flow meter measured the flow rate of the inlet stream.
Throughout the channel, excluding one meter at the beginning and end, a Teflon platform was installed,
standing 20 cm high. A layer of sediments, composed of bed material, was affixed to the platforms to
adjust the roughness coefficient. In each series of experiments, a one-meter distance between two
platforms was filled with sifted sand, and its surface was smoothed entirely using a trowel and a leveler.
Figure 1a shows the schematic view of the experimental channel.

sliding gate Experiment zane
f_l_l

T Flow direction

nonsasalsnding

Jlondasal [eniu]

370 em — pe— 100 cm 1030 em '|

Figure 1. a) The schematic view of the experimental, b) the distribution of overall vegetation upstream of the
bridge pile, c) the distribution of patch vegetation upstream of the bridge pile and figure d) the density of used
vegetation channel.

2.2. Depth and velocity meters

A limnimeter with an accuracy of 1 mm was used to measure the scour hole profile. This
limnimeter was placed on a frame with four support points on the upper edge of the channel. Two parallel
bars were attached to the frame body for its transverse movement. In this way, the limnimeter could
move in two directions perpendicular to each other and easily measure the scour profile (Kabiri et al.,
2022). Velocity measurement was conducted at different points using the new generation ADV three-
dimensional velocity meter manufactured by Nortek, Norway. Due to the cable structure of this device,
it was possible to measure the velocity from different angles. The manufacturer calibrated this device,
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and it remains unchanged as long as the device is not physically damaged. This device can assess the
characteristics of turbulence. One of the merits of this device is its ability to collect data with high
frequency and measure far from the desired surface, minimizing the difference caused by the presence
of the measuring device in the flow. Measurements in the ADV device are based on a physical
phenomenon called the Doppler effect.

The number of raw data recorded by the device depends on the frequency set for the device and
the measurement time. In this project, ADV was set to 200 Hz and 2 minutes, resulting in the average
velocity of a point among 120 x 200 = 24,000 points. Additional data collection and filtering software
used were Vectrino+, WinADV, and Excel. To filter the data for each point among the 24,000 collected
velocities, inappropriate data (correlation < 70 and SNR < 15 or SNR < 5) were removed, and based on
other data, the average speed was obtained (Nortek, 2004).

2.3. The bed material size and pile diameter

In this study, following Chiew and Melville (1987), the diameter of the pile was chosen to be 5
cm (symbol D). The distance between the axis of the pile and the wall was suitable because of the
channel width. The bridge pile was installed at a distance of 1062 cm from the channel's beginning.
According to Raudkivi and Ettema (1983), to achieve the maximum scouring depth, the formation of
ripples should be prevented. For this purpose, the average size of sediment particles should be greater
than 0.7 mm. Chiew and Melville (1987) acknowledged that when the ratio of the pile diameter to the
average size of the particles is greater than 50, the effect of the particle size on the scour depth can be
ignored. In this research, sand particles with a diameter greater than 0.7 mm will be selected. The
characteristics of the bed material are as follows (Pope, 2000):

d
og = (3 (1)
=1 e | dso
Gr=2 (2 + 52 @)
Dg = (dy6-dgs)®? &)
— deo
Cu =gt O

Where ds, represents the average size of sediment particles, Cu is the uniformity coefficient, Dg means

the geometric mean size, a4 corresponds to the standard geometric deviation and Gr registers the grading
factor. According to the uniformity coefficient of Cu and d50), the type of sand bed material was uniform
(McGlinchey, 2009). Table 1 shows the geometric characteristics of sediment particles.

Table 1. Geometric characteristics of sediment particles used in this research.

dso (mm) Cu Dg og Gr
0.77 1.133 0.763 1.075 1.075

The thickness of the bed was determined according to the maximum scour depth. For this
purpose, an estimate of the maximum scour depth was first obtained. Laursen (1963) presented the
relationship based on the pile diameter to calculate the maximum scour depth.

dem = 1.05D075 5)

Where D is the pile diameter in meters and dsm is the maximum scour depth in meters. Therefore, with
the help of the above relationship and the chosen diameter of 5 cm for the pile, the maximum scouring
depth of 11 cm was obtained, so the height of the substrate particles chose 20 cm to ensure accuracy.
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2.4. Experimental setup

Two types of dense artificial grass vegetation with a height of two centimeters (10 % of the flow
depth) were located upstream of the bridge pile. The vegetation used width is once 90 cm, i.e., the entire
width of the stream (V0), and once 10 cm of the stream width (V) in the central axis of the channel. The
vegetation cover was placed 30 cm above the bridge pile. Figure 1b shows the distribution of overall
vegetation upstream of the bridge pile, Figure 1c shows the distribution of patch vegetation upstream of
the bridge pile and Figure 1d shows the density of used vegetation. A single pile with a 5 cm diameter
was placed perpendicular to the bed in the flow direction to conduct the experiments. The shields
diagram was used to determine the appropriate hydraulic conditions for maximum scour (Cao ef al.,
2006). An average flow rate of 0.036 m>/s and a depth of 20 cm were established for the channel's sand
bed. At the experiment's end, the scour hole dimensions were measured. Eventually, several velocity
profiles were taken using ADV upstream and downstream of the bridge pile.

2.5. Reynolds shear stress (RSS)

Reynolds shear stress (RSS) is a measure of the friction between layers of a fluid due to turbulent
flow. It is a key factor in sediment transport and other physical processes. RSS is caused by the uneven
motion of fluid particles in turbulent flow. When fluid particles collide with each other, they transfer
momentum from one particle to another. This transfer of momentum creates friction between the layers
of fluid. RSS is important in physical geography and civil and terrain engineering studies because it
plays a role in various physical processes, such as sediment transport, erosion, and deposition. For
example, RSS can erode riverbanks and transport sediment downstream. It can also cause the deposition
of sediment in floodplains and estuaries. RSS is also crucial for understanding river flow and other fluid
dynamics. Turbulent currents account for a significant part of river flows. In this flow type, fluid
particles deviate from their original path and move irregularly. In this case, in addition to the fluid's
inherent viscosity, the dispersed movements of particles also contribute to flow resistance, and a feature
called eddy viscosity is introduced to express it (Pickering et al., 2021).

Turbulent flow characteristics play a significant role in the sediment transport process, including
diffusion, erosion, sedimentation, and flow resistance. In turbulent flow, the generation and destruction
of small and large eddies cause fluctuations in flow parameters. In this flow, instantaneous parameters
such as velocity can be expressed as follows:

u=u+u (6)
v=v+7v 7
w=w+w' ®)

Where ©, ¥ and w are the time average of the velocity components in x, y and z directions and u’, v’ and
w' are the fluctuation values of velocity.

Reynolds shear stress is calculated from the following equation:

T =—pu'w' C)]

2.6. Quadrant analysis

Turbulent flow in open channels is not a completely random process. However, some
continuous temporal and spatial patterns can be identified in them. These patterns are known as coherent
structures in turbulent flow. They significantly affect the distribution of shear stress in open channel
processes. As a result, coherent structures play an essential role in the erosion and sedimentation of the
bed, the phenomena of mixing, nutrient distribution in the river, and aquatic plant implantation. Coherent
structure in flow refers to a three-dimensional region of the flow in which at least one of the main
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variables of the flow (for example, velocity, temperature, and density components) shows a significant
correlation with itself and with another variable in a range of time and space. This temporal and spatial
spectrum is much larger than the flow's most minor local temporal and spatial scales (Cellino and
Lemmin, 1999).

Turbulence has a significant inherent complexity, leading to various interpretations of its nature.
The quadrant analysis method is used to study the presence of coherent structures in flow fields and
their contribution to the total shear stress. The quadrant analysis method involves studying the
relationship between the velocity fluctuations in the flow direction (#') and perpendicular to the flow
(w"). For this, u’ and w' are plotted against each other, forming a quadrant plane in the trigonometric
coordinate system, as indicated in Table 2. This plane represents a bursting cycle (Carino and Brodkey,
1969; Lu and Willmarth, 1973; Willmarth and Lu, 1972), including the four events.

Table 2. A quadrant plane in the trigonometric coordinate system.

Bursting name Quadrant u' w' Property
Outward Ql + + High speed fluid away from the bottom
Ejection Q2 - + Low speed fluid away from the bottom
Inward Q3 - - Low speed fluid moving to the bottom
Sweep Q4 + - High speed fluid moving to the bottom

The occurrence probability of event £ is calculated as the normalized occurrence frequency, f,
for a particular class of events related to different classes of events (Termini, 2015):

fie =2k (10)

4
N = ank =12,..4
1

Primary research to understand the turbulent structure of coherent flows in channel walls and
beds dates back to the last 30 years (Corino and Brodkey, 1969; Kline et al., 1967; Kim et al., 1971;
Grass 1971; Afzalimehr and Anctil, 2000). Some researchers interpreted this coherent structure as
periodically organized events in the time domain that manifest their impact in the Reynolds shear stress
time series (Carino and Brodkey, 1969; Lu and Willmarth, 1973). The first event (Q:) involves the
occurrence of high-velocity fluid movement from the bed to the water surface, the second event (Q>) is
characterized by low-velocity fluid movement to the water surface, the third event (Q3) involves low-
velocity fluid movement toward the bed, and the fourth (Q4) event shows high-velocity fluid movement
towards the bed. The cycle that includes these four events is referred to as bursting events (Kabiri et al.,
2022). It is important to note that ejection and sweep events generate turbulent energy, and outward and
inward interactions are associated with energy dissipation. Additionally, ejection and sweep are often
linked to the removal and transfer of sediments (Pope, 2000; Vijayasree et al., 2020). Sweep events are
associated with the initiation of bed load movement, while ejections are responsible for lifting and
carrying the bed load (Sterk et al., 1998). The investigation of the flow downstream of the submerged
vegetation patch by Mayaud et al. (2016) demonstrated high frequencies of Q: (ejection) and Q4 (sweep)
events in the crest of the vegetation patch (Mayaud et al, 2016). In contrast, it is reported that the
dominance of outward and inward interactions in the shear layer is induced by the flow passing above
the vegetation patch, which is a notable characteristic of the flow in the downstream region of a
submerged vegetation patch in a more distant region (Kazem et al., 2021a; Przyborowski ef al., 2019;
Keshavarzi et al., 2014).
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2.7. Octant analysis

As mentioned, quadrant analysis is based on the analysis of the probability distribution of the
two longitudinal (1) and vertical components (v') of the velocity fluctuation. However, in rivers and
natural channels, the flow structure is coherently structured in three dimensions, especially where an
obstacle is placed in the flow path. The velocity in the lateral direction cannot be neglected, as it can
induce significant secondary circulation (Keshavarzi et al., 2014). Additionally, two-dimensional
analysis cannot define sediment entrainment as a three-dimensional phenomenon (Ortiz et al., 2013;
Zong and Nepf, 2010). In general, eight burst event classes in 3D octant analysis are defined based on
the sign of velocity fluctuations, as outlined in Table 3. The symbols used in this research are inspired
by the work of Keshavarzi et al. (2014) and Kazem et al. (2021b). Keshavarzi (2014) stated that the
deviations of group events are towards the internal direction or the central line (internal events), while
the deviations of group B events are away from the central line and towards the channel walls (external
events) (Keshavarzi et al., 2014). This study considers three categories of results for octant analysis: (1)
the probability of occurrence of bursting events (Op), (2) the attack angle of bursting events, and (3) the
stability of each event (S;). Calculating the probability of occurrence of events is similar to the quadrant
analysis approach. It is equal to the frequency of occurrence (fk) for a specific event class relative to
different events (Bento et al., 2021).

fie = (11)

8
N = Z nk =1,23,..8
1

Table 3. Eight bursting event classes in 3D octant analysis based on the sign of velocity fluctuations.

’ ! !

Group Classes of Bursting Events Class name u v W
Outward interaction PPP + + +
A Ejection NNP - - +
(internal) Inward interaction NNN - - -
Sweep PPN + + -
Outward interaction PNP + - +
B Ejection NPP - + +
(external) Inward interaction NPN - + -
Sweep PNN + - -

Octant analysis is a method for classifying bursts of turbulence in three dimensions, offering
more detail than quadrant analysis, which only considers two dimensions. Turbulent bursts are sudden,
localized increases in turbulence intensity and play a crucial role in sediment transport and other physical
processes. The probability of occurrence of a burst is the fraction of time that the burst occurs at a given
point in the flow field. The attack angle of a burst is the angle between the mean flow direction and the
direction of the burst. The stability of a burst is a measure of how long the burst lasts. Table 3 displays
the eight bursting event classes in 3D octant analysis based on the sign of velocity fluctuations. In this
table, the symbol N is used for velocity fluctuations with a negative value, and P is used for positive
velocity fluctuations in the class name column. The first letter represents u', the second letter represents
v', and the third letter represents w'. The force applied to sediment particles in the bed strongly depends
on the angle of inclination of the three-dimensional flow velocity fluctuations (67). Understanding the
attack angle of bursting events helps comprehend the entrainment sediment process (Breusers et al.,
1977; Bridge and Bennett 1992; Esfahani and Keshavarzi, 2011; Esfahani and Keshavarzi, 2013;
Bernard and Handler, 1990). The attack angle is calculated as follows:

0; = |arctan (\/%) (12)
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Esfahani and Keshavarzi (2013, 2021) and Liu and Bai (2013) employed the aforementioned
technique to comprehend the bursting process in a meandering channel (Liu and Bai, 2013; Carnacina
et al., 2019; Guan et al, 2019). They recognized that this technique offers greater clarity in
understanding coherent flow structures and their impact on sediment entrainment in meanders.
Keshavarzi (2014) delved into the coherent structures around the bridge pile (Keshavarzi et al., 2014).
Their findings indicated that near the bed, internal ejection and external sweep events play a role in the
scouring mechanism around the single bridge pile. Using this technique, Kazem et al. (2021b) examined
the eddy structures in a channel with patched vegetation (i.e., artificial bars). They observed that in a
channel with a small width of vegetation patch, the flow passing through the vegetation (x direction)
and the side flow around the vegetation patch significantly influence the formation of flow structures
outside the vegetation (Kazem et al,, 2021b). MATLAB programming software was employed for
quadrant and octant analysis, and subsequent results were analyzed.

3. Results and discussion
3.1. Scouring contour map

Figure 2 (2a-2c¢) displays contour maps of scouring profiles for single piles without vegetation,
with overall vegetation, and with patch vegetation, respectively. In all figures, the X-axis represents the
distance from the beginning of the channel, and the flow direction is from left to right. Scouring depths
are 6.5 cm in the free-vegetation case, 4.7 cm in the overall vegetation case (Vo-case), and 4.1 cm in the
patchy vegetation case (Vp-case). According to the results of this research, the highest amount of
scouring occurred in the free-vegetation case. Patched vegetation could reduce the scour depth by 36%.
Additionally, vegetation decreased the longitudinal and transverse expansion of the scouring hole.
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Figure 2. Contour map of scour profile for single pile a) in without vegetation case, b) in the presence of
overall vegetation case and c) in the presence of patched vegetation case.
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3.2. Reynolds shear stress

Figure 3 illustrates the distribution of Reynolds shear stress (RSS). The horizontal axis (x)
indicates the distance from the beginning of the channel in centimeters, and the vertical axis (z) indicates
the height from the bed represented in centimeters too. Given that RSS is proportional to the flow's
capacity to transport sediments and reflects the exchange of turbulent motion between fluid layers, it is
understandable that such capacity increases with the enlargement of the scour hole (Bernard Handler,
1990; Carnacina ef al., 2019). In all cases upstream of the pile, the region with the maximum RSS
developed upstream of the scour hole. This is where the maximum flow power for scouring (area of
large value enlarged) was established, aligning with the findings of Bento ef a/l. (2021) and Guan et al.
(2019). The maximum RSS occurs upstream of the pile where the maximum positive and negative
velocity values occur, indicating that the velocity in this region can be highly unstable.

The presence of vegetation decreased the negative values of shear stress and reduced the
intensity of RSS upstream of the pile. Downstream of the bridge pile, the negative values of shear stress
increased, especially at the point closest to the pile, where these negative values are higher in the Vo-
case. In the Vo-case, the highest shear stress values downstream of the pile occurred where the
accumulation of sediments was observed.
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Figure 3. Reynolds shear stress distribution profile for single pile a) in without vegetation case, b) in the
presence of overall vegetation case and c) in the presence of patched vegetation case.
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3.3. Quadrant analysis

Figure 4 depicts the occurrence probability of quadrant classes. The location of the bridge pile
is from x=1059.5 cm to x=1064.5 cm. The results demonstrated that in the upstream of the pile in the
free-vegetation case, the sweep near the bed and the inward in the middle part of the flow depth were
the dominant events, both of which increased as they approached the pile. The presence of vegetation
caused a significant increase in the probability of ejection events at points very close to the bed and near
the water surface and the sweep events at mid-depth points and near the bed. Kabiri (2022) also observed
an increase in the probability of ejection and sweep in the presence of vegetation, which can be caused
by a decrease in momentum of the water flow. In the free-vegetation case, the possibility of ejection and
outward events is dominant downstream of the pile. In the presence of vegetation, the probability of an
outward event increased in the middle flow depth range and was closer to the bed. Also, the ejection
increased in the Vo-case near the water surface and in the Vp-case in the mid-depth of flow. In the
upstream of the pile, the zone of ejection events in the Vp-case is closer to the water level than Vo-case,
which is in accordance with Kazem et al.’s results (2021b). Downstream of the pile in the Vp-case, the
ejection and sweep events are closer to the water surface and the outward and inward are closer to the
bed. Also, the possibility of outward and inward occurrences has increased. The horizontal axes show
x(cm), and the vertical axes show z(cm).
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Figure 4. Probability of occurrence of quadrant classes profile for single pile a) in without vegetation case, b)
in the presence of overall vegetation case and c) in the presence of patched vegetation case.
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3.4. Octant analysis

Figure 5 illustrates the results of the O, (probability of occurrence) of a sample of octant analysis
events in the free-vegetation case, along with the S; values for these events. The numbers inside the
graphs indicate the angle of each event in radians. For better analysis, the flow depth was divided into
three parts: the first zone, z<5 cm (with two sub-zones, z<0 cm and 0<z<5 cm), the second zone, with
5 em<z<10 cm, and the third zone with z>10 cm. In the free-vegetation case upstream of the pile: in the
first zone of A's class, internal and outward occurrences (in sub-zone z<0) have a 33% O, and S; of 57,
and the angle of attack is close to 1 radian. In class B, external inward occurrences (in sub-zone 0<z<5)
with 42% O, and 45 St are the most dominant phenomena, followed by internal ejection with 31% O,
and St of 49. In terms of stability, the events of internal outward, internal ejection, and external sweep
near the bed have the highest values, consistent with the results of Keshavarzi ez al. (2014).
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Figure 5. The sample of A group event of octant analysis: a) the Op results; b) the St in free- vegetation case.
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In classes A and B of the second zone, the Op of events was between 18 and 26 % (26%
belonging to internal sweep), showing no dominant event. However, in terms of stability, internal
ejection with 46 and internal sweep events with 45.3 was the most stable. In the third zone, the O, varied
between 15 and 24% (24 % belonging to internal ejection), and the S; varied between 30 and 40%.
Sediment scoured from the upstream accumulated behind the pile, creating a mound of sediment that
caused Zone 1 to be absent. In the second zone downstream of the pile, external ejection is dominant,
with a 30% O, and S; of 58 near the mound of sediments. Also, above that, internal outward is the most
dominant event with a 47% O, and S; of 50. In the third zone near the water surface, internal inward,
with a 47% O, and S; of 50, and external ejection, with a 43% O, and S; of 47, are the dominant events
near the second zone. Angles of attack downstream of the pile are reduced compared to the upstream.

Figure 6 shows the results of the O, of octant analysis event sample, and the St's value of each
octant event of Group B in the free-vegetation case. The numbers written inside the graphs show the
angle of each event in radians. In the Vo-case at the pile upstream: in z>0 cm, the dominant events are
external ejection with a 60 % O, and 57 % S, and external inward with a 52 % O, and 55 of S, and in
z<0 cm internal outward with 41 % O, and S, 57 is dominant. In the second zone, the O, of events varied
between 19 and 35 percent. In terms of stability, external outward with an O, of 35 % and S; of 57,
followed by external sweep with an O, of 34 % and S, of 55, were the most dominant events. In the third
zone, the external sweep is with an O, of 52 % and S;0of 61, and in the second place is external ejection
with an O, of 30 % and S; of 41.
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Figure 6. The sample of B group events of octant analysis: a) the Op results; b) the St in free vegetation case.
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Downstream of the pile in the first zone, external ejection was the most dominant event with O,
of 63 % and S; of 45 %, followed by internal outward with a 33 % O, and S; of 56 %. In the second zone,
internal outward with an O, of 31 %, S; of 52 % after that, internal ejection with an O, of 29 %, and S;
of 41 % are the dominant events. In the third zone, the range of O, was observed between 13 and 20
percent, showing no dominant phenomenon in this zone. In terms of St, external sweep had the highest
stability, i.e., 42. Figure 7 shows the events of octant analysis: (a) the O, results; (b) the S; in Vo-case.
Upstream of the bridge pile in the Vp-case: in the first zone, internal outward with a 61% % O, and 42
S, external sweep with a 39% % O, and 42 §,, and internal ejection with 36% % O, and 65 S, were the
most dominant events. In the second zone, external sweep with O, of 45% % and S S; t of 59, internal
ejection with a probability of 36% % and stability of 65% %, and external outward with an O, of 35%
% and S; of 57% were the dominant events. In the third zone, the external sweep was dominant with an O, of
52% % and S; of 62 events.
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Figure 7. Schematic diagram of dominant phenomena upstream and downstream of the bridge pile a) in
without vegetation case, b) in the presence of overall vegetation case and c) in the presence of patched
vegetation case.
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Downstream of the bridge pile in the Vp-case: in the first zone, internal outward with 47 % O,
and 52 St and internal ejection with 37 % O, and 50 S; were the most dominant events. In the second
zone, internal inward with O, of 37 % and S; of 50 and internal outward with O, of 31 % and S; of 51
were the dominant phenomena. In the third zone, the O, was between 9 and 26 percent, which internal
outward having the most dominance with a 26 % O, and 61 S;. In terms of stability, internal inward has
a S; of 60 with an O, of 18. Figure 7 schematically shows the bridge's pile, which phenomenon prevails
in each zone.

4. Conclusions

This study highlights the substantial impact of vegetation on scour rate, Reynolds stress, and
coherent flow structure around bridge piles. The presence of vegetation results in a remarkable 36%
reduction in scour depth and induces changes in the distribution of Reynolds stress. The maximum
Reynolds stress region shifts upstream of the pile, leading to a decrease in negative shear stress upstream
and an increase downstream. Quadrant analysis illustrates that vegetation promotes the occurrence of
ejection and sweep events, while octant analysis indicates the dominance of internal outward events
within the scour hole. In the free-vegetation case, near the bed, the eddies move toward the walls, but as
one moves away from the bed, the eddies shift toward the central axis. The overall vegetation redirects
the flow towards the walls in the base area, reducing scouring. Stability and event probability increase
with the presence of vegetation. Overall vegetation transforms internal events into external ones in front
of the pile. However, in the case of patched vegetation, both internal and external events are observed.
With a potential 36% reduction in scour depth, vegetation can play a crucial role in mitigating flood risk
and stabilizing bridge structures. Future research should delve into quantifying the effects of various
vegetation patterns and densities on flow characteristics and scour development. The findings hold
substantial implications for flood risk management. Vegetation emerges as a key player in reducing flow
velocity and scour depth, thereby enhancing flood resilience and decreasing the risk of bridge failure
due to erosion. Engineers can leverage this information to inform the design and maintenance of
structures in flood-prone areas, considering vegetation management strategies to bolster flood resilience.
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ABSTRACT: The basic idea underlying this research is that urban planning is one of the main causes of
environmental degradation. Despite its relevance in impacting ecosystems, the current methodological assessments
across Europe still fail to include spatial planning as a relevant factor. This paper aims to formulate an innovative
methodology for the evaluation of ecosystems for protecting land at risk of degradation. This methodology is
exemplified by the case of Spanish spatial planning applied in the Community of Madrid, being also capable to be
employed in other European State Members after a cartographic adaptation. The proposed methodology
specifically implements a European approach to the scale of regional and local spatial planning based on the
“Mapping and Assessment of Ecosystems and their Services” (MAES) project. Among the main results, four
outcomes stand out. The first is the novelty to provide a methodology capable of dealing with natural values at
regional and municipal levels based on a spatial-planning-based scale (1:20,000). The second result regards the
incorporation of new attributes tied to existing ecosystems during the drafting of spatial plans, thus improving the
quality of the information to make better decisions in terms of environmental protection. The third result is the
more accurate environment assessment due to the inclusion of a new element of direct pressure on ecosystems,
while the fourth outcome is that the proposed methodology detects the impacts of the drivers of change in the
Community of Madrid. Although the cartographic information is defined at the regional scale, the results obtained
can be linked to the municipal planning scale. The proposed methodology can be a much more useful tool for
regional spatial planning for three main reasons: it works at the same scale as regional planning (1:20,000), it
incorporates the environmental information necessary for the correct identification of natural values and impacts
at the municipal level, and it works with geographic information systems. These reasons allow an easier and
quicker incorporation of ecosystems in spatial planning tools by simultaneously interpreting and comparing
different land protection issues such as ecosystem loss and ecosystem services.

Evaluacion de la capacidad ecologica para la planificacion urbana y la mejora de la
resiliencia en el contexto europeo: un enfoque basado en el caso espaiiol

RESUMEN: La principal idea que subyace en esta investigacion es que la panificacion urbana es una de las
principales causas de la degradacion medioambiental. Sin embargo, pese a la importancia de su impacto en el
medio natural y en los ecosistemas, las evaluaciones metodoldgicas actuales en toda Europa siguen sin incluir la
ordenacion del territorio como un factor relevante. Por ello, el documento pretende formular una metodologia
innovadora de evaluacion de los ecosistemas para la proteccion del territorio en riesgo de degradacion. Esta
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metodologia se ejemplifica con el caso de la planificacion territorial espafiola aplicada en el caso concreto de la
Comunidad de Madrid, siendo también susceptible de ser empleada en otros Estados Miembros europeos tras una
adaptacion cartografica. En concreto, la metodologia propuesta implementa un enfoque europeo a escala de
planificacion territorial regional y local basado en el proyecto “Mapping and Assessment of Ecosystems and their
Services” (MAES). Entre los principales resultados ligados a esta propuesta, cabe destacar cuatro resultados. El
primero es la novedad en el tratamiento de los valores naturales a escala regional y municipal a partir de una escala
basada en la planificacién urbana y territorial (1:20.000). Como segunda cuestion destaca la incorporacion de
nuevos atributos ligados a los ecosistemas existentes en la elaboracion de los planes de ordenacion del territorio,
mejorando asi la calidad de la informacion para tomar mejores decisiones en materia de proteccion del medio
ambiente por el planificador. El tercer resultado es una evaluacion mas precisa del medio ambiente debido a la
inclusién del concepto de presion directa sobre los ecosistemas, mientras que la cuarta consecuencia seria que la
metodologia propuesta detecta los impactos de los motores del cambio en la Comunidad de Madrid. Ademas,
aunque la informacion cartografica viene definida a escala regional, los resultados obtenidos pueden vincularse a
la escala de planificaciéon municipal. La metodologia propuesta puede ser una herramienta mucho maés 1til para la
ordenacion del territorio municipal por tres razones principales: trabaja a la misma escala que el planeamiento
general (1:20.000), incorpora la informacion ambiental necesaria para la correcta identificacion de los valores e
impactos naturales a escala municipal, y trabaja con sistemas de informacion geografica. Estas razones permiten
abordar con mayor facilidad y rapidez la inclusién de los ecosistemas en la formalizacion de la ordenacion del
territorio, interpretando y comparando simultaneamente diferentes aspectos de la proteccion del territorio como la
pérdida de ecosistemas y los servicios ecosistémicos.
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1. Introduction

The increasing pace of massive global urbanization is generating a variety of socio-
environmental pressures and impacts that are clearly going beyond the physical boundaries of cities and
are consequently having negative impacts even beyond their administrative boundaries. These dynamics
include changes in land-use and land-cover (Baveye et al., 2016; Keesstra et al., 2016), which affect
ecosystem functions and services, such as water regulation and retention (Stiirck et al., 2014), climate
regulation (Ghaley et al., 2014), and biomass production (Larondelle and Haase, 2012). Whereas the
importance of ecosystems and the associated benefits are attested by the European Union (EU), national,
and regional policies and the different tools for their assessment and mapping, the integration of
environmental aspects into spatial planning is a major challenge for planners (Hurlimann and March,
2012).

As advocated by the United Nations (United Nations Habitat, 2015), the integration of
ecosystem service (ES) knowledge into spatial and land-use planning — especially if promoted from the
early stages of the planning processes — could support decision-making in formulating more sustainable
economic, social, cultural, and environmental goals and decisions (Longato ef al., 2021). The integration
of ES assessment and monitoring tools in spatial planning processes could help to address the serious
issues affecting our territories such as sprawling urbanization (Cérdoba Hernandez, 2021; Maruna et al.,
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2019; Ronchi et al., 2019; Thoidou, 2021) or flood risks (McGranahan et al., 2007) by promoting
policies and actions aimed at protecting, enhancing, and restoring ecosystems.

Scholars have identified the following main benefits of integrating ES knowledge into spatial
planning management processes: i) a broader inclusion of relevant issues to address during the
management process (Masoudi et al., 2023; Veidemane et al., 2017), ii) a synthesizing perspective to
interpret multiple data and information (Arkema et al., 2015; Verutes et al., 2017), and iii) effective
stakeholder involvement with a higher degree of participation (Adem Esmail and Geneletti, 2017; Spyra
et al.,2019). Overall, these benefits can make a contribution to legitimate decisions on more sustainable
spatial allocation of uses and management options (Longato ef al., 2021).

1.1. The role of ecosystem preservation in territorial resilience

The starting point of this research is the concept of ‘territorial resilience’, that is, the capacity
of positive adaptation shown by some cities or regions to face crises stemming from external events or
processes and to emerge stronger after a process of internal transformation (Méndez, 2012). As
highlighted by Hamilton (2009) and Pickett et al. (2004), this definition shows the contradictions and
complexity of the urban and territorial land system. A good quality of biological, physical, and chemical
characteristics of ecosystems is fundamental to mitigate shocks and increase resilience. These three
factors are the pillars of the capacity of the ecosystems to generate ES. However, these qualities are
often under threat from a variety of sources.

The Millennium Ecosystem Assessment (2003) identified five main pressures on ecosystems:
land cover change; climate change; overexploitation of resources (e.g., through irrigation and
harvesting); the introduction of alien invasive species; and the use of fertilizers, and air and water
pollution. These processes affect the integrity of ecosystems and, consequently, disrupt their
contributions to society and the environment (Biittner et al., 2017; Kramer and Verkaar, 1998),
contributing thus to a decrease in territorial resilience.

The frequency of events that put pressure on ecosystems can have low or high impacts on them.
Low-impact events are integrated into ecosystems, e.g., through interactions between natural hazards
and ecosystem characteristics, leaving existing biodiversity and ES functioning largely intact. However,
when these changes are more significant, such as those associated with climate change, an ecosystem
may lose its capacity to recover and may even disappear, favoring the substitution with a new ecosystem.
Fragmentation is also a significant factor affecting the vulnerability of ecosystems: a small disturbance
may have the same or even a greater impact on fragmented ecosystems than a larger disturbance on
well-connected ecosystems (Urban et al., 1987).

Therefore, the design and implementation of biodiversity strategies and action plans, and the
use of evidence-based planning tools to design networks of protected areas, ecosystem connectivity and
biodiversity conservation are fundamental tasks for achieving an integrated ecosystem management.
Fulfilling these tasks would increase the resilience of cities and territories in dealing with climate
change, natural disasters, and disturbances.

Reducing or at least not increasing the existing vulnerability of the ecosystems and the
environment in general is a primary goal of various ES assessment frameworks such as ‘TEEB - The
Economics of Ecosystems and Biodiversity’ (Kumar, 2012) or ‘CICES — Common International
Classification of Ecosystem Services’ (United Nations, 2017). These assessment frameworks sometimes
lack providing arguments to promote land conservation against urban development. Ecosystem
assessment, in turn, can lead to the identification of the most important ecosystem goods and services
and thus to appropriate land-use regulations.

International scholars recognize that mapping these issues makes it possible to reflect on how
spatial planning and land-use management can incorporate and integrate these aspects into practical
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experience (Burkhard and Maes, 2017; Verhagen et al., 2015). However, these frameworks fall short
without a regulatory framework that should help technicians evaluate land protection and conservation.
The Spanish legislation has begun to address this issue with the approval of the Law 7/2021 on Climate
Change and Energy Transition. This Law integrates the existing Law 7/2015 on Land-Use and Urban
Regeneration — “Ley de Suelo y Rehabilitacion Urbana” in Spanish — by establishing that climate
change-related risks must be taken into account in land-use planning, in particular the “risks associated
with the loss of ecosystems and biodiversity and the deterioration or loss of essential ecosystem goods,
functions, and services” (Jefatura del Estado, 2021a, Disposicion final cuarta).

1.2. The contextualization of the ecosystems preservation in the Spanish and EU policy system

At the European level, the loss of ecosystems and their goods and services has been recognized
by the “EU 2030 Strategy on Biodiversity”’(European Commission, 2020). This strategy aims to halt
biodiversity loss and degradation of ES and to restore them as far as possible, being closely related to
the European Environment Agency’s (EEA) recommendation to integrate the results of the ES
assessment into spatial planning. This recommendation is essential as it can identify areas with high and
very high capacity to provide ES (European Environment Agency, 2014).

In line with the EU strategy and recommendation, the Spanish government approved the
“National Strategy for Green Infrastructure and Ecological Connectivity and Restoration” in 2021. This
document establishes the future provision of a specific cartographic planning-support tool that will allow
the spatially explicit mapping of national ecosystems based on elements defined as “green
infrastructure” (Jefatura del Estado, 2021b). These elements refer to the list provided by the Law
33/2015 on Natural Heritage and Biodiversity (Article 15.3): “Protected areas; endangered habitats and
species; mountain areas; river courses; wetlands; livestock trails; ocean currents; submarine canyons;
migratory routes that facilitate connectivity; systems of high natural value created as a result of good
practices applied by different economic sectors; priority habitats to be restored; areas affected by nature
conservation banks; and the instruments used by administrations in the application of the European
Landscape Convention signed in Florence on 20 October 2000” (Jefatura del Estado, 2015). The release
of this new tool is expected in three years after the approval of the Law 7/2021, i.e., in 2024.

One year before, the EU Biodiversity Strategy to 2020 proposed to the Member States to
develop a mapping and assessment of ecosystems and their services. To do so, an EU-wide ecosystem
assessment has been introduced to provide harmonized information on the state of ecosystems and
biodiversity, and their capacity to provide ES. The European Commission supports Member States by
providing useful data and guidelines for the mapping (e.g., a report with a list of possible indicators to
assess and map ES), along with the release of new and updated data (e.g., through the Copernicus service
portfolios and the habitat classification of the European Nature Information System EUNIS). This work
formed the basis for the mapping and assessment of ecosystems and their services at EU level following
the MAES (Mapping and Assessment of Ecosystems and their Services) analytical framework
(European Environment Agency, 2018).

The European Commission is developing MAES to identify ecosystems in collaboration with
many entities, such as the Member States and the EEA based on thematic pilot projects focusing on
nature, agriculture, forests, freshwater, marine, and urban and terrestrial ecosystems. The first reports
resulting from MAES consist of an analytical framework that provides common typologies of European
ecosystems to be mapped and a typology of ES to be considered (Maes et al., 2013). This typological
classification takes into account regular cartographic aspects by using data from the CORINE Land
Cover (CLC) project for its design, and allows the comparison of different sectors of the European
territory and the maintenance of a pan-European scale (Biittner et al., 2021; Heymann ef al., 1994).

Recognizing what services — and to what extent —the ecosystems of a territory provide to society
requires an understanding of the number of ecosystems in a given territory that are affected by spatial
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planning. This information can be obtained through an updated map of vegetation or habitat, with a
resolution appropriate to the scale of the spatial plan (regional or municipal).

The quality requirements for cartography are limited by the availability of resources and the risk
of decisions based on them. On the one hand, the upper limit of the requirements is set by the
philosophical-logical principle known as Ockham’s razor — i.e., of two competing theories, the simpler
explanation of an entity is to be preferred. This approach emphasizes the need to use as few resources
as possible to solve a problem. The methodology proposed by this paper does not require a new
cartography, but starts from an existing one that has the necessary standard for this purpose. On the other
hand, the lower limit of the requirements is determined by the social impact of map-based decisions.
Uncertainty or lack of social impact can lead to a social risk of adverse outcomes if decisions are based
on incorrect data.

The Driver-Pressure-State-Impact-Response (DPSIR) framework used by the proposed
methodology stems from DPSIR’s first report. DPSIR is a theoretical framework used to systematically
classify the information needed to analyse environmental problems and to identify actions to solve them.
(Turner et al., 2010) Drivers of change (D) exert pressures (P) on the state of ecosystems (S) at any
given time, affecting habitats and biodiversity (I) across Europe at all combinations of intensities and,
consequently, affecting the number of services they can provide. If these impacts are not eliminated,
policy makers should implement appropriate responses (R) by taking measures to address the negative
impacts. These drivers are referred as pressures to adapt the terminology to the DPSIR framework
applicable to European policy framework.

1.3. Goals and hypothesis

This work aims to propose a methodological assessment for ecosystems and their services that
can be used to support spatial planning at the regional level. The specific objectives are: i) to propose a
high-resolution mapping method to assess and map ecosystems and their services, as well as their
vulnerability to degradation or loss of essential ecosystem goods, functions, and services at the local
level; and ii) to analyze/compare the extent to which the results of the assessment are or not aligned with
current regulations establishing ecosystem protection regimes, and how they can support the
development of better protection regulations.

The research hypothesis is that the European Ecosystem Assessment Methodology provides
important keys to understand the main stressors acting on ecosystems but, by not considering spatial
planning, it neglects one of the main causes of environmental degradation. The methodology aims to
overcome this situation by making a comparison between the protection derived from spatial planning
and the ecosystems.

2. Methods and materials

The European Environment Agency’s (EEA) methodology still does not consider spatial
planning as a complementary tool capable to address the pressures on ecosystems and their services,
although EEA claims that spatial planning can support policy decisions for the environmental
conservation and protection (European Environment Agency, 2015b, 2015a). Implementing the
methodology and integrating spatial planning into the Strategic Environmental Assessment (SEA)
requires working at a scale where spatial planning and SEA can work together and with accessible
information. Although this task is quite complex at the European or national level, the regional land
legislation in Spain — the case study choses is the Community of Madrid — may be the appropriate level
to implement the methodology.

To achieve the aforementioned objectives, the proposed methodology is based on four levels of
work — or steps. Thus, Steps 1 and 2 are performed to obtain a high-resolution cartographic method for
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assessing and mapping ecosystems and their services, as well as their vulnerability to degradation or
loss of essential ecosystem goods, functions, and services at the local scale (Fig. 1 left):

Step 1. Homologation of the initial information with the necessary scale adaptation. For
this purpose, the case study uses the information available from the Spanish National
Geographic Institute (IGN) and the Madrid Spatial Data Infrastructure Server (IDEE-Madrid).
Both IGN and IDEE-Madrid provide open information that can be processed using Geographic
Information Systems (GIS) applications.

Step 2. Identification of the main direct drivers of change. Once the main ecosystems have
been detected using the European Nature Information System (EUNIS), they are grouped for
characterization according to the main impacts identified by the Millennium Ecosystem
Assessment. This step is performed through the Mapping and Assessment of Ecosystems and
their Services (MAES), which identifies the impacts of habitat change, climate change,
overexploitation of resources, introduction of invasive species, and pollution and nutrient
enrichment.

Steps 3 and 4 are devoted to analyze/compare the extent to which the results of the assessment do or do
not match existing spatial planning regulations and how they can support the development of better
protection regulations (Fig. 1 right):

Step 3. Identification, assessment, and relevance of ecosystem services. Based on the general
classification of ecosystem inputs used by the Common International Classification of
Ecosystem Services (CICES), the main ecosystems identified are characterized according to the
MAES grouping. A total of 5 provisioning, 13 regulating, and 7 cultural ESs are identified.
These ESs are valued independently and considering the interactions between each of the inputs
to obtain a more complex qualification of these inputs.

Step 4. Introduction of spatial planning as a factor in the ecosystem assessment. Once the
plan for the provision of services has been drawn up, it is possible to compare it with the existing
land-use plan or to identify the areas that could suffer a major ecosystem transformation as a
result of the land-use plan proposals. Based on the previous considerations, there is the need to
distinguish transformations associated with the loss of ecosystems and those related to
biodiversity loss. This distinction is performed by considering the direct drivers of change
associated with the degradation or loss of essential ecosystem goods, functions, and services, as
described below. This comparison requires to overlay and/or cross-reference the studies carried
out in the four steps with the land-use plan.

HIGH-RESOLUTION MAPPING METHOD TO ASSESS AND MAP ECOSYSTEMS ANALYZE WHAT EXTENT OF THE ASSESSMENT ARE ALIGNED WITH CURRENT

STEP 1. HOMOLOGATION OF THE INITIAL STEP 2. IDENTIFICATION OF THE MAIN STEP 3. IDENTIFICATION, ASSESSMENT, AND STEP 4. INTRODUCING SPATIAL PLANNING AS
INFORMATION WITH SCALE ADAPTATION DIRECT DRIVERS OF CHANGE RELEVANCE OF ECOSYSTEM SERVICES A FACTOR IN THE ECOSYSTEM ASSESSMENT
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Figure 1. Diagram of the main research phases and objectives.
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The implementation of this methodology, especially between steps 2 and 4, relies on the
increasing use of remote sensing tools and Geographic Information Systems (GIS), together with the
improved accessibility of satellite images and open classification methods from multiple sources. The
cartographic management carried out on the different thematic aspects has been essential for their
analysis, evaluation, and presentation. Free access to land use information was performed on the basis
of the European Inspire Directive. The latter establishes the general guidelines for the proper functioning
and service of the European Community’s spatial information infrastructure and makes the information
provided by the different Member States compatible. The use of regional sources is necessary to cross-
reference the results of the assessment of the direct drivers of change and the loss of ecosystem services
to modify the existing spatial planning tools.

The main functions performed by GIS enable to detect the different issues either by assessing
the different ecosystems according to MAES’s conceptual framework for assessment (Step 2) or by the
SEEA Ecosystem Accounting assessment (Step 3). A series of maps are then used to create new thematic
maps as developed in sections 2.2 and 2.3. These new maps are then processed to derive hazard zones
which are overlaid on the spatial planning information to identify areas where specific problems overlap
and to define the risks in these areas.

2.1. Step 1. Homologation of the initial information with the necessary scale adaptation

As suggested by MAES framework, the mapping and assessment of ecosystems and their
services proposed in this study is mainly based on land cover data (i.e., CLC data). CLC-based maps
can be produced repeatedly by the territorial administration at relatively low cost in terms of time and
money, being sufficiently suitable for most purposes and with a higher level of detail than necessary.
However, maps with more reliable data (e.g., at a scale greater than 1:20,000) can be produced at
excessive cost or with complex assumptions. Depending on the time required to produce them, maps
would not be commensurate with the urgency of the objective. Therefore, the proposed mapping method
is in line with the MAES method promoted at the European level, mainly by refining it and adapting it
to the scope and scale of the work.

The CLC data supporting ecosystem assessment in spatial planning can be summarized in the
following five conflicts, which the proposed mapping method aims to overcome:

- Reference scale. Due to its European dimension, the CLC provides consistent land and land use
and land cover information at a detailed scale (1:100,000), which is however not accurate for a
more regional scale (Fig. 2). This element creates a conflict with the Royal Decree 2159/1978
on “Planning Regulations for the development and application of the Law on Land Regime and
Spatial Planning”. This Decree only establishes the minimum scales at which “urban land” and
“land for development” must be represented (respectively 1:2,000 and 1:5,000). Instead, the
Decree leaves the Autonomous Communities (i.e., the Spanish Regions) free to interpret the
regional scale. In fact, Article 39.2 states that the regional spatial plans “shall affect the entire
territory included in their scope at an appropriate scale” (Jefatura del Estado, 1978).

- Minimum mapping unit. CLC updates (1990, 2000, 2006, 2012, and 2018) record land, land
use, and land cover information using 5 ha as the minimum mapping unit for change. However,
the minimum unit of the CLC is 25 ha, which is more appropriate to the territorial scale of other
Spanish national documentary sources, such as the Information System on Land Occupation
(Sistema de Informacion sobre Ocupacion del Suelo de Espaia — SIOSE).

- Hierarchical simplification. The CLC is the basis for ecosystem coverage at the European level,
but there is a serious knowledge gap at the regional level. CLC provides information and,
according to its third level of hierarchical aggregation, generates a classification of up to 44
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ecosystem types. However, this classification cannot be useful at the regional scale where
certain types are more relevant for the EU inventory.

The CLC does not include certain types of natural information that are instead provided by the
Spanish Autonomous Communities and the General State Administration, such as the forest
map. Many Spanish Regions provide these maps at a scale of 1:10,000, including information
on the type of vegetation, type of use, and classification. Such maps can provide more detailed
information in relation to CLC.

Raster representation of freely available information. The open-access MAES documentation
on the European Nature Information System website is in raster format. This is a problem
because the raster format makes the adaptation to the local vectorial cartography unfeasible in
different regions or areas where the resolution of the cell size is not suitable for the analysis
with spatial planning tools.

These conflicts may require adaptation of the data source to achieve greater precision regarding

CLC in terms of mapping resolution and ecosystem type’s information.

The resolution of these conflicts implied the decision to reclassify the categories of the SIOSE

database to integrate it into the Spanish National Plan for Territory Observation (Plan Nacional de
Observacion del Territorio — PNOT). The output has a larger scale of definition (1:25,000) than the
CLC (1:100,000) for the classification of ecosystem types and meets the European requirements
established by the INSPIRE Directive (Infrastructure for Spatial Information in the European
Community).

CORINE LAND COVER (2018) SIOSE (2014)-‘ t
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Figure 2. Degree of definition of the minimum mappable unit in the Pezuela de las Torres area (Madrid).

Source: Authors’ elaboration based on CLC 2012, SIOSE 2014 and orthophotography 2018.
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The better definition of SIOSE is achieved through the incorporation of data produced by the
Autonomous Communities at 1:10,000 and 1:5,000. The result is the definition of a series of surface
coverages with a minimum surface of representation area of 0.5 ha for water, crops, wetlands, beaches,
riparian vegetation, and sea cliffs, 1 ha for urban areas, and up to 2 ha in agricultural, forestry and natural
areas. In the case of CLC, instead, the minimum representation area was 25 ha by default. This greater
precision not only results in a more accurate delineation of ecosystems, but also incorporates with greater
approximation the elements that divide habitats, such as communication or energy infrastructure.

This adapted information is approached with the methodological proposal of this study (Fig. 3)
and compared it with the similar process followed by the identification and grouping of ecosystems by
the EUNIS. The result is a map with the same information as it would have been obtained by using the
EUNIS methodology, but with greater definition and updated to the latest monitoring date of the SIOSE
national project. The resulting map — which can be called an “adapted EUNIS regional map” — could be
continuously upgraded in the future by following the same steps to integrate updated data.

EUNIS METHODOLOGY EUNIS METHODOLOGY
ADAPTED REGIONALLY
(THIS STUDY)

CORINE LAND COVER FLM
(2006] = ™ FOREST LAND MAP (2009]
- THEMATIC
Minimum scale 1:100,000 REFINEMENT Minimum scale 1:10,000
Minirmum unit: 25 ha. Minimum unit: 2.5 ha.
Source: Mational Source: Madrid Spatial Data
Geographiclnstitute (IGN ) Infrastructure
ECOSYSTEM
OTHER REFERENCE BEER L e T SIOSE
DATA - — (z014)

Minimum scale 1:25,000
Minimurm unit: 0.5to 2 ha.

Source: Mational
Geographiclnstitute [IGN )

SIOSE/MTF
(2014)

Minimum scale 1:25,000
Minimurm unit: 0.5to 2 ha.

EUNIS REGIONAL
ADAPTED

(2014)

Minimum scale 1: 100,000 Minimum scale 1:25,000
Minirmum unit: 25 ha. Minimumunit: 0.5to 2 ha.

Figure 3. Comparison of EUNIS methodology with EUNIS methodology adapted regionally (this study).
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Identifying the ES of a particular territory is the next step: the resulting information needs to be
adapted to the regional scale. Although EUNIS is based on information provided by the CLC, the
information supplied by the Spanish SIOSE is used as the basis for this study for the abovementioned
reasons.

In this way, the ecosystems identified in the European Nature Information System (EUNIS)
habitat groupings (Davies et al., 2004) can be unambiguously recognized in the study area. These
ecosystems are divided into marine and/or coastal habitats; surface water areas; wetlands; grasslands,
herbs, mosses or lichens; heathlands, scrub and tundra; forests, woodlands and wooded areas; habitats
with very little or no vegetation; agricultural, horticultural and domestic habitats; and artificial habitats.

The application of this method to the Community of Madrid (Fig. 4) shows that the main
ecosystem is “forests, woods and other wooded land” (28.81%). Deciduous, coniferous, mixed, and
transitional woodland cover slightly more than half of this ecosystem, being located in between northern
and southern Sierra. The ecosystem “regularly or recently cultivated agricultural, horticultural, and
domestic habitats” occupies a slightly smaller area (27.79%), being mainly located on the meseta, in the
southern and eastern sectors of the region: it includes rainfed arable land, permanent irrigated land, and
agroforestry systems.

“Built-up, industrial, and other human-made habitats” (15.07%) is the fourth largest ecosystem
after “heathland, scrub and tundra” (17.34%), but its territorial distribution significantly fragments the
regional territory, creating a central strip that clashes head-on with attempts to create ecological
corridors or other nature-based solutions. Finally, the ecosystem “lodazales, peat bogs, and fens”
occupies a small area within the Community, with only 61.77 ha (0.01%).

GROUPING OF ECOSYSTEMS BY MAES
- INLAND SURFACE WATERS

MIRES, BOGS AND FENS

‘GRASSLANDS AND LANDS DOMINATED BY FORBS,
MOSSES OR LICHENS

HEATHLAND, SCRUB AND TUNDRA

- WOODLAND, FOREST AND OTHER WOODED LAND

INLAND UNVEGETATED OR SPARSELY VEGETATED HABITATS

REGULARLY OR RECENTLY CULTIVATED AGRICULTURAL,
HORTICULTURAL AND DOMESTIC HABITATS

- CONSTRUCTED, INDUSTRIAL AND OTHER ARTIFICIAL HABITATS

-
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Figure 4. Identification of the Community of Madrid within Spain and its main ecosystems. Source: Authors’
elaboration based on data from CORINE and EUNIS projects.
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2.2. Step 2. Identification of the main impacts on ecosystems

Once the ecosystems have been grouped, the next step of the methodology is assessing the
human impacts on ecosystems and their effects on the capacity to provide services. This assessment
takes into account the difficulties in assessing the different pressures, trends, and impacts corresponding
to each ecosystem due to the lack of specific data. Therefore, the five main drivers of change identified
by the Millennium Ecosystem Assessment (2003) (i.e., land cover change, climate change,
overexploitation of resources, introduction of alien invasive species, and use of fertilizers and air and
water pollution) are linked to the ecosystems for their assessment. These drivers create environmental
pressures that can alter the condition of habitats and the species composition of ecosystems, thereby
reducing their resilience and affecting their ability to provide services (European Environment Agency,
2016). Based on these results, it is possible to identify the ecosystems that could undergo high pressure
in the future.

Pressures, trends, and impacts on the ecosystems are challenging to assess. However, the
combined effect of all the pressures over time results in the severity and extent of changes affecting an
ecosystem and its ability to provide its services to natural and human systems. Therefore, the second
step of the methodology is to assess these ecosystems using the MAES’s conceptual framework for
assessment. This approach consists of describing the different ecosystems from a qualitative assessment
and establishing different relative scales according to the major pressures of the Millennium Ecosystem
Assessment (2003). These scales are relative in the sense that all ES must be assessed at a specific
geographical scale. In this case, the assessment provides the different levels of risk in reducing ES in an
area by classifying potential future impacts as “very high” (VH), “high” (H), “moderate” (M) and “low”
(L) based on the main direct drivers of change identified by the Millennium Ecosystem Assessment
(Table 1).

Table 1. Intensity of the impact of direct drivers of change on ecosystems at the territorial level. Source: Mapping
and assessing the condition of Europe's ecosystems: progress and challenges (European Environment Agency,
2016). Urban -URB; cropland -CR; grassland -GR; forest -FR; heathland and shrubland -H&S, sparsely vegetated
land -S&V'; wetlands -WET; freshwater (rivers and lakes -R&L) and marine -MAR. very high (VH), high (H),
moderate (M) and low (L).

MAES"s conceptual framework for assessments

Main direct drivers of change CR GR FR H&S S&V WET RE&L MAR

Habitat transformation VH VH VH

Climate change

Owerexploitation of resources

Introduction of invasive species

Pollution and nutrient enrichment

This second step develops an analytical assessment methodology based on the DPSIR
framework (drivers, pressures, state, impact, and response model of intervention) which aims to
establish a cause-effect relationship between human actions on the ecosystem. This methodology groups
habitats into 12 ecosystem types, being divided into terrestrial (urban -U; cropland -CR; grassland -GR;
forest -FR; heathland and shrubland -H&S; sparsely vegetated land -S&V; and wetlands -WET),
freshwater (rivers and lakes -R&L) and marine (marine estuaries and transitional waters; coastal,
continental shelves; and open ocean -MAR) ecosystems.

These ecosystems are not the same everywhere but adapt themselves to the climatic conditions
of each location, so not all stressors affect similar ecosystems in the same way. As a result, similar
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ecosystems in different bioclimatic zones of Europe may respond differently to climate change and
ecosystem responses to natural hazards are specific to each bioclimatic zone. Neither the application of
the proposed methodology at regional scale nor the MAES allow for a precise assessment of pressures
and future trends for all ecosystems taking into account the abovementioned specificities. Despite these
limitations, a territorial diagnosis based on ES can identify their goods and services and assess their
relevance with the aim of analyzing future urban pressures and the ways they affect the provision of ES.

The identification of the ecosystems is performed through the CLC grouping based on the
categories developed by MAES and adapted territorially through SIOSE. In this way, the risk
assessments of ecosystem loss and the ecosystem goods and services can be assigned to each of the
polygons that make up each ecosystem (Fig. 5).

HABITAT CLIMATE CHANGE OVEREXPLOITATION INTRODUCTION POLLUTION AND
TRANSFORMATION OF RESOURCES OF INVASIVE SPECIES NUTRIENT ENRICHMENT

LOW IMPACT MEDIUM IMPACT I 16 1MpacT I very HiGH 1MPACT

Figure 5. Assessment of the main drivers of ecosystem change. Source: Authors’ elaboration based on
SIOSE14 data.

The identification of effects is based on observing the effects of each driver on the different
ecosystems. The effects can be observed in isolation — when considering only the effects of habitat
transformation — or jointly — in the case of simultaneous analysis of the synergistic effects of the five
actions. For instance, half of the Community of Madrid’s surface is currently at very high risk due to
cumulative impacts. The areas most affected by habitat transformation are urban ecosystem types, crops,
wetlands, and rivers.

On the contrary, the effects of climate change would be moderate or low in the Community of
Madrid, with urban areas, croplands, wetlands, and rivers suffering most from changes in temperature
and precipitation, and rural areas from extreme events and fires.

The areas where overexploitation of resources could be most pronounced are croplands,
wetlands, lakes, and rivers, i.e., where intensive agriculture through the overexploitation of crops and
groundwater are already having their primary effects.

In terms of the potential risks associated with the introduction of exotic plant and animal species,
the greatest risk lies in urban areas, i.e., where invasive species are being introduced into public and
private gardens and parks. The mitigation of impacts in the rest of the regional territory shows a great
homogeneity, except for the abovementioned areas. Only grassland ecosystems would have low impacts.

The effects of pollution and nutrient enrichment would particularly affect urban ecosystems,
cultivated ecosystems, wetlands, lakes, and rivers. Soil contamination by heavy metals from industrial
activities, air pollution, and critical ozone levels, and water pollution from poor management of sewage,
sludge, and waste are particularly noticeable.
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2.3. Step 3. Identification, assessment, and relevance of ecosystem services

The Common International Classification of Ecosystem Services (CICES) considers ES to arise
from living organisms (biota) or from the interaction of biotic and abiotic processes. The classification
identifies three families of ES: provisioning, regulating, and cultural.

The values of the three families of ES are obtained using a variety of economic valuation
techniques. These techniques do not assign a price on nature, but simply estimate the economic value of
a limited number of services at a time. Despite limitations in certain contexts, an economic assessment
can help to put nature conservation on an equal footing with urban development, and thus help decision-
makers to better understand their trade-offs. Conducting this assessment is controversial as it raises a
number of significant ethical and cultural considerations (Brand, 2009; Saner and Bordt, 2016).

The proposed grouping of Step 3 is the same that the work carried out in Step 2 on the
cartographic basis of the MAES ecosystem groupings. Therefore, the most sensitive ecosystems are
identified to subsequently outline the “ecosystem vulnerability associated with the degradation or loss
of essential ecosystem goods, functions, and services”. The aim is to detect ecosystems with high or
very high values in their contribution of goods and services that make them worthy of special protection
to prevent their disappearance or degradation.

The SEEA Ecosystem Accounting (SEEA EA) offers a territorial approach to the problem of
measuring the flows of ES and calculating their condition in terms of capacity to provide services. SEEA
EA adopts a spatial approach because of the benefits that the society receives from ecosystems depend
on the relationship between ecosystems and the location of the beneficiaries (United Nations, 2017).

The territorialization of these aspects involves the identification of ecosystems, but also the
recognition and assessment of the ES and the interactions between them (Ruhl et al. 2008; Bagstad et
al. 2013). These assessments come from various academic papers that, while presenting different
degrees of territorialization, are carried out on a European-continental basis (Cordoba Hernandez and
Marti Guitera, 2022; Fernandez de Manuel et al., 2020; Henderson, 2015; Jacobs et al., 2013). For
instance, a negative interaction between the services provided by an ecosystem occurs when trade-offs
arise. Such a dynamic may occur when a grassland ecosystem has a high input of food, but a low input
of raw materials. These two ESs are mutually exclusive in a trade-off, so as the ecosystem provides both
ESs independently, when combined they cancel each other out.

The biophysical assessment of ESs requires an assessment of both the capacity of ecosystems
to provide relevant services and the estimation of their demand. The resulting cartography paves the
way for understanding the distribution and importance of each contribution in the territory, as
ecosystems take values for each contribution. The relationship with the capacity of ecosystems to
provide services is presented in three areas to facilitate the understanding of the spatial distribution of
each service.

As it happened in Step 2, a qualitative assessment is performed by introducing a new relative
scale. The new scale ranges are established taking into account the assessments provided by different
sources at international (Henderson, 2015; Longcore and Rich, 2004) and national levels (Fernandez de
Manuel et al., 2020). The different inputs on ecosystems are identified as “low” (L), “medium” (M) or
“high” (H) regardless of the documentary sources used.

This identification should be carried out for each of the 25 ESs grouped according to the CICES
methodology. In this way, the ES can be mapped independently to obtain results at other levels such as
the groupings of ESs by families of contribution (supply, regulation, and cultural) or by their overall
territorial relevance. According to the European Environment Agency, regulation is the most remarkable
contribution of ESs. Up to 13 different ESs can be distinguished and assessed differently depending on
the ecosystem that produces them. (Table 2).
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Table 2. Biophysical assessment of the different contributions of each service family. Green area — GA;
cropland —CR; grassland -GR; forest -FR; heathland and shrubland -H&S, sparsely vegetated land -S&V,;
wetlands -WET; freshwater (rivers and lakes -R&L) and marine -MAR.

MAES s conceptual framework for assessments

CR GR FR H&5S5 58V WET R&L MAR
H

Ecosystem Services

Habitat maintenance

Climate

MNaoise reduction

Thermal buffering

Air quality

Hydrological cycle

Erosion control

REGULATION

Soil fertility

Matural disturbances

Biological control

Pollination

Endemic species conservation

Soil production

The methodological assessment has considered the approximate biodiversity of each ecosystem,
assuming that the greater the number of species, the higher the number of conserved habitats. Cultivated
fields show high values where large natural grasslands are scarce and, especially when they are well
managed, they constitute a remarkable habitat for a multitude of bird species, from birds of prey to
partridges and even bustards. In addition, if properly managed, the boundaries between agricultural
parcels can become real biodiversity corridors, as they were in the past. These parcels were home to a
wide variety of plant species in their bordering vegetation, which provided shelter for rodents and birds.
In this case, the territorial importance of certain ESs, such as the conservation of endemic species, soil
fertilization or the buffering of high temperatures, can be assessed (Fig. 6).

The assessment applied to the Community of Madrid divides the regional territory in two major
zones (Fig. 6). The first is made up of the sierras, the plateau, and the so-called “western tension zone”,
which includes numerous municipalities between the two sierras, such as Guadarrama, Galapagar, Santa
Maria de la Alameda, and San Lorenzo de El Escorial. Despite the high altitude, this zone is provided
with wooded ecosystems, scrub, and grassland ecosystems, being a typical example of the
Mediterranean flora, among which holm oaks, junipers, and cork oaks stand out in the slopes of the
Sierra de Hoyo de Manzanares. Here, extensive cattle population feeds on its fawn’s pasture, producing
meat of excellent quality, certified as Ternera de Guadarrama (Guadarrama Beef). The second major
zone comprises the metropolitan concentric circles. On the one hand, the northern and western ones,
which are also important for their regulatory contributions. These metropolitan concentric circles clearly
divide this major zone into an area with very high contributions and an area with very low or no
contributions. On the other hand, the eastern (made up of municipalities such as Alcala de Henares,
Coslada or Rivas-Vaciamadrid) and southern (made up of municipalities such as Getafe, Alcorcon, and
Leganés) circles present little or no contributions in respectively 72% and 85% of their territory.
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Figure 6. Territorialization of biophysical inputs of the regulating good service by ecosystem. Source:
Authors’ elaboration based on SIOSE14 data.

2.4. Step 4. Introduction of spatial planning as a factor in the ecosystem assessment

At the same time, it is necessary to analyze the spatial planning of the area where ecosystem
vulnerability is to be assessed. Municipal spatial planning should be as up-to-date as possible with the
physical reality: this is what can be called “effective planning”. Effective planning aims to introduce the
existing situation of the reality to analyze according to the current spatial planning and the names of
classes and categories updated according to the regional land legislation.

Therefore, the territory to assess as vulnerable includes areas that are not affected by any sectoral
legislation preventing urban development and areas comprising the ecosystems most vulnerable to
impacts. These two types of areas should be assessed for future protection when it comes to modify the
municipal spatial plan or to introduce a new one. Step 4 proposes two categories of protection in
accordance with the criteria introduced by the fourth final provision of “Law 7/2021, of 20 May, on
Climate Change and Energy Transition in the Royal Legislative Decree 7/2015, of 30 October,
approving the revised text of the Law on Land and Urban Rehabilitation:

- Ecosystem vulnerability through spatial planning in relation to the ecosystem and biodiversity
loss due to the direct drivers of change identified by the Millennium Ecosystem Assessment.
This vulnerability regards areas with high or very high biodiversity transformation based on the
combined effects of habitat transformation, climate change, introduction of invasive species,
and pollution and nutrient enrichment identified in section 2.2.

- Ecosystem vulnerability to spatial planning in relation to the degradation or loss of essential
ecosystem goods, functions, and services. This vulnerability concerns ecosystems with high or
very high values in their contribution of goods-services. Their values make them worthy of
special protection to prevent their disappearance or depletion.
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The result of this step provides a new dimension of environmental problems affecting the
Community of Madrid’s territory, whose southern metropolitan concentric circle and the southern and
eastern regional sectors have been identified as the most sensitive.

Bringing together the ecosystem vulnerability associated with the risks from ecosystem loss and
the ecosystem vulnerability associated with the loss of services can help to change the perception of the
real estate developments that the Community of Madrid should be promoting today. If none of the
current development plans were implemented, the existing ES would not be reduced, nor would new
sensitive areas be created by the drivers of change. On the contrary, the situation would be the opposite.
The creation of a new classification of land — which could be called “resilient” — could introduce new
reasons for protecting the Community of Madrid’s territory. Table 3 shows the result of the new
classification.

Table 3. Reclassification of Land for Development due to Ecosystem Vulnerability. associated with planning.
NM: North Mountain; SM: South Mountain;, ME: Meseta;, WT: Western tension area; ST: South tension area;
ET: East tension area; NT: North tension area; WC: Western Metropolitan Crown, SC: South Metropolitan
Crown; EC: Eastern Metropolitan Crown; NC: Northern Metropolitan Crown; MD. Madrid municipality;
CM: Madrid Community.

SUREB wiTH HiGH RISK OF SURB FoR LOSS OF ECOSYSTEM
ECOSYSTEM LOSS PUTS

z S [Ha) S{Ha) % S{Hx) %

M 17,083 11,910 69.7% 3,633 30.5% g277 69.5%
S 4572 2,145 52.1% 1a7% 47.9%
ME 43,147 22 566 53.8% 15,373 46.2%
W £,908 41835 69.8% 1,882 300% 2,942 61.0%
5T 14,853 10,960 80.5% 2,647 19.5%
ET 16,956 15,014 812% 3,022 18.8%
MT 8,216 7036 85.6% 5,173 73.5% 1362 26.5%
WC 7,044 4802 75.6% 1,554 24 4%
5C 7,680 7,062 a5 8% 308 4 2%,
EC 5,020 4416 B38.0% 4,052 892 7% 324 7.3%
MC 8,143 4313 53.0% 2,013 67.5% 1,400 325%
mMD 6,196 41231 826% 1,016 17.4%
CM 145,828 127.783 B1.7% 83.077 65.0% 44,706 35.0%

3. Results

3.1. Step 1. Homologation of the initial information with the necessary scale adaptation

The potentialities identified in the two international territorializations of ecosystems will be
adapted to the specificities and scale of the national territory to provide a systematization adaptable to
the different Member States. These cartographies are the European Nature Information System (EUNIS)
project, which carries out an initial identification and grouping of ecosystems, and the Mapping and
Assessment of Ecosystems and their Services (MAES) project, which regroups them according to the
main impacts identified by the Millennium Ecosystem Assessment.

This identification is crucial as it may enable the European Commission to take joint decisions
and policies in order to address biodiversity issues and ecosystem loss. However, the decisions are
poorly effective at the national level due to their territorial scope and scale of work. For this reason, the
first contribution of the research is to adapt the scale of the information provided by the national
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databases to facilitate the reinterpretation of the issues at scales closer to spatial planning. This
achievement relied on the information provided by the Spanish Land Occupancy System (SIOSE),
which has solved the various problems posed by the previous methodologies for their adaptation to
spatial planning. These issues are the scale of the project, the minimum unit to map, the hierarchical
simplification, the lack of integration of other types of natural information made available by the
Autonomous Communities and the General State Administration, and the raster representation of freely
accessible information.

This new identification of ecosystems is a much more useful tool as it begins to work at the
scale used in spatial planning (1:20,000) and incorporates the environmental information necessary for
the correct identification of natural values at the municipal level, as well as their main impacts.

The possibility of working with a vectorial tool, despite its territorial scale, allows including in
the analysis the delimitations of the various territorial and sectoral planning, their zoning and, above all,
the current spatial planning itself.

3.2. Step 2. Identification of the main impacts on ecosystems

A vantage point offered by this methodology is the mapping of ESs and their synergies, i.e.,
when the provisioning of two services increase or decrease simultaneously. CICES identifies different
ecosystem inputs but does not territorialize them. In this second step, one of the issues to address is
precisely territorialization. Based on the EUNIS ecosystems identification, the methodology assigned a
specific value for each of the different contributions the ecosystems may provide. This step in turn
provides the opportunity to incorporate this information into the early stages of the spatial planning
process, thereby improving the quality of information and the outcome.

This new information on ecosystems can be compared with the spatial plan proposal at the
various stages of its formulation. Highlighting the impact of new land for development on the natural
environment and ecosystems can thus lead to elaborate alternatives that better fit with environmental
goals. In this way, a national or regional database containing this information would enable better and
systematized reasons for land protection, or even to redefine current regional and sectoral spatial
planning tools according to the identified risks or the ecosystemic contributions bordering on the current
perimeters.

3.3. Step 3. Identification, assessment, and relevance of ecosystem services

The introduction of spatial planning as a factor in the ecosystem assessment allows the
incorporation of a new element of direct pressure on ecosystems. While this is a novelty, it would not
be useful to incorporate it into the international methodologies identified in this paper due to the
significant differences between planning systems at the European level.

Despite this controversy, it is worth recalling that among the direct drivers of change, habitat
transformation is labelled as a pressure so it should undoubtedly be linked to spatial planning activities.
The issue here is that at the European level only the direct degradation of habitat elements or functions,
or the loss of a habitat and its replacement, are analyzed in terms of their impact on biodiversity. In other
words, the analysis is on ex-post effects.

The consideration of spatial planning as a factor is essential because it identifies the pieces of
land that are susceptible to transformation and incorporation into the urban project. The consequence of
approaching spatial planning as a remarkable temporal element for ecosystem assessment led to two
main results. The first is the identification of the future impact of spatial plans on ecosystems and, the
second, is the modification of the existing spatial planning tools according to the impact and to the
reduction in resilience that they cause.
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3.4. Step 4. Introduction of spatial planning as a factor in the ecosystem assessment

Comparing current spatial planning protection with the assessments of both the main direct
drivers of change and ecosystem inputs led to a remarkable result. This outcome is the identification of
land whose capacity for positive adaptation to change would be most severely compromised by
urbanization, being thus unable to reinforce endogenous weaknesses and to remove much of the
response capacity. According to this identification, Table 4 spots ecosystems that, regardless of current
spatial planning’s contents, should be protected or preserved to maintain existing resilience, whether
high or low.

Table 4. Assessment of ecosystems for their protection. Urban -URB; cropland -CR, grassland -GR; forest -FR;
heathland and shrubland -H&S, sparsely vegetated land -S&V; wetlands -WET; freshwater (vivers and lakes -
R&L) and marine -MAR

MAES's conceptual framework for assessments
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Table 4 shows that the drivers of change have the greatest impact on arable, wetland, coastal,
river, and lake ecosystems, while forests, heathlands, and shrublands provide the greatest services to
society. All of them should be protected for different reasons to maintain or increase the current
resilience of a specific area.

The less-protected ecosystems would be those belonging to grasslands and sparsely vegetated
areas, as they would have low values in either of the two approaches analyzed. However, the proposed
methodology for determining these values does not exclude a certain degree of flexibility that could
guarantee an increase in the level of protection for ecosystems with high or medium values whether
considered necessary or unique in the area.

Prior to Law 7/2021 on Climate Change and Energy Transition, the definition of the basic
criteria for land use did not specifically mention the assessment of risks related to the loss of ecosystems
and biodiversity and the degradation or loss of essential ecosystem goods, functions, and services. It
would be a mistake to ignore these risks and not protect land, as land is fundamental to building adequate
resilience.

This research views lack of protection as a vulnerability for the future and therefore seeks its
identification in order to address the problem before it arises. Once the vulnerability is identified, the
lack of protection for either of the previous two considerations should be addressed through land
protection and a clear statement of compatible uses and reasons for protection.
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4. Discussion
4.1. Ecosystem protection as a reclassification argument

The Spanish Autonomous Communities hold exclusive competence in matters of “land-use
planning, town planning, and housing” — “Ordenacion del Territorio, Urbanismo y Vivienda” in Spanish.
This fact means that the regulations in these matters may vary from Region to Region and follow general
principles set by the State. The State, in turn, limits itself to regulating the basic conditions for exercising
the right to property, the general guarantees of compulsory expropriation and the land assessment
system, the patrimonial responsibilities of the administration, and various aspects related to the cadaster.
Most municipalities rely on a model that divides land into three classes (urban, for development, and
undevelopable). The main differences between the three classes depend on the definitions and reasons
given by the Autonomous Communities, which may lead them to consider land in one way or another.

Several Regions made a clear effort to specify the criteria according to which certain areas must
be excluded from development, by classifying them as “undevelopable land”, while the General
Municipal Master Plans (Plan General de Ordenacion Urbana, PGOU, in Spanish) may establish
different categories within the “undevelopable land”. It is worth noting that the regional legislation
specifies the reasons why certain areas must be protected from urbanization. Most of these reasons are
based on natural, environmental, and landscape values, which may already be recognized in sectoral
legislation or may be progressively granted by the municipal authority itself. The classification of certain
land as “undevelopable” may also be based on other criteria related to the principles of sustainability,
such as the rational and orderly growth of the city or the structural characteristics of the municipality.
Nevertheless, sectoral legislation or spatial planning does not regulate these criteria, so it is up to the
decision makers to recognize these values and determine the land-use.

An essential step for promoting territorial resilience and land protection and conservation is the
correct identification of the most vulnerable areas to the loss of ecosystems and the services they
provide. The identification of such land corresponds to the “land for development™ and can be carried
out in two ways. On the one hand, the identification of “land to develop” that has not yet been
transformed and, on the other hand, the verification of the existence of ES.

4.2. The challenges of spatial planning towards a real land protection

Article 128.1 of the Spanish Constitution lays down a compelling principle: “The entire wealth
of the country in its different forms, irrespective of ownership, shall be subordinated to the general
interest”. Public administrations should therefore guarantee reliable land classification and take effective
measures against speculation, but this seems a complex issue. By adopting this principle in whatever
form or ownership, land classification should also be subordinated to the general interest. Doing so
through spatial planning would result in the harmonization of two constitutional rights: spatial planning
—aimed at economic and social development — and environmental protection. A general social consensus
on the need to protect and preserve biodiversity due to its fragility seems to be quite clear in Spanish
society (Brand, 2009; European Commission, 2020; Hurlimann and March, 2012). However, a large
extent of the Community of Madrid would experience higher ecosystem values or significant risks of
being affected by the pressures identified by the Millennium Ecosystem Assessment as this regional
territory is expected to be heavily urbanized (Cérdoba Hernandez and Morcillo Alvarez, 2020;
Valenzuela Rubio, 2010). The economic values and the relevant risks occur usually simultaneously as
the most sensitive ecosystems tend to produce the largest inputs, but this methodology proposes to study
them separately to enable elaborating adequate reasons for land protection.

Today, the design of spatial planning instruments must not only address the traditional problems
of the rural-urban imbalance. Planning has to deal with less controllable vectors, such as the recent
displacement of people due to environmental problems or risk situations caused by climate change
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(Maes et al., 2013). These vectors increase the resilience factors in need of assessment, making land
conservation more relevant. The design and implementation of strategies and action plans for ecosystem
conservation and the use of evidence-based planning tools to design networks of protected areas and
their connectivity are pillars for a better integrated management of the natural environment and increased
resilience (European Commission, 2020; Pickett et alet al., 2004). A fundamental role pertain to national
and regional land-use legislation as both of them should regulate spatial planning and uphold protected
areas from urbanization process and incompatible activities according to spatial planning, sectoral
legislation, and ecosystem values.

The resilience of an area strongly depends on the reduction of its vulnerability, or at least
preventing it from increasing. As a consequence, vulnerability should be considered in the
environmental assessment procedures required by the land-use legislation. Today, these procedures
focus on fulfilling the required formalities but lack in-depth analyses. On the one hand, the
environmental assessment focuses on the protection of certain nationally and internationally agreed
elements such as the Natura 2000 Network or on compliance with sectoral legislation — e.g., cattle routes,
water, and public utility forests. On the other hand, these tasks do not consider the qualities and services
the ecosystems provide. Having complete and reliable information on the state of ecosystems — and the
services they provide — and monitoring the changes that may occur would help to answer to the following
question: Are urban development processes meeting the objectives of the Strategic Environmental
Assessment and conserving the natural environment?

As argued by several authors (Adem Esmail and Geneletti, 2017; Longato et al., 2021; Spyra et
al., 2019; Veidemane et al., 2017), the development of new information on ecosystems and their goods
and services can help support the implementation of environmental legislation, the integration of
environmental objectives into urban policies, and the changes needed to achieve these objectives.

5. Conclusion

Urban ecological restoration often focuses on everything but nature, intervening in elements
such as public transportation, renewable energy production, and energy-efficient building systems.
While these are major aspects of reinventing urban life, they are not enough. Any vision of a sustainable
urban future must focus directly on nature and on the presence and preservation of existing green
features and natural ways of living.

In this paper, we proposed a new methodology for the evaluation of ecosystems for protecting
land at risk of degradation. The proposed methodology can become a useful tool for land use planning
for three main reasons: it works at the same scale as regional planning (1:20,000), it incorporates the
environmental information necessary for the correct identification of natural values and impacts at the
municipal level, and it works with geographic information systems. These reasons are the right basis for
a simpler and faster integration of ecosystems in the drafting and approval process of land use planning,
while at the same time they led to an interpretation and comparison of different aspects of land
protection, such as ecosystem loss and ES.

The methodology also introduces two innovations. The first is the possibility of working with a
vector tool. Despite its territorial scale, the vector tool integrates three factors into the municipal plan —
i.e., the delimitations of the different territorial and sectoral planning, their zoning, and the current
municipal planning. The second is the possibility of mapping ESs that are not mapped in international
cartography. By doing so, the methodology adds a new set of attributes to the existing ecosystems based
on the interactions between ecosystems and their own services. The direct consequence of such novelties
may be the incorporation of this information in the municipal plan from the early stages of its drafting,
improving the quality of the information provided and the outcome.
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Finally, the new information on ecosystems can be compared with land-use planning proposals
to identify alternative ways of managing the natural environment and conserving terrestrial ecosystems.
Firstly, by organizing the range of the reasons for land protection and, secondly, by redefining the zoning
of the spatial plans according to the identified risks or ecosystem services. At the national level, the
introduction of spatial planning in the ecosystem assessment led to the inclusion of a new element of
direct pressure on ecosystems based on the Law 7/2021 on Climate Change and Energy Transition. At
the international level, the incorporation of this methodology in the drafting of international planning is
perfectly compatible due to the use of free information and the adequate scales it uses.

Acknowledgements

Rafael Cérdoba Hernandez collected and reelaborated the results of his doctoral thesis “La
estructura territorial resiliente: Andlisis y formalizacion a través del Planeamiento Urbanistico”
(Cordoba Hernandez, 2021) carried out in the PhD “Sostenibilidad y Regeneracion Urbana”
(Universidad Politécnica de Madrid). Federico Camerin has participated as co-author within the research
project “La Regeneracion Urbana como una nueva version de los Programas de Renovacion Urbana.
Logros y fracasos”. This project is co-funded by the Spanish Ministry of Universities in the framework
of the Recovery, Transformation and Resilience Plan, by the European Union — NextGenerationEU and
by the Universidad de Valladolid. This collaboration was performed at the Grupo de Investigacion en
Arquitectura, Urbanismo y Sostenibilidad (GIAU+S) of Departamento de Urbanistica y Ordenacion del
Territorio, Escuela Técnica Superior de Arquitectura, Universidad Politécnica de Madrid.

References

Adem Esmail, B., Geneletti, D. 2017. Design and impact assessment of watershed investments: An approach based
on ecosystem services and boundary work. Environmental Impact Assessment Review 62, 1-13.
https://doi.org/10.1016/j.eiar.2016.08.001

Arkema, K. K., Verutes, G. M., Wood, S. A., Clarke-Samuels, C., Rosado, S., Canto, M., Rosenthal, A.,
Ruckelshaus, M., Guannel, G., Toft, J., Faries, J., Silver, J. M., Griffin, R., Guerry, A. D. 2015. Embedding
ecosystem services in coastal planning leads to better outcomes for people and nature. Proceedings of the
National Academy of Sciences 112(24), 7390-7395. https://doi.org/10.1073/pnas.1406483112

Bagstad, K. J., Johnson, G. W., Voigt, B., Villa, F. 2013. Spatial dynamics of ecosystem service flows: A
comprehensive approach to quantifying actual services. FEcosystem Services 4, 117-125.
https://doi.org/10.1016/j.ecoser.2012.07.012

Baveye, P. C., Baveye, J., Gowdy, J. 2016. Soil «ecosystem» services and natural capital: Critical appraisal of
research on uncertain ground. Frontiers in Environmental Science 4, https://doi.org/10.3389/fenvs.2016.00041

Brand, F. 2009. Critical natural capital revisited: Ecological resilience and sustainable development. Ecological
Economics 68(3), 605-612). https://doi.org/10.1016/j.ecolecon.2008.09.013

Burkhard, B., Maes, J. 2017. Mapping Ecosystem Services. In: B. Burkhard and J. Maes (Eds.), Mapping
Ecosystem Services. Pensoft Publishers. https://doi.org/10.3897/ab.e12837

Biittner, G., Kostztra, B., Soukup, T., Sousa, A., Langanke, T. 2017. CLC2018 Technical Guidelines.
European  Environment  Agency, 60 p. https://land.copernicus.eu/user-corner/technical-
library/clc2018technicalguidelines_final.pdf

Biittner, G., Kosztra, B., Maucha, G., Pataki, R., Kleeschulte, S., Hazeu, G., Vittek, M., Schroder, C., Littkopf, A.
2021. CORINE Land Cover, User Manual. https://land.copernicus.eu/ [Accessed 07-June-2021]

Cordoba Hernandez, R. 2021. Estructura territorial resiliente: andlisis y formalizacion a través del
planeamiento  urbanistico. Tesis Doctoral inédita. Universidad Politécnica de Madrid.
https://doi.org/10.20868/UPM.thesis.69364

Cuadernos de Investigacion Geografica, 49 (2), 2023. pp. 119-142 139



Coérdoba Hernandez and Camerin

Cordoba Hernandez, R., Morcillo Alvarez, D. 2020. Marco territorial de la produccion de espacio en la region
funcional de Madrid. Ciudades 23, 71-93. https://doi.org/10.24197/CIUDADES.23.2020.71-93

Coérdoba Hernandez, R., Marti Guitera, L. 2022. Ecosystem vulnerability due to urban growth policies. The role of
regulatory ecosystem contributions in the land use planning. SUPTM 2022: 1st Conference on Future Challenges
in Sustainable Urban Planning & Territorial Management, 4. https://doi.org/10.31428/10317/10599

Davies, C. E., Moss, D., Hill, M. O. 2004. EUNIS Habitat Classification Revised 2004. Technology, October, 310 p.
https://www.eea.europa.eu/data-and-maps/data/eunis-habitat-classification

European Commission. 2020. EU Biodiversity Strategy for 2030. Bringing nature back into our lives. COM(2020), 23.
https://eur-lex.europa.ewresource.html?uri=cellar:a3c806a6-9ab3-11ea-9d2d-01aa75ed71a1.0001.02/DOC _1&format=PDF

European Environment Agency. 2014. Spatial analysis of green infrastructure in Europe. EEA Technical Report
2/2014. http://www.eea.europa.eu/publications/spatial-analysis-of-green-infrastructure

European Environment Agency. 2015a. EU 2010 Biodiversity Baseline — Adapted to the MAES Typology (2015).
EEA Technical Report 9/2015. http://www.eea.europa.cu/publications/eu-2010-biodiversity-baseline-revision

European Environment Agency. 2015b. European Ecosystem Assessment - Concept, Data and Implementation.
EEA Technical report 6/2015. https://www.eea.europa.eu/publications/european-ecosystem-assessment

European Environment Agency. 2016. Mapping and assessing the condition of Europe’s ecosystems: progress
and challenges. EEA Report 3/2016. https://www.eea.europa.eu/publications/mapping-europes-ecosystems

European Environment Agency. 2018. European waters Assessment of status and pressures 2018. EEA Report
7/2018. https://www.eea.europa.eu/publications/state-of-water

Fernandez de Manuel, B., Peia, L., Ametzaga, 1., Onaindia, M. 2020. Guia prdactica para la integracion de los
servicios de los ecosistemas en la formulacion de planes y programas territoriales y urbanisticos.
Universidad del Pais Vasco. http://web-argitalpena.adm.ehu.es/pasa_pdfFin.asp

Ghaley, B. B., Vesterdal, L., Porter, J. R. 2014. Quantification and valuation of ecosystem services in diverse
production systems for informed decision-making. Environmental Science and Policy 39, 139-149.
https://doi.org/10.1016/j.envsci.2013.08.004

Hamilton, W. A. H. 2009. Resilience and the city: the water sector. Proceedings of the Institution of Civil
Engineers - Urban Design and Planning 162(3), 109-121. https://doi.org/10.1680/udap.2009.162.3.109

Henderson, J. 2015. Avian Urban Ecology: Behavioural and Physiological Adaptations. Biodiversity 16(1), 51-52.
https://doi.org/10.1080/14888386.2015.1009944

Heymann, Y., Steenmans, C., Croisille, G., Bossard, M., Lenco, M., Wyatt, B., Weber, J.-L., O’Brian, C., Cornaert,
M.-H., Sifakis, N. 1994. CORINE land cover. Technical guide. Environment, nuclear safety and civil
protection series. European Commission, Directorate-General, Environment, Nuclear Safety and Civil
Protection.

Hurlimann, A. C., March, A. P. 2012. The role of spatial planning in adapting to climate change. Wiley
Interdisciplinary Reviews: Climate Change 3(5), pp. 477-488. https://doi.org/10.1002/wcc.183

Jacobs, S., Stevens, M., Reeth, W. Van, Daele, T. Van, Schneiders, A., Demolder, H., Thoonen, M., Gossum, P.
Van, Peymen, J. 2013. Capacity for delivery of ecosystem services - Interim evaluation of a method based
on agriculture and expert knowledge in Flanders.

Jefatura del Estado. 1978. Real Decreto 2159/1978, de 23 de junio, por el que se establece el Reglamento del
Planeamiento Urbanistico. Boletin Oficial del Estado, 221, de 15 de septiembre, 21592-21606.
https://www.boe.es/eli/es/rd/1978/06/23/2159

Jefatura del Estado. 2015. Ley 33/2015, de 21 de septiembre, por la que se modifica la Ley 42/2007, de 13 de
diciembre, del Patrimonio Natural y de la Biodiversidad. Boletin Oficial del Estado, 227, de 22 de
septiembre, 83588-83632.

Jefatura del Estado. 2021a. Ley 7/2021, de 20 de mayo, de cambio climatico y transicion energética. Boletin Oficial
del Estado, 121, de 21 de mayo, 62009 a 62052.

140 Cuadernos de Investigacion Geografica, 49 (2), 2023. pp. 119-142



Assessment of ecological capacity for urban planning and improving resilience in the European framework

Jefatura del Estado. 2021b. Orden PCM/735/2021, de 9 de julio, por la que se aprueba la Estrategia Nacional de
Infraestructura Verde y de la Conectividad y Restauracion Ecologicas. Boletin Oficial del Estado, 166, de
13 de julio, 83217-83470. https://www.boe.es/eli/es/0/2021/07/09/pcm735

Keesstra, S. D., Bouma, J., Wallinga, J., Tittonell, P., Smith, P., Cerda, A., Montanarella, L., Quinton, J. N.,
Pachepsky, Y., Van Der Putten, W. H., Bardgett, R. D., Moolenaar, S., Mol, G., Jansen, B., and Fresco, L.
0. 2016. The significance of soils and soil science towards realization of the United Nations sustainable
development goals. SOIL 2(2), 111-128. https://doi.org/10.5194/s0il-2-111-2016

Kramer, K., Verkaar, H. J. 1998. Disturbed disturbances: The complicated management of sustainable forest
ecosystems. In: M. Nabuurs, G.J. Nuutinen, T. Bartelink, H.Korhonen (Eds.), Forest scenario modelling for
ecosystem management at landscape level Proceedings 19, pp. 47-62. ISBN: 952-9844-40-9.

Kumar, P. 2012. The Economics of Ecosystems and Biodiversity: Ecological and Economic Foundations.
Routledge. 456 p. https://doi.org/10.4324/9781849775489

Larondelle, N., Haase, D. 2012. Valuing post-mining landscapes using an ecosystem services approach - An
example from Germany. Ecological Indicators 18, 567-574. https://doi.org/10.1016/j.ecolind.2012.01.008

Longcore, T., Rich, C. 2004. Ecological light pollution. Frontiers in Ecology and the Environment 2(4), 191-198.
https://doi.org/10.1890/1540-9295(2004)002[0191:ELP]2.0.CO;2

Longato, D., Cortinovis, C., Albert, C., Geneletti, D. 2021. Practical applications of ecosystem services in spatial
planning: Lessons learned from a systematic literature review. Environmental Science & Policy 119, 72-84.
https://doi.org/10.1016/j.envsci.2021.02.001

Maes, J., Teller, A., Erhard, M., Liquete, C., Braat, L., Berry, P., Egoh, B., Puydarrieux, P., Fiorina, C., Santos-
Martin, F., Paracchini, M. L., Keune, H., Wittmer, H., Hauck, J., Fiala, 1., Verburg, P. H., Condé¢, S., Schigner,
J. P, Miguel, J. S., ... Bidoglio, G. (2013). Mapping and Assessment of Ecosystems and their Services. An
analytical framework for ecosystem assessments under Action 5 of the EU Biodiversity Strategy to 2020.
https://ec.europa.eu/environment/nature/knowledge/ecosystem_assessment/pdf/MAESWorkingPaper2013.pdf

Maruna, M., Crncevié, T., Milojevi¢, M. P. 2019. The institutional structure of land use planning for urban forest
protection in the post-socialist transition environment: Serbian experiences. Forests 10(7).
https://doi.org/10.3390/£10070560

Masoudi, M., Asrari, E., Razaghi, S., Karimi, F., Cerda, A. (2023). A new proposed model of EMOLUP for
assessing of ecological capability of different utilizations and land use planning in Sepidan Township, Iran.
Cuadernos de Investigacion Geogrdfica- Geographical Reserach Letters. https://doi.org/10.18172/cig.5443

McGranahan, G., Balk, D., Anderson, B. 2007. The rising tide: Assessing the risks of climate change and human
settlements in low elevation coastal zones. Environment and Urbanization 19(1), 17-37.
https://doi.org/10.1177/0956247807076960

Méndez, R. 2012. Ciudades y metaforas: sobre el concepto de resiliencia urbana. Ciudad y Territorio. Estudios
territoriales XLIV(172), 215-232. http://www.fomento.gob.es/NR/rdonlyres/FF63AECF-CF4B-4A59-
968B-D9B701 ACA03B/113205/CyTET172.pdf

Millennium Ecosystem Assessment. 2003. Ecosystems and human well-being: a framework for assessment. Island
Press. http://pdf.wri.org/ecosystems_human_wellbeing.pdf

Pickett, S. T. A., Cadenasso, M. L., Grove, J. M. 2004. Resilient cities: meaning, models, and metaphor for
integrating the ecological, socio-economic, and planning realms. Landscape and Urban Planning 69(4),
369-384. https://doi.org/10.1016/j.1andurbplan.2003.10.035

Ronchi, S., Salata, S., Arcidiacono, A., Piroli, E., Montanarella, L. 2019. Policy instruments for soil protection
among the EU member states: A comparative analysis. Land Use Policy 82, 763-780.
https://doi.org/10.1016/j.landusepol.2019.01.017

Ruhl, J. B, Kraft, S. E., Lant, C. L. 2008. The Law and Policy of Ecosystem Services. Island Press, Washington,
DC. 350 p.

Saner, M. A., Bordt, M. 2016. Building the consensus: The moral space of earth measurement. Ecological
Economics 130, 74-81. https://doi.org/10.1016/j.ecolecon.2016.06.019

Cuadernos de Investigacion Geografica, 49 (2), 2023. pp. 119-142 141



Coérdoba Hernandez and Camerin

Spyra, M., Kleemann, J., Cetin, N. I., Vazquez Navarrete, C. J., Albert, C., Palacios-Agundez, I., Ametzaga-Arregi,
I., La Rosa, D., Rozas-Vasquez, D., Adem Esmail, B., Picchi, P., Geneletti, D., Konig, H. J., Koo, H.,
Kopperoinen, L., Fiirst, C. 2019. The ecosystem services concept: a new Esperanto to facilitate participatory
planning processes? Landscape Ecology 34(7), 1715-1735. https://doi.org/10.1007/s10980-018-0745-6

Stiirck, J., Poortinga, A., Verburg, P. H. 2014. Mapping ecosystem services: The supply and demand of flood regulation
services in Europe. Ecological Indicators 38, 198-211. https://doi.org/10.1016/j.ecolind.2013.11.010

Thoidou, E. 2021. Spatial planning and climate adaptation: Challenges of land protection in a peri-urban area of
the mediterranean city of thessaloniki. Sustainability 13(8). https://doi.org/10.3390/su13084456

Turner, R. K., Morse-Jones, S., Fisher, B. 2010. Ecosystem valuation: A sequential decision support system and
quality assessment issues. Annals of the New York Academy of Sciences 1185, 79-101.
https://doi.org/10.1111/j.1749-6632.2009.05280.x

United Nations. 2017. System of Environmental-Economic Accounting 2012. United Nations.
https://doi.org/10.5089/9789211615630.069

United Nations Habitat. 2015. International Guidelines on Urban and Territorial Planning.
https://unhabitat.org/international-guidelines-on-urban-and-territorial-planning

Urban, D. L., O’Neill, R. V, Shugart, H. H. J. 1987. Landscape Ecology: A hierarchical perspective can help
scientists understand spatial patterns. BioScience 37(2), 119-127.

Valenzuela Rubio, M. 2010. La planificacion territorial de la region metropolitana de Madrid. Una asignatura
pendiente. Cuadernos Geograficos 47, 95-129. https://doi.org/10.30827/cuadgeo.v47i0.603

Veidemane, K., Ruskule, A., Strake, S., Purina, 1., Aigars, J., Sprukta, S., Ustups, D., Putnis, 1., Klepers, A. 2017.
Application of the marine ecosystem services approach in the development of the maritime spatial plan of
Latvia. International Journal of Biodiversity Science, Ecosystem Services & Management 13(1), 398-411.
https://doi.org/10.1080/21513732.2017.1398185

Verhagen, W., Verburg, P. H., Schulp, N., Stérck, J. 2015. Mapping ecosystem services. In: J.A. Bouma, P.J.H.
van Beukering (Eds.), Ecosystem Services: From Concept to Practice. Cambridge University Press. pp. 65-
86. https://doi.org/10.1017/CB0O9781107477612.006

Verutes, G. M., Arkema, K. K., Clarke-Samuels, C., Wood, S. A., Rosenthal, A., Rosado, S., Canto, M., Bood, N.,
Ruckelshaus, M. 2017. Integrated planning that safeguards ecosystems and balances multiple objectives in
coastal Belize. International Journal of Biodiversity Science, Ecosystem Services & Management 13(3), 1-
17. https://doi.org/10.1080/21513732.2017.1345979

142 Cuadernos de Investigacion Geografica, 49 (2), 2023. pp. 119-142



Cuadernos de Investigacion Geografica o
Geographical Researc%z Letters g 2023 N°49 (2) pp- 143-162 EISSN 1697-9540
@ Copyright © 2023, The authors. This work is licensed under http:/doi.org/10.18172/cig. 5806

a Creative Commons Attribution 4.0 International License.

REMOTE SENSING AND SPATIAL DATABASES FOR
INVESTIGATING LATENT URBAN-RURAL DYNAMICS IN RURAL,
INLAND DISTRICTS OF SOUTHERN ITALY

VITO IMBRENDA® | CASANDRA MUNOZ GOMEZ*+® |
MARIAGRAZIA D’EMILIO', CATERINA SAMELA'® |
LUCA SALVATI, NADIA MATARAZZO®

MARIA LANFREDI® | ROSA coLuzzi»®

Unstitute of Methodologies for Environmental Analysis, Italian National Research Council (IMAA-CNR),
c.da Santa Loja snc, 85050 Tito, PZ, Italy.

*NBFC, National Biodiversity Future Center, 90133 Palermo, PA, Italy.

3National School of Earth Sciences (ENCiT) of National Autonomous University of Mexico (UNAM).
Av. Antonio Delfin Madrigal 300, C.U., Coyoacan, 04510 Ciudad de México, CDMX, México.

“Department of Methods and Models for Economics, Territory and Finance (MEMOTEF), Faculty of
Economics, Sapienza University of Rome, Via del Castro Laurenziano 9, 00161 Rome, RM, Italy.

SDepartment of Economic and Statistical Sciences, University “Federico II”, Naples, Italy.

ABSTRACT. It is well-known that rural-urban patterns help to capture socioeconomic interactions between
different settlement forms. The sustainability challenge requires to consider the evolution of these patterns as a
reliable indicator of the dynamics of land use change and potential land degradation processes occurred in a time
frame. In this research, by using multisource data (Corine Land Cover, Keyhole KH-9 and Landsat satellite
images), we trace the diachronic evolution (1990-2018) of the rural-urban pattern in the provinces of Avellino and
Benevento (Campania region, Southern Italy) with a specific focus on the key municipality of Ariano Irpino (1975-
2018). The analysis confirms the considerable urban growth occurred in the study area, mostly in the form of urban
sprawl phenomena decoupled from population growth. This happens concurrently with a transformation of the
agricultural sector projected toward a greater specialization favouring agritourism activities and valuable crops
(e.g., vineyards). These findings can support policy makers in future planning activities by mixing conservation,
mitigation, and restoration actions.

Sensores remotos y bases de datos espaciales para la investigacion de la dinamica urbana-
rural latente en distritos rurales del interior de Italia meridional

RESUMEN. El uso de patrones rurales-urbanos es una herramienta bien conocida que nos ayuda para capturar
interacciones socioeconomicas entre distintas formas de asentamientos. El desafio de la sostenibilidad requiere
considerar la evolucion de estos patrones como un indicador fiable de la dindmica del cambio de uso de suelo y
los posibles procesos de degradacion ocurridos en un marco de tiempo. En esta investigacion, utilizando datos de
multiples fuentes (imdgenes de satélite Corine Land Cover, Keyhole KH-9 y Landsat), se traz6 la evolucion
diacrénica (1990-2018) del patron rural-urbano en las provincias de Avellino y Benevento (region de Campania,
Sur de Italia) con un enfoque especifico en el municipio clave de Ariano Irpino (1975-2018). El analisis confirma
el considerable crecimiento urbano ocurrido en el area de estudio, principalmente en forma de fenomenos de
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expansion desacoplados del crecimiento demografico. Esto ocurre simultdneamente con la trasformacion del sector
agricola proyectada hacia una mayor especializacion favoreciendo actividades de agroturismo y cultivos valiosos
(p. ¢j., villedos). Estos hallazgos pueden ayudar a los formuladores de politicas en futuras actividades de
planificacion al combinar acciones de conservacion, mitigacion y restauracion.
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1. Introduction

Rural-urban is a lexical dichotomy traditionally used to indicate the complex relationships
among rural and urban areas, considered as two different models of territorial organization and socio-
economic context. Therefore, understanding both rural and urban areas is pivotal towards sustainable
land use development (Van Vliet et al. 2020). Dynamics involving rural and urban areas have resulted
in deep transformations of landscapes over time with significant side effects from a socio-economic and
cultural point of view. Van Noorloos et al. (2018) point out that we need to identify in more detail the
indirect and long-term effects that urban land investments have on livelihoods as well as the
differentiation and complexity of these effects for different actors. The initial, striking dualism,
conceiving urban and rural areas as two opposing socio-economic realities with different functional and
spatial configurations, has then been replaced by an approach looking at their complementarity and
subsidiarity in pursuing a sustainable development of territories. It is important that the ideas that inform
rural-urban understanding today capture the abstract yet experientially recognizable spatialities that
reflect human’s interactions with the physical land (Dymitrow and Stenseke, 2016).

In particular, nowadays, the challenge of sustainability suggests looking at the evolution of the
rural-urban pattern as an effective indicator of land cover dynamics, useful for highlighting inequalities
and vulnerabilities of various geographical contexts and for indicating the most appropriate actions to
preserve soil surface against sealing and contamination and its numerous environmental and socio-
economic functions (Blum, 2005; EC, 2006; Carlucci et al., 2018). As a matter of fact, the rural-urban
migration, the expansion of urbanized areas and the simultaneous exacerbation of climate change (Wang
et al., 2020; Nickayin et al., 2021; Zasada et al., 2013; Coluzzi et al., 2020; Lanfredi et al., 2020; Zambon
et al., 2018) can cause changes on a local and global scale in several ways (Tas and Lightfoot, 2005; Sailor,
2014; Telesca et al., 2009; Biasi et al., 2015). Among them, they can influence the disaster risk and the
vulnerability or exposure of the population to them, including escalation of environmental degradation
(D’Emilio et al., 2018; Barakat et al., 2019; Horion et al., 2019; Yu et al., 2021; Samela et al., 2022a;
Kosmas et al., 2016), change of hydrological processes with consequent rise in flood risk (Samela et al.,
2020; Samela et al., 2022b), risk of extreme weather and geological events due to increased population
vulnerability and concentration and, at times, reduced resilience (Lankao and Qin, 2011).

In this scenario, in the last decades, the international community and the European Union have
repeatedly stressed the importance of protecting soil, environmental heritage and landscape by issuing
specific directives (e.g., Habitats Directive, Water Framework Directive, European Landscape
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Convention, etc.) and have also set strategic goals to reach within specific time frames: a state of land
degradation neutrality (LDN) on a global scale by 2030 (UN, 2015) and the reduction to zero of net land
take by 2050 (EC, 2016). Every nation joining the Conventions is required to meet these objectives. In
this context, especially for the second target, also Italy should promote a considerable effort since it
must reverse a long-standing trend of continuous and significant growth in land consumption from the
1950s to today (about 180%, see e.g., Romano and Zullo, 2014; Bimonte and Stabile, 2017; Munafo,
2019; Bianchini et al., 2021) which currently places the nation in the list of European countries with the
highest percentage of land consumption in relation to the surface area (Marchetti ef al., 2017). In
addition, a tendential contraction of agricultural areas has been recorded since the 1960s (Congedo et
al., 2017) which testifies how the natural capital of Italy is progressively decreasing, with consequent
negative impacts on the quality of environment and landscape (e.g., land degradation, see Salvati et al.,
2012; Recanatesi ef al., 2016; Imbrenda et al., 2022; Lanfredi et al., 2022; Rodrigo-Comino et al. 2022;
Nickayin et al., 2022) and in terms of socio-economic disparities (Salvati and Zitti, 2007; Salvati and
Zitti, 2009). These impacts generally affect the urban-rural fringe in the world, which is among the most
ecologically vulnerable areas due to its peculiarities of transition space (Goodarzi et al., 2019; Zhou et
al., 2020; Coluzzi et al., 2022; Zambon et al., 2017).

Paying attention to the wide debate on land consumption in Italy, the analysis of the
phenomenon of urban sprawl is recently conquering a primary role (Bencardino, 2015; Cecchini et al.,
2019). Urban sprawl, fuelled by economic growth (Di Feliciantonio et al, 2018), is notoriously
characterized as a highly dispersed settlement model with low or very low density, implying a
considerable loss of soil (Bruegmann, 2005; Marquard et al., 2020; Ciommi et al., 2018; Ciommi et al.,
2019) with detrimental implications on water and soil management (Chelleri ef al., 2019; Duvernoy et
al., 2018; Perrin et al., 2018; Salvati et al., 2008). The concept of urban sprawl was born in the second
half of the twentieth century in the U.S.A., where cities had predominantly assumed suburban forms as
opposed to the European ones which tended to be dense and compact (Barattucci, 2004; Salvati, 2014;
Salvati et al., 2019; Salvati et al., 2013). In recent years, the American model has influenced also Europe
and Italy, first affecting large cities and gradually involving the urban forms of small towns so much
that, currently, these show land consumption rates per new inhabitant higher than those of large cities
(Bonora, 2013).

Small towns in Italy, especially those of Southern regions, are mostly characterized by a
demographic decline and economic marginalisation, falling into the so-called "inner areas" for which
Territorial Cohesion Agency has recently launched a specific Strategy (National Strategy for Inner Areas
2014-2020 and 2021-2027). This is aimed at mobilizing the huge potential of these areas by breaking
isolation constraints to make them economically attractive (Carlucci and Lucatelli, 2013) and rebalance
in a polycentric direction the development of marginal areas. Therefore, we conducted a research
focused on two provinces (NUTS-3 - Nomenclature of territorial units for statistics - Level 3) of
Southern Italy: Avellino and Benevento belonging to the Campania Region (NUTS-2) including a large
number of municipalities falling in the “inner areas”. Territorial databases and satellite images were
used for the multitemporal reconstruction (1990-2018) of the rural-urban pattern in both regions. A
specific focus has been dedicated on some emblematic municipalities, such as the case of Ariano Irpino
(province of Avellino) for which the diachronic analysis was extended to the period 1975-2018. The
opportunity offered by remote sensing products and derivatives to look back in time and follow the
evolution of specific environmental or anthropogenic phenomena, allowed us to highlight some issues
common to the two provinces. We expect to be able to provide decision-makers with relevant
information useful for preparing more effective territorial planning and to identify the best
mitigation/recovery solutions against the challenge “urban sprawl”.

Cuadernos de Investigacion Geografica, 49 (2), 2023. pp. 143-162 145



Imbrenda et al.

2. Methodology
2.1. Study area

The study area are the provinces of Avellino and Benevento (Campania region, Southern Italy),
characterized by the presence of many municipalities belonging to the inner areas, with a low
infrastructural level and a rugged topography (Table 1 and Fig. 1).

Table 1. Main demographic features of the investigated areas

Name of the administrative unit Surface Inhabitants Population density Number of
area (km?) | (01/01/2019) (in./ km?) Municipalities
Province of Avellino 2 806,07 418 306 149,07 118
Province of Benevento 2 080,44 277 018 133,15 78
Municipality of Ariano Irpino 186,70 21756 116,53 -

Italian Province of
Benevento (NUTS-3 level)
Italian Province of
Avellino (NUTS-3 level)
Municipality of Ariano
Irpino (Avellino province)

Campania Region
(NUTS-2 level)

- - .\-'
" x‘\.v_/v;"_(

\Hj

A 0 100 200 300 400 S00km

Figure 1. Study area. Italian Provinces of Benevento and Avellino corresponding to the NUTS-3 and the
municipality of Ariano Irpino (Avellino) belonging to the Campania region (NUTS-2).

2.2. Data

The availability of multitemporal satellite data derived from different sensors represents a
valuable tool for the characterization of landscape changes (Bajocco ef al., 2015). In this study, a satellite
image acquired by the Keyhole KH-9 (belonging to the CORONA program providing imagery deployed
by USA for espionage purposes) and NASA (National Aeronautics and Space Administration) Landsat
images were processed for the analysis of land cover changes (following the methods explained by Song
et al., 2015; Fekete, 2020; Simoniello et al., 2015; Bajocco ef al., 2016). The CORONA program,
designed and used between the 60s and 70s of the last century, has recently been declassified allowing
access for non-military purposes and users. It provides high resolution data (with a pixel size resolution
up to 1.80 meters) with a wide spatial coverage (some missions have frames covering strips up to 250 km
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long), which can be purchased at low cost with respect to other similar products (Stratoulias, 2020).
Landsat data, on the other hand, are among the first sources of medium-resolution multispectral images
with global coverage: the first satellite of the Landsat mission was launched into orbit in 1972 and
carried the Multispectral Scanner-MSS sensor with 80m of spatial resolution (see e.g., Irons et al., 2012;
Quaranta et al., 2020). Since 2013, Landsat 8§ data are available with a 30-m spatial resolution, and they
are distributed free of charge (Fig. 2). Finally, high-resolution satellite images available in Google Earth
have been used for the analysis of the current land cover conditions in the study area.

Figure 2. (a) Satellite image acquired by Keyhole KH-9 on 29/12/1975 including areas of the provinces of
Benevento and Avellino; (b) municipal area of Ariano Irpino cropped from the Keyhole KH-9 image; (c)
Landsat MSS satellite image acquired on 16/07/1975 including the municipality of Ariano Irpino, false-colour
composition (black lines represent the municipal boundaries).

The database of Corine Land Cover (CLC) project has also been used in this study (Biittner et al.,
2002). The CLC inventory was born at a European level mainly to detect and monitor land cover/land use
features and changes, with the aim of supporting the nations involved in many applications (environmental,
agricultural, ecological, planning, etc.). The first structuring of the CLC project dates to 1985 when the
Council of the European Community through Decision 85/338/EEC launched the so-called CORINE
(COoRdination of INformation on the Environment) program to provide Member States with
homogeneous territorial information on the state of the environment. The first CLC was issued in 1990,
while updates have been released in 2000, 2006, 2012, and 2018. The National Reference Centers Land
Cover (NRC/LC) group of the Eionet (European Environment Information and Observation Network)
belonging to the European Environment Agency (EEA) took care of the elaboration. The 2012 version
was the first to include CLC time series into the Copernicus program, thus ensuring sustainable funding
for the future. Finally, the 2018 version was produced using Sentinel-2 satellite data (10-m spatial
resolution). In this research, the 1990 and 2018 CLC maps were used at the third level, which includes a
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total of 44 classes (see next Figures) with a minimum cartographic unit (MCU) of 25 ha and an accuracy
of approximately 85% (Diaz-Pacheco and Gutiérrez, 2014; Ahrens and Lyons, 2019; Cieslak et al., 2020).

2.3 Methods

For the study of the rural-urban pattern, all the different information layers (indices or maps
obtained from the analysis of satellite data and territorial databases) have been organized in a GIS
(Geographic Information System) environment. Specifically, CLC layers have been analysed using
zonal statistics tools included in the free and open-source software QGIS. As regards remote sensing
data, a Keyhole KH-9 image acquired on 29/12/1975 and a Landsat MSS2 image acquired on 16/7/1975
were used. On the first, after a pre-processing for geo-referencing the image, the urban areas have been
identified through photointerpretation. Through the analysis of multispectral Landsat image, the
vegetation cover areas have been identified by estimating the Normalized Difference Vegetation Index
(NDVI), defined as follows:

Pnir — Pred
Pnir + Pred

where pnir € pred stand for the spectral reflectance measurements acquired in the near-infrared (NIR) and
RED (visible) regions respectively, corresponding to different segments of the electromagnetic
spectrum. This index is a proxy of the vegetation vigor, density and overall health of the examined
covers (Rouse, 1973; Bonfiglio et al, 2002). To capture land cover changes that took place between
1975 and 2018 in the municipality of Ariano Irpino, the 1975 land cover map and 1990 and 2018 CLC
maps have been compared. The 1975 land cover map has been produced by using the Keyhole KH-9
and Landsat satellite images, while the 1990 and 2018 CLC maps have been used in a simplified version
by merging the Level-3 classes into the following macro-categories: vegetation, agricultural areas/bare
soil and urban areas.

NDVI =

3. Results
3.1. Province of Benevento

The multitemporal analysis of the CLC (1990-2018) for the Province of Benevento (Fig. 3)
shows a considerable increase of urbanized areas of 2,428 hectares, which corresponds to a percentage
growth of over 45%. This amplifies the weight of impermeable surfaces with respect to the entire
provincial extent (from 2.59 % in 1990 to 3.76% in 2018, see Figs. 3 and 4).

Indeed, the most alarming fact is the increase in the contribution of the discontinuous urban
fabric on the overall sealed surfaces, which goes from about 68% in 1990 to about 86% in 2018,
confirming the expansion of low-density settlements (Bencardino and Valanzano, 2015). Concurrent to
the phenomenon of land consumption, a demographic contraction of about 4.5% (population goes from
292,175 in 1990 to 279,127 in 2018) is recorded in the period considered accompanied by no changes
in the extent of the main agricultural covers (surface variations for each crop type are below 1%).

In particular, this last phenomenon is also characterized by a tendency towards a lower
specialization evidenced by the reduction of non-irrigated arable land (class 211), orchards (class 222)
and olive groves (class 223) and an increase in the CLC classes defined as "heterogeneous agricultural
areas", such as complex cultivation patterns (Class 242) and land principally occupied by agriculture,
with significant areas of natural vegetation (Class 243). Given the endemic crisis that has hit the primary
sector in recent years, these findings also reveal a transition phase of local agricultural entrepreneurship.
It seems that farming entrepreneurs were more interested in differentiating the nature of investments on
different types of crops in order to lower the risk threshold of the economic enterprise (Figs. 3 and 4).
As an example of the dynamics observed, we report the case of San Bartolomeo in Galdo, a municipality
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of 4,644 inhabitants in 2018, whose land use trend at the municipal scale shows the same tendency seen
at the provincial scale. The strong demographic decrease (about -27% in the period 1990-2018) is
coupled with a considerable urban growth (+55 hectares corresponding to an increase of over 85%) with
the contribution of the discontinuous urban fabric on the total urban coverage that rises from 65% in

1990 to 76.6% in 2018 (Fig. 5).

The agricultural component also follows the trend observed at the provincial scale. There is a
substantial conservation of the overall agricultural areas, which are mainly destined to mixed crops
including, in addition to traditional arable land, also perennial crops (especially olive groves) and stable

meadows.

3.0
25
2.0
1.5
1.0
0.5
0.0
-0.5
-1.0
-1.5
-2.0

141 @

211

Corine land cover classes

1 Artificial surfaces
1.1 Uan Fabric

-*"tmwm

- LR Dt P i S
1.2 indunirial, commercial srd branspon uriis

- 121 Pl o COFeueta el

B 27 e o i o s msccamd md

123 Pt i
A Ripts
1.3 Mg, damp ahd ComiCion sles
- 13N Mg o drncion vies
[ [EETXENp
- 1313 Cormpamon e
T4 Arifiial, non-agrculuesl v g sied sreas
l:i T Do e
i} Spoet g wenorw o
2 Agricullural areas
21 Ml el
I Nareegeted et
207 Permarerry romed and
| 213 Mow teits
1.2 Permanant cops
- TR Veeyarin
- e e e T & ]
- 233 Coven groews
23 Patures

221 Puniiores

&4 Mk rogE O SOPT Wl 8 BT

TP e coppe pencl @] w i s ar s Cope

TAT Compas aeiwmion parmey.
| 743 Lantirrcsuty aucwmet by arcutes
Fdd Ao bwesy wa

3 Foreal and semina lural areas
3.9 Forests

[0 ELRT SRR
-)'me
B 23 it e

3.3 Shrub andiss b sue

R

171 Mo e PeeTiard
: 373 ety e et

T 324 vwrstona sooatand s

3.3 Open spaces with iSe of no vegetiton
331 Beades Arwn ard paed pacs
333 Barw 0w
33} Spwrey regrwed e

-

33 % Gmomy od pepetan v
4 Wellands
A b e e by
B 17t st e
| EEETETS
4 7 Comtsl wetlaras
] 421 5an marran
43} Sarwy
B <23 vt
5 Waler bodies
51 Inkend wtors

D 810, woener ocemes

ERER g

3 7 Marirg waion
l 53 % Coma goons
82 7 Udasai

520 Baw sondd powan

I B
— 0 — o= 0 v
ﬂﬁﬂﬁr’r"l—w
o 3 = W u

Figure 3. 1990 and 2018 CLC maps of the Province of Benevento (the legend is extracted from Copernicus

site, https://land.copernicus.eu/Corinelandcoverclasses.eps. 75dpi.png/view) and percentage variations for
CLC classes (level 3) observed in the period 1990-2018 for the Province of Benevento.
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Figure 4. Proportion of CLC classes (level 3) identified between 1990 (in blue) and 2018 (in orange) in the
province of Benevento. See the legend of figure 3 to know the correct code.
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Figure 5. Percentage differences for CLC classes (level 3) observed in the period 1990-2018 for the municipality
of San Bartolomeo in Galdo and proportion of CLC classes (level 3) between 1990 (blue) and 2018 (orange) in
the municipality of San Bartolomeo in Galdo. See the legend of figure 3 to know the correct code.
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3.2. Province of Avellino

The multitemporal analysis of the CLC (1990-2018) for the Province of Avellino (Fig. 6)
highlights an increase in urbanized areas of 3,896 ha, corresponding to a percentage growth of over 31%.
The overall weight of the sealed areas with respect to the overall surface of the Avellino Province goes
from 3.1% in 1990 to 4.5% in 2018. Also in this case, the already prevalent contribution of the
discontinuous urban fabric on the total urban surface (75.3% in 1990) increases further (80.8%) in 2018
(Figs. 6 and 7). This accounts for a territorial structure that had a dispersive configuration since the 90s,
which further consolidated in the last thirty years. In parallel with this phenomenon of land consumption,
there is a demographic contraction of about 4.4% in the period considered (population goes from 437,131
in 1990 to 418,306 in 2018) and a sort of agricultural stasis with a modest increase in areas devoted to
agriculture (+ 2.1% in the period considered) with a very limited variations in the surfaces of the individual
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Figure 6. 1990 and 2018 CLC maps of the Province of Avellino and percentage variations for CLC classes
(level 3) observed in the period 1990-2018 for the Province of Avellino.
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Figure 7. Proportion of CLC classes (level 3) between 1990 (in blue) and 2018 (in orange) for the Province
of Avellino. See the legend of figure 6 to know the correct code.

crops (less than 2.3%). Specifically, non-significant transformations have interested areas within perennial
crops (slight growth of orchards and olive groves to the detriment of vineyards) and heterogeneous
agricultural classes (CLC 241-242-243-244).

As an example of the phenomena observed in the entire province of Avellino, we report the case
of Sant’ Angelo dei Lombardi, a municipality of 4,928 inhabitants in 1990 and 4,173 inhabitants in 2018.
Despite the significant demographic contraction (about 15%), the sealed surfaces grow significantly
(+73.7 ha corresponding to an increase of over 63%) with the contribution of the discontinuous urban
fabric on the total urban coverage that goes from 69.7% in 1990 to about 100% in 2018. In other words,
the whole town of Sant'Angelo dei Lombardi is characterized by a fragmented pattern of settlement
which is typical of urban sprawl (Fig. 8).

As regards the agricultural component, very limited variations can be noted also in this specific
case, with the reduction of class 211 (arable land), 231 (stable meadows), and 241 (annual crops
associated with permanent crops) and a slight increase in 242 (crop systems and complex parcels) and
243 (areas mainly occupied by agricultural crops with the presence of important natural spaces).
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Figure 8. Percentage differences for CLC classes (level 3) observed in the period 1990-2018 for the
municipality of Sant’ Angelo dei Lombardi (Province of Avellino) and proportion of CLC classes (level 3)
between 1990 (in blue) and 2018 (in orange) for the municipality of Sant’ Angelo dei Lombardi (Province of
Avellino). See the legend of figure 6 to know the correct code.

3.3. A focus on the municipality of Ariano Irpino

A detailed study has been carried out on the municipality of Ariano Irpino. Thanks to Keyhole
KH-9 and Landsat historical satellite images, it has been possible to reconstruct the land cover map for
1975 (Fig. 9). The comparison between this map and the CLC 2018, after merging classes (the macro-
categories are vegetation, agricultural areas/bare soil and urban areas), shows that the area was affected
by an extraordinary increase in urbanized surfaces (about +175%) mainly concentrated in the period
1990-2018. Consequently, natural surfaces have undergone a considerable decrease (about -78%) over
the entire period with a high rate of decrease in the time window 1975-1990 and a very low rate in the
subsequent period 1990-2018 (Fig. 9). Finally, agricultural areas grow of about 29% in the period 1975-
2018, but it worth noting that the entire expansion phase is limited to the first fifteen years, while the
subsequent time segment (1990-2018) is characterized by an essential stability.
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Figure 9. Ariano Irpino land cover map relative to the year 1975 extrapolated by processing the Keyhole KH-
9 and Landsat MSS satellite data and diachronic trend of the main land cover (urban areas, agricultural and
natural areas) in Ariano Irpino in the period 1975-2018.

The detailed analysis of the land cover carried out for the period 1990-2018 using the CLC maps
(Fig. 10) suggests a further strengthening of the sprawl phenomenon, since the weight of the
discontinuous urban fabric on the entire sealed surface increases from 79.5 % to 89.5%.

Furthermore, as observed in Figures 11 and 12 the urban surface in 2018 is largely made up
(56.3%) of areas that were agricultural lands in 1990, while only 41.9% of the current urban area has
conserved the same land use of 1990. Finally, 72% of the agricultural-urban transition formed new
discontinuous urban fabric. Regarding agricultural areas, there are no significant variations. As usual,
the trend is towards a reduction in arable land (class 211), olive groves (class 223) and annual associated
with permanent crops (class 241), with an increase in the class 243 (agricultural crops with the presence
of important natural spaces) with a more considerable presence of natural vegetation within
heterogeneous agricultural areas.
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Figure 10. 1990 and 2018 CORINE Land Cover (CLC) maps of the municipality of Ariano Irpino.
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Figure 11. Percentage differences for CLC classes (level 3) observed in the period 1990-2018 for the
municipality of Ariano Irpino and percentage of CLC classes (level 3) in 1990 (in blue) and in 2018 (in
orange) in the municipality of Ariano Irpino. See the legend of figure 10 to know the correct code.
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Figure 12. 1990 land cover classes which are urban areas in 2018 in the municipality of Ariano Irpino.

4. Concluding remarks

The rural-urban pattern in the provinces of Avellino and Benevento has undergone important
transformations in the period 1990-2018. In a context of stagnation and demographic contraction, under
the grip of an economic crisis that pervades Mediterranean regions (Gallardo et al., 2023) and especially
the southern regions of Italy since the mid-2000s, we observed a significant increase in sealed surfaces
in these areas through processes of urban and suburban expansion recognizable as sprawl that exceeds
the real demand and carrying capacity of many areas of the analyzed districts (Punzo et al., 2022). In
fact, the weight of the discontinuous urban fabric on the total urban areas grows consistently and
becomes, even in small towns, the dominant urban form. At the same time, in the period analysed,
agriculture preserves approximately the same areal extension, but shows a tendency to replace arable
land with an association of covers with a greater presence of perennial crops and natural vegetation
patches. The loss of arable land is clearly attributable to the ageing of population and migration flows
(Cardillo and Cimino, 2022, Santelli et al., 2022). From the management point of view, we observed a
peculiar condition marked by the crisis of the primary sector suggesting to farmers to differentiate their
production rather than risking capitals on a single type of crop (Ronza et al., 2013).

Also, more profitable crops, such as vineyards and orchards, record a general stability or a very
slight decline, revealing the tendency to invest capitals in tourism activities based on experiential
enjoyment encompassing speciality foods, cultural identity, natural areas (Bassano et al., 2019). This
has favoured the maintenance of those landscapes useful for these activities (just vineyards, olive groves
and some types of orchards), as well as the production of food and wine of excellence driven by DOC
(Denomination of Controlled Origin) and DOCG (Denomination of Controlled and Guaranteed Origin,
see e.g., Cusano et al., 2022). Lands combined with agritourist facilities also fall under this process,
especially in the province of Avellino. Furthermore, farm density is notable in the study areas, i.e., both
the number of farms and the average UAA (Utilized Agricultural Area) per farm are higher than the
regional average, and in the face of the demographic trend and the wheat crisis, this suggests that
agriculture is now an entrepreneurial reality, which would also help to explain, albeit marginally, the
densification of services and infrastructure (see the report of Ciaravino et al., 2021). The general picture
does not change when examining the case of the municipality of Ariano Irpino. Here, an impressive
urban growth can be observed, with an increase of sealed surfaces of over 137% in the period 1990-
2018, which becomes 184% by extending the time window to 1975. The prevailing contribution of the
discontinuous urban fabric becomes even more marked (from about 80% to 90%). Moreover, land cover
trajectories towards urban land use are mainly generated by soils previously devoted to agriculture, with
significant losses in terms of ecosystem goods and services (Assennato ef al., 2022). The atypical
behaviour of urban expansion in Ariano Irpino is probably due to the close presence of both the highway
Napoli-Bari and, most recently, the high-capacity railway line Napoli-Bari, favouring the concentrations
of buildings and further infrastructures.
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In conclusion, the analysis of the study area returns a picture where the expansion of the urban
fabric and the consequent loss of soil is clearly decoupled from population growth and proceeds in
parallel with a transformation of the agricultural sector projected toward a greater specialization (Fichera
et al., 2012). This confirms the need to enforce policies to contain the phenomenon of land consumption
through the adoption of more effective planning tools including subsidies and incentives for the primary
sector in the perspective of a sustainable agriculture able to halt depopulation phenomena and preserve
Mediterranean landscapes (Di Gennaro, 2017).
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ABSTRACT. Gully erosion is a landform developed due to accelerated soil erosion rates. Gullies can be identified
by human impacts on geomorphological processes, as well as hydrological and erosional systems. In Spain, the
trenches or "trincheras" from the Spanish Civil War (1936-1939) are considered of archaeological interest for
several reasons. At Cerro de las Trincheras in Bailén (Jaén, Spain), a trench was built during the Spanish Civil
War. In 2020, an archaeological excavation took place to restore the ruins, triggering the development of gullies
and rills and a decrease in vegetation quality. We present a first approximation of the variations in vegetation cover
and the decrease in quality (using NDVI, the normalized difference vegetation index) due to the trench acting as a
gully (1956, 2005-2020) and the increase in rills and gullies after the excavation. We strongly advocate for future
archaeological excavations to include a protocol (soil mapping, vegetation survey, and hydrological connectivity
index) to reduce soil degradation and prevent damage to vegetation and associated ecosystems, thereby curbing
the increase in soil erosion rates.

Erosion del suelo provocado por la excavacion arqueoldgica y conservacion de trincheras.
El caso del “Cerro de las Trincheras” (Bailén, Jaén, Esparia). Una discusion abierta

RESUMEN. Las carcavas son formas de relieve desarrolladas por tasas aceleradas de erosion del suelo. Las carcavas
pueden identificar los impactos humanos sobre los procesos geomorfologicos y los sistemas hidrologicos y erosivos.
En Espaiia, las trincheras pertenecientes a la Guerra Civil (1936-1939) se consideran de interés arqueoldgico por
varias razones. En el Cerro de las Trincheras de Bailén (Jaén, Espafia) se construyd una trinchera durante la Guerra
Civil Espafiola y en 2020 se llevo a cabo una excavacion arqueologica para restaurar las ruinas, lo que desencadend
el desarrollo de carcavas y regueros, y un empeoramiento del estado de la cubierta vegetal préxima. Presentamos una
aproximacion de las posibles variaciones de la cubierta vegetal y su disminucion de calidad (mediante el NDVI,
indice de vegetacion de diferencia normalizada) debido a la presencia de la trinchera actuando como carcava (1956,
2005-2020) y al aumento de surcos y carcavas tras la excavacion alrededor. Reclamamos firmemente que futuras
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excavaciones arqueoldgicas deben incluir un protocolo (cartografia de suelos, estudio de vegetacion y el uso de
indices de conectividad hidrologica) para reducir la degradacion del suelo y evitar el dafio a la vegetacion y a los
ecosistemas asociados que provocan el aumento de las tasas de erosion del suelo.
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1. The “trincheras” (trenches) as monuments defeating natural areas recovery and
Enhancing gully erosion

Trenches were structures of warfare, where soldiers would dig long, narrow ditches in the
ground to shield themselves from enemy fire. The trenches were frequently filled with mud and water,
making living conditions extremely challenging for soldiers. They were often interconnected by a
network of tunnels and heavily fortified with barbed wire, sandbags, and machine guns (Hutchinson e?
al., 2008). The soldiers would spend weeks or even months in the trenches, facing constant danger from
enemy fire, disease, and harsh living conditions (Dunkley ef al., 2011). The fighting in the trenches was
often brutal and close quarters, with soldiers using bayonets, grenades, and other hand-to-hand combat
techniques (Marshall et al., 2016). Trench warfare was a significant factor in the stalemate of World
War [, as neither side could make significant gains without suffering heavy casualties. The war
eventually ended with the signing of the Armistice on November 11, 1918, bringing an end to the
fighting and leading to the eventual collapse of the Central Powers (Gilbert, 2016).

The Spanish Civil War was an armed conflict that took place between 1936 and 1939 in Spain,
and the use of trenches was widespread during the three years of war. The war was primarily fought
between the forces of the Spanish Republican government and the Nationalist ones led by General
Francisco Franco, who initiated the conflict with a "Coup d'Etat" involving part of the Spanish Army.
The conflict was complex and multifaceted, with political, economic, and social factors contributing to
its outbreak. The Spanish Civil War was a turning point in Spanish history, and its impact on the
country's political, social, and cultural landscape was profound (Gonzalez Ruibal, 2023). The war
resulted in the establishment of a military dictatorship under Franco, which lasted until his death in
1975. During the conflict, numerous defensive fighting positions (DFPs) were designed (Gonzélez-
Ruibal, 2007; 2023). One of the most famous types of defensive fighting positions (DFP) constructed
as earthworks were the "trincheras" (translation of trenches). They were large enough holes to hide from
one to a fire team unit. They are also similar to the Tobruk, defined by the Italian army in Libya, foxholes
or fighting holes used by U.S. soldiers, fire trench by the British, and gun and fighting pits by the
Australian or New Zealand forces, respectively.

As archaeological monuments, the “trincheras” from the Spanish Civil War have several
advantages, including the preservation of historical heritage. These “trincheras” serve as a tangible
reminder of a significant event in Spain's history. By conserving these monuments, future generations
will be able to understand and appreciate the country's past. Moreover, they can promote tourism, as
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many people may be interested in learning about history and visiting historical sites. Conserving the
“trincheras” from the Spanish Civil War can attract tourists, thereby helping to boost local economies
and provide employment opportunities (Lopez Martinez et al., 2020). On the other hand, they can foster
national identity as they are part of Spain's cultural heritage, supporting a sense of national identity and
pride among Spaniards. Finally, they could provide educational opportunities for schools and
universities. By visiting these monuments, students can learn about the events of the war, the people
who fought in it, and its impact on Spanish society, serving as memorials to those who lost their lives
during the conflict. Preserving these remains can honor those who were involved in the Civil War.

Trenches are similar to a specific soil erosion feature: gullies. In geomorphology, a gully is a
landform characterized by a steep-sided channel cut into the Earth's surface by the erosive action of
water (Bocco, 1991; Castillo ef al., 2012). Gullies are typically found in areas with steep slopes and high
intensity rainfall events on usually bare soils or modified by intensive human changes, where water
runoff can rapidly erode the soil and create deep channels (Gomez-Gutiérrez ef al., 2009; Nadal-Romero
et al., 2014). Gullies can vary in size from small incisions in the soil to large channels that span several
meters wide and deep (Arabameri et al., 2019; Casali ef al., 2003; De Ploey, 1991). Gullies can form
through a variety of processes, including concentrated runoff, landslides, or the collapse of underground
channels (pipes). Therefore, gullies can have significant implications for soil erosion, land degradation,
and sediment transport. Gullies identify changes in the landscape and are formed when there are
alterations in vegetation and soil properties (Amare et al., 2019; Prosser and Soufi, 1998; Vanwalleghem
et al., 2005). The study of gullies and their formation processes are an important area of research in
geomorphology, environmental science, and land management (Kirkby and Bracken, 2009; Rodrigo-
Comino et al., 2017). There is a lack of assessment and monitoring research on gully formation as a
consequence of trenches and archaeological excavation.

Therefore, this note provides information about the “trincheras” (trenches) and their
environmental impact. We use the example of the “Cerro de las Trincheras” located in the municipality
of Bailén (province of Jaén, Spain) and demonstrate that archacological excavation could be contributing
to high soil erosion rates that should be controlled. We discuss the need to consider restoration (or not)
of these archaeological sites and propose strategies to mitigate environmental impact, especially
focusing on vegetation restoration and soil erosion, during and after archaeological restoration.

2. Cerro de las Trinchereas (Bailén, Spain): Study site

We use Cerro de las Trincheras, Bailén (Andalusia), as a pilot area where cultural heritage and
landscape management are under discussion. The study site is situated in the north of the province of
Jaén within the municipalities of Bailén and Bafos de la Encina, with an elevation of 400 m above sea
level (Fig. 1).

The Rumblar River flows from the town of Bafos de la Encina into the Guadalquivir River.
Within the Rumblar River, a reservoir has been built, whose area presents archaeological remains of
great importance, such as the Pefialosa site, or historical events of great magnitude in contemporary
history, such as the Battle of Bailén (1808). This area is close to Sierra Morena and is considered the
natural path to enter Andalusia from the Spanish altiplano (Meseta), serving as the gateway to
communication routes from the north. It has geological formations of marly sandstones, marls, and
conglomerates, as well as a large outcrop of metamorphic slates and sandstones in the area of the
Rumblar basin, all oriented in a NE-SW direction. The vegetation is dominated by holm oaks (Quercus
llex) and wild olives (Olea europaea var. Sylvestris), with extensive cultivation of olive trees of the
Picual variety. The Cerro de las Trincheras is a small mountain located in the Dehesa de Burguillos, a
public forest belonging to the municipality of Bailén, bordering with that of Bafios de la Encina. This
area covers 9.55 ha and is situated next to the Rumblar River. This location was a strategic point for
controlling the passage of the upper course of the Rumblar River.
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The “trincheras” found in the municipality of Bailén form a defensive system excavated into
the rock, with a length of around 400 meters and an undulating route. It comprises two machine gun
nests and lookout points, situated at the western end of the trench and another towards the middle, both
currently filled with soil and featuring a circular plan delimited with a rock overlay area. They have a
width of 1.60 meters and an estimated depth of 1.80 meters, according to fortification manuals on the
battlefield. Various drains have been excavated inside the trenches, utilizing the terrain's inclination and
also constructed directly into the rock (granite, sandstones, etc.) (Lopez Martinez et al., 2020).

The undulating route presented by the trench in question is designed to prevent a potential
enemy overrun of the defensive line. In the event of having to engage in direct combat on the created
parapet, this design ensures that there is no straight shot for enemy forces, reducing the likelihood of
causing numerous casualties among the defending forces (Merino Chica, 2021). In addition, it is a place
of shelter in case of artillery fire.
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Figure 1. Location, topography, and hypothetical flow accumulation direction of the Cerro de las Trincheras
and DFP (defensive fighting positions, “trinchera”).

3. Results obtained from a first approach

In figure 2, different historical aerial photos (1957, 2005, 2006, 2007, 2011 and 2020) are shown
to inform about the evolution.

The latest available aerial photograph is from 2020, the year when the archaeological excavation
commenced. In this last aerial photograph, it can be observed that the southern part of the area exhibits
bare soil and barren vegetation cover compared to the northern part. The southern section of the gully
remains bare, displaying soil erosion features. However, as shown in figure 3, soil erosion features are
present near the trincheras with bare soils, rills, and gullies, forming a landscape resembling badlands.
The lack of vegetation serves as evidence of land degradation processes, especially considering that this
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area was managed under a restoration plan related to natural ecosystems by the township and province
deputation. We utilized the Auravant app from Buenos Aires, Argentina (https://www.auravant.com) to
assess the NDVI (normalized difference vegetation index) trends using Sentinel 2 images from 2015 to
May 2023. The NDVI values range from 0 to 1, with lower values representing worse results and values
close to 1 indicating better ones. We observed a decrease in vegetation status from 2015 to 2023, with
this reduction intensifying from 2020 when the excavations began (Fig. 4). This decline serves as
evidence of the impact of the excavation process.

Figure 2. Aerial photography dataset of the Cerro de las Trincheras and near areas. The length of the
trincheras (DFP) is marked with red colour.

Figure 3. Rills triggered by the archeological excavation at the Cerro de las Trincheras.
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Figure 4. Screenshots of Auravant (Buenos Aires, Argentina) internet application and NDVI (normalized
difference vegetation index) trend analysis.

4. Final remarks: The restoration of war trenches. An open discussion

The question of whether it is ethical to conserve Spanish Civil War monuments is a complex
and contentious issue that has been debated for many years (Owley and Phelps, 2018). On one hand,
these monuments are important historical places, sites, and spaces belonging to the memorial landscape
that serve as a reminder of a nation's past and should be preserved for future generations (Sheehan and
Speights-Binet, 2019). Others may argue that these monuments are symbols of racism, oppression, and
supremacy, and should be removed or destroyed (Evans, 2021). This debate is not unique to the Spanish
Civil War, as other societies have also discussed this issue. As scientists, it is challenging to express
opinions or beliefs without considering data or highlighting visual processes, as the impacts could be
irreparable.

In Spain, many of the Civil War monuments were erected during the mid-20th century, a period
when Spain was grappling with issues of racial inequality and segregation. These monuments were not
only intended to commemorate the war but also to promote a particular view of history and reinforce
specific types of supremacist ideas (Ferrandiz, 2019; Gonzalez-Ruibal, 2007). For this reason, many
people argue that these monuments are not simply historical artifacts but rather symbols of oppression
that promote inequality (Delgado, 2015; Labanyi, 2007). In recent years, there has been a growing
movement to remove these monuments from public spaces and place them in museums or other locations
where they can be studied in their proper historical context. Ultimately, whether or not it is ethical to
preserve Civil War monuments is a complex and multifaceted issue that involves considerations of
history, culture, and social justice. There is no easy answer, and citizens have different opinions based
on their own experiences, beliefs, and political opinions. It is clear that wars resulted in
geomorphological changes due to the trenches, bombing, use of heavy vehicles, and the construction of
infrastructures (Waga et al., 2022). Valjavec et al., (2018) found in the Kras Plateau (Slovenia) a
hundred kilometers of I WW trenches. The recovery of this cultural heritage shows that some trenches
and bomb craters are today gone due to sedimentation or human use of the land. Remote sensing and
GIS become the most used methodology such as Koch and EL-Baz (1998) already claimed after the
Gulf War in Kuwait. Most of the impact of a war on the landforms is lost after some decades due to
natural processes such as erosion or soil development (Kiernan, 2015; Thestorf and Makki, 2022). The
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impact of the war on vegetation cover and dynamics results in changes in soil erosion with higher erosion
rates such as we found at the research site here and Abdo (2018) in Syria. Almohamad (2020) also
studied in Syria the impact of the vegetation changes because of the war and conclude that there was a
development of soil erosion features such as gullies and rill due to the lack of vegetation. Another recent
example is the current Israel and Palestine or Ukraine war and Russian conflict is experiencing. The
devasting consequences in a country on soil quality (Rawtani et al., 2022) with previous land
degradation issues (Stebelsky, 2015) can be environmentally irreparable.

In our research, we confirm that there is a lack of vegetation during the archaeological
excavation that caused the increase in soil erosion, as evidenced by the gullies shown. It is already
known that the lack of vegetation induces high erosion rates, and vegetation is commonly used to control
soil erosion in agricultural land or reduce soil sealing, serving as a nature-based solution (Fini ef al.,
2017; Keesstra et al., 2018). We propose that during the archeological excavation, a cover of vegetation
or mulches will be used to reduce the soil erosion rates, a solution that it was insisted to be considered
since several years ago (Barnett et al., 1967). Also, as Dmytruk et al., (2023) mentioned the foreseen
negative impacts of the Ukraine conflict, an accurate diagnosis pre- and post-excavations demands
details at the scale at which war operated. They highlight a lack of information, coincident with Southern
Spain, specifically the absence of a soil map at least 1:10000 scale, which is necessary to design a
predictive model and be able to manage the land correctly (Rodrigo-Comino et al., 2018). Therefore,
we strongly propose that future archaeological excavations should include a protocol (soil mapping,
vegetation survey, and hydrological connectivity) to reduce soil degradation and avoid damage to the
vegetation and associated ecosystems, which can trigger an increase in soil erosion rates.
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BOOK REVIEW

Shit, P.K., Pourghasemi, H.R., Bhunia, G.S. (Eds.), 2020. Gully Erosion Studies from India and
Surrounding Regions. Advances in Science, Technology & Innovation. Springer International
Publishing. https://doi.org/10.1007/978-3-030-23243-6

It is well-known that erosion is a big concern for humankind because it threats soils affecting
fertility or biodiversity among other issues (Borrelli et al., 2017; Garcia-Ruiz et al., 2015). The books
published about this topic are diverse and try to focus on specific shapes or landforms, which is also
helpful for the readers characterized by plenty of interest to learn and apply new geomorphological
knowledge. However, the publications of materials devoted to covering land degradation processes
focused on large territories such as a group of countries or specific continents are scarce and possibly
also interesting for other scientists coming from other disciplines. Soil erosion should not be considered
only at the hillslope or watershed scale, but also at a global process affecting large areas such as different
countries that share among them similar environmental conditions or human activities (Lal, 2001;
Poesen, 2018; Rodrigo-Comino et al., 2018).

Under this above-mentioned consideration, I started to read this book recently published about
one hot topic highly discussed nowadays, gully erosion (GE). Gullies and other associate processes such
as rills, interrills, ravines or landslides among others are considered by scholars one of the most
important manifestations of land degradation processes over the world, because they represent an
extreme mobilisation of sediments, water and associated nutrients, irremediably, in many cases,
irreparable (Arabameri et al., 2020; Casali et al., 2006; Martinez-Casasnovas et al., 2009). However,
GE also remarks on evidence of the past to understand the current landscapes. In chapter 26
(Hosseinalizadeh et al., 2020), the authors insist that GE act as “one of the few geomorphological
evidence of a past soil erosion which reflects the impacts of environmental changes on the landscape”.
I fully agree that this is key for land managers and policymakers because it allows producing medium-
scale erosion susceptibility maps that may help to mitigate the “environmental and socioeconomic-
related challenges of soil erosion”, even contributing to achieving some SDGs (Sustainable
Development Goals) such as SDSs 1 (No poverty), 2 (Zero hunger), 3 (Good health and well-being), 6
(Clean water and sanitation), and 11 (sustainable cities and communities) (Abdulkadir et al., 2020).

I was surprised to read the alarming statement by Kumar et a/l. (2020) for Indian ravines on the
need to pay attention to the "realistic assessment of the policy gap by a dedicated agency especially
related to tenure provision, illegal land occupation and land use policy". It is disappointing to observe
how this book presents the negative impacts of GE affecting, for example, aquatic environments (Kar e?
al., 2020; Mahala, 2020) or plant biodiversity (Kala et al., 2020) and the lack of governmental plans to
solve them. Therefore, I can understand that one of the most important conclusions of this book is that
further research and more work related to awareness is necessary. Fortunately, I consider that this book
probably contains brilliant material to introduce, review and give context about the detection and
remediation of areas affected by GE, considering India and surrounding countries as examples that can
be extrapolated for other countries over the world. Therefore, I would strongly encourage policymakers
and land planners to read this book too.

I will not go into too much detail, but shortly I would want to pick out the most important parts
of the book, some conclusions and novel topics discussed. Firstly, it is highly appreciated that the authors
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include a wide range spectrum of modelling techniques to show how GE can be assessed. Random forest
model, diverse-based runoff-sediment yield modelling, Bayesian weight of evidence, machine learning
algorithms or the traditional RUSLE, SWAT or MARS models among others. On the other hand, I also
consider that they are well-performed experiments and in situ measurements that present novel results.
One example is presented in chapter 18 using flume experiments. The results give new insights on how
to assess GE and understand plant responses that could be included to develop control measures paying
special attention to the roots of about <1 mm in diameter with unequal impact on soil anti-scouribility
(Shit et al., 2020a). It is also impressive the field measurements conducted by Islam et al., (2020) and
Joshi (2020) using pins or a self-made microprofilometer to estimate the cross-sectional profiles of
several gullies inserted into an expanding gully network.

On the other hand, I also want to discuss some aspects to be mentioned in future editions or
further research conducted by the authors and editors. Dedicating a chapter related to gullies
intentionally built for agricultural drainages (e.g. Agri-spillways; Rodrigo-Comino et al., 2017) or urban
areas (e.g. Informal urban patterns; Adediji et al., 2013) would fill an important gap. Discussing how
well the authors can deal with it using these well-explained modelling techniques and in situ
measurements would be appreciated from my point of view. As a geographer, I also miss a final or
introductory chapter related to the whole studied area, summarizing the differences or similarities among
countries and regions. It would give a global perspective for potential solutions or policies to be designed
in Southern and Western Asia. This idea could also be materialised in the form of a review paper joining
all the results obtained in this book.

To conclude, I consider that if you liked other books such as “Gully Erosion Under Global
Change” (Li et al., 2004), “Gully Erosion and Management Methods and Application: A field Manual”
(Singh and Dubey, 2002), the book chapters written by Raddoane and Radoane, (2017), Aber et al. (2010)
and Poesen et al. (2006), or the review papers by Bocco, (1991), Castillo and Gomez (2016) and Kertész
and Gergely (2011), you will highly appreciate the read of Gully Erosion Studies from India and
Surrounding Regions by (Shit et al., 2020b) as scientist, policymaker or land planner.
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