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General Abstract 

 

Climate change poses significant challenges to global agriculture, particularly in the semiarid. 

Water scarcity is a significant environmental issue in semiarid regions, requiring 

ecohydrological management of the available water resources. In the Brazilian semiarid, 

alluvial valleys are strategic for water supply and food production, even during drought periods, 

for local rural communities. At those areas, water availability depends not only on direct 

recharge at the unconfined aquifers, but also on the hydrological processes taking place at the 

hillslopes of the valley catchment. Crop production and climate change have increased 

groundwater pumping, and also have expanded cultivation to steep lands, where clearing the 

native vegetation is usually carried out by fire forces. Soil and water conservation practices, 

such as vegetative cover and vegetative barriers, can be used to reduce surface runoff and soil 

loss, thereby improving soil fertility and agricultural productivity, and thus increasing 

infiltration and base flow components. Studies on using lower-quality water for agricultural 

purposes identify an alternative water source for irrigation, reducing pressure on higher-quality 

resources, prioritizing direct human consumption, and supporting water resource management. 

Furthermore, managing burned areas aims to minimize environmental damage and control 

erosion in these regions. This doctoral Thesis addresses topics related to advanced monitoring 

techniques and productive coexistence with water scarcity, the adoption of conservation 

practices, and agricultural water reuse for smallholding farming. It aims to investigate 

hydrological processes, soil conservation techniques, and water and soil loss due to water 

erosion in experimental plots in the laboratory and representative areas of the Agreste region 

of Pernambuco State, Brazil. The main results of this study indicate that water scarcity and 

salinization are significant challenges in semiarid Brazil, affecting groundwater availability 

and quality. Studies in the Mimoso Catchment reveal correlations between groundwater 

salinity, rainfall patterns, and overexploitation effects, emphasizing the need for effective 

groundwater management strategies. Domestic wastewater reuse in irrigation shows potential 

benefits for water conservation but requires careful management to mitigate risks to soil carbon 

and salinity. Practices like mulching and biochar application help control salinity and improve 

organic carbon content, contributing to sustainable agriculture in the semiarid Brazilian 

context, and also reducing soil erosion and increasing soil moisture at the hillsides of the 

catchment. Monitoring crop water stress is crucial in semiarid regions to maintain vegetation 

canopy during the dry season, and infrared thermal imaging effectively assesses canopy 

temperature variations under different soil cover conditions, aiding precise water stress 

diagnosis and management, particularly at afforested areas. Geostatistical techniques enhance 

the mapping of Water Stress Indices, supporting accurate agricultural decisions amidst varying 

meteorological conditions. Additionally, research shows that concentrated burning in smaller 

areas reduces soil disaggregation rates and alters physical soil characteristics, with implications 

for managing post-fire landscapes. In conclusion, integrating sustainable practices, advanced 

technologies, and effective management strategies is essential for addressing the multifaceted 

challenges of climate change, wildfires, water scarcity, and salinization in semiarid catchments. 

These approaches are pivotal for promoting agricultural sustainability and resilience in 

semiarid regions worldwide, particularly for smallholding farming. 

 

Keywords: water and soil conservation, wastewater, groundwater, wildfire, thermography. 
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General Introduction 

In many parts of the world, especially in arid and semiarid regions, the limited available 

water resources pose a significant obstacle to the development of agricultural production (He 

et al., 2021). Consequently, the impact of climate change on agricultural water security has 

been widely discussed in recent years. Additionally, the increasing disruption of the water cycle 

due to extreme weather conditions is expected to further destabilize global agricultural water 

supply (Mathur and AchutaRao, 2020; Grusson et al., 2021). Carvalho et al. (2020) warn about 

the worsening drought scenarios in Northeastern Brazil, predicting a reduction in the number 

of rainy days in the coming decades and impacts on the future availability of water resources. 

Combined with soil degradation from agricultural use and deforestation, this trend is likely to 

increase environmental vulnerability and desertification indices in the region, exacerbating 

water scarcity.  

The higher frequency and duration of droughts in the Northeast, coupled with rising 

temperatures, may intensify environmental degradation and its interplay with unsustainable 

land-use practices, ultimately leading to a greater risk of desertification (Silva et al., 2020; 

Marengo et al., 2017). Additionally, the risk of wildfires is notably high in semiarid and arid 

climates, amplified by hot and dry summers (Stavi, 2019). However, these fires are often 

caused by human activities, such as controlled burns for land clearing after rains or agricultural 

expansion (Marinho et al., 2021; Abreu et al., 2022), which are traditional practices in family 

farming to prepare the soil for seasonal crops. 

Regarding the effects and worsening of illegal wildfires, a less frequently considered 

but potentially significant factor that controls post-fire runoff is the presence of ash on the soil 

surface (Woods and Balfour, 2008). Ash is formed by the combustion of vegetation and layers 

of litter and debris, and its potential effects on runoff and erosion have important implications 

for post-fire management. According to Liang et al. (2021), returning carbonized biomass ash 

to the soil can enhance the carbon sequestration capacity of the soil-plant ecosystem. 

Furthermore, wildfires alter the hydrological cycle by affecting soil structure, infiltration rates, 

and water retention capacity, leading to increased erosion and flooding risks. Therefore, studies 

focused on understanding hydrological processes, particularly in post-fire landscapes, are 

crucial for supporting effective management and decision-making strategies aimed at 

mitigating these impacts. 

According to Montenegro et al. (2020), understanding various hydrological variables is 

crucial for the proper management of water resources. Efficient decision-support tools are 
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necessary to inform policy implementation and aid in managing Brazil's natural resources, such 

as the use of increasingly precise and rapid sensors and detection tools. One example is the 

application of thermography and drone mapping, which have provided reliable results in the 

integrated management of soil, water, and the atmospheric environment. These tools also offer 

spatially distributed data, making them effective for irrigation management and control 

(Camoglu et al., 2021). Additionally, the use of rainfall simulators in laboratory experiments 

with representative experimental plots (Montenegro et al., 2020) and field experiments with 

erosion plots considering observed rainfall hydrological profiles in the semiarid region (Lopes 

et al., 2020) has been widely employed to study surface runoff and soil erosion processes. 

Regarding productive coexistence with water scarcity, one increasingly prominent 

strategy is the reuse of lower-quality water. According to Carvalho et al. (2020), agricultural 

reuse should be encouraged in rural and urban communities and incorporated as an essential 

strategy at various levels of implementation, becoming one of the necessary tools to ensure 

water sustainability in the semiarid region. Conservation management is also an efficient tool 

for optimizing water use in agriculture. This technique makes water more readily available to 

plants and improves the soil's microclimatic conditions, notably reducing temperature, as 

demonstrated by de Lima et al. (2021) in soil covered with rice straw and in maintaining soil 

moisture in field research conditions, as proven by Lima et al. (2020) in the production of 

oilseeds under rainfed conditions in the Brazilian semiarid region, and in controlling erosion 

processes. 

In parallel, the use of biochar, a carbon-rich residue produced by the pyrolysis and 

gasification of biomass such as wood under anaerobic conditions (Viaene et al., 2023), offers 

significant benefits for soil protection and nutrient viability. Biochar is known for its low 

density, high porosity, pH, cation exchange capacity, surface area, and functional groups like 

carboxyl, hydroxyl, and phenolic groups (Hussain et al., 2020). Its effectiveness has been 

demonstrated in various applications, including erosion control in burned areas (Prats et al., 

2021), mitigating salinity and pollutants associated with lower-quality water irrigation (Lima 

et al., 2021; Mclennon et al., 2020; Xie et al., 2023). These benefits highlight biochar’s 

efficiency and feasibility as a tool for improving soil health and managing water resources. 

Alluvial valleys are inseparable components of the semiarid landscapes, and their 

ecohydrological sustainability depends both on the protection of catchment area at the hillsides 

and on the water resources management at the wetter bottom (Almeida et al., 2024). Brown et 

al. (2005) have investigated the impact of vegetation cover changes on water yield, resulting 
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from changes in evapotranspiration patterns, and so in daily flows and flow duration curves, 

for deforested, afforested areas, among others. It is highlighted that changes catchment 

response is a slow process, and larger impacts are expected for low flows, which controls lateral 

recharge for catchment valleys. Fan et al. (2019) point out that hillslopes are key features of 

landscapes, and lateral flows from ridges to valleys regulate the spatial temporal distribution 

of water, energy and vegetation across the landscape, where valleys are wetter than the hilltops. 

Zhu and Zhu (2014) have highlighted the relevance of adoption of conservation practices such 

as grass surface and contour earth banks in hilly areas in China, where pressure for food 

production has been expanded to steep sloping lands. It has been identified reductions in soil 

losses and increases in infiltration. Lima et al. (2020) developed a paired plot investigation of 

the mulching impact on soil moisture at afforested hillsides in the Brazilian semiarid and 

demonstrated the environmental hydrological benefits on adopting such conservation practices 

at the hilltops of the landscape. Investigating the role of conservation practices adoption at 

steep areas in semiarid Brazil, Souza et al. (2023) have verified that palm barriers can be highly 

effective in increasing infiltration, and also soil moisture. 

Starting from the hypothesis that conservation practices, including mulching, Palma 

vegetative barriers, and treated wastewater enhance water use efficiency, soil quality, erosion 

control, and organic carbon stocks, these actions are expected to promote agricultural 

sustainability and resilience in water-scarce environments without environmental harm. This 

Thesis aims to investigate hydrological processes, soil conservation techniques, cultivation 

conditions, and losses of water, soil, and nutrients due to water erosion in experimental 

laboratory plots and representative areas of the semiarid region of Pernambuco. 

This Thesis addresses topics related to the spatial and temporal dynamics of alluvial 

groundwater reservoirs, the impacts of climate variation on water availability in a highly 

monitored alluvial valley, and the use of treated effluents as an alternative water source for 

irrigation. It also explores advanced monitoring methods. Chapter I presents a literature review 

exploring the challenges of agricultural production in semiarid environments, as well as 

possible solutions and sustainable uses of water and soil. It introduces concepts such as 

"Nature-based Solutions" and the use of domestic effluents for forage irrigation. Chapter II 

examines the increase in anthropogenic fires and their association with agricultural expansion. 

It also experimentally evaluates the effect of different burning layouts on mitigating adverse 

soil effects, such as ash transport and soil erosion on a slope within an alluvial valley. Chapter 

III discusses the temporal stability and trend analysis of potentiometric levels and salinity in 
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an intensively monitored alluvial aquifer in the semiarid region. Chapter IV addresses the 

spatial variability of soil organic carbon and electrical conductivity in forage cactus cultivation 

irrigated with treated domestic effluent on a family scale, also within the Mimoso alluvial 

valley, and the effect of bioretention structures in controlling salinity. Finally, Chapter V applies 

thermography to determine plant water stress under different soil management practices in 

dryland conditions at the hilltop of the Mimoso alluvial catchment.  

Figure 1 presents a graphical abstract of the studied catchment and application of 

agricultural engineering strategies, and the connexion between the main ecohydrological 

processes involved.   

 

Figure 1. Graphical abstract of the study area in the Mimoso Alluvial Valley (A), featuring 

ecohydrological analysis of processes occurring on the hillslopes and valley bottom of the 
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Mimoso Rivulet Catchment (B), fire incidence in slope areas (C), the wastewater reuse system 

(D), and the distribution of groundwater availability and quality (E). 
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Chapter I: Water management strategies in a scarcity situation: a review about semiarid 

agriculture addressing climate change, soil degradation, water scarcity, and conservation 

practices for sustainable water management 

 

Abstract: Climate change is a pressing global issue with profound impacts on agricultural 

productivity, food security, livelihoods, and public health, exacerbated by rising temperatures, 

irregular rainfall patterns, and extreme weather events. These challenges are particularly acute 

in semiarid regions, where they intensify water scarcity and quality issues, leading to declining 

groundwater levels and reduced water yield. To booster resilience in semiarid agriculture, 

mainly for smallholding farmers, integrating sustainable water management practices are 

imperative. This chapter addresses gaps in understanding principles, practices, and recent 

advancements aimed at enhancing resilience and adaptive capacity in semiarid agriculture 

amidst ongoing climate change. Implementing sustainable land management and proactive 

adaptation measures is crucial to mitigate these impacts. Integrated approaches, such as 

climate-smart agriculture, intercropping, and forage cactus cultivation, are highlighted as 

effective strategies to enhance productivity and resilience in dry areas. Moreover, advanced 

methods like drone imagery and thermography for assessing water stress in vegetation are 

discussed as vital tools for monitoring and optimizing agricultural practices in semiarid regions. 

Additionally, strategies like wastewater reuse combined with mulching show promise in 

controlling salinity, improving soil water content, crop yields, and water use efficiency. 

 

 

 Keyword: Water scarcity, alternative water sources, climate change, soil water conservation, 

semiarid 
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I.1 Introduction 

The global population living in water-scarce areas has risen significantly from 2.04 to 

2.36 billion between 2010 and 2020, with projections reaching 2.70 billion by 2030 (World 

Water, 2023; Dougaheh et al., 2023). Developing countries, heavily reliant on natural resources 

like water, soil, and pastures, are more vulnerable to climate change impacts than developed 

nations (Kalhori et al., 2023). These challenges are exacerbated by factors such as land 

degradation, droughts, and climate variability. 

Climate, encompassing average temperature, rainfall, and humidity over specific 

periods, shapes environmental and socio-economic conditions (Karimi et al., 2020). Climate 

change and water scarcity pose significant risks to sustainable development across various 

domains, including environmental health, human well-being, food security, economic 

activities, natural resources, and infrastructure (Tillerad et al., 2023; Karimi et al., 2024). 

Strategies for water management, crucial in mitigating these risks, often inadvertently intersect 

with issues of insecurity and conflict (Leal Filho et al., 2022). Effective responses demand 

short, medium, and long-term adaptations within ecological and social systems 

(Karamidehkordi et al., 2024). 

The sixth Sustainable Development Goal (SDG) prioritizes enhancing water quality, 

improving water-use efficiency, and reducing water degradation and scarcity globally (Mark et 

al., 2022). This goal aligns closely with SDG 2, focused on achieving food security and 

sustainable agriculture, and intersects with SDG 3 (Good health and well-being), SDG 12 

(Responsible production and consumption), SDG 13 (Climate action), and SDG 15 (Life on 

land). Various environmental, economic, and engineering solutions have been proposed to 

mitigate water scarcity over the years. 

Ingrao et al. (2023) emphasized the urgent need for interdisciplinary approaches to 

address water scarcity effectively. Public education, highlighted by Petruzzello et al. (2023), 

plays a pivotal role in water conservation efforts, alongside science-based policies for 

sustainable resource management initiatives. Scholarly attention to water sector adaptive 

capacity underscores the critical role of addressing water scarcity in shaping development 

pathways and climate adaptation (Siders, 2019). 

The Brazilian Semiarid region, marked by multiple vulnerabilities in social, 

environmental, economic, and institutional dimensions, faces compounded challenges such as 

historical droughts, low water availability, and desertification exacerbated by soil degradation 

and human activities (Santos et al., 2023). These issues are compounded by factors like poor 
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governance, high poverty levels, economic stagnation, and inadequate sustainable development 

measures. 

In semiarid regions, concerns about the long-term availability and quality of water 

resources are exacerbated by climate change impacts, reducing both surface water and 

groundwater availability (Karan et al., 2022). Rainfall variability and drought occurrences, 

coupled with high evapotranspiration rates, severely constrain water availability in surface 

reservoirs and shallow aquifers (Fontes Júnior and Montenegro, 2017). Groundwater, crucial 

for small-scale agriculture and domestic supply during droughts, faces over-exploitation and 

quality degradation due to unrestricted use (Patel et al., 2020; Houéménou et al., 2020). 

Sustainable strategies like wastewater reuse are increasingly advocated to enhance agricultural 

resilience and water sustainability in semiarid regions (Carvalho et al., 2020). 

In addition to these aspects, exploring specific impacts on agricultural practices, case 

studies of successful water management strategies in semiarid regions, socio-economic 

implications, technological innovations, and their applications could provide valuable insights. 

This comprehensive approach would highlight effective practices for sustainable water 

management in semiarid areas affected by climate change and soil degradation. 

 

I.2 Impact of climate change on agricultural production in the semiarid region 

Agricultural production is mainly influenced by human-induced management 

interventions; however, climate plays an extremely important role (Ibrahin and Johansson, 

2021). According to He et al. (2021), the climate affects the use of water in agriculture by 

altering key elements of crop growth, such as precipitation, evaporation and radiation, having 

a direct impact on the supply and demand of water for agriculture, indirectly affecting crop 

water productivity. Climate change, with increasing global carbon dioxide concentration and 

changes in temperature, precipitation and other climate parameters, plays a significant role in 

influencing agricultural productivity (Singh and Kumar, 2021). Conceptually, the term “climate 

change” refers to statistical changes in climate over a longer period due to natural variability 

or human activity (IPCC Climate Change Synthesis Report, 2021). This dynamic change 

remains a development challenge for many countries around the world, especially developing 

countries because of their dependence on climate conditions in rainfed agriculture (Aniah et 

al., 2019). 

Among other effects, climate change has modified the trajectory of water within the 

hydrological cycle and the distribution of water across the landscape (Grusson et al., 2021). 
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Studies show that climate change impacts, among other components, soil water, 

evapotranspiration and discharge (Gul et al., 2023). These impacts are suggested to be strongly 

linked to changes in local precipitation and temperature patterns (Putnam and Broecker, 2017). 

According to Tesfaye et al. (2019), the combined effect of changing precipitation patterns and 

rising temperatures can negatively impact water availability and increase the occurrence of 

droughts. As a result, water resources may become temporarily stressed in some regions, 

particularly under drought conditions, and future changes in climate, land use, and water 

management could potentially have adverse effects on both the replenishment and exploitation 

of groundwater resources, exacerbating water stress. To mitigate the hydrological impacts and 

use water resources sustainability, it is crucial to understand the consequences of climate 

variability on hydrological responses. 

According to Verrot and Destouni (2016), when rainwater reaches the soil surface, an 

initial partition occurs between surface runoff and infiltration, and any change in the frequency 

and intensity of rainfall can potentially influence the partition between these components. 

Grusson et al. (2021) emphasized that a change in the volume of infiltrated water will influence 

the soil moisture content and the evapotranspiration rate, consequently influencing the 

efficiency of water use by agricultural species. 

According to Asante et al. (2021), many rural populations are sinking into poverty and 

deprivation in agricultural production and livestock farming because they are located in areas 

geographically sensitive to climate change and the spatial-temporal variability of climate 

parameters. This exposes them to the impacts and risks of climate change and variability. Given 

the current global population expansion, global agricultural water consumption may increase 

from the current 2,700 billion m³ to 3,200 billion m³ by 2050. By then, about 6 billion people, 

or 67% of the global population, will face water scarcity due to the extreme water extraction 

needed for agricultural production (UN, 2015). 

In this regard, in the United Nations 2030 Agenda for Sustainable Development, 

member states agreed to take urgent action to combat climate change and develop national 

adaptation plans and other adaptation planning processes (UN, 2019). However, Ibrahin and 

Johansson (2021) highlight that it is not just climate change that is impacting the agricultural 

sector, noting that inadequate agricultural practices also constitute environmental risks and 

pose serious threats to the global climate. 
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I.3 Groundwater and the impact of climate change on future water supply in the 

semiarid region  

In many parts of the world, groundwater is often considered the only source of perennial 

water available, especially in arid and semiarid regions, where it plays an important role in 

supplying families and cities during the dry season (Coelho et al., 2017). Despite the 

advantages in using water from alluvial valleys in the semiarid region, this resource is limited 

and has experienced qualitative and quantitative degradation in recent decades caused by 

anthropogenic (overexploitation and pollution) and natural (type of climate and global 

warming) restrictions (Bahir et al, 2020). In the semiarid region, specifically, the semiarid 

climate that extends across large portions of this area causes extreme water deficits due to low 

rainfall and high evapotranspiration (Montenegro and Ragab, 2010). These deficits can 

sometimes cause low water infiltration, which threatens aquifers (Coelho et al, 2017). 

In addition to the observed increase in groundwater usage and rainfall, changes in 

surface conditions that affect runoff and infiltration processes are crucial (Peña-Arancibia et 

al., 2020). A comprehensive understanding of the hydro-saline dynamics of groundwater is 

essential to protect groundwater resources under conditions of climate change and increasing 

anthropogenic pressures. However, understanding the spatial and temporal patterns of 

groundwater geochemistry on a regional scale over a long period is challenging due to the lack 

of data and effective statistical approaches to characterize complex natural processes and 

anthropogenic activities (Yang et al., 2020). 

Despite the advantages presented, the use of water from alluvial valleys in the semiarid 

region is susceptible to salt accumulation processes in both the unsaturated and saturated zones. 

This is due to the edaphoclimatic conditions of the region, which include high evaporation 

rates, poor spatial and temporal distribution of rainfall, and the presence of shallow soils, which 

favour the occurrence of intermittent rivers and streams (Montenegro and Montenegro, 2006). 

Therefore, water sources in these areas alternate according to the time of year between 

temporary rivers and shallow wells. In some rural communities in the northeastern semiarid 

region, groundwater from alluvial valleys represents the main water source. 

A comprehensive understanding of the hydrossaline dynamics of groundwater is 

essential for protecting groundwater resources under conditions of climate change and 

increasing anthropogenic pressures (Zang et al., 2022). Assessing the quantity and quality of 

water has significant implications for the potential of groundwater as a resource and can 

indicate where negative impacts can be mitigated, as well as provide an assessment framework 
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for water conservation programs (Slama and Sebei, 2020). Reddy et al. (2019) highlight that 

groundwater quality varies in space and time (seasonal periods), influenced by aquifer depth 

and rock type in the area. Mohsine et al. (2023) also support the interference of spatial and 

temporal variables on water quality, emphasizing the importance of monitoring its variation. 

With this information, it is possible to define usage patterns and avoid problems arising from 

the improper management of irrigation water. 

In turn, water quality is influenced by factors of natural and anthropogenic origin, where 

their constituents can act individually or jointly to deteriorate water. The main natural source 

influencing groundwater quality is the mineral composition of the rock formation (Khalid, 

2019). Other natural processes include rock and soil weathering, atmospheric processes 

involving evapotranspiration, leaching of organic matter and nutrients present in the vadose 

zone, as well as precipitation events, mineral dissolution, natural recharge, and water-rock 

interaction (Abdel-Satar et al., 2017). 

Among the anthropogenic factors that can affect water quality, changes in land use and 

land cover, as well as improper disposal of urban effluents, are notable (Kawo and 

Karuppannan, 2018). Another practice that can lead to contamination of these waters is 

agriculture, due to the extensive use of chemicals (Eltarabily et al., 2018). The residues of 

pesticides, insecticides, and fertilizers in large quantities alter the chemical characteristics of 

the water. 

Therefore, monitoring water salinity is extremely important from both agricultural and 

environmental perspectives, as crops struggle to absorb and extract water under high soil 

salinity. From an analytical standpoint, addressing spatial and temporal variability can be 

efficient in describing and analyzing the true hydrochemical status of groundwater (Huang et 

al., 2018). Additionally, understanding the spatial and temporal patterns of groundwater 

geochemistry on a regional scale over an extended period is challenging due to the lack of data 

and effective statistical approaches to characterize complex natural processes and 

anthropogenic activities (Yang et al., 2020). 

 

I.4 Importance of agricultural use of domestic effluent in agricultural production and 

the sustainable use 

Agriculture is the main water consumer (∼80-90%), while global water demand has 

tripled along with the substantial decline in freshwater resources since 1950, with a water 

collapse predicted by 2050 (UN-Water, 2018). The feasibility of new strategies to address the 
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demand for drinking water in areas affected by water scarcity has been widely studied. These 

strategies can use social technologies as an instrument, understood as a solution developed 

and/or applied in interaction with the local population, with a low cost, simple handling and 

replication capacity (Sousa et al., 2017). 

Unconventional water (saline water, treated wastewater and grey water) has been used 

successfully in irrigated agriculture (cereals, oilseeds, date palm, perennial forage grasses, 

vegetables, forestry and aquaculture), suggesting that, if treated properly, this water can help 

rehabilitate marginal and degraded lands to meet demands (Hussain et al., 2018). For these 

reasons, unconventional water resources have been used as an alternative option to partially 

meet water demands with positive environmental effects on the hydrological cycle, water 

reserves, green cover and climate in the region (Hussain et al., 2019). 

Another important aspect to be considered in productive coexistence with water scarcity 

is hydro-agricultural reuse, especially in semiarid regions, where the water supply is 

insufficient to meet demand and this limits agricultural practices, leaving the population 

vulnerable. In general, arid and semiarid regions are characterized by a lack of rainfall, high 

temperatures, strong sunlight and high evapotranspiration rates, which contribute to an 

unfavourable water balance (ANA, 2017). Locations with these characteristics present unstable 

hydrography in relation to water flow. In Brazilian semiarid regions, the water supply for 

human consumption in the municipality depends on surface springs, which mostly have 

intermittent flow regime (Maragon et al., 2020). 

According to Magwaza et al. (2020), the association of sanitation and agriculture forms 

a closed cycle, where nutrients from treated sewage, essential for plant growth, are recovered 

and water is reused. Furthermore, political and ecological factors must be considered in the 

management of water resources, as highlighted by Silva et al. (2019). The use of wastewater 

for irrigation is a promising alternative to improve food production in semiarid areas. 

Furthermore, the use of treated effluents in irrigated agriculture has been considered an 

essential alternative for the efficient use of water, in addition to ensuring the sustainability of 

environmental systems, as it minimizes the volume of effluents discharged into water bodies 

(Carvalho et al., 2020). 

Looking for technological alternatives to solve this problem, researchers from INSA's 

Water Resources Center developed the SARA technology (Environmental Sanitation and Water 

Reuse), which promotes the collection and treatment of household sewage, to produce an 

alternative source of water and nutrients in family farming (Mayer et al., 2019; Santos et al., 



 

33 

 

2018). the following requirements need to be considered: i) ease of installation, operation and 

maintenance, ii) stability and operational efficiency, iii) compact dimensions and iv) affordable 

cost were considered. The single-family raw sewage collection and treatment system consists 

of a grease trap, an equalization tank, a UASB reactor and two polishing ponds operating in a 

sequential batch regime. The lagoons aim to decay bacteria from the coliform group, minimize 

water loss through evaporation and maintain nutrients. In this system, the objective is to reduce 

the organic load, achieve sanitary safety of the water produced and preserve nutrients, 

especially NH4-N and P, fundamental for the nutrition of selected crops. Initial results 

demonstrated an average BOD removal efficiency of 74% and was effective in removing 

pathogens and absence of helminth eggs, meeting the sanitary recommendations of the World 

Health Organization (WHO) for proper use. In general, the reuse system increased the 

availability of water on the property by 40 m3 year-1, reducing expenses with mineral 

fertilization and water purchase. 

Although wastewater irrigation has proven to be a valuable resource in agriculture, its 

use can result in excessive accumulation of nutrients in the soil, which is harmful to the 

environment (Mclennon et al., 2020). In this way, Biochar is defined as the residue from 

subjecting organic matter (agricultural, industrial or domestic) to high temperatures under 

anaerobic conditions, also known as pyrolysis (Lehmann and Joseph, 2009). Some of the 

known transformative agronomic benefits of biochar include (i) increasing soil water holding 

capacity, reducing nutrient leaching with a simultaneous increase in nutrient availability, 

positive effects on cation exchange capacity and stimulation of soil microbial activity. 

Therefore, applying biochar to soil improves soil quality by retaining a greater proportion of 

the nutrients that flow through the soil and thus limiting nutrient loading in aquatic systems. 

The use of waste or residual biomass for biochar production has received substantial 

attention due to its potential for carbon sequestration, waste management and environmental 

remediation of pollutants (Teshnizi et al., 2023). A fundamental characteristic of biochar is its 

sorption capacity resulting from its large surface area, negative surface charge and physical 

characteristics of the porous structure (Lima et al., 2021). Due to these properties, the combined 

effects are increased nutrient retention and use efficiency, as well as reduced leaching. The use 

of biochar in agriculture has become increasingly popular in recent decades; the main objective 

is to improve soil properties and structure and contribute to the sequestration of C by the soil. 

Kaetzl et al. (2019) showed that biochar filters perform better than sand filters in 

removing faecal bacteria in wastewater due to larger surface areas and adsorption capacity, 
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demonstrated by lower contamination of plant water irrigation effluents. Obedece et al. (2022) 

highlighted the environmental importance of biochar in rural areas of developing countries in 

immobilizing aquatic contaminants for water reuse. The authors noted the immense potential 

of fruit peel waste to produce high-performance biochar as an alternative green carbonaceous 

material that can be applied to adsorb unwanted organic and inorganic constituents from 

wastewater as well as improve waste management. 

 

I.5 Fires and soil degradation in semiarid environments: impact on agricultural 

expansion and erosion 

Semiarid regions present a higher risk of fire, where hot and dry summers increase the 

frequency and occurrence of forest fires for a long period of the year, often motivated by 

anthropic management (Stavi, 2019). According to Lucas-Borja et al. (2022), adequate 

monitoring and management of semiarid landscapes affected by forest fires is necessary to 

reduce their effects on the hydrological response of the soil in the rainy season. Fires can have 

a significant impact on soil degradation in semiarid environments, particularly in areas 

undergoing agricultural expansion. Agricultural expansion is a major driver of deforestation 

and woodland degradation in dry areas. Clearing of native vegetation for cropland or pasture, 

combined with unsustainable management practices, accelerates soil erosion and 

desertification processes (Peplau et al, 2023). 

According to Acheampong et al. (2019), the expansion of cultivated lands is often cited 

as the greatest cause of deforestation in dry tropical areas, with the rate of deforestation being 

around 8.5 to 10 times the rate of planting. This pressure on land use can lead to the degradation 

of woodlands, particularly in areas where the vegetation is fragile and prone to self-accelerating 

degradation processes. Soil properties and processes are often negatively affected in fire events, 

either directly by heating or indirectly through fires and destruction of plant diversity (Girona-

García et al., 2019).  

Ebel et al. (2022) evaluated the interference of land cover in the restoration of natural 

systems and in the hydraulic properties of the soil after fires. The authors highlight that in 

addition to the risks to human lives and the built environment, post-fire changes in runoff 

generation can impact water resources through harmful effects on water quality. In this aspect, 

Thomas et al. (2021), analyzing the effects of fires on sediment production in various fire 

scenarios, found that, in general, the catchment sediment load increased with the burned areas. 
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Wildfires can turn positive forest services into disadvantages, increasing surface runoff and soil 

erosion and damaging slopes and aquatic life in downstream rivers (Thomas et al., 2021). 

 

I.6 Strategies for agriculture production with water scarcity 

The adverse effects caused by human overuse of natural resources and inadequate land 

use management are accelerating land degradation and, in extreme cases, leading to 

desertification. This process is exacerbated by the impact of climate change on the natural 

cycles of Earth's systems, such as the water, carbon, and nitrogen cycles (Keesstra et al., 2018). 

In response, the United Nations has defined 17 Sustainable Development Goals, many of which 

aim to establish sustainable use of natural resources, ecosystem restoration, biodiversity 

conservation, carbon sequestration, and sustainable water resource management. A common 

solution to these challenges can be found in ecosystem rehabilitation, requiring new holistic 

approaches that are more time and cost-effective, addressing multiple issues efficiently 

(Keesstra et al., 2016). These actions to protect, sustainably manage, and restore natural or 

modified ecosystems address societal challenges in an adaptive and effective manner, 

simultaneously providing benefits to human well-being and biodiversity, and are known as 

"Nature-Based Solutions" (Hrabanski and Le Coq, 2022). 

Recent studies suggest several adaptive measures to ensure the sustainability of 

agricultural systems, including the application of mulch from plant residues, crop rotation, use 

of resistant cultivars, soil conservation methodologies, water use efficiency measures, organic 

farming, reduction in the use of chemical fertilizers, herbicides, and pesticides, nutrient 

management, soil compaction control, and precision agriculture (NordGen, 2019; Costantini et 

al., 2020;). 

Most of these adaptive measures are integrated and derived from the scope of Climate-

Smart Agriculture (CSA), which serves as a guiding approach for transforming and reorienting 

agricultural systems. CSA effectively supports development and ensures food security in a 

changing climate. It aims to achieve three main objectives: sustainably increasing agricultural 

productivity and incomes; adapting and building resilience to climate change; and reducing 

and/or removing greenhouse gas emissions whenever possible (FAO, 2020).  

Two methods that are especially relevant for adapting to climate change are 

Conservation Agriculture and the increasingly emerging Regenerative Agriculture. The term 

Conservation Agriculture refers to the combination of three pillars: minimal soil disturbance, 

permanent soil cover, and rotation and intensification of cover crops (FAO, 2019). 
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Regenerative Agriculture involves practices such as organic farming, composting, and 

mulching, with a primary focus on restoring the health of degraded soils by increasing soil 

organic matter (Rhodes, 2017).  

At the national level, Brazil has been actively working on mitigating and adapting to 

climate change through the establishment of a Low Carbon Emission Economy in Agriculture. 

One of the sectoral plans developed in accordance with Article 3 of Decree 7,390/2010 aims to 

organize the planning of actions to adopt sustainable production technologies selected to meet 

the country's commitments to reduce greenhouse gas (GHG) emissions in the agricultural 

sector. This plan is known as the ABC Plan (Low Carbon Emission). The plan aims to improve 

the efficiency in the use of natural resources and increase the resilience of production systems 

and rural communities, enabling the adaptation of the agricultural sector to climate change. To 

achieve this, the plan encourages the adoption of Sustainable Production Systems that ensure 

the reduction of GHG emissions while simultaneously increasing producers' income, especially 

through the expansion of sustainable technologies such as the adoption of conservation 

practices (Brazil, 2012). 

A conservationist approach suggested by Paye et al. (2022) to sustain agricultural 

production is the integration of cover crops into forage production systems. The authors 

hypothesized that, in addition to providing soil cover, this integration can deliver various 

ecosystem services, such as improving soil organic matter storage, nutrient cycling, water 

retention, and weed suppression. The application of surface mulch is an effective technique for 

conserving and optimizing the agricultural use of water and soil, especially in arid and semiarid 

areas (Montenegro et al., 2020). Mulch forms a physical insulating layer on the soil surface, 

which slows down and prevents the exchange of water and energy between the soil and the 

atmosphere (Liao et al., 2021). The effectiveness of mulch in controlling soil evaporation and 

increasing infiltration has been documented in several studies that will be detailed in the next 

section. Besides water conservation benefits, studies have shown that surface mulch also helps 

regulate soil temperature variations (Li et al., 2021), alters soil microbiology (Blaise et al., 

2021), improves soil physical properties and fertility (Ramadhan, 2021), and affects crop 

growth, physiology, and ultimately yields and water use efficiency (Kaur et al., 2021). 

 

I.7 Sustainability and efficiency in the use of conservation practices in semiarid regions 

The climatic conditions in semiarid agroecological zones place significant demands on 

agricultural soil and water management. These areas are characterized by high daily 
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temperatures, strong winds, and low humidity, which limit soil moisture availability essential 

for crop growth (Aluku et al., 2021). Irrigation has been recommended as a technique to 

manage water availability for crops. However, if irrigation is insufficient during critical growth 

stages, it can drastically reduce productivity. Therefore, both excessive and inadequate water 

supply can severely impact crop growth. 

Kaur et al. (2021) emphasized that enhancing water productivity is an imperative 

practice aimed at using the least amount of water possible to achieve higher yields. Agronomic 

interventions, such as mulching, prove to be a practical solution in maintaining optimal soil 

moisture and temperature regimes, promoting higher crop yields (Sekhon et al., 2020; Kaur et 

al., 2021). Furthermore, these techniques help prevent runoff, potentially increasing crop 

productivity, human and animal food security, income levels, and living standards (Aluku et 

al., 2021). 

For these regions, Montenegro et al. (2020) found in their studies involving low-cost 

conservation practices the potential of mulching and barrier formation with Forage Cactus as 

effective treatments in reducing runoff and soil loss, while increasing soil moisture content. 

Therefore, these techniques are promising soil and water conservation methods for semiarid 

environments. Furthermore, the cultivation of Forage Cactus along with sorghum has been 

widely promoted in the semiarid region due to its nutritional contribution and low production 

cost (Jardim et al., 2021). The yield, quality, competition, and economic benefit of the 

intercropping of Forage Cactus and millet were evaluated by Souza et al. (2019) under covered 

and uncovered soil conditions, where the intercropping resulted in good economic returns. 

However, competitive ability parameters demonstrated that Forage Cactus exerted strong 

dominance over the millet crop, reducing efficiency and affecting certain phases of the cycle. 

Conservation tillage practices have been widely promoted to stimulate the formation 

and preservation of stable water aggregates, leading to improved soil water availability. They 

are also advocated for their potential to promote the accumulation of organic matter in the soil 

surface layer and nutrient availability, thus increasing biomass and microbial activity (Zhang 

et al., 2022). Santos et al. (2008), evaluating the performance of water conservation techniques 

in bean cultivation, such as contour planting with stone rows, level planting, mulching with 

bean straw, bare soil, and soil with native vegetation cover (caatinga) in plots in the semiarid 

region of Pernambuco, found that losses of organic carbon were significantly higher under non-

conservation soil management conditions. 
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Investigating at both spatial and temporal scales, Montenegro et al. (2019) assessed the 

distribution of soil moisture near the surface and evaluated the impact of soil conservation 

techniques on reducing surface runoff. They utilized small-scale experimental plots under 

natural rainfall conditions located in the Alto Ipanema River Basin, Brazil, with different soil 

cover conditions (bare soil, natural vegetation cover, mulch, Forage Cactus). Their findings 

indicated that both Forage Cactus rows and soil covers yielded promising hydrological results. 

Lima et al. (2020) examined the importance of mulching and perennial unconventional 

oilseed species in controlling soil erosion in erosion plots under natural rainfall conditions. 

They found that soil cover led to higher soil moisture retention and lower values of surface 

runoff and soil loss. The development of oilseed structure reduced the direct impact of 

raindrops on the soil, resulting in reduced soil loss compared to bare soil.  

At the scale of experimental watersheds, Silva Júnior et al. (2011), Melo and 

Montenegro (2015), and Lopes et al. (2019) conducted extensive compilations of soil profile 

moisture measurements for different vegetation cover conditions to support management plans 

and enable more adequate calibration and validation of numerical models at different scales. 

Among the main findings of the latter study, it is worth highlighting the analysis of temporal 

stability of spatially distributed measurements, capable of optimizing sampling grids. 

Ebel et al. (2022) assessed the interference of soil cover on the reestablishment of 

natural systems and soil hydraulic properties after wildfires. The authors emphasized that 

besides risks to human lives and the built environment, post-fire changes in runoff generation 

can impact water resources through detrimental effects on water quality. In this regard, Thomas 

et al. (2021), analyzing the effects of fires on sediment production in various fire scenarios, 

found that sediment yield generally increased with burned areas. Forest fires can turn positive 

forest services into disadvantages, increasing surface runoff and soil erosion and damaging 

slopes and aquatic life downstream (Thomas et al., 2021). 

Vieira et al. (2018) propose that mitigation measures can be applied to help reduce the 

negative effects of post-fire water erosion, both on-site and off-site. Among the existing 

techniques, the application of surface mulch on burned soil is considered effective in reducing 

post-fire soil erosion. The authors explain that this is mainly because mulch provides surface 

coverage to the soil before vegetation regeneration, thereby minimizing raindrop detachment 

while enhancing soil stabilization. In this regard, Prats et al. (2018) conducted rainfall 

simulations in the laboratory to investigate the influence of post-fire soil cover layers and 

erosion flow concentration under five soil surface conditions (bare soil, with a protective layer 
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of charcoal, ash, stones, and a combination of treatments), simulating field conditions under 

three rainfall intensities. 

Regarding the application of wastewater via irrigation, Carvalho et al. (2021) 

investigated the combined performance of irrigation with treated sewage and mulching on 

forage sorghum and soil attributes in Northeast Brazil. They found that mulching led to a 24% 

increase in productivity compared to areas where conservation practices were not implemented, 

potentially controlling salinity while contributing to greater organic matter incorporation. The 

authors highlighted that irrigation with treated sewage had no negative agronomic impacts on 

the soil, as typical rainfall events in the Brazilian semiarid region allowed effective leaching of 

salt in shallow sandy soils. Almeida et al. (2021), evaluating the impact of wastewater use and 

sewage sludge application as soil cover on soil attributes in an irrigated corn plantation in the 

northeastern Brazilian semiarid region, observed that the presence of sludge reduced salt 

content and promoted an increase in soil organic matter content, thereby reducing the risk of 

salinization. 

In addition to optimizing water use, soil conservation practices are being utilized to 

reduce runoff and soil losses, prevent soil degradation, and improve the fertility and 

productivity of agricultural soils. This subject has been addressed based on detailed 

hydrometeorological measurements, monitoring campaigns, and modeling activities in well-

instrumented experimental rural basins, such as those belonging to the Hydrological Network 

of the Brazilian Semiarid Region (REHISA) (Santos et al., 2010; Montenegro et al., 2019; 

Lopes et al., 2019). Such field studies under natural rainfall provide an excellent opportunity 

to enhance understanding of the real impact of different agricultural conservation practices on 

water security and soil protection. However, collecting representative data on surface runoff 

and soil loss under natural conditions in semiarid environments is highly challenging, as the 

number of rainfall runoff events is typically very limited (Montenegro et al., 2020). Moreover, 

field studies, especially those under natural rainfall conditions, are typically time-consuming 

and resource-intensive, as they often require many years to yield representative results. 

Rainfall simulators have been applied in both laboratory-based and field studies, 

offering the advantage of allowing controlled and reproducible rainfall events of varying 

intensity and duration (Iserloh et al., 2021). Abrantes et al. (2018) used a rainfall simulator to 

assess the conditions for accurate measurement of shallow flow velocities, as this information 

is crucial for understanding and modeling sediment and pollutant transport dynamics by 

overland flow. The authors compared traditional and well-established techniques of dye and 
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salt tracer with the newer thermal marker technique in estimating shallow flow velocities, as 

well as evaluating and estimating Reynolds and Froude numbers, flow velocity and slope, and 

soil roughness. The thermal tracer allowed efficient measurement of average flow velocities in 

space. 

Liu et al. (2019) evaluated the effects of four different rainfall intensities and soil slopes 

on runoff production and their impacts on soil conservation. The authors estimated the effects 

on soil microtopography under conservation management compared to conventional tillage, as 

well as on surface runoff and soil loss under different rainfall intensities and slopes. Using 

rainfall simulation, they could quantify the effects of changes in rill geometry on erosion and 

soil conservation under various rainfall events and develop management strategies for areas 

under similar conditions. 

Montenegro et al. (2020) investigated the performance of mulching with coconut husk 

powder (Cocos nucifera L.) and vegetative barrier with cactus palm at different angles (Opuntia 

ficus indica Mill.) as soil and water conservation techniques in a laboratory soil plot under 

simulated rainfall. The simulations included uniform patterns of both advanced and delayed 

rainfall, generating runoff hydrographs and soil loss monitored at the downstream end of the 

trough. The results indicate that mulching with coconut husk powder and the cover crop of 

cactus palm were effective in reducing runoff and soil loss while increasing soil moisture 

content, making them suitable soil and water conservation techniques for semiarid 

environments. 

Parhizkar et al. (2021) analyzed the efficiency of rice straw cover on hydrological 

variables of loamy clay soil under high-intensity and low-frequency simulated rainfall events, 

in three slope length conditions. In their investigation, the authors concluded that rice straw 

was efficiently used as an organic soil conditioner, reducing soil erosion and surface runoff, 

and consequently decreasing the risk of soil degradation. They encourage further research, 

however, to analyze the scaling up of the hydrological effects from plot mulching to the slope 

scale. 

  

I.8 Advanced vegetation monitoring methods 

Water stress in crops severely disrupts crop growth and reduces yields (Jiang et al., 

2020). The need to optimize water use, especially in arid and semiarid regions where water 

supply is scarce, has prompted researchers to develop new monitoring technologies. Drought 
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status is typically described by soil moisture and water stress indices, but plant water status is 

regulated by both soil moisture and atmospheric evaporation demand (Liu et al., 2022). Thus, 

relying solely on soil moisture to assess drought impacts on plants can be misleading (Wilson 

et al., 2020). 

Among the numerous technologies used in agriculture, drones, infrared thermography, 

robots, hyperspectral and fluorescence imaging, and wireless sensor networks, plant-based 

methods are crucial for assessing plant health (Parihar et al., 2021). Authors such as Brunini 

and Turco (2016) suggested that canopy temperature is a parameter useful for detecting biotic 

and abiotic plant stress symptoms, acting as a good indicator of water stress and directly 

influencing plant metabolism. Canopy temperature reflects the thermal state of the crop and is 

closely related to stomatal conductance and crop water use efficiency (Huo et al., 2019). 

According to Gutiérrez et al. (2018), plants lose significant amounts of water through their 

stomatal pores while absorbing CO2 for photosynthesis. When water availability decreases, 

stomata close to conserve water, reducing evaporative cooling and increasing leaf temperature. 

Thus, thermal imaging can be employed to measure leaf temperature responses to water stress 

conditions and infer impacts on transpiration and stomatal behavior. 

Infrared thermography detects and maps the spatial temperature profile of an 

object/body using its emitted infrared radiation (Parihar et al., 2021). Infrared thermography is 

suitable due to its non-destructive nature, providing a thermal profile of an object/body quickly 

and enabling post-examination of the image. For canopy temperature monitoring, Valím et al. 

(2019) calculated vine water stress indices from thermal images of canopies, emphasizing the 

importance of non-destructive monitoring using proximity thermal sensors for vegetative 

parameters monitoring. Liu et al. (2020) also highlighted the use of thermography as an 

effective and non-destructive method to study canopy characteristics. These methods enable a 

more comprehensive understanding of vegetation dynamics by considering temperature 

variations in addition to spectral characteristics. Integrating thermography into monitoring 

protocols can enhance the accuracy and depth of information gathered, allowing for a more 

holistic assessment of vegetation health and responses to environmental changes. By 

combining thermal data with existing monitoring techniques, researchers can gain valuable 

insights into ecosystem functioning and resilience, contributing to more effective natural 

resource management strategies. 

Leaf surface temperatures under wet and dry reference conditions are also commonly 

used to normalize temperature measurements to current environmental conditions and 
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subsequently calculate a crop water stress index, aiding in irrigation scheduling for various 

crops (Gutiérrez et al., 2018; Poirier-Pocovi et al., 2021). Moreover, thermal imaging provides 

temperature measurements across the entire canopy, offering potential for rapid spatiotemporal 

measurements and assessment of water status throughout the plant (Gutiérrez et al., 2018). 

According to Camoglu et al. (2021), another critical aspect is that temperatures obtained with 

infrared thermometers are at leaf level and at the point of measurement only, providing no 

information about the entire area, whereas thermal cameras can determine the temperature of 

all items in the image individually. This provides valuable data on spatial temperature 

distribution, enabling separation of the desired item's temperature from images. 

Sun et al. (2019) used a multispectral system to accurately retrieve leaf chlorophyll and 

moisture content, finding that chlorophyll fluorescence effectively reflects photosynthesis and 

crop water under water stress. Ihuoma and Madramootoo (2017) emphasized that the 

Normalized Difference Vegetation Index (NDVI) can be applied to detect water stress in plants. 

In recent years, several salinity indicators have been developed to detect soil salt-affected areas 

from satellite imagery. In particular, Multispectral Instrument (MSI) imagery has already 

proven to be a promising tool for assessing soil salinity and, ultimately, for producing electrical 

conductivity (EC) maps. Gerardo and de Lima (2022) explored the assessment of soil salinity 

in irrigated rice fields using two types of multispectral-based indices: vegetation indices (such 

as Normalized Difference Vegetation Index, Green Normalized Difference Vegetation Index, 

Generalized Difference Vegetation Index, and Soil Adjusted Vegetation Index) and salinity 

indicators based on visible and near-infrared bands (Normalized Difference Salinity Index) and 

shortwave infrared bands (Salinity Index ASTER). Their study focuses on the Lower Mondego 

Valley in Central Portugal during the period 2017–2018. The authors emphasized that these 

salinity indices are effective for mapping soil salinity and serve as valuable tools for assessing 

salinity issues in rice cultivation areas. 

 

I.9 Conclusion 

Semiarid agriculture faces daunting challenges exacerbated by climate change, soil 

degradation, and water scarcity. Conservation practices such as conservation agriculture, water 

harvesting, and efficient irrigation play a pivotal role in sustainable water management and 

enhancing agricultural productivity. These strategies bolster farmers' resilience against climate 

variability and ensure long-term sustainability in semiarid regions. Prioritizing climate-resilient 

water management practices is crucial to secure dependable water access, reduce wastage, and 
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enhance efficiency, thereby supporting smallholder farmers and fostering long-term food 

security. 

Additionally, the implementation of conservation practices, advanced monitoring 

methods, reduction of wildfires, and post-burn management strategies that enable ash reuse are 

essential. These measures contribute significantly to mitigating environmental impact, 

improving soil fertility, and optimizing resource utilization in semiarid agricultural landscapes. 
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Chapter II: Evaluating ash mobilization dynamics and hydrological response of soil in a semi-

arid environment after wildfire under simulated rainfall: laboratory and field conditions 

 

Abstract: Wildfires typically transform vegetation and litter into a heterogeneous layer of ash 

covering the soil surface that can substantially modify the postfire hydrological and erosive 

response of the soil. However, determining the role of the ash layer in the erosion process is 

challenging, as it can be difficult to distinguish it from eroded sediments. Laboratory and field 

experiments addressed knowledge gaps by investigating ash mobilization and the impacts of 

burning layouts under simulated rainfall. Five different spatial layouts of vegetation 

distribution and ash cover were tested: T1 - uniform application; T2 – a circular area at the 

center of the flume; T3 - three distributed fractions arranged in a circular pattern; T4 – a along 

the flume line; T5 – a continuous stripe along the contour lines. These layouts were observed 

in the field over monitoring periods, reflecting common burn patterns used by local farmers 

when clearing the area. In order to support the evaluations, a preliminary survey using satellite 

images was conducted to analyze the incidence of fire foci between 2014 and 2022 and its 

relationship with land use and cover, terrain slope, and annual rainfall totals. Field assessments 

of soil hydraulic characteristics with a 10% slope and 60 mm/h rainfall, measured surface 

runoff and erosion. Laboratory tests were conducted on 10% and 30% slopes, with 0.5 L/s 

inflow and rainfall intensities of 60 and 100 mm/h, considering a waterproof and representative 

soil surface. Based on the satellite images, an increase in fire foci was detected over the years, 

showing a strong correlation with the expansion of agricultural areas, supporting the hypothesis 

that fire is used for land clearing and opening new agricultural areas. Additionally, a higher 

incidence of fire foci was observed in flat and moderately sloped areas, as well as in years with 

higher rainfall records. The results concerning erosion and ash transport demonstrated that 

concentrated burning in smaller areas reduced soil disaggregation rates, causing less alteration 

in soil physical characteristics. In laboratory experiments, it was observed that the smaller the 

area of ash concentration, the less ash mass was transported by surface runoff and highlight the 

rainfall intensity as a significantly factor for transport of ash, compared to the slope factor. 

Overall, the mean efficiency of layouts was ranked as: L3 > L2 > L4 > L5 > L1, with an average 

reduction of 30% in L3 compared with L1. These results can help reduce environmental 

damage from extensive burning, while extension efforts raise awareness in the agricultural 

community to eventually eliminate the use of fire. 

Keywords: semiarid, wildfire, runoff, ash, rainfall simulator 
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II.1 Introduction 

Land degradation represents a global environmental challenge, leading to the 

deterioration of the physical, chemical, and biological features of the soil, thereby potentially 

impeding food security, compromising ecosystem services, affecting livelihoods, and 

diminishing the overall quality of life (Kumar et al., 2022). In Brazil, the Northeast, particularly 

the semi-arid region, experiences high rates of soil degradation due to the substantial influence 

of climatic conditions on land degradation processes (Silva et al., 2020; Refatti et al., 2023; 

Oliveira et al., 2022). To exacerbate matters, the synergistic impact of rainfall variability and 

intensive land use renders this region highly susceptible to climate change in the upcoming 

century (IPCC Climate Change Synthesis Report, 2021). 

The Brazil semiarid region spanning a total area of 1.13 million km2, accommodating 

27.8 million inhabitants across 1262 municipalities, is acknowledged as one of the most 

densely populated semiarid regions globally (MI/SUDENE, 2022). It also harbors a vast and 

diverse ecosystem, encompassing 1500 plant, 178 mammalian, 591 avian, 177 reptilian, 79 

amphibian, 241 fish, and 221 bee species (MMA, 2007). These species thrive in the dry 

deciduous forest biome known as Caatinga. 

The risk of fire is significantly heightened in semiarid and arid climates, where the 

combination of hot and dry summers amplifies the frequency and prevalence of wildfires 

throughout the year (Stavi, 2019). Nevertheless, fire source is often anthropogenic, including 

prescribed burns applied for post-rainfall burn-off or the execution of pile burns, both 

concurrently serving the purpose of creating new agricultural spaces (Marinho et al., 2021; 

Abreu et al., 2022). These prescribed burnings represent traditional techniques predominantly 

employed in family farming to prepare the soil for planting seasonal crops. In this context, they 

are authorized by the Federal Government (Oliveira-Júnior et al., 2017). Nevertheless, they 

entail diverse economic, ecological, landscape, and social losses, particularly in the protected 

nature reserves within the country (Freitas et al., 2020).  Natural or anthropogenic wildfires 

exert notable impacts on soil and water, instigating diverse hydrological and geomorphological 

alterations in the landscape over both short and long periods (Lucas-Borja et al., 2022). 

Moreover, these fires can compromise the beneficial services provided by the forests leading 

to heightened runoff, soil erosion, and impairment to slopes and aquatic life in downstream 

rivers (Thomas et al., 2021). The combustion of vegetation and alterations in soil characteristics 

can also catalyse soil degradation (Zema, 2021). 
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Soil hydrology following a fire is a physical process influenced by several 

environmental drivers (e.g., vegetation dynamics, soil changes, water and sediment flows) 

(Lucas-Borja et al., 2023). An occasionally overlooked yet potentially pivotal factor governing 

post-fire runoff is the presence of ash on the soil surface (Woods and Balfour, 2008). Ash results 

from the combustion of vegetation, litter, and duff layers. The potential occurrence of ash on 

the topsoil, its influence on runoff and its consequential impact on erosion carry significant 

implications for post-fire management. According to Liang et al. (2021), reintegrating the 

carbonized biomass ash into the soil has the potential to enhance the carbon fixation capacity 

of the crop–soil ecosystem, thereby contributing to achieve the '4‰Soils for Food Security and 

Climate' goal launched at COP21. Prats et al. (2021) investigated the application of diverse 

post-fire soil erosion mitigation solutions, encompassing various covers and treatment 

combinations under the influence of controlled rainfall. The potential effects of mobilizing the 

ashes, along with the methods available for retaining ashes at the fire site, are still being 

investigated. Moreover, the contribution of the ash to the overall erosion process remains 

uncertain and unknown, primarily due to the challenging nature of separating the ash and char 

fraction from other components such as litter, soil, and eroded sediments. 

Wildfire-induced runoff and erosion pose substantial challenges for burned areas on a 

global scale, yet its mitigation garner limited public and scientific attention. To address this 

issue, Carmona et al. (2023) investigated short-term changes (1-year post-wildfire) in soil 

properties and individual ecosystem functions in a Mediterranean forest. Their findings 

indicate that, aside from pH, forest fires did not significantly modify soil properties. 

Conversely, decomposition of organic matter and nutrient cycling exhibited significant 

increases in unburned soils compared to burnt sites. In efforts to remedy these deficits, Liang 

et al. (2022) explored the impact of utilizing ashes as fertilizer on tomato crops in Ezhou, China. 

The results indicate that this practice serves as a viable and potentially effective strategy for 

enhancing soil carbon sequestration and plant production. 

  This study aims to fill existing knowledge gaps by investigating the erosion of burned 

areas in field and laboratory settings. The specific objectives are: i) compare the soil 

hydrological response in areas affected by fire under different burning conditions (e.g. fire time, 

layout of plant material deposition); ii) comprehending the physical process of ash mobilization 

resulting from rainfall-runoff and assessing its impact on various ash spatial layouts and iii) 

examining how variations in rainfall intensity and slope influence the ash mobilization. The 
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results of this investigation may give planners insight on suitable practices towards mitigation 

of contamination and erosion risks in fire-affected areas of the semiarid environment. 

 

II.2 Material and methods 

II.2.1 Satellite-derived data study area 

An initial investigation into the relationship between fire outbreaks, land use and its 

changes, terrain slope, and average annual rainfall was conducted to identify significant 

parameters for further analysis. Data from the Climate Hazards Group InfraRed Precipitation 

with Station (CHIRPS) spanning 2014 to 2022 (https://developers.google.com/earth-

engine/datasets/catalog/UCSB-CHG_CHIRPS_DAILY, accessed on 10 September 2023) was 

utilized, covering the area between latitudes 08°18′S - 9°12′S and longitudes 36°0′W - 38°0′W. 

CHIRPS data is highly accurate and serves as an excellent alternative in regions of Brazil where 

more precise data, such as from rain gauges, may be lacking (Souza et al., 2023). Elevation and 

slope data were derived from the Shuttle Radar Topography Mission (SRTM) digital elevation 

model (DEM) with a 30 m resolution (Farr and Kobrick, 2000). 

Geospatial data from the MapBiomas Brazil project (2022), which includes land use and 

land cover information derived from the Landsat series between 2014 and 2022, were used to 

generate thematic maps of the Ipanema River Basin (IRB) in Brazil's Northeast region, 

commonly known as the Drought Polygon. The IRB is part of the São Francisco River Basin, 

playing a crucial role in providing hydropower for nearby urban centers (Coelho et al., 2017). 

A cost-effective, open-access methodology was employed to produce annual thematic maps, 

incorporating up to 105 layers of land use and land cover information. The accuracy of these 

maps was validated by calculating overall hit rates, as well as commission and omission error 

rates for each land use class. This validation process encompassed categories such as natural 

and non-natural forest formations, agriculture, non-vegetated areas, and water bodies 

(MapBiomas Brazil Project, 2022). 

Data on fire occurrences were obtained from CPTEC/INPE through the BDQueimadas 

platform (CPTEC/INPE, 2023). Currently, CPTEC/INPE utilizes various environmental polar 

orbit and geostationary satellites to monitor 'fire foci' across South America. In this study, long-

term time series data on fire foci in the Ipanema River Basin (IRB), spanning the period from 

2014 to 2022, were analyzed. The fire occurrence data were extracted in annual format using 

an algorithm. The data obtained from BDQueimadas termed “fire foci” is defined based on 

pixels exhibiting elevated temperatures. These pixels are characterized by having the lowest 
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values of grey level in the images of the infrared thermal region band 3 (3.7 μm) of the AVHRR. 

Identification criteria include a minimum area of 1 km2 (Souza and Stosic, 2005). The detection 

may indicate various phenomena, encompassing a burn, a small part of a fire, or other source 

of high temperature. Additionally, it may flag the reflection of light on exposed granites (Nunes 

et al., 2015; Caúla et al., 2016). 

 

II.2.2 Experimental field setup  

The study was conducted in the state of Pernambuco, Brazil (Fig. 1). This semiarid 

tropical region receives approximately 430 mm year-1 of summer rainfall, with potential 

evapotranspiration above 1800 mm year-1 (Lins et al., 2024). The site used for this study (Fig. 

1, Table 1), a slope (with an area of 0.7 ha) located on a small rural property in the Mimoso 

Alluvial Valley, has a Regolitic Neossol soil, derived from sedimentary rock formations such 

as sandstones and claystones. The soil is characterized by a vegetation cover that includes both 

bare soil and predominantly natural and/or spontaneous vegetation. The non-bare areas are 

primarily covered by small and medium-sized shallow caatinga, with no trees or shrubs present. 

The physical and chemical characteristics of the soil are summarized in Table 1.  

 

Table 1. Physical and chemical properties of the layer (0–20 cm) of soil in the study sites. 

Layout 
Bd Pd   S Clay Silt   EC TOC 

g cm-3   g Kg-1   dS m-1 g Kg-1 

L1 1.23 2.49 
 

640.9 206 153.1 
 

0.23 43.4 

L2 1.22 2.47 
 

603.6 196 200.4 
 

0.69 37.8 

L3 1.24 2.42 
 

650.8 186 163.2 
 

0.64 42.0 

L4 1.27 2.48 
 

685.8 186 128.2 
 

0.91 42.9 

L5 1.27 2.31   662.4 176 161.6   0.48 39.9 

where: Bd: bulk density; Pd: particle density; S: total sand; TOC: total organic carbon; EC: 

electrical conductivity of saturation extract. 

 

Two experimental plots (replicates) with 1.5 × 0.5 m were installed at study site (Fig. 

2). Undisturbed and disturbed soil samples were collected from each plot at each study site. In 

the lower section of each plot, gutters were installed to collect samples of water and sediment 

immediately after runoff began. The plots had an average slope of 10 and 10.25 % and they 

were spaced 0.20 m apart. 
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Figure 1. Location of study area, and experimental field layout (no scale). 

 

To simulate rainfall, a rainfall simulator with a Veejet 80-100" sprinkler nozzle from the 

Spraying Systems Company, and an electronic system to perform oscillating movements was 

placed 2.78 m above ground level and supported in a rectangular frame with removable steel 

tubes forming four legs. The precipitation lasted for 30 minutes working with a pressure of 50 

kPa. The rainfall exhibited consistent intensities (Fig.3) ranging between 42- and 86-mm h-1, 

with mean varying of 58.4 to 62.8 mm h-1 over 3 successive measurements. This variation was 
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primarily attributed to wind interference in the field. The uniformity of rainfall distribution was 

determined by calculating the Christiansen Uniformity Coefficient (Montebeller et al., 2001) 

with values above 83 % ± 0.4%. 

 

 

Figure 2. Rainfall spatial distribution of 60 mm h-1 intensity for 10% of slope. 

 

II.2.2.1 Burned area and Ash distribution  

Five spatial layouts of ash cover were used, as depicted in Figure 2. The five ash cover 

layouts (L1 to L5) were subject to testing under a simulated rain intensity, and 10% of slope. 

The five application layouts corresponded to distinct ash cover distributions, each verified as 

real burning scenarios conducted by rural farmers as a method for managing agricultural areas 

during droughts, or between rain events. Layout 1 (L1): uniformly distributed over the surface 

of the flume; Layout 2 (L2): material concentrated in a circular shape in the center of the flume, 

simulating a scenario where the farmer gathers all the vegetation cover in a single circular area; 

Layout 3 (L3): three ash fractions arranged in a circular pattern to simulate the separation of 

waste in different parts of the area; Layout 4 (L4): continuous patch of ashes along the 

longitudinal midsection of the flume and Layout 5 (L5): continuous patch of ashes along the 

transversal midsection of the flume. 
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Figure 3. Spatial layouts of ash cover tested in the soil flume experiments. 

 

The predominant plant species identified in the area were Mimosa quadrivalvis L., Sida 

cordifolia L, and Mesosphaerum suaveolens (L.) Kuntze. The average moisture content of the 

plant material, before burning, was 35.5 ± 0.8%. The mean mass of plant material per plot 

ranged from 1.080 ± 0.4 Kg. Air temperature varied from 28 to 31 ºC and air relative humidity 

was 76% at the moment of the burning. The fire durations for the different layouts were as 

follows: L1 - 13 minutes; L2 - 6.2 minutes; L3 - 8 minutes; L4 - 11.2 minutes; and L5 - 5.3 

minutes.  

Ash samples were collected from the five different layouts evaluated after the fire was 

extinguished, in locations with visually larger ash deposits. Similar volumes of ash were 

collected at each point and the samples were placed in plastic bags and taken to the laboratory. 

The five samples from each point were mixed into a single homogeneous composite sample, 

then sieved through a 2-mm mesh sieve. Regarding color, the sample was classified as black 

ash (23%) and white ash (77%). The pH in water was 7.4 ± 0.1. 

 

II.2.2.3 Runoff and Soil moisture 

To estimate surface runoff, water was collected in cups, at 1-min intervals for a duration 

of 30 sec at each interval, from gutters installed at the bottom of each plot. Soil moisture was 

determined by the difference between simulated rainfall and runoff. 
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II.2.2.4 Detachment ratio, sediment concentration and soil loss 

Soil Detachment ratio were determined taking into account the mass of disaggregated 

dry soil (Kg) in each container during water collection (30 sec), according to Bezerra & 

Cantalice (2006). To quantify the sediment concentration, the collected runoff water was stored 

in 1-L containers and transported to the laboratory. Portable turbidity was determined in the 

collected runoff samples to quantify the effect of ash and sediment concentration in each entire 

samples volume collected. After decanting the solid material, the supernatant was suctioned off 

and the sediments were transferred to cans and dried in a forced circulation oven for 48 h at a 

constant temperature of 105 ◦C. After drying, the material was weighed to quantify the amount 

of dry sediment in the runoff volume.  

 

II.2.3 Experimental laboratory setup  

Laboratory experiments were conducted utilizing a soil flume and a rainfall simulator 

in laboratory conditions (Figure 4). This study encompassed a total of forty scenarios, 

encompassing: (i) five distinct ash layouts (see Figure 2); (ii) two precipitation intensities (60 

mm h-1 and 100 mm h-1); (iii) inflow (0.5 L s-1, starting close to the surface runoff); (iv) two 

slopes (10 and 30%). All experimental conditions were repeated three times for each scenario. 

The schematic representation of the laboratory setup is illustrated in Figure 3, where ash 

transport via rainfall and surface runoff was examined employing various spatial layouts of ash 

cover. The setup consists of a rectangular soil flume, impervious flume, measuring 1.2 m in 

length by 0.3 m in width, an upstream water inflow system, and a rainfall simulator.  
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Figure 4. Schematic representation of the laboratory setup used in the experiments (not to 

scale). 

 

The soil flume was filled with pre-screened and air-dried substrate described by 

Abrantes et al. (2018), sealed with a surfactant to exclusively facilitate the mobilization of ash 

particles, preventing infiltration, and inhibiting the mobilization of soil particles. Between each 

test, the soil flume underwent a cleaning process, complete drying, and waterproofing, if 

necessary, thus ensuring consistent initial conditions throughout the tests. The surface’s 

hydraulic characteristics, such as friction and texture, were intentionally maintained to ensure 

an accurate simulation of the soil’s hydraulic properties, including roughness. All ash samples 

underwent sieving to remove particles larger than 10 mm, weighed, and applied in accordance 

with the designated ash layout distribution (refer to Figure 3). The total quantity per layout of 

ash used was 0.45 kg. This amount was determined based on post-burned area site sampling in 

the field experiment.  

Water was introduced in the flume through two independent systems: run-on and 

rainfall. The run-on was conveyed through a system installed upstream of the flume (Fig. 1) 

where the incoming flow was stabilized and evenly divided through the section. The water 

inflow system, positioned upstream of the soil flume, was employed to replicate upslope flow 

(e.g., runoff), akin to the methodologies utilized in experiments by Prats et al. (2018) and 

Abrantes et al. (2018). This system comprised a feeder box and a constant head tank with a 
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flow control valve, to allow uniform application of water flow into the flume’s surface 

(upstream inflows in Fig. 1). The volume of water and consequent applied discharge was 

adjusted to the conditions of the test (slope) to be 0.5 L min-1 for each run. 

The utilized rainfall simulator featured a downward oriented full-cone nozzle, 

specifically the 3/8-HH-22 FullJet from Spraying Systems Co, positioned 2.25 m above the 

geometric center of the soil flume surface, with a spray angle varying not linearly between 82 

and 90 degrees based on pressure. A submerged pump (76.2 mmSQ Grundfos Holding A/S.), 

installed in a constant head reservoir and a pressure reducing valve that allowed a steady 

operating pressure of 140 Kpa to 60 mm h-1 and 180 Kpa to 100 mm h-1 at the nozzle.  Both 

rainfall intensities were characterized by a uniformity coefficient of 92.8 ± 0.6% (Christiansen 

et al., 1942). Measurements were conducted using 30 rain gauges distributed uniformly across 

the surface of the flume (Fig. 5).  

 

 

 

Figure 5. Rainfall spatial distribution of 100 mm h-1 and 60 mm h-1 intensity for 10 and 30% 

of slope. 
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The choice of the two precipitation intensities used was informed by the research by 

Santos & Montenegro (2012), which involved the evaluation of 29 years of rainfall data for the 

Brazilian region. The study characterized the rainfall pattern into advanced, intermediate, and 

delayed patterns and examined the frequency of rainfall intensity. The advanced pattern, 

predominant in the semiarid region, 50 % of the rainfall intensity values exceeded 38 mm h-1, 

reaching values of up to 300 mm h-1, corresponding to a depth of 10 mm in 2 min. Additionally 

it was determined that approximately 30 % of the rainfall intensities within the advanced 

pattern exceed 60 mm h-1. The selection of a rainfall intensity of 100 mm h-1 aimed to simulate 

a future scenario attributed to global climate change (Lins et al., 2023). 

The runoff was collected at 30-seconds intervals throughout a total test duration of 10 

minutes. Collected samples were dried in a temperature oven at 105 °C, enabling precise 

weighting of ash mobilization. 

 

II.2.3.2 Percentage of ash in the flume 

Images of the flume were captured using a portable camera placed 1.0 m above the 

ground surface in the middle of the soil flume (Fig. 3). Photographs were taken for each 

treatment condition. The Python language and OpenCV database were used to process the 

images using a processing algorithm, with the PyCharm software interface. To extract the 

percentages of ash coverage, the image was binarized and then the ratio between white pixels 

(referring to ash) and the total number of pixels was calculated. 

 

II.2.4 Statistical analysis  

The temporal record of fire foci was evaluated by the Mann-Kendall test (Mann, 1945; 

Kendall, 1975) and Sen's slope method (Sen, 1968) to verify if there is a significant trend and 

estimate the trend magnitude. The STL method employs robust locally weighted regression for 

smoothing (Cleveland et al., 1988), utilizing the LOESS (i.e., locally weighted scatterplot 

smoothing) algorithm as a component (Cleveland and Devlin, 1988). To identify the year when 

a sudden shift in the mean of the time series occurred, the Pettitt test (Pettitt, 1979) was 

employed. 

Ash mass mobilized by the run-on was assessed for normal distribution and underwent 

classic statistical analysis. Analysis of variance (ANOVA) was employed to identify treatment 

main effects and interactions, and differences between treatments were evaluated using Tukey’s 
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test (p ≤ 0.05). Data analyses were conducted using the R Statistical Software Program (R Core 

Team, 2020). Boxplot graphs were generated to provide insights into the dataset. 

 

II.3 Results and discussion 

II.3.1 Land use and burned areas 

Results from the remote sensing survey of fire incidences in the upper Ipanema Basin 

reveal a discernible pattern of wildfire variability in the Caatinga biome, with the most 

significant occurrences observed between August and October. Figure 6 illustrates this 

variability, highlighting a statistically significant upward trend (z > α) in reported forest fire 

outbreaks, as confirmed by the Mann-Kendall (MK) test. Additionally, the Sen’s slope 

estimator indicated an increase in fire foci at a rate of 1.19 per year. 

 

Figure 6. Annual time series, seasonal and annual trend, and Boxplot with mensal distribution 

of fire foci from 2014 to 2022. 

 

The application of the STL filter revealed seasonality in the data, with a notable surge 

in fire outbreaks during the dry season and a decline in the rainy season. The significant 
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occurrences of wildfire between August and October, with strong effect of seasonality, 

corroborates with findings by Abreu et al. (2021), who underscore that the highest probability 

of wildfire events in Brazil tends to occur from August to September. This pattern aligns with 

the findings of Caúla et al. (2015), who, in their assessment of wildfire incidents in Brazil, 

highlighted a correlation with the transitional phase between dry and rainy periods. During 

these months, vegetation becomes more susceptible to fires due to reduced humidity and lack 

of rainfall (Marinho et al., 2021). Additionally, this period may coincide with the onset of rains, 

leading to readily available combustible material, creating a complex dynamic of 

disaggregation and transport. 

The Pettitt test identified a significant change in the fire hotspot time series in 2018 and 

2019 (Fig. 5), coinciding with a notable increase in fires. The irregularity in the rainfall regime 

in the Brazilian semiarid has been associated with the Intertropical Convergence Zone (ITCZ), 

which can result in extreme climatic events, such as droughts or heavy rainfall (Tinoco et al., 

2018). Figure 6 illustrates the distribution of rainfall between 2014 and 2022. 

Detecting trends in time series is essential for the effective management of natural 

resources. Nonparametric statistical tests, such as Pettitt test (Marinho et al., 2021), have 

proven valuable in this context. The Pettitt test highlighted a significant change in the fire 

hotspot time series in 2018 and 2019 (Fig. 5), coinciding with a notable increase in fires. Lima 

et al. (2020) employing the Pettitt test, observed a significant increase (p ≤ 0.05) in fire hotspots 

across most Indigenous Lands in the state of Mato Grosso. This increase was associated with 

the presence of moderate El Niño and La Niña, contributing to the annual rise in fire hotspots.  

Post-fire weather conditions, encompassing factors such as precipitation and wind, exert a 

significant influence on the soils affected by forest fires, impacting the distribution of ash and 

contributing to soil degradation (Elakiya et al., 2023). A holistic understanding of both natural 

disturbances (wind and rain) and human activities (post-fire logging) is imperative for 

unravelling the processes influencing soil degradation (Pereira et al., 2018). Precipitation plays 

a crucial role in affecting humidity levels and vegetation patterns, thereby influencing the speed 

of fire propagation (Eskandari et al., 2021). Ghorbanzadeh et al. (2019) established a direct 

correlation between temperature increases and forest fires. Elevated temperatures contribute to 

higher evapotranspiration rates, heightening the susceptibility of forests to wildfires. 

The standardization and variability of rainfall in the Northeast Brazilian Semiarid 

(NEB) are influenced by factors such as land use, vegetation, altitude, and terrain conditions. 

In tandem with the impacts of climate change, which have altered rainfall patterns, these factors 
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collectively contribute to the emergence and persistence of reduced precipitation indices in 

these semiarid regions, as highlighted by Carvalho et al. (2020). This spatiotemporal variability, 

in conjunction with the low annual precipitation totals, results in the frequent occurrence of 

rainless days and consequently giving rise to drought events. The observed limited rainfall in 

the NEB Semiarid poses a significant threat to the Caatinga ecosystem, as emphasized by da 

Silva et al. (2020). 

The study area experiences an average annual rainfall of approximately 700 mm, 

primarily concentrated from March to May, exhibiting significant variations between years 

(Montenegro and Montenegro, 2006). According to Köppen’s classification, the IRB is 

subjected to a very hot semiarid climate, featuring average temperatures exceeding 23 °C, and 

an annual average of the crop reference evapotranspiration (ET0) exceeding 1800 mm (Coelho 

et al., 2017). This climatic pattern results in a water deficit in the region for a significant 

proportion of the year.  

The irregularity in the rainfall regime in the Brazilian semiarid has been linked with the 

Intertropical Convergence Zone (ITCZ), that can lead to extreme climatic events, such as 

drought or severe rainfall (Tinôco et al., 2018). Figure 7 presents the rainfall distribution 

between 2014 and 2022. 
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Figure 7. Spatial distribution of rainfall and fire foci from 2014 to 2022 in Ipanema River 

Basin, Brazilian semiarid region. 

 

In the Ipanema Basin, the maps highlight predominant rainfall patterns between 400 and 

900 mm (depicted in light blue pixels) and between 1000 and 1500 mm (represented by dark 

blue pixels). The average, minimum and maximum precipitation values for the years 2014 to 

2022 can be observed in Table 1.  
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Table 1. Precipitation values for the years 2014 to 2022 

Year 
Average Precipitation 

(mm) 

Maximum Precipitation 

(mm) 

Minimum Precipitation 

(mm) 

2014 654.2 922.7 416.9 

2015 557.8 767.2 371.9 

2016 540.7 778.6 353.4 

2017 518.3 720.2 345.5 

2018 558.1 774.7 352.3 

2019 540.6 727.8 349.1 

2020 741.4 990.6 471.2 

2021 585.5 857.8 289.8 

2022 903.1 1399.8 641.9 

 

Based on exploratory and descriptive statistics, the study period (2014 to 2022) 

witnessed a total of 4718 fire foci in the IRB. Descriptive analytics unveiled an annual mean 

and standard deviation of 590 ± 159 fire foci, with a median of 620 fire outbreaks distributed 

across the Ipanema River Basin. The maximum and minimum values, respectively, were 

recorded in 2020 (813 fire foci per year) and 2017 (301 fire foci per year). 

 A positive correlation with an R² value of 0.8 was observed between wildfire incidents 

and precipitation. It is essential to emphasize that the formation of a gradient of fire incidents 

is likely associated with changes in land use and spatial occupation, particularly related to 

agriculture (as illustrated in Figure 8). 
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Figure 8. Spatial distribution land use and land cover and fire foci between 2014 to 2022 in the 

Ipanema River Basin, Brazilian semiarid region. 

 

For the observed period, there was a reduction (9.33%) in forest cover followed by an 

increase (11%) in areas designated for farming and non-vegetated areas. The burning and its 

processes can induce various damages to the different components of the biome, such as: (I) 

loss of native plant species; (II) exposure to destruction and weakening of the soil organic layer; 

changes in the physical properties of the soil (porosity and water permeability); (III) occurrence 

2014 2015 2016

2017 2018 2019

2020 2021 2022
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of landslides and erosion and (IV) mortality of animals, destruction of nests, and modification 

of habitat (animals migrate in search of food and shelter); among others (Roth et al., 2023; 

Vieira et al., 2023; Mitchell, 2023; Schmidt et al., 2023; Kruge et al., 2023). 

It is noteworthy that among the key factors leading to substantial losses in ecosystem 

services in the Northeast Brazilian (NEB) region are imbalances resulting from deforestation, 

wildfires, improper irrigation water use, intensive agricultural practices, and inadequate land 

management. These unsuitable land use practices lead to the depletion of vegetation, water, 

and soil, subsequently contributing to local microclimate alterations and the exacerbation of 

desertification processes, which in turn reduce the socio-economic conditions of the affected 

regions (Barbosa et al., 2019). 

Tran et al. (2023) identified a total of 13 factors influencing wildfire occurrence, including 

slope, aspect, plan curvature, profile curvature, topographic wetness index, valley depth, wind 

speed, normalized difference vegetation index, rainfall, temperature, distance to roads, and 

distance to rivers. The authors emphasized that distance to roads, temperature, and slope were 

the most critical factors for identifying areas prone to wildfires. In the Ipanema River Basin 

(IRB), the spatial distribution of fire foci showed significant variability, particularly in the 

sloped regions of the basin, which are predominantly covered by Caatinga vegetation, as 

illustrated in Fig. 9. 
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Figure 9. Spatial distribution of slope class and fire foci from 2014 to 2022 in Ipanema River 

Basin, Brazilian semiarid region. 

 

The distribution of fire foci reveals a predominant concentration across low-elevation and 

gentle-slope terrains (8 to 20%), with a substantial concentration occurring in areas 

characterized by strong undulations (20 to 40%). This pattern aligns with the conclusions 

drawn in studies by Abreu et al. (2021) and da Silva et al. (2020), emphasizing the significant 

influence of agriculture and livestock as the primary contributors to degradation within the 

Caatinga biome.   
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II.3.2 Soil moisture, runoff and erosion rates, soil loss and time to the beginning of runoff 

The hydrographs generated by the rainfall simulations experiments are illustrated in 

Figures 10. These hydrographs depict the time variability of the runoff rates and sediment 

concentration under a constant rainfall intensity on soil with different layouts of burned area 

(layouts 1 to 5) and 10% of slope.  

 

 

Figure 10. Runoff rates and sediment concentration in the five layouts investigated. 

 

The layout of burned area significantly affected the soil moisture, runoff, erosion rate 

and instantaneous soil loss, as can be seen in Figure 11 and Table 3. 
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Figure 11. Total soil loss amounts (average and standard deviation bars from all samples 

collected) observed during a complete experiment for the 5 layouts. 

 

The soil moisture in L1 at 30 minutes was 0.1922 cm³ cm⁻³, which represented a 51.8% 

increase compared to the initial value. Additionally, it was 68.7%, 82.7%, 95.4%, and 63.5% 

higher than the moisture levels in L2, L3, L4, and L5, respectively. 

 

 Table 3. Soil moisture and runoff rates, beginning of runoff, disaggregation rate and total of 

soil loss in five different layouts with rainfall intensity of 60 mm h-1. 

Layout 
Soil Moisture   

Runoff 

(mm h-1) 

Beginning 

of runoff 

(min) 

Detachment 

Ratio (kg m-2 s-

1) 

Total soil loss (g) 

Before After       

L1 0.0996 0.1922 
 

421.10 19.36 4.28 301.30 

L2 0.0953 0.1321 
 

595.30 6.52 0.27 34.60 

L3 0.1173 0.1587 
 

591.30 9.75 1.78 26.37 

L4 0.1115 0.1831 
 

400.90 13.15 1.80 173.57 

L5 0.1130 0.1221   339.20 8.94 0.27 172.23 

 

The highest erosion was observed in the soils uniformly burned (L1) (4.28 ± 3.019 kg 

ha-1, value averaged by slope), and the lowest in L2 and L5 (2.24 ± 0.535 kg ha-1). As for runoff, 

the highest and lowest soil losses, were observed in L3 (7.68 ± 4.88 mm h-1) and L4 (5.07 ± 

2.554 mm h-1), respectively. 
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Figure 12 presents the turbidity and sediment loss for all five different layouts. The 

suspended sediment concentration was evaluated using a turbidimeter for each collected runoff 

sample. After drying in an oven, the total soil loss per collection was determined. In general, a 

higher concentration of suspended solids in runoff samples was observed in L1 and L3, 

corresponding to the treatments of uniform burning over the area and fractional burning in three 

portions. The total sediment losses in L1 were 54% to 60% higher than in the other layouts. 
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Figure 12. Concentrations of sediments (NTU) for runoff surface water samples and Sediment 

Loss collected during simulated rain events. 
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II.3.3 Ash transport 

This section of the study explores the impact of different ash layouts on its mobility.  

The Figure 13 present the temporal variations in average of ash transported by runoff 

considering different distributions of ash.  

 

Figure 13. Ash transportation (g min−1) by rainfall and rainfall + inflow for the five layouts. 
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Regarding to the Layout 1(uniform distribution), all applied ash content was removed 

by rain and rain + inflow in the first 5 minutes of the experiment. Throughout the experiment, 

ash particles tended to group in the downstream section of the flume, immediately upstream of 

the collector gutter. As particles accumulated, they initiated a downhill movement that induced 

significant particle mobilization during the initial minutes. This phenomenon bears 

resemblance to findings by Abrantes et al. (2018), which noted that diminished surface runoff 

could be attributed, in part, to the protective role played by the cover against the direct impact 

of raindrops. This protection promotes the dispersion of the kinetic energy of the raindrops, 

thereby mitigating the detachment of the aggregates. In this study, the higher density of the ash 

cover, resulting from the reduced distribution area, had an attenuating effect on soil 

disaggregation. 

For Layouts 2 (T2) and 3 (T3), the mobilization unfolded at a more gradual pace, 

allowing some particles to linger at the downstream section of the flume by the end of the test. 

Despite the rain disaggregation of the ash cover on the surface, the limited contact of the flow 

with the ashes retained the particles in their original position.  

The values of total ash transported in the experiments are summarized in Table 4. 

Regarding to start time of runoff, the Layout 1, with uniform ash distribution, runoff started 

significantly later compared to the others layout, under rainfall conditions of 60 mm h-1 and 

100 mm h-1 as well as both sloping surfaces and when rainfall and rainfall + inflow were 

combined. 

 

Table 4. Total amount of ash transported for all runs considering two intensities of rainfall and 

two slopes. 

Layout 

100 mm 10% 
 

60 mm 10% 
 

100 mm 30% 
 

60 mm 30% 

Start 

time (s) 

Total 

(g) 
 

Start 

time (s) 

Total 

(g) 
 

Start 

time (s) 

Total 

(g) 
 

Start 

time (s) 

Total 

(g) 

T1 
R 16 369.2  50 225.7  20 400.5  41 383.8 

R+I 20 417.2  23 383.3  15 420.8  17 404.5 

T2 
R 13 196.2  14 160.0  10 234.0  13 262.3 

R+I 14 320.0  13 161.5  9 378.0  12 312.4 

T3 
R 13 202.7  16 160.8  15 378.4  15 212.6 

R+I 9 299.7  12 170.9  5 302.2  10 257.5 



 

79 

 

T4 
R 16 151.3  12 113.5  10 267.5  18 236.5 

R+I 10 362.7  10 349.3  4 391.5  4 263.4 

T5 
R 14 363.4  10 180.7  14 319.5  11 304.2 

R+I 24 353.2  28 333.1  20 397.1  24 378.2 

 

On average, Layouts 2 and 3 achieved a reduction in ash transport of 19% and 30%, 

respectively, compared to Layout 1, which exhibited the highest ash transport across all cases. 

Layouts 4 and 5, on the other hand, demonstrated smaller reductions in runoff, with decreases 

of 11% and 10%, respectively. Layouts 2, 3, and 4 showed significant differences in ash content 

transport from Layout 1 for 100- and 60-mm h-1 intensities and on 10 and 30% slopes. For 

Layouts 4 and 5, the only significant difference was seen for 60 mm h-1 intensity and 10% 

slope, considering only the rainfall. 

Figure 14 shows the total ash transported along the events, in the respective treatments, 

for the simulated rain, rain + inflow and slope conditions.  
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Figure 14.  Box plot mass of ash in each layout of distribution for both 10 and 30% of slope, 

and 60- and 100-mm h-1 rainfall simulation. 

  

It is observed that the presence of the upslope inflow provided an increase in the amount 

of ash transported.  Considering all the evaluated layouts, the precipitation of 100 mm h-1 

produced an average carried of 31.24 and 26.41 g min-1 for 30 and 10% slope, respectively; 
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while the precipitation of 60 mm h-1 presented mean values of 27.98 and 16.8 g min-1 for 30 

and 10% slope, respectively. Wag et al. (2020) had similar findings, where they examined the 

effects of upslope inflow and rainfall on slope erosion, as well as distinguishing their individual 

effects on sediment production. The authors observed that upslope inflow increased sediment 

production five-fold, which is in line with the current study - larger amounts of ash are being 

transported with increasing inflow. These results emphasize the need to account for run-on in 

field simulations in order to accurately reflect real-life situations. Another relevant aspect 

raised by Wang et al. (2020) was the effect of precipitation intensity on sediment production. 

The authors observed that the contributions of synergistic effects increased with increasing 

rainfall intensity. This increase can be observed for both slopes evaluated in this paper. 

 

II.3.3 Effectiveness of ash layouts 

This laboratory study shows that distributing ashes in smaller bands (e.g., sections of 

areas) with higher coverage density reduced the mobility of the ashes via surface runoff. Figure 

15 presents the coverage percentages at the start and end of the simulations. 

 

Figure 15. Comparison of cover percentage among five different layouts before and after 

rainfall simulation considering two rain intensities (60- and 100-mm h-1) and two slopes (10 

and 30%). 
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The percentage coverage variation between treatments increased, especially for Layout 

1 which showed the highest standard deviation and a decrease of 80 to 87% when compared 

before and after the tests. Distribution T2 and T3 showed higher percentage values of coverage 

after the simulation, corroborating with the efficiency previously shown, where the treatments 

were efficient in reducing the mobility of ashes through runoff. 

The geometries of distribution 4 and 5 were efficient when compared to distribution T1, 

however, they suffered heavily from the influence of inflow and kinetic energy of the rain. In 

general, considering varying rainfall intensities and slopes, the 30% slope and heavier rainfall 

conditions were associated with a higher transport of ash (Fig. 16). 

 

Figure 16. Correlations among ash removed (in grams) observed by rainfall simulator under 

five ash layouts and two slopes. 
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The results show that the highest coefficients of correlation (r2 > 0.9) were observed for 

Layout 1, specifically between 30% of slope and 10% in the context of simulated rainfall. 

However, when factoring in both rainfall and upslope inflow, the corresponding r2 decreased 

to 0.7. The remaining layouts exhibited lower coefficients, with Layouts T4, T2, T5, and T2 

showing r2 values of 0.6, 0.4, 0.2, and 0.1, respectively. Similarly, in the scenario of rainfall + 

inflow, Layouts T2, T4, T5, and T3 demonstrated coefficients of correlation of 0.6, 0.5, 0.4, 

and 0.1, respectively. It can be concluded that, overall, Layouts 3 showed lower sensitivity to 

changes in slope and the presence or absence of inflow. 

In terms of the correlations between the two assessed rainfall intensities, Layout 1 

exhibited a correlation coefficient of 0.92, followed by T2 with an r2 of 0.43, and T4 with an r2 

of 0.42. The remaining layouts displayed coefficients lower than 0.3. Taking into account the 

presence of inflow, T1 continued to exhibit a high correlation coefficient of 0.92, while the 

other layouts showed coefficients below 0.20. 

The relationship between rainfall combined with inflow and rainfall alone was 

significant for ash disposal Layouts 1 (T1) and 4 (T4). However, for the remaining layouts, the 

r2 values remained below 0.3. 

 

II.4 Conclusion 

The main conclusions regarding the soil flume field and laboratory experiments carried 

out in this study, considering simulated uniform rainfall events with the addition of an upslope 

inflow, under five different ash layouts of distribution, are: 

The decreased area of ash exposed to rain meant that the coverage density increased, which 

in turn reduced the rain's erosive impact on ash particles and decreased the erosion rate. 

The circular distributions, single and divided into 3 fractions, reduced the mass of ash 

transported by runoff by 30% when compared to the uniform distribution. This result could be 

useful and a viable alternative for the preservation of in locus ash, providing a nutritional 

contribution in burned areas. 

The alignment of ash parallel to the direction of the flow was more effective in minimizing 

the movement of ash through the flow than when the alignment was perpendicular. 

These conclusions seem to clearly justify follow-up tests in field conditions, both in less 

steep and intensively managed agricultural areas with high erosion risk, and in recently burned 

areas. Future work should take into account the whole soil structure, allowing for the evaluation 
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of other efficient practices not only in reducing the mobility of ash but also in soil conservation 

and the context of agricultural soil fertility and crop productivity. 
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Chapter III: Hydrogeological trends in an alluvial valley in the Brazilian semiarid: impacts of 

observed climate variables change and exploitation on groundwater availability and salinity 

 

Abstract: Water scarcity significantly impacts the development of semiarid regions. In Brazil, 

groundwater from alluvial valleys of temporary rivers is a crucial water source in the semiarid 

zone. However, processes of salt accumulation and frequent aquifer overexploitation for 

communal irrigation, exacerbated by climate change, threaten future groundwater availability. 

Salinization also poses a significant challenge. This chapter assesses the influence of climate 

variability and exploitation on groundwater accessibility, quantity, and quality. Spatiotemporal 

data analysis from monthly field campaigns conducted from 2000 to 2019 in the Mimoso 

Rivulet Basin, Pernambuco State, Brazil, was performed. Results show that salinity variability 

is linked to the salt balance, particularly in areas with low hydraulic permeability and 

groundwater irrigation. Groundwater salinity correlates strongly with rainfall and groundwater 

levels. Evapotranspiration rise, coupled with declining rainfall and groundwater levels, 

exacerbates groundwater scarcity and overexploitation. Groundwater salinity exhibits a 

decreasing trend in pumping wells but no significant trend in piezometers. Groundwater 

pumping emerges as a management alternative to control salinity, crucial for mitigating long-

term water shortages in this severely water-scarce region. 

 

Keywords: Temporal stability, groundwater dynamics, Mann Kendall, Sen’s Slope 
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III.1 Introduction  

Dry periods are part of the natural cycle of a semiarid environment, usually influencing 

the availability of water resources for different purposes. The Brazilian semiarid region is 

characterized by an irregular rainfall regime and high potential evapotranspiration rates 

(Montenegro and Ragab, 2010). Based on historical data and future trends, Marengo and 

Bernasconi (2015) highlighted the high risk of aridification in the Brazilian semiarid lands 

based on regional climate projections (i.e., prediction of rainfall reductions, temperature 

increases, and water deficits for longer periods). In this context, Carvalho et al. (2020) 

predicted a reduction in the number of rainy days, with impacts on future water resources 

availability. This increase in aridity, along with land degradation by agricultural use and 

deforestation, tends to increase environmental vulnerability and desertification rates in the 

semiarid region of Brazil, aggravating scenarios of water scarcity (Silva et al., 2022).  

Although Brazil holds more than 12% of the global renewable freshwater, its population 

frequently faces water scarcity, particularly in the Northeast region, which presents less than 

4% of the national water resources but supports about 35% of the national population 

(Rodrigues et al., 2015). Field hydrological studies in the Northeast region are still very limited 

due to the large area of the country and the high costs involved in continuous field monitoring 

campaigns, despite several efforts from Brazilian agencies to provide funds to support these 

investigations (Melo et al., 2020). For groundwater, the ground-based monitoring network is 

particularly sparse and restricted to a few widely distributed wells (Melo et al., 2020). The 

national monitoring network consists of about 375 wells across of all Brazil, complemented by 

a small number of observation wells monitored in only 21 active experimental basins. 

Some studies carried out in other semiarid regions worldwide identified a progressive 

reduction of groundwater availability and depletion (e.g., Famiglietti, 2014; Cuthbert et al., 

2019; Hu et al, 2019; Bahir et al., 2020), which, if occurring in the Brazilian semiarid, can limit 

even more the access to water in the region. For instance, Bahir et al. (2020) observed a 

significant decline in the piezometric levels of a regional aquifer located in a semiarid region 

in Morocco for 43 years due to the adverse effects of climate change, followed by a spatial-

temporal deterioration of the groundwater quality during the monitored period. 

Considering the geological characteristics of the Brazilian semiarid region (i.e., a 

crystalline domain, comprising impermeable and fissured igneous and metamorphic 

Precambrian rocks, with shallow soils), alluvial aquifers are essential for agricultural and 

domestic water supply, given the scarce availability of surface water. Nevertheless, these 
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aquifers usually present limited water volumes as a result of their geomorphological 

characteristics, the shallow soils at the hillslope boundaries, and the dimensions of the 

geological formations (Andrade et al., 2014; Fontes Júnior et al., 2017; Montenegro and Ragab, 

2010). Such features generally reduce the groundwater recharge of alluvial aquifers in the area, 

raising concerns about water availability, particularly during prolonged droughts (Coelho et al., 

2017). Mackay et al. (2005) identified potential links between hillslope runoff, groundwater 

use, subsurface controls, and the annual and longer-term variations in water availability and 

water quality in alluvial valleys of Brazilian semiarid, being groundwater salinity strongly 

correlated to the geology, soil texture, irrigation leaching, water table depths, and surface water 

salinity of the mainstream tributaries. Mott MacDonalds (2006) developed a comprehensive 

study of the potential of alluvial valleys for water security in the semiarid region of Pernambuco 

State Semiarid, Brazil, including the Mimoso Valley investigated in this paper, where the 

Knowledge and Research Programme (KaR) project proposed relevant guidelines towards 

sustainable management alternatives for small alluvial valleys in the studied region, such as 

adoption of a participatory approach for controlling over pumping during drought periods, and 

strategies for reducing applied irrigation water depths, which could increase groundwater salt 

contents.  

In addition to the climatic impact, the anthropogenic pressures (e.g., increasing the 

aquifer pumping rates and salt leaching from irrigated areas) also might lead to the qualitative 

and quantitative depletion of the alluvial groundwater, causing an excessive lowering of 

piezometric levels (Ribeiro et al., 2015), along with salt accumulation hazards (Schoups et al., 

2005; Montenegro et al., 2010). Besides that, deforestation has been highlighted as a main 

cause of climatic variability in Brazil (Mu and Jones, 2022). Thus, there is a growing need to 

develop regular monitoring programs for a sustainable use of the alluvial groundwater 

resources in parallel with studies for identifying the recharge dynamics and potential mitigation 

measures (Burte et al., 2009; Coelho et al., 2017; Zhang et al., 2022). Alluvial valleys present 

strong seasonal variation in terms of stored water volume and salinity due to anthropogenic, 

hydrological, and climatic conditions (Burte et al., 2005; Andrade et al., 2012; Panzand et al., 

2018). Hence, long-term groundwater quantity and quality monitoring are essential for the 

development of sustainable management strategies (Kumar and Sangeetha, 2020), providing 

bases for alluvial aquifer sustainability (Abdullahi et al., 2015; Gibrila et al., 2018; Silva Filho 

et al., 2020).  



 

94 

 

The Mimoso Stream Basin, located in the semiarid region of Pernambuco State, is one 

of the 21 active experimental basins identified by Melo et al. (2020) with long-term studies and 

groundwater monitoring in Brazil. During recent decades, some studies in this basin advanced 

toward understanding the spatial and temporal distribution of groundwater (e.g., Montenegro, 

1997; Monteiro et al., 2014; Fontes Júnior e Montenegro, 2017), groundwater quality (e.g., 

Andrade et al., 2012), the spatial distribution of groundwater recharge (e.g., Montenegro et al., 

2010; Coelho et al., 2017), and the use of groundwater for agricultural production and water 

consumption (e.g., Mackay et al., 2005; Mott MacDonalds, 2006; Montenegro et al., 2010; 

Souza et al., 2011; Santos et al., 2018). The investigations were conducted in the alluvial valley 

of the Mimoso Stream Basin based on field hydrological monitoring at plot scale employing a 

dense piezometric network installed in 1995, aiming at spatiotemporal analysis of groundwater 

quality and quantity. All studies highlighted the potential of the alluvial areas in semiarid Brazil 

for small-scale irrigated agriculture but also pointed out the risks of groundwater depletion and 

salinization of both the groundwater and irrigated soils. 

Despite a large number of studies on groundwater sustainability of small alluvial 

aquifers, investigations coupling long-term time series analysis of climate and hydrological 

variables at representative locations, using land use assessment of irrigated valleys, are still 

scarce, particularly in the Brazilian semiarid. The number of studies on groundwater 

availability in alluvial aquifers located in irrigated communities is also low, particularly taking 

into account the floodplain heterogeneity of hydraulic properties and their influence on the 

spatiotemporal distribution of salinity. The Brazilian semiarid region has been subjected to 

significant land use and land cover changes (Silva et al., 2022) and long drought periods (Brito 

et al., 2021). For instance, the drought that occurred between 2011 and 2016 was considered 

highly severe, affecting almost all of the northeast region of Brazil, with significant impacts on 

water security, population, and economic activities (Brito et al., 2018). Further studies 

assessing the dynamics of climate-groundwater interactions are still needed, particularly 

addressing the climate interaction with groundwater levels and salinity.  

Hence, the main aim of this study is to assess and explain the impact of climate and 

anthropogenic changes on groundwater quantity (levels) and quality (salinity) in an active 

experimental alluvial valley located in the semiarid region of Brazil, and their implications for 

sustainable groundwater use. The specific aims are: (i) to identify stable representative 

locations for groundwater levels and salinity in a highly heterogeneous field, aiming to 

investigate stable representative monitoring locations across a dense network, according to the 
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aquifer hydraulic properties; and (ii) to carry out a long-term trend analysis of stable point time-

series for both groundwater level and salinity, relating them to the agricultural use (e.g., 

temporal exploitation patterns), heterogeneities (e.g., saturated soil hydraulic conductivity, soil 

physical attributes, silt and sandy percentage, and geochemical parameters), and climatic 

dynamics in the region. A novel framework is developed and presented, coupling temporal 

stability analysis (and its dependence on aquifer hydraulic properties), long-term trend 

assessments, and multivariate statistical tests to provide insights on the joint impact of rainfall 

regime, evapotranspiration dynamics, groundwater levels, pumping rates, and hydraulic spatial 

variability on the groundwater salinity distribution. 

 

III.2 Material and methods 

III.2.1 Study area 

The study was conducted in the Mimoso Stream Basin, located within the Alto Ipanema 

Basin (AIB), in the Pernambuco State, Brazil. The Mimoso Alluvial Valley (MAV) is part of 

the springs of the Ipanema River, a tributary of the São Francisco River Basin - one of the 

biggest river basins in Brazil, covering 7.5% of the country and contributing to the development 

of six states (Alagoas, Bahia, Goiás, Minas Gerais, Pernambuco, and Sergipe).  

The MAV has a shallow unconfined aquifer with an average thickness of around 10 m, 

about 3 km in length, and 300 m in width, with a natural slope of approximately 0.3% (West-

East) (Montenegro et al., 2003). The sides of the valley are characterized by shallow soils over 

crystalline basement fractured rocks. Groundwater resources are found in the fissured and 

weathered areas of the granites and, more significantly, in the alluvial deposits along the river 

(Dane, 2005). Rock weathering processes are usually associated with soil salt concentrations. 

In irrigated areas with shallow water tables, capillary flows tend also to increase soil salinity 

(Montenegro, 1997). The drainage network of AIB is composed of the Mimoso, Ipaneminha, 

and Jatobá streams. The Mimoso, although intermittent, is the main surface watercourse of the 

basin (Montenegro & Montenegro, 2006).   
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Figure 1. Location map of the Mimoso Alluvial Valley, Alto Ipanema Basin, Pesqueira 

municipality of Pernambuco, Brazil.  

 

      The pedological classification of the alluvial valley, according to Correa and Ribeiro 

(2001), is distributed as: RR1 – Regolithic Neosol + Litholic Neosol; RR2 Regolithic Neosol; 

RU1 Regolithic Neosol Tb (Eutric medium sand); RU2 Fluvic Neosol Tb (Eutric medium); 

RU3 Fluvic Neosol (Sodium medium); RU4 Fluvic Neosol (Sodium medium sand); RU5 

Fluvic Neosol (Sodium saline); RU5 Fluvic Neosol (Saline sodium). 

The study area has a network of pumping wells and georeferenced piezometers. Each 

piezometer is about 6 m deep and has a diameter of 75 mm (Montenegro, 1997). During 

piezometers installation, slug tests and infiltration experiments were carried out at each 

location, in order to characterize both saturated hydraulic conductivity and basic infiltration 

rate, respectively (Kelly, 1995; Montenegro, 1997). In addition, undisturbed soil sampling was 

performed for texture and electrical conductivity characterization in laboratory, at Federal 

Rural University of Pernambuco State, Brazil. Soil samples were also analyzed in laboratory 

at Newcastle University, to assess dispersity characteristics for salt transport (Montenegro, 

1997, Montenegro and Montenegro, 2002). Direct measurements have included spatial 



 

97 

 

mapping of farm units, well locations and capacities, formations and soils, geophysical 

measurements of aquifer depth and groundwater flows (Last, 2004), borehole investigations of 

lithology and hydraulic property measurements, as well as infiltration capacities and recharge 

characteristics observed in Figure 2 adapted from Montenegro (1997).  

 

 

Figure 2. Piezometer installation, using manual hammer. View of the adopted piezometers, 

with the open zone for slug test and groundwater regular monitoring.  Kriged maps saturated 

hydraulic conductivity, soil types, and surface saturated hydraulic conductivity (Source: 

adapted from Montenegro, 1997) 

 

Slug test analysis was carried out adopting the Bouwer and Rice (1976) methodology. 

Saturated hydraulic conductivity varied from -4.53 to -0.66 m day-1, with mean and median 

values of -2.14 and -2.11 m day-1 respectively and showing a log-Normal behavior. Spatial 

variability of both saturated hydraulic conductivity and basic infiltration are presented in Figure 

2. A classification into three classes had been adopted in order to group the monitoring points 

in regions showing similar geological and hydrogeological properties, considering criteria 

adopted by Montenegro (1997). Such regions are supposed to present the same pathways of 

groundwater flow and salt transport. 

It is worth to mention that this research evolved from a scientific and academic effort 

supported by the United Kingdom Department for International Development (DfID) which 

was undertaken in Northeast Brazil. The project’s overall aim was to demonstrate methods that 
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would build the capacity of local communities in semiarid areas to achieve the sustainable use 

of groundwater resources for agricultural production. 

The climate in the study area is classified as BSsh (extremely hot and semiarid) 

according to the Köppen classification, with an average annual rainfall of 630 mm, an average 

temperature of 23°C, and a potential evapotranspiration of approximately 2000 mm per year, 

registered from 2000 to 2015 (Fontes Júnior and Montenegro, 2017). The valley sides are quite 

steep, with slopes of around 10-30%. Saturated zone monitoring at the alluvial valley through 

piezometers (Montenegro et al., 2003) reveals that the average depth of the water table 

fluctuates between 2.0 and 4.0 m during the rainy and dry periods, respectively.  

During the installation of 50 piezometers in 1995, slug tests (according to Bouwer and 

Rice, 1976) and infiltration tests were carried out to characterize, respectively, the aquifer 

saturated hydraulic conductivity (varied from 0.1 to 125  m day-1, with an arithmetic mean 

value of 23.4 m day-1, and geometric mean of 4.8 m day-1) (Montenegro, 1997) and the basic 

soil infiltration rate (varied from 0.1 to 93 m day-1, with arithmetic mean of 7.1 m day-1) 

(Montenegro and Montenegro, 2006).  The 5 m deep piezometers were installed along transects 

in 1995 (and complemented with an additional set of 30 piezometers in 2005), adopting a 

regular separation distance of approximately 30 m, to allow geostatistical investigations of 

spatial variability structure of the hydraulic properties.  

 

III.2.1.1 Geology and Hydrogeology of the study area 

Groundwater resources are limited to fissured and weathered zones of the granitoids 

and, more importantly to the Mimoso Alluvial Valley, a narrow river alluvial deposit.  The 

alluvial deposits are fine to medium heterogeneous sands, containing some fine material (silt 

and clay) (Montenegro, 1997). The soils in the crystalline regions are generally shallow with 

low infiltration rates and limited storage potentials. According to Kelly (1995), the sandy 

material contains coarse grains of quartz and pink feldspar fragments. The size of the quartz 

fragments ranges from 2-10 mm. The coarse sands present as much as 30% of the soil material. 

Biotite, muscovite and gneiss are dominant. In contrast, on the northern boundary, granite, 

syenite, and gabbro are present, representing a granite complex, which may be associated with 

the quartz fragments in the alluvial fans (C I S A G R O, 1991).  

Soil sampling analyses were conducted in the laboratories of the Federal Rural 

University of Pernambuco State (UFRPE) and Newcastle University to characterize texture, 

electrical conductivity, and dispersive qualities for salt transport (Montenegro, 1997; 
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Montenegro et al, 2002). Based on the geological and hydrogeological properties of the MAV, 

two classes of monitoring wells and piezometers were defined (low hydraulic conductivity, 

with Ksat ≤ 0.8 m day-1, and high hydraulic conductivity, with Ksat > 0.8 m day-1), following 

the criteria established by Montenegro (1997). These regions were assumed to have similar 

pathways of groundwater flow and salt transport. 

 

III.2.2 Data and methods 

III.2.2.1 Meteorological data 

The meteorological data was recorded from 2000 to 2019 by a complete automatic 

agrometeorological station (Campbell Scientific) installed in the MAV, which provides air 

temperature, relative air humidity, global solar radiation, atmospheric pressure, wind speed and 

direction, and rainfall records. Minimum and maximum air temperature and relative humidity 

were used to calculate the reference evapotranspiration (ET0) using the FAO-56 Penman-

Monteith equation (Allen, 1998).  

 

III.2.2.2 Groundwater level and electrical conductivity data 

For this study, 241 months of groundwater level and electrical conductivity data was 

collected between January 2000 and December 2019 from 54 piezometers and 33 wells. The 

piezometers, around 6 m in depth and with a 75 mm diameter, present screens and gravel filters. 

The wells, on the other hand, vary in size, comprising community wells with larger diameters 

and equipped with multilevel radial collectors aimed at increasing groundwater exploitation, 

and individual wells for supplying individual irrigation plots. Water level measurements were 

taken manually each month using a water level meter, while electrical conductivity was 

measured in water samples taken from the same piezometers and wells during the level 

campaigns.  

Due to textural and hydrogeological variations in groundwater systems in the MAV, 

investigations regarding electrical conductivity were carried out considering the grouping 

proposed by Mackay and Montenegro (1996), Montenegro (1997), and Montenegro et al. 

(2003), where the authors divided the aquifer into two regions: piezometers with high hydraulic 

conductivity saturated (PZH) and piezometers with low saturated hydraulic conductivity 

(PZL). Additionally, wells (PW) were considered separately, depending on the extraction 

dynamics, which allows for greater groundwater circulation compared to aquifer regions near 

the piezometers.  
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III.2.2.3 Water use in irrigated areas  

The most important economic activity in the Mimoso Alluvial Valley is agriculture, 

with wells being drilled mainly for irrigating vegetables, maize, and pasture. Farmers use a 

variety of irrigation techniques, such as normal sprinklers, micro sprinklers, drip irrigation, and 

xique-xique irrigation (which is a local “homemade” system that typically consists of drip lines 

with small orifices). Additionally, irrigation is conducted using 3-15 CV centrifugal pumps. 

The average water extraction in the wells of the MAV is approximately 45 m3 day-1, reaching 

around 300 m3 day-1 in some communal wells (Monteiro et al., 2014). According to Dane 

(2005), based on detailed field monitoring, the total abstraction in the valley for irrigation was 

nearly 129.000 m3 year-1 in 2004. 

To estimate water exploitation for irrigation in the alluvial valley, the actual 

consumption was taken into account for each farm and its respective farmers based on the water 

requirements of the irrigated crops and the ET0 calculated using FAO-56 Penman-Monteith 

equation (Doorenbos et al., 1997; Allen et al., 1998). The data obtained from the field 

monitoring, supplemented by interviews with farmers concerning the crops grown in the MAV 

over the years and the irrigation management adopted in the farms, enabled the building of a 

database with the required parameters to estimate the daily and monthly groundwater 

abstractions at the monitoring wells. The vegetation dynamic in the MAV, considering the 

irrigated areas, was obtained from the MapBiomas network, which reconstructed annual land 

use and land cover information for Brazil based on Landsat data (MapBiomas Brazil, 2023).  

 

III.2.3 Assessment of temporal stability of groundwater levels and salinity  

To find representative piezometers of the average aquifer dynamics, the temporal 

stability of groundwater levels and electrical conductivities (EC) over the studied period were 

considered following the methodology proposed by Vachaud et al. (1985). This methodology 

is based on the calculation of the relative difference of each location record to the mean value, 

allowing the analysis of deviations between the values observed individually in space and the 

average among them: 

 

δij =  
(Xij−X̅j)

X̅j
                                                                                                                       (1) 
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where δij is the relative difference between the determination interval for location i at time j; 

Xij the piezometric level or electrical conductivity at location i and time j; and Xj the average 

value of the level or electrical conductivity for all positions N, at time j. The mean of the relative 

difference for each location i is defined by Equation 2: 

 

δi̅ =  
1

m
∑ δij

m
j=1                                                                                               (2) 

 

where m represents the number of months studied. 

The Standard Deviation of the Relative Difference was calculated as: 

 

σi =  √
1

m−1
∑ (δij − δ̅j)

2m
j=1                                                                                                   (3) 

 

The chosen piezometer locations must yield precise and indicative measurements of 

both groundwater level and salinity, with a mean relative difference close to zero and a low 

standard deviation. Following the identification of these representative points, the R-squared 

values were calculated between the point values and the average of the entire dataset to validate 

the results and, thus, to assess the representativeness of the stable locations. 

 

III.2.4 Temporal trend analysis 

To analyze, detect, and estimate the trends in groundwater level, electrical conductivity, 

and climatic series, the seasonal non-parametric Mann-Kendall test (Mann, 1945; Kendall, 

1975) and the Sen's slope method (Sen, 1968) were applied considering representative 

locations and average of data series. The Mann-Kendall test assumes that the data are serially 

independent. However, hydrometeorological, hydrological, and climatologic time series may 

have autocorrelation, particularly in aquifers, which might cause errors for the trend test, 

increasing the significance of data (Yue et al., 2002). Thus, to eliminate the influence of 

autocorrelation, the seasonal and trend decomposition using the LOESS (STL) method was 

adopted. The STL method is a time-series decomposition approach that uses a robust locally 

weighted regression as a smoothing method (Cleveland et al., 1988) and a locally weighted 

regression algorithm (Cleveland and Devlin, 1988). The STL method defines the original data 

Yt at time T(t) and decomposes it into the trendt, seasonalt, and residualt components, as follows 

in Equation 4: 

https://www.sciencedirect.com/science/article/pii/S0959652621037616?casa_token=hjQQd__kPv0AAAAA:Qka8nkDJroqfSrsmZ2MtfSO1PuIp1B9U8bExizZegH7vARrLkyy3ZgrvxcjDtKL-UvRmudzVQXc#bib9
https://www.sciencedirect.com/science/article/pii/S0959652621037616?casa_token=hjQQd__kPv0AAAAA:Qka8nkDJroqfSrsmZ2MtfSO1PuIp1B9U8bExizZegH7vARrLkyy3ZgrvxcjDtKL-UvRmudzVQXc#bib10
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𝑌𝑡 = 𝑇𝑟𝑒𝑛𝑑𝑡 + 𝑆𝑒𝑎𝑠𝑜𝑛𝑎𝑙𝑡 +

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑡                                                                                            (4) 

 

The trend component is considered a relatively stable variable, representing low-

frequency data trends. In contrast, the seasonal component is a periodic and steady data 

disturbance item, with high-frequency changes mainly induced by seasonal modifications. The 

remaining variables are residuals caused by irregular random disturbances (Cheng et al., 2021). 

The Pettitt test (Pettitt, 1979) was used to identify the year at which there was a sudden shift in 

the mean of the time series. 

 

III.2.5 Exploratory and statistical analyses 

To find explanatory variables for the groundwater level and the salinity, Spearman's 

correlation coefficient was used to analyze the correlation between electrical conductivity, 

groundwater level, rainfall, and groundwater abstraction over the 20 years.  

In order to allow a long-term temporal procedure, statistical analysis was carried out on 

the raw data for water levels and electrical conductivities. If the time series lengths were shorter 

than 20 years either for water levels or electrical conductivity, or alternatively the number of 

faults was greater than 3 consecutive months, the monitoring point was disregarded, and not 

included in the analysis. 

Principal Component Multivariate Analysis (PCA) was employed in the Comprehensive 

R Archive Network [CRAN] package of R programming language, using the FactoMineR 

package, to identify the most influential variables (rainfall or groundwater abstraction) 

associated with groundwater salinity and level dynamics. The Standard Precipitation Index 

(SPI) (McKee et al., 1993) was used to classify the variability of monthly rainfall, which might 

influence the groundwater recharge and interfere on irrigation dynamics.  

 

III.3 Results and discussion 

III.3.1 Level, salinity, and climatic temporal variation 

After statistical analysis of the available dataset, 35 piezometers and 33 pumping wells 

were selected for the spatiotemporal analysis. Among the selected piezometers, 14 were located 
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at zones with high saturated hydraulic conductivity (PZH), and 13 were at zones with low 

conductivity (PZL). 

Figure 3 shows the groundwater abstraction and reference evapotranspiration estimates 

along with the observed rainfall data from 2000 to 2019 in the MAV. The groundwater 

individual abstractions at the set of public and private wells were significantly variable over 

the years, presenting an average of 12,354 m³ month-1, reaching a maximum value of 24,352 

m³ month-1 in October 2012. The variations in the groundwater abstractions are associated with 

the rainfall regime and plant requirements, which, consequently, are dependent on temperature, 

evapotranspiration, and plant phenological phases.  

 

 

Figure 3. (a) Rainfall, (b) groundwater abstractions and reference evapotranspiration from 

2000 to 2019 in the Mimoso Alluvial Valley, Brazil. 
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It is possible to observe in Figure 3 an increase in groundwater abstractions during the 

dry season in the region (August to March), because of the intensification of crops throughout 

the year, including vegetables, peppers, pasture, and fruit crops. Low abstractions were 

observed during the rainy season since the soil moisture in the MAV is usually very high, 

restricting vegetable development and agricultural activities. According to Penã-Arancibia et 

al. (2020), the increase in irrigated areas was attributed to the availability of alluvial 

groundwater in the region, which allows farmers to diversify the production and harvest more 

than one crop per year. From an economic perspective, such an increase is very important for 

the region; however, it is necessary to adopt adequate water and soil management for 

optimizing the alluvial groundwater use for irrigation and maintaining water security for the 

future. Studies worldwide indicate that frequent drawdown patterns of groundwater level 

fluctuations are related to excessive abstraction (e.g., Dangar et al., 2021, Mojid et al., 2021, 

Nigatu et al., 2022, Pragay et al., 2023).  

Although, disregarding the anthropic influence, if groundwater level fluctuation 

depends mainly on seasonal recharge from rainfall, it is expected to show a fluctuation pattern 

that directly simulates the trend of rising or falling water level.  This may imply the presence 

or absence of total monthly recharge according to rainfall distribution and lateral flow from the 

alongside hillslopes.  Figure 4 shows the boxplots containing the mean annual values of 

groundwater levels and electrical conductivity for all analyzed wells and piezometers between 

2000 and 2019. Abstractions in wells are also presented. 
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Figure 4. Boxplots of the annual mean values of (a) groundwater level, (b) electrical 

conductivity, and abstraction values between 2000 and 2019 in the Mimoso Alluvial Valley. 

 

Overall, no outlier measurements are apparent for the water table levels (Figure 4a), 

with higher mean level (-1.74 m) during the time-series observed in 2004 caused by an above-

average accumulated annual rainfall of 1183 mm (Figure 4a). The lower mean levels (from -
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3.22 to -5.28 m) were observed from 2012 to 2016 due to the below average annual rainfall 

volumes (218, 413, 482, 405, and 498 mm, respectively). Contrastingly, Figure 4b displays 

outliers for electrical conductivity (measurements shown as an open circle) for six years of 

analysis. These outliers were also observed by Andrade et al. (2012) when studying the spatial 

dependence of electrical conductivity in the MAV. These results suggest that there are periods 

of significant salinity rise, most notably near the border of the valley, around the hillslopes. 

The response of the alluvial aquifer level to rainfall events is much more pronounced 

than the electrical conductivity (EC) response. According to Fontes Júnior et al. (2012), the 

water table dynamics in the MAV are primarily determined by the rainfall distribution, whereas 

the temporal variability of EC and its correlation to the rainfall regime are less obvious due to 

the salt transport dynamics in the saturated zone of the aquifer which are caused by other factors 

such as geological impediments and local heterogeneities. Montenegro et al. (2003) analyzed 

a short-term spatiotemporal dynamic of the electrical conductivity variability in the MAV and 

highlighted the hydraulic conductivity and the soil texture as determining factors in the local 

saline dynamics. The variability of groundwater abstraction variability and the distribution of 

irrigation plots distribution can also interfere the variability and magnitude of salt contents in 

groundwater (Monteiro et al., 2014), making imperative the need to seasonally assess the 

variability of parameters related to water quality, as pointed out by Kisi and Ay (2014). 

 

III.3.3. Temporal Stability of groundwater levels and electrical conductivities 

Figure 4 shows the stable piezometers and wells regarding the mean and standard 

deviation values of groundwater levels and electrical conductivities, and low and high saturated 

hydraulic conductivity, where positive relative differences indicate overestimations of the mean 

values, whereas negative relative differences correspond to underestimation of the mean. The 

points closest to the mean represent the most stable wells and piezometers in terms of 

groundwater level and electrical conductivity variations during the 20-year monitoring period. 

The representative piezometers identified for the groundwater levels were Pz 3.8, Pz 4.8, and 

Pz 4.10, which presented, respectively, mean relative differences of -0.05, -0.04, and -0.03 in 

absolute values, and standard deviations of 17.3, 11.1, 14.6% (Figure 5a). For electrical 

conductivity, representative piezometers were not identified (Figure 5b). 

 

 

 



 

107 

 

 

Figure 5. Relative mean difference and temporal standard deviation for (a) potentiometric 

levels, (b) electrical conductivity, (c) wells, (d) piezometers with high saturated hydraulic 

conductivity, and (e) piezometers with low saturated hydraulic conductivity in the Mimoso 

Alluvial Aquifer. 
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It is possible to identify that the groundwater level stability is associated with the 

location of the piezometers, along the longitudinal axis of the alluvial valley (i.e., along the 

river bed) (Fontes Júnior et al., 2012).  Although readings of GWL at some piezometers do not 

correspond exactly to the mean value, the differences between the values of Pz 3.8, Pz 4.8, and 

Pz 4.10 were minimal, with high R2 values, ranging from 0.95 (Pz 4.8) to 0.89 (Pz 3.8) 

indicating that these piezometers could be adopted as a reference to provide mean 

representative values of the general behavior of groundwater level in the MAV. Regarding EC, 

coefficients of determination varied between 0.0433 and 0.2722, demonstrating the non-

stability of the piezometers for EC, which can be explained by the low amplitude of the average 

electrical conductivity variation. In addition, the limited circulation of groundwater and the 

local heterogeneities marked by the high degree of variability in the local chemical 

characteristics of the soil (Andrade et al., 2012) contribute to the concentration of salts at 

isolated points of the alluvial valley, particularly in areas subject to waterlogging and with low 

infiltration capacity (see also infiltration map in Figure 2), as well as shallow groundwater 

levels.  

For aquifers with good circulation, the groundwater would be mixed by advection, 

attenuating the local variability and allowing the identification of mean representative behavior. 

However, in calculating the mean electrical conductivity, the non-stationarity of salinity, 

influenced by local characteristics (e.g., geology, soil, and distribution of irrigated plots), 

promotes an erroneous smoothing in the spatial variability; hence, these points identified as 

stable do not properly represent the saline dynamics of aquifer as a whole.  

To investigate the above-mentioned hypothesis for the mean electrical conductivity 

values, the observation points were grouped into three different classes, according to the mean 

hydraulic conductivity obtained from the slug tests and geostatistical analysis, for clustering 

the MAV into wells (PW), piezometers with high saturated hydraulic conductivity (PZH), and 

piezometers with low saturated hydraulic conductivity (PZL).  

A total of 33 wells were considered in the stability analysis of electrical conductivity, 

which showed an average value of 0.81 dS m², with an average standard deviation of 0.35 and 

a variance of 0.12. The group PZH is composed of 14 piezometers locate in a recharge sandy 

region with stable behavior of salinity and high hydraulic conductivity (Montenegro et al., 

2003), presenting average electrical conductivity of 0.73 dS m² and standard deviation and 

variance of 0.12 and 0.01, respectively. The group PZL is in regions with presence of loam 

soils, which are, overall, associated with the presence of high content of dissolved salts in the 
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saturated zone. The group is composed by 13 piezometers and shows a mean electrical 

conductivity of 1.11 dS m², a standard variation of 0.24, and a variance of 0.05. According to 

Montenegro et al. (2004), loam soils generally exhibit higher electrical conductivities due to 

the lower infiltration rates (and washout degrees) and/or the predominance of upward capillary 

flows that tend to concentrate salts in the unsaturated profile. 

The consistency of groups identified by the cross analysis of hydraulic properties with 

the representative monitoring areas identified by time stability analysis mutually proved the 

method validity in identifying the area that could represent spatial average of the salinity over 

time. The well CA 3 (well number 3) presented a mean relative difference of -0.14 and a 

standard deviation of 13%. Regarding the PZH group, the piezometer Pz 4.0 with a mean 

electrical conductivity of 0.70 dS m2 and a relative difference and standard variation, 

respectively, of -0.12 and 16.5%. For the PZL group, the piezometer highlighted as presenting 

the better performance was the Pz 3.11a, with a mean electrical conductivity of 0.97 dS m2 and 

a relative difference and standard variation of -0.11 and 17.2%, respectively. 

 

III.3.4. Identification of groundwater monthly and annual trend analysis 

Table 1 presents the monthly trend analysis by the seasonal MK test and the magnitude 

of the Sen's slope test for the groundwater level and electrical conductivity time-series. The 

data analyzed presented decreasing trends of groundwater level and electrical conductivity. 

Ribeiro et al. (2015) also observed decreasing trends of groundwater levels and electrical 

conductivity in the Elqui River, Chile, which was considered alarming since an increase in 

water demand was expected in the region, probably over-pressuring the groundwater resources 

in the future. 

The highest slope values were found for Pz 3.8 from May to July, with a maximum of 

0.09 meters per month in May. Penã-Arancibia (2020) has attributed similar declines to 

seasonal drawdowns, associated with the aquifer recharge-discharge cycles in northwest 

Bangladesh. The lower extreme values of the groundwater table in the MAV are a result of the 

dry periods in the semiarid region, as the aquifers tend to drain to the watercourse during this 

time and are recharged during the rainy season. In addition, the rainfall deficit increases the 

tendency of drawdown (Sishodia et al. 2016), as shown in Table 1 for August and September, 

where evaluated piezometers presented a downward trend in the monthly average groundwater 

levels. 
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Regarding electrical conductivity, the well group showed seasonal stability, with no 

trend across the year (except for January), with a mean decrease of 0.016 dS per month 

associated with an increase in the pumping rates and an absence of rainfall. On the other hand, 

the PZH and PZL showed a similar monthly downward trend of electrical conductivity even 

for periods without rainfall, influenced by groundwater extraction (by pumping for irrigation). 

 

Table 1. Trend analysis indicated by arrows and slopes of (a) groundwater levels (m month-1), 

(b) electrical conductivity, (c) rainfall (mm month-1), maximum, minimum and average 

temperature (°C month-1), reference evapotranspiration (mm month-1), and (d) abstractions (m³ 

month-1). 

 

↑= upward trend; ↓= decreasing trend; ↔ = no trend.   

 

The decreasing trends linked to the months considered dry (August to March) also 

showed a strong relationship with the water abstraction for irrigation, considering that the crop 

water demand increases. The point Pz 4.10 showed a decreasing trend for the months of August, 

September and December, with a maximum of 0.089 m month-1 in September. 
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As for rainfall, the months of August, September and December presented a decreasing 

slope, while the month of October presented a rise for rainfall of 0.6 mm. month-1. The 

reduction in rainfall is critical, since it is the regulating component for water security in 

semiarid regions (Montenegro et al., 2003). Linked to rainfall, evapotranspiration is also 

another critical component of the hydrological cycle, influencing local water availability 

(Paulino et al., 2019), and directed affected by climate change and temperature increases. 

In the present study, evapotranspiration presented increasing seasonal trends for the 

months of January, May, September, October, November, and December, with a maximum of 

1.16 mm month-1 in September, followed by 1.23 mm month-1 in May. Groundwater pumping 

for irrigation reflects the evapotranspiration dynamics, also showing increasing trends in 

January, March, May, June, and from August to November; the later period corresponding to 

the region's dry period, where agricultural cultivation is usually intensified, resulting in a higher 

number of pumping hours. In such period, the maximum slope of 467 m³ month-1 was identified 

in September, coinciding with the maximum slope of evapotranspiration and slope of rainfall. 

The minimum, maximum and mean temperatures showed increasing trends in most of 

the months evaluated, with maximum values of ascent of 0.095°C month-1 (October); 0.717°C 

month-1 (November) and 0.975°C month-1 (April), respectively. The increase in 

evapotranspiration rates is accompanied by an increase in temperature, as seen in Figure 6, 

where significant upward trends were identified in the temperature series. 
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Figure 6. Annual time series for mean temperature and rainfall from 2000 to 2019, with 

associated trend lines. 

 

The minimum, maximum, and mean temperatures exhibited slopes of 0.086, 0.108, and 

0.086, respectively. Carvalho et al. (2020) found similar trends in the temperature pattern across 

the entire Brazilian Northeast region, which were attributed largely to climate change and the 

associated excessive emissions of greenhouse gases. Montenegro and Ragab (2010) had 

previously predicted a temperature increase for the Mimoso Region and highlighted that this 

rise in temperature can have impacts on the availability of water resources, resulting from 

decreased water recharge.  

Figure 7 presents the annual time series for groundwater level and electrical 

conductivity, for the points evaluated in the period from 2000 to 2019.  
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Figure 7. Annual time series and associated trend lines of groundwater level in piezometers Pz 

3.8 (A), Pz 4.8 (B), Pz 4.10 (C) from 2000 to 2019. 

 

It is verified that the groundwater level is decreasing significantly at the evaluated 

piezometers, with annual decreases ranging from 0.07 m to 0.08 m per year. The average trend 

is -0.073 m year-1 (Figure 6). All declines are statistically significant at the 90% significance 

level, and present values close to each other and to the mean, which indicates an effectiveness 

of the mean representation for the points, highlighting that stability is sensitive to the presence 

of trend. 

The Figure 8 presents the mean electrical conductivity for the stable points (one well 

and two piezometers). It is observed that the Mimoso aquifer is not subject to salt accumulation 

when considering PW and the PZH groups, presenting a better hydraulic conductivity which 

determines the migration velocity of salts and hence the residence time and attenuation 

potential. High conductivity values will be associated with low salinity risk and a better water 
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circulation. However, an increase can be observed in PZL group with Sen’s Slope of 0.026 dS 

year-1.   

 

 

Figure 8. Annual time series and associated trend lines of electrical conductivity in well (A), 

PZL (B), PZH (C) from 2000 to 2019. 

 

Figure 9 displays the yearly time series of rainfall (A) and evapotranspiration (B) from 

January 2000 to December 2019, depicting the trends, the residual components obtained 

through STL decomposition, and the linear regression trends. It can be verified that the seasonal 

values display a stable pattern over time, with distinct cycles of dry and wet periods. Both 

rainfall and evapotranspiration exhibit a seasonality of 12 months. 
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Figure 9. Annual time series of rainfall (A) and reference evapotranspiration (B) from 2000 

to 2019, with associated trend line 

 

Over the analyzed period, rainfall showed a decreasing trend (Z= -1.52, p<0.05), with 

an average annual decline of 1.26 mm year-1, without a standard trend variation between the 

years until 2011, according to Pettit test. In addition, a trend analysis in relation to the total 

number of rainy days, number of days with rainfall greater than 5, 10, 15 and 20 mm showed 
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that the total number of days and the number of days with rainfall greater than 5 mm present a 

reduction trend of 1.87 and 1 rainy day per year, respectively, which represents 28% and 13% 

of the number of rainy days over 5 mm per year. The findings obtained are in agreement with 

Carvalho et al. (2020), who studied the long-term trend of rainfall, the number of rainy days, 

and the temperature in Northeast Brazil and found a decrease in rainfall and the number of 

rainy days in the semiarid region. This behavior could lead to lower resilience during future 

extreme events and longer periods of drought, which could trigger significant social, economic, 

and environmental consequences (Del-Toro-Guerrero and Kretzschmar, 2020; Vazifehkhah 

and Kaya, 2019).  

The reference evapotranspiration showed an increase of 5.7 mm year-1, which 

corroborates to the study developed by Paulino et al. (2019), where the authors detected 

increasing trends at 4.74 mm year-1 at ET0 in Ceará State, Brazil. Peña-Arancibia et al. (2020) 

warn that the increase in ET0 should intensify the exploitation of aquifers, as groundwater use 

is strongly related to evapotranspiration and rainfall. Therefore, the demand for irrigation is 

expected to increase significantly in the coming decades, due to higher ET0 rates and plant 

water requirement. 

Figure 10 illustrates the average annual behavior for groundwater level, electrical 

conductivity, and groundwater abstraction. Furthermore, these variables exhibited a regular and 

consistent seasonal pattern. 
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Figure 10. Annual time series of the general averages of (a) groundwater level (m), (b) 

electrical conductivity (dS m-1), and (c) abstraction (m³ year-1), from 2000 to 2019, with the 

associated trend lines. 
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Groundwater extractions have increased by 4,450 m³ per year (Z= 3.35, p<0.05). As 

agricultural production is an important factor in this region and the aquifer levels are 

decreasing, this extraction could lead to a collapse of the aquifer storage in the future. 

Furthermore, groundwater levels are decreasing by 0.07 m per year, mainly due to rainfall 

decrease and evapotranspiration increase. It means that recharge it is expected to reduce and, 

as evapotranspiration increases, the demand for groundwater also increases for irrigation.  

Hence, the consequence is that there is positive feedback that will eventually lead to irrigation 

having to be reduced to meet the reducing water availability and higher crop demand.  Hu et 

al. (2019) and Bibi et al. (2019) also have identified that reductions in groundwater levels were 

largely due to the effects of climate change, in their studied areas. 

The electrical conductivity of the aquifer showed little variation from year to year, with 

seasonal cycles. According to the STL plot and the remainders line, there was no discernible 

long-term trend, although there was a slight increase from 2000 to 2005. The Mann–Kendall 

tests demonstrated that there was no significant Z-value, confirming that the salinity of the 

Mimoso Aquifer is highly variable in both space and time. This variability is the result of a 

variety of factors, including geological conditions and the presence of discharge areas caused 

by capillary rise, making it challenging to discern any trends in the yearly average. 

Thus, an investigation with regional trends determined with the Regional-Kendall test 

can be observed in Figure 11 grouped by 3 different regions considering hydrological 

similarities.  
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Figure 11. Annual time series of salinity (dS m-1) for the (a) PW, (b) PZH group, and (c) PZL 

group from 2000 to 2019, with the associated trend lines. 
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The data derived from the STL show for PW a decrease trend in the EC, being the trend 

over the first 10 years since 2009, while the last three years were variable, with shift for increase 

The Mann–Kendall tests confirmed the potential reduction in the EC, showing a significant Z-

value (p < 0.001) of -0.006 dS m-1. This potential reduction can be explained by pumping water, 

which increases water circulation. This better circulation also extends to the sandy areas where 

a salinity growth pattern is not observed in the PZH. However, the PZL region in Mimoso 

aquifer showed an increasing trend, confirmed by the MK tests, with a potential increase of 

0.008 dS m-1. According to the Pettit test, the growth trend is observed from September 2014, 

coincident with the beginning of a long dry period. There are weak and non-delimited 

interannual seasonal patterns (when compared to the GWL), due to the anthropic influence of 

pumping. 

Comparing the seasonal time series from Figure 12a and c a strong correlation between 

groundwater level and abstraction is observed. Thus, groundwater pumping significantly 

impacts groundwater levels. For salinity, the seasonal patterns are more complex. However, 

some similarity can be identified between the seasonal series for rainfall and salinity for 

piezometers located at zones of high electrical conductivity. Nevertheless, it seems to occur an 

additional hydrological component, which could account for salt leaching at irrigated fields.  

 

III.3.4 Analysis of the factors affecting GW availability and quality for irrigation 

To validate the results obtained in the previous analyses and to illustrate the seasonal 

effects on the behavior of groundwater levels and water salinity, Principal Component Analysis 

(PCA) was applied to the original matrix of piezometric level and electrical conductivity, with 

abstraction and rainfall as supplementary variables. Figure 12 presents the biplot of the PCA 

for the groundwater level and electrical conductivity and their relations with rainfall and 

abstraction for the rainy, dry and normal periods (A) and a Spearman's correlation matrix (B). 
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Figure 12. Principal component analysis, plotting of scores of the first two principal 

components (A) and Spearman's correlation matrix (B) of the Mimoso Valley variables. Note: 

the correlation *, ** and *** is significant at the 0.05, 0.01 and 0.001 level, respectively.  

 

Main components Dim1 and Dim2 explain 66.6% of the total variance, with emphasis 

on Dim1, which by itself explains 41.9% of the total data variance. For this component, the 

variables related to salinity (electrical conductivity in PW, PZH, and PZL) were positively 

grouped and presented loads of 0.60, 0.73 and 0.57, respectively, denoting a strong positive 

correlation, inversely influenced by rainfall and groundwater level, as expected (A). Besides 

that, the dry period is strongly influenced by the abstraction (Q), considering the demand of 

irrigated areas. In the correlation matrix, PZH x PZL (0.61), PZH x PW (0.69) and PW x PZL 

(0.63) showed strong correlations (p < 0.001) (B). In the present study, the PCA score plot in 

relation to the dry, normal and rainy period highlighted crucial information about rainfall 

characteristics in water extraction and electrical conductivity, noting that for the alluvial valley, 

with vector Q strongly associated with centroids of the dry and normal period, while P and 

GDL are closer to the rainy season. From the Spearman Correlation Table, it can be verified 

that salinity for PZH and PZL is strongly related to groundwater levels. 

The PCA results can serve as a basis for a more in-depth approach to elucidate the 

effects of water regime, inter-year climatic factors on agronomic management behavior in 

semiarid conditions (Saab et al., 2019). This PCA result was also observed by Carvalho et al. 

(2021), in an irrigated area, observing that high cumulative rainfall influences strongly 

groundwater salinity distribution. In addition, Carvalho et al. (2020) highlight that there is a 
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tendency to increase the length of dry interval, in days, for the Brazilian semiarid region, thus, 

the intensification of groundwater uses during such intervals. 

In addition, a complementary PCA analysis was applied to long term piezometric 

groundwater levels, with rainfall, evapotranspiration, pumping rates and cropped areas as 

supplementary variables. Total agricultural areas at the basin were also included. Biplot of the 

PCA is presented in Figure 13.  

 

 

Figure 13. Principal component analysis, plotting the scores of the first two principal 

components and loads matrix for the components. 

 

Main components Dim 1 and Dim 2 explain 75% of the total variance and Dim1 alone 

explains 47.4% of the total variance. For this component, rainfall was positively grouped with 

groundwater levels, presenting a load equal to 21.34. Evapotranspiration (ET0), total cropped 

area (AC) and discharge from wells (Q) were negatively grouped, presenting a strong 

correlation with groundwater levels. Evapotranspiration showed the strongest impact on 

groundwater levels among them, which could be explained by the additional transpiration 

components from deep roots of arboreal species at the valley (such as the “Algaroba”, Prosopis 

juliflora), and capillary rise from shallow groundwater areas, particularly at lower elevation 

regions, along the dry rivulet beds in the valley, and fallow lands which operate as evaporative 

sink zones (or dry drainage areas, as discussed by Konukcu et al., 2006).  
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III.4 Conclusions 

The occurrence of temporal stability for the potentiometric level in the Mimoso Rivulet 

Alluvial Valley was verified, allowing the identification of piezometers that adequately 

represent the mean behavior over time. However, there was no global temporal stability for 

electrical conductivity. Decreasing seasonal trends in the water table during the dry period were 

identified, and these trends are related to the natural discharge of the aquifer, as well as the high 

extractions of groundwater for irrigation in this region. 

Trends of rising temperatures, increased evapotranspiration, and decreased annual 

rainfall were identified, indicating a potential increase in the future use of groundwater 

resources. There was an increase in the amount of groundwater abstracted from the wells due 

to a rise in the evapotranspiration rate and the intensification of farming activities in the 

irrigated areas, which, combined with the decreasing amount of water in the aquifer, is a 

warning sign of a possible constraint to or restriction to future irrigation. 

Although relevant insights on the dynamics of climate and anthropogenic-groundwater 

interactions have been produced in this paper, further studies assessing the role of the 

unsaturated zone on such processes are still necessary. The main limitations of the present 

research include the lack of a deeper analysis of secondary salinization, particularly in regions 

with shallow water tables. In addition, this research neglected the vegetation cover influence 

on the groundwater dynamics, which can be investigated in future studies.  

The time stability analysis method together with trend analysis allowed a robust 

sustainability investigation for the aquifer in terms of quantity and quality (salinity), which can 

be adopted in other regions to build an effective groundwater management system. The 

application of the filter to remove autocorrelation proved to be essential for a more precise 

trend analysis assessment, where it was possible to identify a yearly pattern of variation in 

electrical conductivity after categorizing piezometers based on their hydraulic conductivity 

ranges. Thus, temporal stable piezometers for zones of high and low hydraulic conductivities 

could be identified.  

Zones of low hydraulic conductivity presented a trend for increasing salinity, while 

areas with hydraulic conductivity and sandy soils tended a decrease in groundwater salinity 

due to hydrological components such as recharge and groundwater circulation. Regardless of 

the location of the pumping well at the Mimoso Aquifer, pumping proved to be effective in 

controlling groundwater salinity. The findings of this study can be employed in the current and 

further management and planning of groundwater in semiarid regions. 
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Chapter IV: Domestic wastewater reuse in irrigation and conservation practices: short-term 

effects of on soil carbon, salinity and soil moisture in Brazilian semiarid region 

 

Abstract: Domestic wastewater reuse in irrigation can have positive effects on water 

conservation and nutrient recycling, but also poses risks to soil carbon and salinity if not 

managed properly. Conservation practices that balance these factors are essential for 

sustainable agricultural practices in the Brazilian semiarid region. For this purpose, the carbon 

and electrical conductivity in the soil of the semiarid region of Brazil were compared for three 

different cover condition: bare soil, mulch, and association between mulch and biochar. The 

hypothesis considered in this research was that the application of treated effluents in 

agriculture, besides being an alternative that can mitigate the problem of water scarcity of the 

semiarid region, and the soil cover condition is also capable of influencing spatial distribution 

of electrical condutivity (EC) and total of organic carbon (TOC). An irrigated cultivation of 

forage palm was evaluated for 111 days at three different times. The palm is irrigated with 

treated domestic effluent from the effluent single-family treatment system. Geoestatistical 

models were applied to map the EC and TOC along the experimental area. Three indexes 

obtained from aerial multispectral camera images were evaluated: NDVI (Normalized 

Difference Vegetation Index), NDSI (Normalized Difference Salinity Index), and DWSI 4 

(Disease–Water Stress Index 4). Results show that mulch promoted a control salinity and 

contributed to the higher incorporation of organic matter, while biochar increase significantly 

the organic carbon content. Regarding to the images process, salinity and vegetation indices as 

valuable tools to monitor and identifier management areas. Multispectral indices, NDVI and 

NDSI, enabled precise identification of areas with high variability, facilitating the accurate 

delineation of exposed soil and vegetation zones. 

 

Keywords: wastewater reuse, semiarid, biochar, mulch 
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IV.1 Introduction 

Agriculture is proven to contribute to human health and prosperity: 60% of the food 

consumed globally is in fact produced from crop cultivation (Zhou et al., 2023). In spite of this, 

agriculture is responsible for major environmental impacts that include resource consumption 

and global warming (Ingrao et al., 2023). The global population is projected to grow from 8 

billion in 2022 to 10 billion in 2050, according to the latest report released by the United 

Nations' information center (UN, 2020). Such increase will lead to rise the demand for food in 

the following decades, which is expected to put more pressure on water, land and other inputs 

for food production, whilst climate change is likely to pose increasing challenges to agricultural 

production (Ingrao et al., 2023). 

Furthermore, freshwater resources continue to decline due to climate change, 

groundwater pollution, and salinization (Kalboussi et al., 2022; Almeida et al., 2024). Climate 

change, a major global concern, alters rainfall patterns and increases the frequency and severity 

of extreme climate events, such as prolonged droughts and floods (Harris et al., 2020; Carvalho 

et al., 2020). These events negatively impact water availability and quality, reducing 

ecosystems' capacity to supply adequate water for human needs, including agriculture and food 

production (Ingrao et al., 2023). 

In this context, designing and managing sustainable supply chains that preserve 

freshwater resources has become a major challenge on both corporate and policy agendas 

(Crovella et al., 2024). The sixth Sustainable Development Goal (SDG 6) targets improvements 

in water quality, increases in water-use efficiency, and reductions in water degradation and 

scarcity globally. Using treated wastewater for agriculture offers several theoretical 

advantages, such as reducing the consumption of high-quality water (e.g., from rivers, lakes, 

wells) for irrigation, decreasing the amount of agricultural inputs required through the use of 

organic matter, phosphorus, and nitrogen from wastewater, and mitigating the risk of 

eutrophication by reducing the discharge of wastewater directly into water bodies (Odone et 

al., 2024; Crovella et al., 2024; Lebu et al., 2024). These advantages are especially salient in 

semiarid climates, where the lack of water for irrigation makes usable wastewater an extremely 

valuable agricultural resource (Carvalho et al., 2021). Furthermore, the nutrients present in 

wastewater can significantly improve soil fertility and reduce the impact of wastewater release 

into rivers with low discharge or intermittent conditions. Therefore, using effluents in 

agriculture can be a solution for water scarcity and a means to mitigate CO2 concentration in 

the atmosphere due to the organic material load present. 
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The National Semiarid Institute (INSA) recommends irrigating forage palm (Opuntia 

stricta) with wastewater to ensure food security in livestock activities in the region (Araújo et 

al., 2019). The reuse of domestic effluents as an alternative water source in agriculture has been 

recommended in many studies to increase water availability in arid and semiarid regions, 

address water scarcity (Corrêa et al., 2021) and reduce the use of mineral fertilizers due to the 

presence of organic material (Mabrouk et al., 2023). With proper management, some carbon 

can be retained in the soil profile or used for biomass formation, characterizing the mechanism 

of carbon sequestration from the atmosphere to the Earth's crust. 

However, to develop systematically sustainable management practices and proposals, 

it is essential to understand the impacts (positive or negative) on soils and their stocks of carbon 

(C), nitrogen (N), and other nutrients caused by incorporating new resources and technologies, 

such as the treatment and reuse of domestic effluent in agriculture. Reusing wastewater can 

also have negative impacts, such as soil salinization and contamination of agricultural products 

with microbial pathogens, heavy metals, and other hazardous organic compounds (Mishra et 

al., 2023). One major problem associated with wastewater irrigation is the increase in soil 

exchangeable sodium (Na), as Na is present in high concentrations in wastewater. However, 

some agricultural practices can increase crop production in saline and sodic soils while 

minimizing negative environmental side effects. 

Given this scenario, this research is based on the assumption that adopting new 

techniques in agricultural systems, such as the agricultural reuse of wastewater, can influence 

the soil's capacity to accumulate carbon and other nutrients. This chapter aim to assess the 

stocks of carbon and soil electrical conductivity in response to these practices, providing 

insights into their short-term effects on soil health and sustainability in this critical region. 

 

IV.2 Materials and Methods 

IV.2.1 Experimental Site 

The study was carried out in an experimental agricultural area located in the Nossa 

Senhora do Rosário Settlement, within the Mimoso representative basin, in the municipality of 

Pesqueira-PE. The Mimoso basin is part of the Alto Ipanema basin, situated in the semiarid 

region of the State of Pernambuco (Figure 1), and it serves as a tributary to the São Francisco 

River in its middle-lower section. The climate of the region is classified as BSh (hot semiarid) 

according to the Köppen classification. The average annual reference potential 
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evapotranspiration is 2,000 mm, and the average annual temperature is 23°C. The region 

receives an average annual precipitation of 686 mm (Lima et al., 2020). 

 

 

Figure 1. Location map of the Alto Ipanema basin, municipality of Pesqueira-PE and study 

area. 

 

The soil in the study area is classified as Regolithic Neosol according to the Brazilian 

Soil Classification System (EMBRAPA, 2013). This soil type is generally shallow, with a depth 

of approximately 0.85 meters, and has a sandy loam texture. It is derived from Phanerozoic 

sedimentary deposits that form extensive aquifers and perennial rivers in the basin. In the 

municipality of Pesqueira, however, water resources are limited to fissured and weathered 

zones of granitoids and, more significantly, to narrow alluvial deposits in the Rosario-Mimoso 

valley. These alluvial deposits consist of fine to medium heterogeneous sands with some fine 

material (silt and clay) (Montenegro, 1997). The crystalline regions are characterized by 
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shallow soils with low infiltration rates and storage potentials, leading to ephemeral rivers and 

streams that flow only during the rainy season and remain dry in the summer (Mott MacDonald, 

2004). The physical and chemical characteristics of the soil (extract of the saturated paste) are 

shown in Table 1. 

 

Table 1. Physical and chemical characteristics of the soil (analyzed using a composite soil 

sample) in the experimental area, Pesqueira (Pernambuco state). 

Depth   Sand Silt Clay   Bd Pd   pH   EC   OC 

m  %  g cm-3    dS m-1    

0-0.10  74.8 8.2 17  1.34 2.56  6.3  1.2  13.27 

0.10-0.20   68.4 13.3 18.3   1.42 2.42   5.7   1.4   3.93 

Sd: bulk density; Pd: particle density; Pt: total porosity; pH: hydrogen potential in water; OC: 

organic carbon. 

 

The effluent used for irrigation in the experiment was obtained through the SARA 

(Environmental Sanitation and Water Reuse) system (Mayer et al., 2021). The reuse system 

includes a reservoir with a total capacity of 2,650 liters for storing treated effluent, a 0.50 hp 

motor pump, and a localized drip irrigation system. The Effluent treatment station (ETS) treats 

approximately 6 m3 day-1 of domestic effluent. The performance of the treatment system was 

evaluated based on its efficiency in removing organic matter and pathogenic organisms, as well 

as its ability to maintain nutrient levels (Table 2).  The SARA treatment system was 

implemented in May 2022, with irrigation starting only in September 2022. 
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Table 2. Physical-chemical and microbiological parameters of domestic effluent were analyzed 

before treatment (in the equalization tank) and after treatment (in the reservoir following the 

polishing pond). 

Parameters Result 

 
 

Resolution 

CONAMA 430  

Art. 21 VMP 

  March 30th, 2023   November 17th, 2023   

a. Domestic effluent 

DBO5 2,700.00mg/L 
 

3,298.00mg/L  Max. 120 mg/L  

Total Coliforms >160000 NMP/100 mL 
 

28000 NMP/100 mL - 

Escherichia coli >160000 NMP/100 mL 
 

 <1.8 NMP/100 mL - 

b. Domestic effluent treated 

DBO5 200.0 mg/L 
 

167,00 mg/L Max. 120 mg/L  

Total Coliforms >160000 NMP/100 mL 
 

26500 NMP/100 mL - 

Escherichia coli >160000 NMP/100 mL    <6.5 NMP/100 mL - 

 

 

IV.2.2 Treatments and Experimental Design 

The adopted experimental design was in randomized blocks (RBD), with three 

replications for each soil cover condition. Each subplot had a size of 12 m2 (3 X 4 m) from the 

total of 108 m² (12 x 9). Each plot had 3 planting lines 1 m apart.  
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Figure 2. Sketch (not to scale) of the experimental plots and their respective soil cover 

condition. 

 

In the experimental plot, forage cactus (Opuntia stricta (Haw) Haw.) was planted with 

a spacing of 1 meter between rows and 0.20 meters between plants. The forage cactus was 

transplanted in May 2022, and monitoring campaigns took place at three different times: C1 

on November 17, 2023 (coinciding with the implementation of treatments); C2 on February 6, 

2024; and C3 on April 29, 2024. Additionally, mulch was reapplied on January 12 and March 

6, 2023. Three ground cover conditions were considered: i) plot without cover (bare soil); ii) 

plot with mulch (grass silage applied at a nominal rate of 8 t ha-1); and iii) plot with mulch + 

biochar (grass silage applied at a nominal rate of 8 t ha-1, overlain with biochar from cashew 
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wood pyrolysis applied at a rate of 12.5 t ha-1). Biochar was generated using cashew wood 

(Anacardium   occidentale) wastes through the pyrolysis process (530 °C for 10–12 h under 

oxygen-limited conditions).  The properties of biochar are shown in Table 3. 

 

Table 3. Chemical properties of biochar from cashew wood (Anacardium occidentale). 

pH   P K Ca Mg Na   C OM 

1.25  g Kg-1  dag Kg-1 

7.12   0.4 8.4 1.9 2 0.9   404 87.3 

OM= organic matter 

 

A low-cost drip system was used with 1.6 mm holes at intervals of 0.2 m. The water 

application efficiency was 90%, according to Christiansen’s Uniformity Coefficient (CUC). 

Irrigation depths were estimated from the water budget between rainfall and crop 

evapotranspiration treatment and applied every 2 days, depending on rainfall events. 

 

IV.2.3 Metereological monitoring 

To estimate the irrigation depth, reference evapotranspiration (ETo) was calculated 

using the Penman–Monteith method (Allen et al., 1998). This calculation utilized data from a 

comprehensive automatic agrometeorological station by Campbell Scientific located in the 

study area, which provided measurements of temperature, relative humidity, global solar 

radiation, atmospheric pressure, and wind speed and direction. A Campbell Scientific TB4L 

automatic tipping bucket rain gauge, installed near the plots, with a resolution of 0.254 mm, 

will be programmed to record data at 5-minute intervals.  

 

IV.2.4 Soil moisture and conservation techniques efficiency 

Near the study area, 7 erosion plots, each 24 m² (2 × 12 m), were installed, oriented 

with the longer dimension downslope. The plots were bordered by 0.40 m tall metal sheets 

driven 0.15 m into the ground. They were placed on a longitudinal slope of 12%. Each plot 

received one of the following treatments: T1 – Bare soil; T2 – Forage cactus at the bottom of 

the plot (50% of the total length); T3 – Forage cactus at the bottom of the plot (50% of the total 

length) + mulch; T4 – Forage cactus throughout the plot; T5 – Forage cactus throughout the 

plot + mulch; T6 – mulch covering 50% of the soil surface; T7 – mulch covering all the plot 

soil surface. In all the experimental layouts the Forage cactus (Opuntia stricta (Haw) Haw.) 
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was planted at 1 × 1 m² spacing between rows, and the mulch covering the soil surface at a 

density of 8 t ha-1. 

Campbell Scientific CS616 moisture probes recorded detailed soil moisture monitoring 

to assess the impact of natural rainfall and varying soil surface conditions on moisture 

dynamics. Installed horizontally at a depth of 0.2 m in each experimental plot, these sensors 

were connected to a Campbell Scientific CR1000 datalogger, recording data every hour. 

 

IV.2.5 Biometric and Physiological Index Analyses 

Multispectral images were acquired using a DJI Phantom 4 Multispectral with a spatial 

resolution of 0.5 m. The drone is equipped with an RGB camera and a set of multispectral 

cameras covering Blue, Green, Red, Red Edge, and Near Infrared bands, all at 2 MP with global 

shutter on a stabilized 3-axis gimbal (Lourenço et al., 2023). 

The spectral indices NDVI (Normalized Difference Vegetation Index), NDSI 

(Normalized Difference Salinity Index), and DWSI 4 (Disease–Water Stress Index 4) were 

calculated to compare the effectiveness or deficiency of different management practices, 

computed using the equations provided in Table 4. 

 

Table 4. Spectral indices and their respective equations. 

Index Equation Index range References 

Normalized Difference 

Vegetation Index 
𝑁𝐷𝑉𝐼 =

(𝑁𝐼𝑅 − 𝑅)

(𝑁𝐼𝑅 + 𝑅)
 [-1, +1] Rouse et al. 1974 

Normalized Difference 

Salinity Index 
𝑁𝐷𝑆𝐼 =

(𝑅 − 𝑁𝐼𝑅)

(𝑅 + 𝑁𝐼𝑅)
 [-1, +1] Khan et al. 2005 

Disease–Water Stress Index 

4 
𝐷𝑊𝑆𝐼 4 =

(𝐺)

(𝑅)
 

No range. Values closer 

to 0 indicate low stress; 

bigger than 1, high 

stress 

Apan et al. 2010 

where: NIR – near-infrared; R – red band; G – green band; B – blue band. 

 

IV.2.6 Soil Salinity and Soil Total Organic Matter 

For the soil electrical conductivity (EC), determined according to Texeira et al. (2017) 

the usual saturation-extract method for evaluating soil salinity at the experimental plots at three 

different moments. To assess the soil carbon and organic matter dynamics, the methodology 
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proposed by Yeomans e Bremner (1988) was adopted, which is based on the determination of 

K2Cr2O7 by titration with ammoniacal ferrous sulfate (0.4 mol L-1) for estimating 

concentrations of total organic carbon (TOC).    

The characterization of the soil's chemical attributes, during the three evaluated periods 

and under different cover conditions, was carried out according to the methodology described 

by Teixeira et al. (2017). The following parameters were determined: levels of exchangeable P, 

K+, and Na+, obtained through the Mehlich-1 extracting solution (0.05 mol L-1 HCl+ 0.0125 

mol L-1 H2SO4) and measured by colorimetry and flame photometry, respectively; levels of 

exchangeable Ca2+ and Mg2+, obtained through the 1 mol L-1 KCl extracting solution and 

measured by atomic absorption spectrometry. The level of exchangeable aluminum (Al3+) was 

obtained by extraction with a 1 mol L-1 KCl solution and volumetric determination using a 

0.025N NaOH diluted solution, while potential acidity (H+Al) was obtained through extraction 

using calcium acetate buffered at pH 7.0 and titrated with 0.05N NaOH. Based on the soil’s 

exchangeable elements, the cation exchange capacity (CEC), the sum of exchangeable bases 

(SB), and the percentage of base saturation (V%) were calculated according to the methodology 

proposed by Teixeira et al. (2017). 

 

IV.2.7 Statistical Analysis 

The data were analyzed according to classical statistics to assess their behavior 

regarding measures of central tendency and variability, using a spreadsheet software. The 

distribution of the data was evaluated against the Normal distribution using the Kolmogorov-

Smirnov test at a significance level of 0.05. Based on the coefficient of variation (CV) values, 

variability was classified following Warrick & Nielsen (1998) as low (CV ≤ 12%), moderate 

(12 < CV ≤ 60%), and high variability (CV > 60%). 

Outliers were filtered using the criteria of Hoaglin et al. (1992), which identifies outliers 

as data points below the lower limit (Li) or above the upper limit (Ls), respectively, estimated 

by the equations below: 

 

Li= Qi – 1,5AP                                                                                                                         (1) 

 

Ls = Qs + 1,5AP                                                                                                                      (2) 
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where: Li = lower limit; Ls = upper limit; Qi = lower quartile; Qs = upper quartile; AP = range 

between the 1st and 3rd quartiles. 

 

The Kolmogorov-Smirnov (KS) test will be employed, which uses a test statistic based 

on the maximum difference between empirical and theoretical cumulative probability 

functions. The null hypothesis (H0) assumes that the data follows a normal distribution, while 

the alternative hypothesis (H1) posits that the data does not follow a normal distribution. The 

magnitude of the difference is probabilistically established according to the probability law of 

this statistic, which is tabulated (Landim, 2003). 

All block data were combined into a single grid for geostatistical analysis using the 

open-source software GEOEAS. The spatial dependence of comfort indices will be analyzed 

through the classical semivariogram constructed from semivariance estimates, as given by 

Equation 3 (Journel, 1989). 

 

𝛾(ℎ) =
1

2𝑁(ℎ)
∑ [𝑍(𝑋𝑖 + ℎ) − 𝑍(𝑋𝑖)]2𝑛

𝑖=1                                                                                  (3) 

 

Where:  𝛾(h) = estimated semivariance of the experimental data; Z(xi + h) e Z(xi) = observed 

values of the regionalized variable; and N(h) = number of pairs of measured values separated 

by distance h. 

 

Using the experimental semivariogram, the data were fitted to theoretical models 

including exponential, Gaussian, and spherical. Mathematical fitting allowed the definition of 

the following parameters: nugget effect (C0), spatial dependence range (A), and sill (C0 + C1). 

The model that best fit the experimental values was chosen using the Leave-one-out cross-

validation (Webster and Oliver, 2007), where each measured value is interpolated using 

kriging, and then the measured values are replaced by estimated values. Subsequently, the 

distribution of standardized errors is calculated, which should have a mean close to zero and a 

standard deviation of approximately one. The spatial dependency index (DSD) was calculated 

according to Cambardella et al. (1994) as the ratio between the nugget effect and the sill of the 

theoretical semivariograms. This criterion categorizes strong dependence when the ratio is less 

than 25%, moderate dependence between 25% and 75%, and weak dependence when the ratio 
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exceeds 75%. Following semivariogram validation, universal kriging was performed to 

generate spatial distribution maps using Surfer for Windows version 15.0 (SURFER, 2002). 

IV.3 Results and Discussion 

IV.3.1 Rainfall and climatic conditions during Palma Cultivation 

 Figure 3 presents the daily average soil moisture measurements in the 0–0.2 m layer 

of experimental plots located in Regolithic Neosol, from July 1, 2023, to April 30, 2024, 

totaling 273 measurements per treatment, with no failures recorded during this period. The 

figure also includes records of rainfall, relative humidity, and air temperature. During the rainy 

season in 2023 and 2024, a pronounced response is observed in the plots with mulch coverage 

(covering 50% of the area - T6 and the entire area - T7), showing high moisture peaks. These 

plots also exhibit a positive lag in recession, indicating a slower drying pattern compared to 

other treatments, particularly in 2023. 

 

Figure 3. Temporal distribution of rainfall, Air temperature, Relative humidity and soil 

moisture in plots with treatments T1 to T7, from August 2023 to April 2024. 
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The faster wetting response in T6, which has 50% of the area covered by mulch, can be 

explained by the retention and barrier effect provided by the mulch and the location of the 

moisture sensor (in the center of the plot and 0.20 m from the beginning of the covered zone). 

However, this efficiency decreases over time due to the greater displacement of the mulch. 

Similar responses were found by Abrantes et al. (2018) in laboratory experiments evaluating 

the effectiveness of strip mulch. The authors concluded that strip mulch can be an effective 

approach to substantially reduce costs or maximize the treated area, though it does not prevent 

runoff generation and associated transport processes in slope areas where no mulch is applied. 

Regarding the other treatments, the adoption of vegetative strips proved promising in 

maintaining moisture levels, showing efficiency compared to bare soil, particularly for T4 and 

T5 (combined with mulch) during the recession period of rains in 2024. Montenegro et al. 

(2020) and Montenegro et al. (2019) highlight the increase in soil water storage and the 

reduction of erosion rates in soils cultivated with vegetative strips. Additionally, the results 

underscore the efficiency of combining vegetative strips with mulch. 

 

IV.3.2 Effects of Wastewater Irrigation and different soil cover conditions on the Soil 

Electrical Conductivity and Organic Matter 

Figure 4 presents the organic carbon concentrations at the beginning of the experiment 

(C1), 81 days after implementation (C2), and 111 days after implementation (C3), according 

to the soil mulch conditions (bare soil, mulch, and a combination of mulch and biochar). The 

average total organic carbon (TOC) values at the start of the evaluation period (initial 

conditions) were similar across all randomly distributed blocks. The initial average TOC values 

ranged from 15.33 to 18.74, with high standard deviations, especially for the 0-0.10 m layer. 
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Figure 4. Temporal behavior of soil total organic carbon (TOC) under different soil cover 

conditions (bare soil, mulch, mulch with biochar). 

 

An increase in TOC was observed over the first 81 days, with significant differences 

among the soil cover conditions.  

The highest values were observed in the treatments with Mulch+Biochar and Mulch 

alone, showing increases of 30% and 7%, respectively, compared to the area without mulch 

application. Similar gains in total organic carbon (TOC) content were also observed by Kun et 

al. (2022), who evaluated the effects of irrigation with reclaimed water and mulch on soil 

organic matter content. They found that mulch promoted a greater influx of organic debris into 

the soil-water-plant system compared to bare soil. During the C3 period, after an accumulated 

precipitation of 81 mm, total carbon content decreased in all treatments due to soil loss. 

However, the Mulch+Biochar treatment still maintained the soil in better condition than its 

initial state. 

Regarding to 0.1-0.2 m layer, TOC levels varied little in mulch cover condition being 

the most notable. Du et al. (2022) evaluated the effects of different wastewater irrigation 

treatments on soil properties and plant productivity in the North China Plain and observed that 
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conservation treatments might delay the increase of organic matter in the deep soil by retaining 

some of the content present in the effluent. However, the authors emphasized that this material 

should be reincorporated into the soil with the help of radiation and microbial activity.  

The soil electrical conductivity (EC) at the beginning of the evaluation period showed 

high variability, with average magnitudes ranging from 0.5 to 1 dS m−1 and 0.8 to 1.5 dS m−1 

for the 0-0.10 m and 0.10-0.20 m layers, respectively. By the end of the second evaluation, 

there were increases in soil EC, with averages ranging from 1.3 to 1.8 dS m−1 and up to 2.8 dS 

m−1. However, the percentage increase between treatments was lower for the mulch (9%) and 

mulch+biochar (12%) conditions compared to bare soil (36%), as the mulch formed a physical 

barrier on the soil surface, reducing energy exchange between the soil and the atmosphere. 

Similar results were observed by Deng et al. (2021), where the research highlights that biochar 

influences CW (constructed wetlands) performance by affecting physicochemical, hydraulic 

conditions, and biological behavior, showcasing the potential for improved wastewater 

treatment efficiency. 

 

 

Figure 5. Temporal behavior of soil electrical conductivity (ES) under different soil cover 

conditions (bare soil, mulch, mulch with biochar). 



 

146 

 

Figure 6 shows that the presence of mulch and mulch+biochar reduced the range of 

salinity variation. The average distribution of EC did not vary significantly between bare soil 

and soil with only mulch. However, there was a considerable decrease in amplitude, with 

attenuation of extreme values. Similar results were observed by Kun et al. (2023) when 

evaluating the effect of mulch on soil quality in an agroforestry system irrigated with reclaimed 

water. The authors concluded that the possible mechanisms for restricting salt accumulation 

through the use of mulch under saline water irrigation included (a) inhibiting the upward 

movement of salts due to soil water evaporation and (b) promoting salt leaching by improving 

soil properties. 

 

Figure 6. Box plots of Electrical conductivity (dS m-1) for bare soil, mulch and mulch+biochar 

soil cover conditions to 0-0.1 m (A) and 0.10 – 0.20 (B) soil layers. 

 

The main soil chemical variables did not show significant differences between 

treatments (Table 5). The pattern of the irrigation effect on CEC and total SB was similar for 

all cover conditions, with the dominant cation being Ca followed by Mg, constituting about 

80% of the total CEC. In C2, a reduction in Ca content was observed for the Mulch (7%) and 

Mulch+Biochar (28%) conditions. The soil pH in the different studied conditions ranged from 
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slightly acidic to mildly alkaline, within the optimal range for the development of various crops 

(Qiu, 2021). Between treatments and C1 and C2, pH average increase of 11% in C3, due to a 

sequence of rainfall events that leached the soil. Regarding Na content, the addition of biochar 

to the soil surface promoted a reduction of 42% and 21% in sodium content in the 0-0.10 m 

and 0.10-0.20 m layers, respectively, while mulch reduced sodium content by 62% and 31% in 

the respective layers. Although phosphorus mobility is typically low (Baumann et al., 2020), 

there was a 70% increase in soil phosphorus levels observed in the 0.10-0.20 m layer under the 

mulch condition. 

 

Table 5. Average values of soil chemical attributes under bare soil (BS), mulch (M), and mulch 

with biochar (M+B) conditions at cover condition implementation (C1), 81 days after (C2), 

and at the final evaluation at 111 days (C3) in the 0-0.10 m and 0.10-0.20 m layers. 

  Parameteres   P pH   Ca Mg Na K Al H SB CEC   V 

  CC Layer    mg dm3 (H2O)   cmolc dm3   % 

C1 

BS 0.1 
 

34 5.7   3.5 1.7 0.51 0.69 0.05 2.75 6.4 9.3   70 

BS 0.2 
 

32 5.8 
 

3.7 1.4 0.37 0.6 0.05 2.59 6.1 8.7 
 

70 

M 0.1 
 

45 5.8 
 

3.8 1.6 0.6 0.7 0.05 2.83 6.7 9.4 
 

69 

M 0.2 
 

38 5.7 
 

4 1.3 0.42 0.76 0.05 2.42 6.5 8.9 
 

72 

M+B 0.1 
 

43 6 
 

5.2 1.3 0.6 0.8 0 2.39 7.9 10.3 
 

77 

M+B 0.2   39 6   4.4 1.65 0.5 0.65 0 1.98 7.2 9.2   78 

C2 

BS 0.1   34 5.7   3.9 1 0.56 0.8 0.05 2.5 6.3 8.8   71 

BS 0.2 
 

32 5.8 
 

3.8 1.2 0.39 0.6 0.05 2.3 5.9 8.7 
 

70 

M 0.1 
 

45 6 
 

3.59 1.41 0.37 0.9 0 2.06 6.3 8.6 
 

76 

M 0.2 
 

38 5.7 
 

4.2 1.25 0.32 0.8 0.05 2.42 6.6 8.3 
 

73 

M+B 0.1 
 

40 5.6 
 

3.7 1.2 0.42 0.7 0.05 1.93 6.2 8.4 
 

77 

M+B 0.2   39 6   4.4 1.63 0.41 0.62 0 1.95 7.2 8.2   78 

C3 

BS 0.1   43 6.6   4 1.9 0.27 0.7 0 1.48 6.9 8.4   82 

BS 0.2 
 

36 6.3 
 

3.75 1.75 0.28 0.67 0 1.73 6.5 8.2 
 

79 

M 0.1 
 

38 6.8 
 

3.5 1.65 0.28 0.73 0 1.4 6.2 7.6 
 

81 

M 0.2 
 

142 7.1 
 

5.15 0.85 0.27 0.7 0 0.82 7.0 7.8 
 

89 

M+B 0.1 
 

34 6 
 

3.75 1 0.23 0.62 0 2.64 5.6 8.2 
 

68 

M+B 0.2   25 6.1   3.85 0.8 0.24 0.66 0 2.72 5.6 8.3   67 
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IV.3.3 Organic Carbon and Salinity Spatial Dynamics at the Experimental Area  

For the spatial distribution assessment of salinity and organic carbon variables, data 

were considered within a single grid with a regular 2 × 1 m distribution. Statistical values are 

presented in Table 6. According to the coefficient of variation (CV) for TOC and EC across all 

evaluated periods, variability was classified as high (CV > 60%), following the criteria of 

Warrick and Nielsen (1980). The data did not adhere to a normal distribution, as indicated by 

the Kolmogorov-Smirnov test at a significance level of 5%. However, after removing extreme 

values according to the criteria of Hoagli et al. (1983) the data were normalized. The high 

variability, also evidenced by the elevated standard deviation values, can be explained by the 

different treatments applied across the experimental plots. The specific dynamics of each type 

of cover in the interception and aggregation processes of EC and TOC in the soil contribute to 

this variability. 

 

Table 6. Descriptive statistics of general of Total organic carbon content and Electrical conductivity 

for layers 0 – 0.10 m and 0.10 – 0.20 m, in three different monitoring campaign. 

  TOC TOC   EC EC 

Layer 
 

0 - 0.10 m 0.10 - 0.20 m   0 - 0.10 m 0.10 - 0.20 m 

C1 C2 C3 C1 C2 C3   C1 C2 C3 C1 C2 C3 

Mean 17.87 15.77 16.88 21.24 18.55 18.2 
 

1.72 2.19 0.5 1.13 2.08 0.4 

Median 16.64 14.68 16.6 20.72 17.27 18.21 
 

0.96 2.02 0.48 0.76 1.92 0.37 

Min 5.098 6.52 11.98 6.723 7.67 11.6 
 

0.12 1.09 0.05 0 1.03 0.08 

Max 49.93 26.04 22.25 54.48 30.63 24.43 
 

5.24 4.39 1.33 4.1 4.17 0.86 

Variance 44.37 23.08 8.285 49.95 31.94 12.41 
 

2.15 0.53 0.04 1.19 0.48 0.04 

SD 6.661 4.804 2.878 7.067 5.652 3.522 
 

1.47 0.73 0.21 1.09 0.69 0.19 

CV 2.498 3.056 5.768 2.932 3.056 5.169 
 

0.66 2.78 2.3 0.7 2.78 1.94 

p-Value (KS)  0.02 0.09  0.02  0.10  0.02  0.13     0.09  0.07 0.15   0.12 0.09  0.16  

 

Well-defined experimental semivariograms with high spatial dependence were 

generated based on autocorrelation among filtered values, without extremes, of total organic 

carbon and electrical conductivity for periods C1, C2, and C3, as shown in Figure 7. 

Semivariogram parameters and validation results are presented in Table 5. Semivariances 

increase with higher carbon and salinity values, thus the threshold (C0 + C1) is directly related 
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to the amount of carbon and salt present in the soil of the study area, as also depicted in Table 

5. 

 

 

Figure 7. Semivariogram models for Total organic carbon content (A) and Electrical 

conductivity (B) for layers 0 – 0.10 m (0.1) and 0.10 – 0.20 m (0.2), in three different 

monitoring campaign (C1, C2 and C3). 

 

The semivariogram models that best fit the data were the spherical model for EC and 

the exponential model for TOC (Table 7). Spatial dependency and adherence to the exponential 

model for total organic carbon (TOC) content were observed in various studies. In the study by 

Saha et al. (2021), the exponential model was found to be suitable for semivariogram fitting 

with TOC content and spectral reflectance data. Additionally, the study by Chen et al. (2019) 

compared different digital soil mapping techniques for soil organic carbon (SOC) mapping, 

where the exponential model was utilized in some methods, such as artificial neural networks 

kriging and geostatistics. 

The nugget-to-sill ratio for salinity was 8.5 and 10 (C1), 18.8 and 24.5 (C2), and 18.9 

and 23.8 (C3), indicating strong spatial dependence for all analysed periods, according to the 

classification by Cambardella et al. (1994). Total organic carbon content also showed strong 

spatial dependence with nugget-to-sill ratios of 5.6 and 7.2 (C1), 11.7 and 18.7 (C2), and 1.7 

and 7.2 (C3). 

 

Table 7. Semivariogram parameters and models for annual Total organic carbon content and 

Electrical conductivity; statistics of Leave-one-out cross-validation. 
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Layer Model 
Nugget 

(C0) 

Sill (C0 

+ C1) 

Range 

(A, m) 
R² 

DSD 

(%) 

Cross-

Validation 

M SD 

A. C1 

EC (dS m-1) 0 - 0.10 m Spherical 0.04 0.47 5.9 0.89 8.5 0.02 1.01 

EC (dS m-1) 0.10 - 0.20 m Spherical 0.04 0.4 6.3 0.86 10.0 0.01 1.10 

TOC (g Kg -1) 0 - 0.10 m Exponential 2.52 35.07 3.77 0.85 7.2 0.12 1.11 

TOC (g Kg -1) 0.10 - 0.20 m Exponential 1.61 28.65 3.76 0.97 5.6  0.10 1.09 

B. C2   

EC (dS m-1) 0 - 0.10 m Spherical 0.45 2.4 5.6 0.83 18.8 0.08 1.08 

EC (dS m-1) 0.10 - 0.20 m Spherical 0.4 1.63 4.5 0.86 24.5 0.08 1.12 

TOC (g Kg -1) 0 - 0.10 m Exponential 9.7 51.9 1.29 0.82 18.7 0.12 1.01 

TOC (g Kg -1) 0.10 - 0.20 m Exponential 8.7 74.36 8.73 0.96 11.7  0.01 1.04 

C. C3 

EC (dS m-1) 0 - 0.10 m Spherical 0.01 0.053 6.8 0.89 18.9 0.09 1.04 

EC (dS m-1) 0.10 - 0.20 m Spherical 0.01 0.042 4.8 0.93 23.8 0.11 1.06 

TOC (g Kg -1) 0 - 0.10 m Exponential 0.58 30.1 4.31 0.94 1.9 0.14 1.03 

TOC (g Kg -1) 0.10 - 0.20 m Exponential 1.88 26.21 5.25 0.98 7.2  0.07 1.08 

 

 

The coefficients of determination (R²) for the adjusted models were moderate to high, 

with a minimum of 0.82 and a maximum of 0.98 for TOC, and from 0.83 to 0.93 for EC. 

Additionally, the semivariogram models were validated using the Leave-one-out cross-

validation. The adjusted models were used to produce contour maps of Total Organic Carbon 

and Electrical Conductivity for the three evaluated scenarios using universal kriging techniques 

(Figure 8). 
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       Figure 8. Kriging maps for the evaluated periods (C1, C2, and C3) for total organic carbon 

(TOC) and soil electrical conductivity (EC) in the 0-0.10 m (Layer 0.1 m) and 0.10-0.20 m 

(Layer 0.2 m) layers. 

 

Although average salinity values increased by 21% (as shown in Table 4) between 

evaluations in C1 and C2, this increase was concentrated in the lower part of the plot. This 

behavior is observed in both the 0-0.10 m and 0.10-0.20 m layers. These higher levels are 

justified by the effect of slope on the leaching of effluent and salts down the slope (Hashem 

and Qi, 2021), but they accumulate in the lower part due to the grading and cutting of land at 

the end of the plot for the allocation of a road. Some other points of salt accumulation are 

observed corresponding to exposed soil areas. In C3, a decrease in EC was observed, as 

supported by Carvalho et al. (2021), where the authors highlight that irrigation with treated 

wastewater showed no negative agronomic impacts on the soil, as natural rainfall events typical 

of the Brazilian semiarid region facilitated effective salt leaching from shallow sandy soils. 
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Regarding the spatial variability of carbon, concentration zones highlight the presence 

of biochar on the soil surface. According to Li and Tasnady (2023), biochar, a sustainable solid 

material derived from the pyrolysis of carbon-enriched biomass, has emerged as a promising 

solution for soil carbon sequestration. Among the mechanisms by which biochar enhances soil 

carbon sequestration, the authors emphasized its role as a physical barrier against carbon loss, 

its capacity to promote stable soil aggregates, and its influence on soil microorganisms. 

Regarding the evaluation of spectral indices, Figure 9 presents the maps of the 

Normalized Difference Vegetation Index (NDVI), the Normalized Difference Salinity Index 

(NDSI), and the Disease–Water Stress Index (DWSI-4). 

The NDVI ranged from 0.14 to 0.95, being sensitive to the implementation of 

treatments and increased water input, with higher values observed in the upper and left lateral 

portions of the area. In C3, after the rainfall events, there was not only greater vegetative vigor 

in the forage cactus but also an increase in spontaneous vegetation consisting of native species 

with low water requirements. 

 

Figure 9. Spatial distribution of NVI, NDSI and DWSI in the selected field plots in three 

different moments of experiment. 
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Soil salinity is considered one of the primary factors affecting the interaction between 

plants and soil, due to its significant negative impact on soil nutrient availability and crop 

productivity. Recent advancements in remote sensing technology for mapping and monitoring 

degraded lands, particularly those affected by salinity, have proven beneficial in enhancing the 

speed, accuracy, and cost-effectiveness of these tasks (Gerardo and de Lima, 2022). Maps of 

surface soil salinity indices (NDSI) were generated through drone image analysis for the three 

evaluated periods, effectively depicting the spatial distribution of soil conditions in the study 

areas and the dynamics of soil salinity. It was observed that during C2, the index enabled the 

identification of plant species, showing a differentiation pattern similar to NDVI. By C3, 

following treatment disturbance by rainfall, soil salinity had decreased, and the area had been 

colonized by vegetation. 

The DSWI was not effective in detecting stress vegetation, showing low values for the 

soil and high values for plant species, even during campaign C3. During this period, despite 

the Forage Cactus displaying high vegetative vigor (as indicated by NDVI maps), the area also 

featured dense spontaneous vegetation. Conceptually, this index should ideally register values 

close to zero for adequately hydrated vegetation, as proposed by Apan et al. (2010). Regarding 

the performance of the index, Agapiou (2020) highlighted that the effectiveness of visible 

indices is influenced by the size of the area and its heterogeneity. Indeed, the imaged area in 

this study exhibited heterogeneity, as observed in the kriging maps, which may have affected 

the efficiency of the DWSI. 

 

IV.4. Conclusion 

Implementation of soil and water conservation systems, including mulching and 

biochar application, has proven effective in controlling soil salinity, reducing levels from 

wastewater effluent. The study highlights that mulching acts as a physical barrier limiting 

upward movement of salts due to soil water evaporation, while biochar enhances soil properties 

and acts as a retention filter. Biochar increases soil organic carbon levels, and mulching 

enhances organic material incorporation into the soil. Research underscores promoting organic 

carbon retention and improving soil fertility. 

Geostatistical models of soil electrical conductivity and organic carbon effectively 

capture their spatial distribution, revealing salt leaching through the soil profile and the impact 

of conservation-treated blocks on soil carbon dynamics. Studies indicate these models are 
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valuable for assessing how mulching and biochar influence salt and carbon distribution and 

retention, supporting sustainable management practices. Multispectral indices NDVI and NDSI 

enabled precise identification of areas with high heterogeneity, facilitating accurate delineation 

of exposed soil and vegetation zones. 

Finally, it's necessary that long-term research be carried out with the objective of 

verifying if the reuse of domestic sewage in agriculture can provide water security needed in 

semiarid regions without impact the environment. 
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Chapter V: Evaluating Daily Water Stress Index (DWSI) using thermal imaging of Neem tree 

canopies under bare soil and mulching conditions 

 

Abstract: Water stress on crops can severely disrupt crop growth and reduce yields, requiring 

accurate and prompt diagnosis of crop water stress, especially in semiarid regions. Evaluating 

neem (Nim) in such environments is crucial due to its adaptation to low water availability and 

effectiveness in pest control. Infrared thermal imaging cameras are effective tools to monitor 

the spatial distribution of canopy temperature (Tc), which is the basis of the Daily Water Stress 

Index (DWSI) calculation. This research aimed to evaluate the variability of plant water stress 

under different soil cover conditions through geostatistical techniques, using detailed 

thermographic images of neem canopies in the Brazilian Northeastern semiarid region. Two 

experimental plots were established with neem cropped under mulch and bare soil conditions. 

Thermal images of the leaves were taken with a portable thermographic camera and processed 

using Python language and the OpenCV database. The application of the geostatistical 

technique enabled the stress indicator mapping at a leaf scale, with the spherical and 

exponential models providing the best fit for both soil cover conditions. Results showed that 

the highest levels of water stress were observed during the months with the highest air 

temperatures and no rainfall, especially at the apex of the leaf and close to the central veins, 

due to a negative water balance. Even under extreme drought conditions, mulching reduced 

neem physiological water stress, leading to lower plant water stress, associated with higher soil 

moisture content and a positive skewness of temperature distribution. Regarding the mapping 

of the stress index, the sequential Gaussian simulation method reduced the temperature 

uncertainty and variation at the leaf surface. Our findings highlight that mapping the Water 

Stress Index offers a robust framework for precise stress detection for agricultural management, 

as well as soil cover management in semiarid regions. These findings underscore the impact of 

meteorological and planting conditions on leaf temperature and baseline water stress, which 

can be valuable for regional water resource managers in diagnosing crop water status more 

accurately. 

 

Keywords: thermography; computer vision; plant status; semiarid; precision agriculture. 
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V.1 Introduction 

Neem tree (Azadirachta indica) has a wide range of economic applications and 

environmental benefits. Neem belongs to the Meliceae family, native of India, which has been 

used for centuries for the most varied purposes. This culture provides a large number of 

secondary metabolites with biological activity that draw attention for their efficiency as a 

natural insecticide (Silva et al., 2021; Brito et al., 2021). This potential use as a crop insecticide 

has been gaining prominence in family farming, reducing the use of pesticides and the cost of 

pest management (Albiero et al., 2019). In addition, its planting has become increasingly 

common in the Brazilian semiarid region, due to the adaptation of the species to the climatic 

conditions of the region, soil characteristics and for presenting a high resilience, being efficient 

in the degraded areas reclamation (Lima et al. al., 2020). 

The climatic conditions in semiarid areas are often characterized by droughts, which are 

an inherent part of the environment's natural cycle and can significantly affect the availability 

of water for various uses (Inocêncio et al., 2021; Nogueira et al., 2023). Carvalho et al. (2020) 

cautioned that the number of rainy days is expected to decrease in the coming decades, leading 

to a decrease in the availability of water resources and increased environmental vulnerability 

and desertification risks in the region. The challenging climate situation in semiarid regions 

can be observed by high rates of evaporation combined with low and infrequent precipitation 

events, which creates a negative water balance (Almeida et al., 2024). This is further 

exacerbated by soil degradation due to improper agricultural use and deforestation. 

Drought has a severe impact on developing countries, where local communities, highly 

dependent on agriculture for their livelihoods, are particularly vulnerable. Frequent drought 

episodes lead to significant economic disruptions, which in turn cause political and social 

turmoil with far-reaching implications (Oroud et al., 2021). Bo et al. (2023) highlight that 

improve the efficiency of water use is critical for ensuring the sustainable development of 

agriculture and the economy. Recent studies have explored efficient water use technologies for 

semiarid areas and have shown that the mulch use as soil cover has been an efficient approach 

to raise rainfed agricultural production. According to Li et al. (2021), mulching with plant 

residues is a simple, easy-to-manage, ecological and low-cost technique that plays a positive 

role in soil moisture conservation and can reduce plant water stress. Montenegro et al. (2020) 
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highlighted in their studies involving the use of low-cost conservation practices, the potential 

of mulch in reducing runoff and soil loss, and in increasing soil moisture content, thus 

promoting a higher water availability. 

To prevent significant yield reductions and the high costs associated with irrigation 

equipment, it is essential to gain a scientific understanding of the physiological and 

biochemical processes involved before implementing deficit irrigation (Bazrgar et al., 2023). 

Therefore, it is important to apply effective methods for monitoring crop water stress status to 

better understand and to save water (Pineda et al., 2021; Luan et al., 2021; Bo et al., 2023). 

Methods for monitoring crop water stress involve measuring soil moisture, photosynthetic rate, 

and crop characteristics such as height and leaf area index (Ihuoma and Madramootoo, 2017). 

Most of these methods are time consuming, laborious and, in some cases, destructive to plants. 

Because these measurements are often limited to a small portion of the field, the results might 

not be representative of the actual crop water needs or the overall field moisture conditions 

(Debangshi and Sadhukhan, 2023). Remote sensing, incorporated in precision agriculture, 

refers to obtaining data without physical contact with the object of study (Shanmugapriya et 

al., 2019). This technological a, coupled with improvements in computational capacity, enables 

the collection of data and extraction of vital information for crop management (Sishodia et al., 

2020). The utilization of images in this realm has yielded promising outcomes in monitoring 

various factors, including nitrogen status, water stress, and incidences of pests and diseases 

(Singh et al., 2020; Menegassi et al., 2022). The canopy temperature (Tc) has long been 

recognized as an indicator of plant water status. With the advancement of remote sensing 

technology, measuring canopy temperature remotely to diagnose crop water deficits offers 

more promising applications than many other methods (Liu et al., 2022; Feiziasl et al., 2022).  

In order to assess the impact of different management and water conditions on plants, 

Brunini and Turco (2016) suggested that the temperature of the vegetation canopy can act as 

an indicator of biotic and abiotic symptoms of the plants, having a direct influence on their 

metabolisms and indicating water stress. Huo et al. (2019) noted that canopy temperature 

reflects the thermal status of the crop, being closely related to stomatal conductance, and 

affecting the crop's water use and utilization. Valím et al. (2019) calculated grapevine water 

stress indices from thermal images of the crowns, emphasizing the importance of non-

destructive monitoring with thermal proximity sensors to monitor vegetative parameters. 

Pineda et al. (2021) highlighted that thermography is a crucial tool for the implementation of a 

more automated, precise, and sustainable agriculture. According to the authors, thermography 
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is an efficient tool to investigate the interaction among plant, climate conditions, and 

management, as long as environmental and measuring conditions are correlated with 

thermography information, allowing for a proper interpretation. 

Thermography is a non-destructive and effective technique for studying canopy 

characteristics related to water stress. It can cover areas of various sizes, such as fields, 

orchards, or individual canopies, and provides spatial information on the variability of water 

stress (Liu et al., 2020; Silva et al., 2023). Thermal imaging cameras measure the infrared 

radiation emitted by plant canopies, which is directly related to their temperature (Menegassi 

et al., 2022). When plants experience water stress, they close their stomata to reduce water loss, 

leading to an increase in canopy temperature (Savvides et al., 2022). By analyzing thermal 

images, indices like the Daily Water Stress Index (DWSI) and Crop Water Stress Index (CWSI) 

can be calculated, with higher values indicating more severe water stress (Brunini and Turco 

et al, 2016; Bo et al., 2023).  

In addition to the mentioned advances, Liu et al. (2020) emphasized the relevance in 

extracting the thermal infrared canopy at critical regions of crops and their leaves, as it 

significantly impacts the study of canopy temperature changes. To address this challenge, 

expert and intelligent systems based on computer vision algorithms are increasingly integrated 

into agricultural production management (Tian et al., 2020). Computer vision, leveraging 

cameras and computers instead of human eyes, identifies, tracks, and measures targets for 

subsequent image processing. Singh et al. (2020) further underscores the agricultural 

significance of computer vision, particularly when linked with thermal images, and present 

various approach techniques, highlighting the diverse applications and potential benefits of this 

technology in agricultural practices. 

Hence, the use of thermal cameras to spatially map temperatures has become increasingly 

feasible with the aid of geostatistical tools. Using geostatistical techniques allows for the 

interpretation of these results based on their spatial structure and variability. By modeling the 

spatial dependence of variables through a semivariogram model, these tools allow highly 

precise interpolation (Silva et al., 2023). Recent research has demonstrated the applicability of 

geostatistical techniques to assess the thermal comfort of dairy cows in a compost barn in the 

Brazilian semiarid region (Silva et al., 2023), as well as to investigate the environmental 

thermal comfort of a roof slab before and after the installation of a green roof (Santana et al., 

2023) and to investigate the environmental water stress in a Basin, using a novel environmental 

water stress index (EWSI) derived based on stochastic modelling (Kinwatu et al., 2021). 
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Geostatistics recognizes that the values of a given variable are correlated to their spatial 

arrangement, meaning that observations taken in closer proximity are more similar than those 

taken further apart (Landim, 2003). As well, the Gaussian simulation can be employed to 

generate realistic spatial distributions of canopy temperature and water stress index from 

thermal imagery. This allows for the characterization of spatial variability in crop water 

requirements, which is crucial for precision irrigation scheduling (Araújo-Paredes et al., 2022; 

Andrade et al., 2021). 

This study explores how mapping the spatial variability of DWSI (Daily Water Stress 

Indicator) contributes to the non-destructive evaluation of plant water status in a semiarid 

environment. The research objectives were threefold: (i) to process thermographic images of 

the plant canopy using a Computer Vision algorithm, identifying leaves with well-defined 

edges that accurately represent the canopy. (ii) to determine the spatial variability of DWSI 

within the designated leaves, considering two soil cover conditions: bare soil and mulch cover. 

(iii) to mitigate crop temperature mapping uncertainty through Sequential Gaussian Simulation 

techniques. By achieving these objectives, the study aims to provide insights into the 

temperature spatial distribution for plants under water stress, offering valuable information for 

optimizing water management strategies in semiarid regions. 

 

V.2 Material and Methods 

V.2.1 Characterization of the study area 

The research was conducted at the hillslope of the Mimoso Catchment, which is part of 

the Alto Ipanema Catchment in the Brazilian semiarid region of Pernambuco State, as seen in 

Figure 1. Two erosion plots, each measuring 20 m2 (2 × 10 m) with the longest side running 

along the slope, were installed in an area of 0.7 hectares. 
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Figure 1. Location of the experimental area in the Alto Ipanema basin in the state of 

Pernambuco, Brazil and sketches and photographs of two erosion plots and treatments in the 

studied area: Neem + mulch and Neem + bare soil. 

 

The plots were placed on a longitudinal slope of 10%, and the following treatments were 

applied to each of them: BS- non-conventional perennial oilseeds Neem (Azadirachta indica 

A. Juss) cultivated under bare soil condition; M- Neem cultivated with coconut powder (Cocos 

nucifera L.) with cover density of 8 t ha-1 (Fig.1). The transplantation of Neem species took 

place in May 2015, with plants planted spaced 6 m from each other.  One and a half year after 
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transplanting, the morphological characteristics of the species were monitored monthly, as 

follows: plant height (PH in m), obtained by measuring between the base of the stem and its 

apex, using a measuring tape, and the diameter of the stem (DC in mm), determined at the base 

of the plant at a height of 0.15 m, using a digital caliper. At the downstream end of each plot, 

500 l reservoirs were installed to collect runoff and sediment transport (data not included in the 

scope of this study). 

The soil in the study area, as described in detail in Lima et al. (2020), was classified as a 

Regolith Neosol, with a relatively shallow depth of ~0.85 m and a sandy loam texture. 

According to the Köppen classification, the climate of the region is BSh (hot semiarid), with 

an average annual precipitation of ~686 mm, a reference potential evapotranspiration of 

approximately 2,000 mm and a mean temperature of ~23°C (Lima et al., 2020). Natural 

vegetation (Caatinga Biome) has been suppressed along time, and erosion processes have 

occurred at the hillslopes, thus requiring conservation techniques adoption to control overland 

flow and sedimentation down the alluvial valley. More information about the downslope valley 

can be found in Almeida et al. (2024). 

The experiment was conducted from January 1st to December 31st, 2017. The 

meteorological data for the duration of the experiment was obtained from an automated weather 

station (Campbell Scientific) located nearby, providing records of air temperature, relative 

humidity, global solar radiation, atmospheric pressure, wind speed and direction, and rainfall. 

The minimum and maximum temperatures and relative humidity were used to calculate the 

reference evapotranspiration (ET0) (Allen, 1998). The Climatological Water Balance was 

calculated using the methodology proposed by Thornthwaite and Mather (1955). Campbell CS-

616 soil moisture probes were installed in the vertical position at 0.10–0.20 m and temperature 

probes were inserted at 0.20 m soil depth and connected to the CR 1000 datalogger for detailed 

wetting and drying processes monitoring in the soil profile, for each treatment.  

 

V.2.2 Image Acquisition and analysis 

Forty-eight thermal images of Neem leaves were obtained using a portable hand-held 

infrared camera (Model E6 from Flir Systems) with an Infra-Red pixel resolution of 19200 

(160×120), a field of view of 45°×34° and a thermal sensitivity of < 0.06°C. The images were 

always recorded at 10:00 am, with the camera positioned at 1.0 m height from soil surface, and 

1.0 from the plant. Images were taken for twelve months of 2017 for each treatment condition. 

To develop the thermal image processing algorithm, the Python language and the OpenCV 
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database was used, adopting the PyCharm software interface. Opencv's bilateral filter function 

was used to apply filtering to the input image and reduce noise and thresholding of the images 

was performed by the cv.threshold function from Opencv, where for each pixel the same 

threshold value is applied. If the pixel value is less than the threshold, it is set to 0, otherwise 

it is set to a maximum value. Different limits were defined for each image but, for all cases, 

the objective was to ensure that the canopy was more visible. The simple thresholding type 

chosen was cv.thresh_tozero. Aiming at extracting the leaf contours (e.g., line joining all 

selected points along the edge of the identified leaves) the cv2.findContours() functions of 

OpenCV were implemented to draw the contours of the respective areas of interest and to 

extract the X and Y of the same areas approxPolyDP was used which returns a set of (x, y) 

points. 

For the detection of the leaf thermal behavior, a script in Phyton language was elaborated 

for the detection and extraction of points and contour of leaves representative of the canopy 

(e.g., less influence of the wind, absence of shading and ease of liming by the algorithm), for 

each treatment. 

 

Figure 2. Sketch of the procedure of capturing thermograms (A); processing images and 

extracting representative grids and contour from sampled leaves (B). 
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V.2.3 Water stress indicator 

The canopy surface temperature data at pixel scale obtained from thermal images were 

used together with the air temperature to calculate the Daily Water Stress Index, according to 

the equation proposed by Jackson et al. (1997) (Eq. 1): 

 

DWSI =  TL − TA                                                                                                                    (1) 

 

where: DWSI – daily water stress index, °C; TL – leaf surface temperature, ºC; TA – air 

temperature, °C. 

 

V.2.4 Statistical and geostatistical analysis 

A statistical analysis was conducted to assess the significance of the variation in water 

status under different soil cover conditions. Spearman's correlation coefficients among air 

temperature, DWSI, leaf temperature, rainfall, and soil moisture were calculated over the 

studied period. Principal Component Multivariate Analysis (PCA) was applied to identify the 

most important variables related to water stress, soil moisture, air temperature, and soil 

temperature variability. 

The data was submitted to descriptive statistical analysis. The Coefficient of Variation 

(CV) was categorized according to Warrick and Nielsen's (1980) criteria, with values below 

12% classified as low, values between 12% and 24% classified as medium, and values above 

24% classified as high. The Kolmogorov-Smirnov (KS) normality test (p ≤ 0.01) was also 

applied to verify whether the data had a Normal distribution.  Trend analysis was performed 

by estimating the trend surface using a quadratic polynomial function and examining the 

coefficients of determination obtained. Trends were considered to exist for R2 values greater 

than or equal to 0.7. In such cases, residual values from the detrended data were adopted for 

the spatial analysis.  

For the geostatistical analysis, the GEOEAS software (Deutsch and Journel, 1998) was 

utilized to detect patterns of spatiotemporal variability and spatial correlation of DWSI for 

separate leaves for each plant evaluated, under two different soil cover conditions, for the 

months of March, May, and September, considering the significant variations in climatic 

conditions. The geostatistical analysis was conducted by calculating the classical 

semivariances (Eq. 2), which estimates the structure and spatial association between pairs of 

observations, at pixel scale. 
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𝛾(ℎ) =
1

2𝑁(ℎ)
∑ [𝑍(𝑋𝑖) − 𝑍(𝑋𝑖 + ℎ)]2𝑁(ℎ)

𝑖=1                                             (2) 

where 𝛾(ℎ) is the estimated value of the experimental semi-variance of the data; 𝑍(𝑋𝑖 + ℎ) 

and 𝑍(𝑋𝑖) are the observed values of the regionalized variable; and 𝑁(ℎ) is the number of pairs 

of measured values, separated by a distance h.  

 

Semivariance theoretical fits were tested for the Gaussian, Spherical, and Exponential models, 

and the parameters 𝐶0 (nugget effect), 𝐶0 + 𝐶1 (sill) and a (range of spatial dependence) 

estimated. The three theoretical models considered are presented below (Equations 3 to 5). 

 

Exponential Model:  

𝛾(ℎ) = 𝐶0 + 𝐶1 {1 − 𝑒𝑥𝑝 [− (
ℎ

𝑎
)]} , ℎ ≠ 0                                                                          (3) 

 

Spherical Model:  

𝛾(ℎ) = 𝐶0 + 𝐶1, ℎ ≥ 𝑎,                                                                                                        (4) 

𝛾(ℎ) = 𝐶0 + 𝐶1 × [1.5 (
ℎ

𝑎
) − 0.5 (

ℎ

𝑎
)

3

] , 0 < ℎ <a                                                             (5) 

 

Gaussian Model: 

𝛾(ℎ) = 𝐶0 + 𝐶1 × {1 − 𝑒𝑥𝑝 [− (
ℎ

𝑎
)

2

]} , ℎ ≠ 0                                                                   (6) 

where: 𝐶0 is the nugget effect; C = C0 + 𝐶1 is the sill; a is the range; h is the distance between 

points. 

 

The degree of spatial dependence (DSD) was assessed based on the methodology proposed 

by Cambardela et al. (1994), which uses the relationship between the nugget effect and the sill 

of the adjusted semivariogram, classifying the spatial dependence as strong, moderate or weak, 

as observed in Equation 5. Values below 25% are characterized by strong spatial dependence, 

values between 25% and 75% are considered moderate, while values above 75% indicate weak 

spatial dependence. 

 

DSD(%)=
C0

C0+C1
                                                                                                              (7) 



 

169 

 

 

The best models were selected by analyzing the coefficient of determination (R²) and 

performing cross-validation using the Leave-one-out cross-validation (Webster and Oliver, 

2007), assuming a mean error close to zero and a standard deviation close to one. 

After modeling the semivariograms, the values were interpolated at non-sampled sites 

using Kriging (K). This technique uses both correlation with auxiliary maps and spatial 

correlation, where the drift (or trend) is modeled as a function of coordinates. The Sequential 

Gaussian Simulation (SGS) algorithm randomly selects a simulated value at each location from 

an estimated conditional cumulative distribution function. The distribution function is 

determined by the mean and variance of the kriging calculated from neighborhood information. 

Running the SGS requires transforming the original data into a Gaussian distribution, which 

accomplished by transforming the normal score. The cumulative density function is 

characterized by the mean and covariance, assuming a random Gaussian field. Repeating these 

sequential steps with different random paths can provide various runs of the spatial distribution. 

In this study, to obtain an accurate probability calculation, the SGS algorithm was conducted 

once hundred runs using the GS+ software, following Sousa et al. (2023) recommendation. 

After modeling the semivariograms, the values were interpolated using ordinary kriging, 

to characterize the leaf superficie of the plants studied, in three different months. The SURFER 

version 9 software was used to make the kriging maps (Goldens Software, 2010).  

 

V.3. Results and discussion 

V.3.1 Changes in soil moisture and climatic conditions 

Soil surface temperature and moisture, for the bare soil and mulch treatments, including 

air temperature and rainfall variations in time are plotted in Figure 3. In general, the year 2017 

could be classified as water-scarce, with a total of 50 rainfall events throughout the year. The 

highest precipitation depth was recorded in May with 266 mm, which constituted 35% of the 

total annual rainfall. The single highest rainfall event of that month was 60 mm. The months 

of April, June and July presented rainfall amounts higher than 90 mm, while February, March, 

September, October and December all had less than 30 mm. No rainfall was recorded in 

November.  
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Figure 3. Daily time series of soil moisture and rainfall (A), air and soil temperature (B), 

accumulated soil moisture (C) and accumulated soil temperature (D) at the two plots in 2017: 

Neem (bare soil in black) and Neem with mulch cover (in green). 

 

During the period evaluated, the average air temperature was 23.7°C, with a maximum of 

29.84 °C Day-1 and a minimum of 18.54°C Day-1. It can be observed that air temperature 

followed the climatic seasonality of the semiarid region (Fig.3), with higher values in the dry 

season and lower values in the rainy season, consistent with the temperature dynamics observed 

by Almeida et al. (2024) while assessing climatic trends in the same alluvial valley as the 

present study. In general, leaf temperatures were lower during periods with lower air 

temperatures, consequently showing lower levels of water stress, in line with the findings of 

King and Shellie (2023). The authors highlight that canopy temperature increases when solar 

radiation is absorbed and decreases when water evaporates (transpiration) within the leaf 
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structure. A plant canopy experiencing water stress will reduce transpiration and exhibit a 

higher temperature compared to a canopy without stress. 

Regarding to soil temperature, it is observed a temporal variation among the seasons, with 

greater values in December (dry period) and lower in May, with the maximum greater than 36 

ºC and the minimum of 20.1°C for the treatment with mulch, and 37.8°C and 21.5°C for the 

treatment without mulch cover, respectively. Additionally, when analyzing the seasonal 

changes in soil moisture levels between the two soil cover treatments, higher soil moisture was 

observed during the rainy season for the treatment with mulch which contributed to retain 

water, reducing evaporation, and thus increasing soil moisture. In general, the cumulative 

evolution of soil moisture (Fig.3C) and temperature (Fig.3D) shows significant differences 

when comparing both treatments.  For bare soil condition it was observed a decrease of 5% for 

the cumulative soil moisture and an increase of ~5% in comparison to mulch application plot, 

along of 2017.  

The Figure 4 compares the monthly variation of soil moisture along full year for both soil 

cover conditions. Higher soil moisture contents along hillslopes contributes not only for crop 

development, but also to control overland flow and enhance subsurface flow, which is of 

upmost relevance for semiarid areas (Hewlett, 1982). 

 

 

Figure 4. Monthly soil moisture variation for both soil cover condition (bare in black and 

mulch in green), along 2017. 
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Studies have suggested that the mulch cover was efficient for soil water retention in 

relation to uncovered soils, especially for wet period when moisture levels ranging from 0.13 

and 0.15 m3 m-3 were observed, with remaining humidity in the dry months 17% higher than 

the humidity for the bare soil treatment. For the period between April and August, the average 

of soil moisture exceeds the annual mean of 0.083 m3 m-3 to mulch soil cover condition and 

0.07 m3 m-3 to bare soil, as a result of rainfall events. In the absence of precipitation, the mulch 

cover works as an alternative soil protection technique.  

Wind velocity is another critical factor influencing plant water stress. Figure 5 illustrates 

the temporal dynamics of wind from January to December 2017. The wind speed values 

exhibited an average of 3.13 m s-1, with a standard deviation of 0.8 m s-1. 

 

 

Figure 5. Temporal distribution of wind speed, in meter per seconds, to 2017 and box plot of 

monthly values. 

 

The average wind speeds ranged from 2.94 m s-1 in December to 3.6 m s-1 in July. The 

period from June to November experiences the highest variability. Lower temperature periods, 

typically during or immediately after rainy months, also correspond to higher wind speeds. As 

highlighted by Miri and Webb (2022), wind speed is a significant factor contributing to plant 
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water stress by increasing transpiration and water loss from leaves. Higher wind speeds lead to 

greater wind stress and water loss from plants.  

 

V.3.2 Daily Water Stress Index 

Table 1 presents the daily recorded data for rainfall, evapotranspiration, and air 

temperature. It also includes a mean leaf temperature measured by a thermal camera and the 

mean Daily Water Stress Index, measured at 35 pixels. The capture of thermal images and data 

in January, April, May, and July occurred on rainy days with accumulated rainfall of 11.2, 2.6, 

8.6, and 0.4 mm, respectively.  

 

Table 1. Daily values of rainfall, evapotranspiration, air and leaf temperature and stress 

indicator for 2017, where BS – Bare Soil conditions and M- Mulch soil cover conditions. 

Date Cover 
DR 

(mm) 

R 

 (mm) 
ET0 

(mm) 

WS  

(m s-1) TA (C°) TL (C°) 

DWSI 

(C° C°-

1) 

January 

(27/01/2017) 

BS 
11.2 11.4 4.74 2.46 25.93 

47.35 21.42a 

M 44.79 18.86a 

February 

(27/02/2017) 

BS 
0 23.8 5.56 3.93 27.33 

39.08 11.75a 

M 38.04 10.71b 

March 

(23/03/2017) 

BS 
0 60.2 4.61 2.73 26.24 

40.6 14.36a 

M 39.2 12.96a 

April 

(24/04/2017) 

BS 
2.6 72.6 4.56 3.4 25.62 

33.97 8.35a 

M 33.62 8.00a 

May 

(26/05/2017) 

BS 
8.6 138.8 3.7 3.1 23.91 

26 2.09a 

M 24.64 0.73b 

June 

(22/06/2017) 

BS 
0 30.0 3.47 4.55 23.42 

25.94 2.48a 

M 23.9 0.52b 

July 

(26/07/2017) 

BS 
0.4 79.2 2.19 2.16 20.1 

25.36 5.26a 

M 23.45 3.35b 

August 

(25/08/2017) 

BS 
0 20 2.36 4.9 20.7 

29.41 8.71a 

M 27.58 6.88b 

September 

(27/09/2017) 

BS 
0 9.1 2.6 3.3 21.3 

32.3 11.01a 

M 27.4 6.11b 

October 

(26/10/2017) 

BS 
0 0 3.32 3 23.1 

37.48 14.38a 

M 34.51 11.41b 

November 

(30/11/2017) 

BS 
0 0 4.99 2.46 26.4 

41.51 15.11a 

M 37.32 10.93b 

December 

(22/12/2017) 

BS 
0 0 4.66 2.56 27.12 

45.55 18.43a 

M 41.86 14.74b 

DR: daily rainfall; R: accumulated rainfall of 15 days before the monitoring date, ET0: Reference 

evapo-transpiration, TA: air temperature, TL: leaf temperature, average DWSI: daily water stress 
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indicator. DWSI values followed by different letters on the same column do not differ at 5% level of 

significance, by Tukey test. 

 

Air temperature ranged from 20.1°C to 26.4°C for the monitored days, with lower values 

observed from May to September. The daily leaf temperature ranged from 25.36°C in July to 

47.35°C in January for bare soil conditions, and from 23.45°C in July to 44.79°C in January 

for mulch soil cover conditions. The sensitivity of plant water stress to meteorological factors 

was also observed by Andrade et al., (2021), where the authors highlighted the monthly 

variation in air temperature and canopy temperature patterns between the rainy and dry periods, 

mainly in the period nocturnal, corroborating the DWSI variations found. 

A significant difference in crop status between bare soil and mulch cover was observed, 

particularly in months without precipitation. Such result highlights the effectiveness of mulch 

in maintaining soil moisture from previous rainfall events, as also shown in Fig. 3. Generally, 

the highest levels of water stress were recorded in January and December 2017 due to high 

evapotranspiration rates and low antecedent rainfall. 

The influence of daily evapotranspiration is observed, as a response to air temperature, 

together with the absence or presence of rain in the daily water status dynamics.  Plant heigh, 

stalk diameter, leaf temperature, daily water stress and water balance measured during the 

experimental time can be observed in Figure 6. 
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Figure 6. Monthly Water Balance (CWB), monthly average plant height (PH), stem diameter 

(SD), leaf temperature (TL) and DWSI under bare soil and mulch soil cover conditions. 

 

It is observed a long water deficit period from February to April and from June to 

December, when reference evapotranspiration is higher than rainfall. For January and May, 

when there is no water surplus, rainfall is higher than reference evapotranspiration, however 

there is still available soil water content because of rainfall antecedent conditions. There is a 

statistically significant difference in the height of plants and stem diameter between January 

and December 2017, demonstrating the growth that resulted from the water replenishment 

events in January and May. 

The value of DWSI reflects the physiological characteristics of the plants in relation to the 

environment (Brunini and Turco, 2016). Hence plant water status controls many physiological 

processes and crop productivity, associating the higher the water stress and the greater the daily 

evapotranspiration of the crop, thus reflecting the biometric crop development (Galindo et al., 

2013). Brunini and Turco (2016) observed a decrease in productivity for sugarcane species as 
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values exceeded 1.5. It is observed that the greater water availability from intense rainfall 

events as a mitigating factor of stress along the leaf surfaces. 

Although canopy temperature and DWSI are closely related to meteorological conditions 

and cumulative water balance (Fig.6), Bo et al. (2023) emphasized that soil cover condition 

also influences canopy temperature and consequently water stress. The authors evaluated, in a 

two-year field experiment, the cultivation of corn under different mulching conditions in 

northwest China and found positive effects of plastic mulching on canopy temperature and crop 

water stress index (CWSI), consistent with the results found in the present study.  

 

V.3.3 Relationships between thermal indices and meteorological parameters 

Figures 7A, B and C exhibits the relationship among the soil moisture, soil temperature 

and daily water status, for bare and mulch cover conditions. The lowest data dispersions and 

strong correlations between soil treatments occurred for values smaller than 0.1 m3 m-3, since 

the higher the soil moisture, the lower the daily thermal amplitude, given the high specific heat 

of water, according to Lima et al. (2020). Besides that, some differences in soil moisture have 

occurred at the beginning of the raining rainfall season, or after periods of intermittency as 

explained by Montenegro and Monteengro (2006). It has shown, according to Figure 7, a strong 

relation between both conditions of soil temperature, with slopes close to 1. 
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Figure 7. Plots of soil moisture (A), soil temperature (B) and DWSI (C), soil moisture and soil 

temperature (D), soil moisture and DWSI and soil temperature and DWSI (F), for mulch and 

bare soil cover condition. Dashed lines represent regression lines. Full line represents the 1:1 

line. 

 

Moreover, correlations between soil moisture and temperature, the daily water status, for 

mulch and bare soil conditions (Figures 7A, B and C) demonstrate that the higher the soil 

moisture, the lower the thermal amplitude. This reduction in thermal amplitudes was also as 

explained by de Lima et al. (2020) in their study on the effects of mulching on soil temperature 

and moisture also in the Brazilian semiarid region, where mulching reduces soil surface 

temperature, acting as a buffer zone and dampening soil surface temperature fluctuations. 

Akhtar et al. (2019) also reported significantly increased moisture retention and decreased 

soil temperature during warm periods with the application of wheat straw mulch in Northwest 
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China, creating favorable conditions for soybean growth com-pared to non-mulch treatments. 

Additionally, Lopes et al. (2019) monitored soil and water dynamics in twelve experimental 

plots across the same hydrological area with varying coverage treatments. They found that 

runoff behavior differed; natural cover produced the smallest runoff depth, while bare soil 

conditions resulted in the highest runoff. 

The correlation analysis of DWSI under bare and mulch soil condition with soil moisture 

and soil temperature show that the plots managed under a conservation way presented a 

reduction in the water stress index as they showed a higher moisture content, and additionally, 

a lower soil temperature. The plants that were grown with mulch cover showed better 

development than those without soil cover. To validate the previous results and to evaluate the 

effects of temperature and soil moisture on the plant development, Principal Component 

Analysis (PCA) was applied to the original matrix of temperature and soil moisture, with plant 

height and DWSI as supplementary variables. The biplot of the PCA for the soil parameters 

and plant conditions is shown in Figure 8. 

 

Figure 8. Principal component analysis, plotting of scores of the first two principal 

components, and Spearman's correlation matrix. 

 

Main components Factor1 and Factor2 explained 74.56% of the total variance, with 

emphasis on Factor1, which by itself explained 58.25% of the total data variance. For this 

component, the variables related to temperature of soil under mulch and bare soil, and air 

temperature were grouped and presented loads of 0.79, 0.99 and 0.33, respectively, denoting a 

strong negative correlation inversely influenced by soil moisture and rainfall. The stress 

indicator and the plant height have shown a negative correlation with temperature for both soil 
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cover conditions. In the correlation matrix, plant higher (PH) and DWSI showed strong 

correlations (p < 0.001) for mulch treatment (0.85) and bare soil. 

In Figure 8, it is possible to observe that plants with lower stress indices, promoted by the 

mulch condition, exhibited better growing in terms of both plant height and stem diameter. The 

changes in stem diameter have been closely linked to variations in the overall water content of 

the plant (Galindo et al., 2013). For this reason, several researchers have observed that Leaf 

Turgidity (LT) values can be a useful indicator of stress when soil water content is not severely 

depleted, and increases in LT have been observed to correlate with decreases in water potential. 

As plant growth is controlled by cell division, insufficient amount of water reduces the division 

coefficient cell and the expansion of all cells, thereby preventing the proper vegetative growth 

of plants (Liu et al., 2022; Rico-Fernandez et al., 2019; Camoglu et al., 2023). 

 

V.3.4 Plant canopy status mapping 

After obtaining the reference temperatures necessary for calculating the DWSI, a spatial 

representation of the index was created across 6 representative leaves. The months of March, 

May and September were chosen according to the quality of images, weather conditions on the 

day of monitoring, significance of results for leaf comparison between treatments. The choice 

of leaves was made considering the best-defined contours within the canopy. Figure 9 shows 

the box plot of stress indicator recorded for both conditions of soil cover, for March, May and 

September. The water stress for March ranged between 11 and 15, for bare soil, and between 

11.3 and 11.9, for mulch cover condition. In May, the lowest stress values were identified, with 

minimum of -0.4 and -0.3 and maximum of 1.2 and 1.6, for bare soil and mulch, respectively. 

Although low DWSI values were detected for the bare soil condition, a more asymmetric 

distribution with less presence of extreme values was detected in the mulch soil cover 

condition. In September the contrast between treatments is evident, with minimum values of 

10 and -1.6 and maximum values of 14 and 2, respectively, for the bare soil and mulch 

treatments. An asymmetry in the data distribution is also observed for the bare soil condition. 
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Figure 9. Box plot of daily water stress indicator for March, May and September, of mulching 

treatment and bare soil, for three different leaves. 

 

The DWSI for May presented smaller variation, with coefficient of variation (CV < 15%) 

indicating low variability, according to [40], and lower standard deviation val-ues, followed by 

September and March. All plant samples presented normality at 5% probability, allowing to 

obtain parameters of theoretical semivariograms from the experimental data (Table 2). The 

minimum number of pairs for the experimental semi-variograms was 40, based on pixel meshes 

comprising at least 32 elements. 

DWSI showed spatial dependence which was better described by a Gaussian model for 

both treatments in all months evaluated. The stress indicator presented dif-ferent ranges of 

spatial dependence for both treatments, with a minimum value of 43 mm and a maximum of 
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92 mm, referring to March, for both soil conditions, 43 and 185 mm to March, and 46 and 133 

to September, respectively.   

 

Table 2. Parameters of the theoretical models for the semivariance of the DWSI in each leaf 

sampled for March, May and September. 

where: Mod- Model (tested model: gaussian – Gaus); C0 - nugget effect; C0+C – sill; a – range 

in mm; CC- cover condition; BS – bare soil; M – mulch; MAR – March; MAY- may; SEP- 

September; L- Leaf; DSD-degree of spatial dependence, in %. 

 

The relationship between the nugget effect and the sill ranged from 0.7% (May - Mulch) 

to 33% (May – Bare soil), indicating a strong and medium spatial dependence for the analyzed 

years, according to the classification of Cambardella et al. (1994). In general, the plants 

Month CC L Mod C0 C0+C DSD a R²  CC L Mod C0 C0+C DSD a R² 

MAR 

BS 

L1 Gaus 0.012 0.293 4.1 45 0.9   

 

BS 

 

L4 Gaus 0.025 0.274 9.1 75 0.8 

L2 Gaus 0.083 0.311 26.7 43 0.9 L5 Gaus 0.042 0.183 23.0 92 0.8 

L3 Gaus 0.075 0.328 22.9 75 1 L6 Gaus 0.067 0.246 27.2 86 0.9 

M 

L1 Gaus 0.038 0.182 20.9 62 0.9 M 

 

L4 Gaus 0.081 0.381 21.3 69 0.9 

L2 Gaus 0.022 0.298 7.4 49 0.9 L5 Gaus 0.039 0.141 27.7 78 0.8 

L3 Gaus 0.016 0.238 6.7 61 0.8 L6 Gaus 0.032 0.298 10.7 63 0.8 

MAY 

BS 

L1 Gaus 0.070 0.297 23.6 55 0.9   

 

BS 

 

L4 Gaus 0.022 0.282 7.8 74 0.9 

L2 Gaus 0.082 0.246 33.3 106 0.8 L5 Gaus 0.018 0.131 13.7 133 0.9 

L3 Gaus 0.098 0.297 33.0 78 0.9 L6 Gaus 0.011 0.139 7.9 62 0.9 

M 

L1 Gaus 0.018 0.256 7.0 95 0.9 M 

 

L4 Gaus 0.012 0.528 2.3 96 0.8 

L2 Gaus 0.065 0.286 22.7 77 0.8 L5 Gaus 0.001 0.101 1.0 185 0.9 

L3 Gaus 0.028 0.188 14.9 43 0.8 L6 Gaus 0.001 0.147 0.7 82 1.0 

SEP 

BS 

L1 Gaus 0.062 0.265 23.5 46 0.9   

 

BS 

 

L4 Gaus 0.051 0.276 18.5 102 0.8 

L2 Gaus 0.061 0.208 29.3 89 1 L5 Gaus 0.089 0.412 21.6 75 0.9 

L3 Gaus 0.066 0.263 25.1 52 1 L6 Gaus 0.079 0.282 28.0 133 0.9 

M 

L1 Gaus 0.046 0.361 12.7 79 0.8 M 

 

L4 Gaus 0.025 0.299 8.4 94 0.8 

L2 Gaus 0.036 0.226 15.9 58 0.9 L5 Gaus 0.01 0.231 4.3 115 0.9 

L3 Gaus 0.035 0.336 10.4 70 0.8 L6 Gaus 0.013 0.151 8.6 91 1.0 
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cultivated under mulch soil cover condition present a strong spatial dependence. The 

coefficients of determination (R2) for the fitted models were moderate to high, with a minimum 

of 0.8 and a maximum of 1, all the semivariograms were cross validated based on the Leave-

one-out cross-validation [43], yielding residues with averages be-tween -0.001 and 0.013, and 

standard deviations between 1.004 and 1.006. 

The adjusted model was used to produce leaf water status maps from plants grown for the 

moths March, May and September cultivated under bare soil and mulch condition of soil cover 

(Figure 10). By employing the Sequential Gaussian Simulation (SGS) technique, the fitted 

models were also used to produce maps of the DWSI with 300 realizations, as shown in Figure 

10. The scale of DWSI for March, May, and September varied between 12 to 16, -1 to 2, and -

1 to 15, respectively. 
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Figure 10. Kriging maps for surface temperature referring to representative leaves for March, 

May and September, considering bare soil and mulch cover conditions.  
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It can be seen a distinction between maps, with higher occurrences of red areas 

representing higher stress due to temperature and climatic effects, indicating lower water status. 

Some negative values were also found, indicating that the plants were not under any water 

stress at any part of their leaves, especially in May due to the rainfall and in September to the 

mulch condition, showing that Mulch facilitates a more even distribution of water and mitigates 

external effects on the leaf surface, such as wind speed.  

In order to effectively measure plant temperature and identify water stress conditions, 

Paulo et al. (2022) emphasized that Leaf Temperature Maps, validated by thermal images as 

an effective and practical alternative. Moreover, Luan et al. (2021) emphasized that information 

of leaf temperature distribution can reflect the water status of the crop. In the DWSI distribution 

maps (Figure 10), higher values are observed at the leaf apex and outer areas, primarily affected 

by wind as discussed earlier. These results demonstrate that using average leaf temperature 

data or considering only the highest marginal values or including very low marginal values, 

may result in biased unrealistic DWSI values and may not accurately reflect the plant's water 

status. Therefore, the choice of TL statistics for DWSI calculation is relevant (Luan et al., 2021; 

Silva et al., 2023, Liu et al., 2022). 

We generated cumulative frequency curves based on temperatures extracted from thermal 

images and air temperature using the kriging and SGS methods (Figure 11). Overall, the curves 

exhibited similar trends across treatments. However, the DWSI ranges varied according to soil 

moisture levels and rainfall availability. In March, the DWSI ranged from 12.5 to 16, while in 

May, it ranged from -1 to 1.5. The most significant variation occurred in September, ranging 

from -2 to 15. This wide range in September can be attributed to the effective use of mulch 

cover, which mitigates climatic effects on plants and reduces stress. Specifically, the mulch 

condition produced a DWSI distribution between -2 to 4, whereas the bare soil condition ranged 

between 10 to 13. 
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Figure 11 The canopy DWSI cumulative frequency curves for plants evaluated in the 

respective months (March, May and September) under bare soil and mulch conditions. 

 

When evaluating the average DWSI across months and soil cover conditions (Table 3), a 

notable difference emerges compared to the previously presented values (Table 1). It is 

important to note that the earlier values were calculated based on a single plant sample point, 

whereas the extraction of leaf temperatures represents the plant's actual temperature more 

critically and rigorously. Additionally, it is observed that both mulch application effectively 

contributed to reduce water stress and intrafoliar temperature variation, indicating a more 

uniform stomatal behavior. Furthermore, the SGS technique also led to a reduction in the 

uncertainty of geostatistical mapping, with lower standard deviations and variation. 
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Table 3. Parameters of the theoretical models for the semivariance of the DWSI in each leaf 

sampled for March, May and September. 

    Plant / Method Mean SD CV 

March 

BS 

P1F Krig 13.790 0.617 0.044 

P1F SGS 13.783 0.626 0.043 

P2F Krig 13.699 0.619 0.044 

P2F SGS 13.762 0.646 0.046 

M 

P1F Krig 13.984 0.403 0.031 

P1F SGS 13.925 0.431 0.029 

P2F Krig 14.046 0.321 0.023 

P2F SGS 13.950 0.333 0.021 

May 

BS 

P1F Krig 0.248 0.468 0.551 

P1F SGS 0.262 0.476 0.529 

P2F Krig 0.313 0.415 0.827 

P2F SGS 0.311 0.439 0.746 

M 

P1F Krig 0.084 0.400 0.336 

P1F SGS 0.145 0.433 0.209 

P2F Krig 0.310 0.344 0.330 

P2F SGS 0.363 0.353 0.313 

September 

BS 

P1F Krig 11.693 0.752 0.143 

P1F SGS 11.642 0.809 0.125 

P2F Krig 11.745 0.670 1.746 

P2F SGS 11.756 0.513 1.363 

M 

P1F Krig 5.261 0.655 0.056 

P1F SGS 5.272 0.400 0.060 

P2F Krig 0.384 0.372 0.061 

P2F SGS 0.376 0.380 0.068 

 

The Figure 12 presents the histogram of the DWSI distribution of Kriging (Krig) and 

Sequential Gaussian Simulation (SGS) methods. When comparing the histograms of Krig and 

SGS results, it is notably that SGS realizations histogram is similar to the histogram of the Krig 
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results. However, SGS provides additional information about the uncertainty in the spatial 

distribution, which is not captured by a smoothed Krig estimate. 

 

Figure 12. Histograms of distribution of DWSI for the months of March, May, and September, 

under Mulch and Bare soil conditions, following mapping via Kriging and SGS techniques. 

 

Analyzing the histograms, it is possible to detect greater symmetry in the distribution of 

DWSI in plants with lower stress levels, being an indicator of plant water comfort. The plants 

that received conservation management exhibited more symmetrical distributions, indicating 

better adaptation and a more balanced state of health. Additionally, SGS exhibited a class 

distribution five times larger than that of kriging mapping. This finding confirms the results of 

Bai and Tahmasebi (2022), who suggest that kriging can lead to a smoothing effect, resulting 

in an overestimation of small values and an underestimation of large values, thereby restricting 

its applicability to assess uncertainties in certain situations and lower scales. 

Our results demonstrate the high potential of thermographic data to produce distributed 

crop water stress indices, which allowed for estimating and interpreting the plant's water status, 

reducing associated errors through leaf geostatistical mapping. Identifying patterns of variation 
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that reflect higher or lower stress indices, this method provides a non-destructive and quicker 

means of detection and monitoring crop temperature variability. 

 

V.4 Conclusions 

This chapter investigated the water stress on crops, which can severely disrupt crop growth 

and reduce yields, especially in semiarid regions. Accurate and prompt diagnosis of crop water 

stress is crucial. Infrared thermal imaging cameras were utilized to monitor the spatial 

distribution of canopy temperature (Tc), forming the basis of the Daily Water Stress Index 

(DWSI) calculation. The application of geostatistical techniques enabled the stress indicator 

mapping at a leaf scale, with the spherical and exponential models providing the best fit for 

both soil cover conditions. 

In conclusion, DWSI reflects changes in biometric indices, demonstrating high potential 

as an indicator of the relationship between plant and climatic variables measured on a daily 

basis. Results indicated that the highest levels of water stress were observed during months 

with the highest air temperatures and no rainfall, especially at the apex of the leaf and close to 

the central veins, due to a negative water balance. Even under extreme drought conditions, 

mulching reduced Neem physiological water stress, leading to lower plant water stress, higher 

soil moisture content, and a negative skewness of temperature distribution. 

Furthermore, the DWSI differs according to soil cover condition, evapotranspiration, and 

the sequence of rainfall events. The mulching effect during long dry periods, typical of semiarid 

regions, was essential for preserving soil moisture and promoting plant growth. Even in 

extreme cases of water scarcity, mulching reduced the physiological water stress of Neem, 

leading to decreased water stress and reduced recession of soil moisture content, resulting in 

better biometric parameters. 

Regarding the mapping of the stress index, the sequential Gaussian simulation method 

reduced temperature uncertainty and variation at the leaf surface. Our findings highlight that 

mapping the Water Stress Index offers a robust framework for precise stress detection in 

agricultural and soil cover management in semiarid regions. Coupling thermography with 

geostatistical tools enabled a precise assessment of water stress index mean and variability for 

a resilient crop in semiarid Brazil. These findings underscore the impact of meteorological and 

planting conditions on leaf temperature and baseline water stress, which can be valuable for 

regional water resource managers in diagnosing crop water status more accurately. 
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General conclusions and finals considerations 

 

Understanding the principles, practices, and recent advances in indirect field monitoring 

aimed at enhancing resilience and adaptive capacity in semiarid agriculture amidst on going 

climate change is crucial. Implementing sustainable land management and proactive adaptation 

measures is essential to mitigate these impacts. Integrated approaches, such as climate-smart 

agriculture and nature-based solutions, are highlighted as effective strategies to enhance 

productivity and resilience in dry areas. In this study, significant results were obtained for water 

resources management in the semiarid region and for developing actions aimed at promoting 

productive coexistence with water scarcity: 

 

The occurrence of temporal stability in the potentiometric level in the Mimoso alluvial 

valley enabled the identification of piezometers that adequately represent the average over 

time, optimizing continuous area monitoring. Additionally, the identification of increasing 

trends in temperature and evapotranspiration, along with reductions in annual precipitation and 

an increase in the extraction flow from wells, and the decreasing trend in piezometric levels, 

raise concerns about the growing risk of aquifer scarcity in the coming years. Groundwater 

pumping emerges as a management alternative to control salinity, crucial for mitigating long-

term water shortages in this severely water-scarce region. 

 

Wildfires typically transform vegetation and litter into a heterogeneous layer of ash 

covering the soil surface, substantially modifying the post-fire hydrological and erosive 

response of the soil. Laboratory and field experiments addressed knowledge gaps by 

investigating ash mobilization and the impacts of various burning layouts under simulated 

rainfall. Burning in smaller areas reduced soil disaggregation rates and caused less alteration 

in soil physical characteristics. Laboratory experiments focused on ash transport observed that 

smaller ash concentration areas led to less ash mass transported by surface runoff, highlighting 

rainfall intensity as a significantly more important factor for ash transport compared to the 

slope factor. 

 

Domestic wastewater reuse in irrigation can have positive effects on water conservation 

and nutrient recycling, but it also poses risks to soil carbon and salinity if not managed properly. 

Conservation practices that balance these factors are essential for sustainable agriculture in the 
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Brazilian semiarid region. The application of treated effluents in agriculture can mitigate water 

scarcity in the semiarid region and, when combined with soil cover management, can control 

salinity while significantly increasing the incorporation of organic matter and biochar. This, in 

turn, boosts the organic carbon content in the soil. Additionally, using salinity and vegetation 

indices in image processing provides valuable tools for monitoring and identifying 

management areas. 

 

Daily Water Stress Index (DWSI), using infrared thermal imaging cameras monitored 

canopy temperature (Tc), accurately reflects biometric index changes, demonstrating potential 

as a daily indicator of plant-climatic relationships. Highest water stress levels occurred during 

hot, rainless months, concentrated at leaf apices and central veins. Mulching mitigated Neem's 

physiological water stress, enhancing soil moisture and promoting growth even amid extreme 

droughts. Mapping DWSI with sequential Gaussian simulation enhanced precision in stress 

detection, vital for managing semiarid agricultural resilience. 

 

Along this Thesis, a detailed geostatistical framework was applied to investigate spatio-

temporal patterns not only for water resources in an alluvial valley, but also for the Daily Water 

Stress Index in crops at the hillsides of the domain. Statistical patterns have been successfully 

identified, contributing to enhance understanding of ecohydrological dynamics and also the 

temperature distribution in crop leaves under stress.  

 

Groundwater availability in Mimoso Valley has been impacted by (recorded) climate 

change and irrigation. To achieve sustainable development, water resources plans must be 

implemented, including environmental protection of the aquifer boundaries and hillslopes. 

Treated wastewater reuse and mulching can increase water availability and improve soil 

protection. Wildfires must be controlled, where ashes layout can alleviate environmental 

degradation and fertility decrease. Moreover, biochar composts might enhance soil quality and 

also reduce potential impacts and migration of nutrients towards the saturated zone, which 

could lead to water quality degradation in future. 

 

In general, this thesis presents significant results concerning water resource management 

in semiarid regions. The seasonal effects of changes in rainfall patterns, temperature, 

evapotranspiration, and exploitation on the average aquifer level and water quality underscore 
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the need for policies and actions to control the use of this resource. The assessment of water 

quality and the mapping of indicator variables aid in decision-making about when and where 

to irrigate. Additionally, the use of treated wastewater for agricultural crops represents an 

important alternative for enhancing and maintaining irrigated agriculture in semiarid areas, 

especially when combined with proper bioretention systems and conservation practices. All 

these results highlight the importance of constant hydroclimatological monitoring and the 

determination of soil and crop quality parameters in the region, aiming to optimize natural 

resources and improve water management. Additionally, they highlight the significance of 

conducting experiments in a participatory manner, encouraging the involvement of small-scale 

farmers to strengthen the communal farm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

198 

 

Knowledge Sharing   

 

The activities proposed in the Thesis aimed at coping with water scarcity were carried 

out in an applied manner, with a focus on agricultural and livestock production within family-

based activities, aiming to ensure the quality of life for the population. Consequently, the 

activities aimed to disseminate measurements and research results among the target audience. 

They also involved collaboration with local stakeholders such as students, farmers, and 

communities, as well as local managers (Figure 1). 

 

 

Figure 1. Field monitoring with the collaboration of undergraduate students and local 

school students. 

 

The research conducted had a strong regional focus, encompassing the Agreste region 

of the state of Pernambuco and contributing to expanding resource management tools in 

semiarid areas. The emphasis was on efficient water use and the sustainable development of 

the region. Various techniques, management practices, alternative water sources, and available 

technologies were essential in establishing goals and protocols that promote agricultural 

expansion and sustainability in Pernambuco's semiarid areas. 

The Thesis encompassed the university triad, involving education through the 

participation of undergraduate students from the Federal Rural University of Pernambuco, both 

at its main campus and at the Belo Jardim Academic Unit, as well as high school students from 

the local community. In research, significant efforts were made in maintaining a climate data 

bank, data analysis, and gathering information relevant to society. The results of these studies 

were published in high-impact conferences and journals (Figure 2). 
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Figure 2. Presentation of scientific works in Symposium and Congresses.  

 

University extension activities were carried out through field days, training sessions, 

and workshops focusing on the thesis' areas of expertise. These activities included interaction 

with and support for local stakeholders who regularly participate in monitoring efforts. 

 

 

Figure 3. Field actions in hydro-agricultural reuse demonstration units and experimental 

areas. 
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This project was also aligned with the FACEPE APQ-0414-5.03/20 project and the 

Academic Master's and Doctorate for Innovation Program (MAI/DAI) (CNPq Call No. 

12/2020), enabling positive synergies among the objectives of each project. It is also important 

to highlight the partnership between UFRPE and INSA in the field of hydro-agricultural reuse. 

Additionally, the project received support from CEDAPP (Diocesan Center for Support to 

Small Producers) and TPF Engenharia. Furthermore, it integrated with the National Institute of 

Science and Technology for Sustainable Agriculture in the Tropical Semiarid (INCTAgriS) in 

the following areas: Sustainable Irrigated Agriculture, Climate Change and Natural Resource 

Management, and Knowledge and Technology Transfer. 
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Recursos Hídricos do Nordeste e 15º SILUSBA - Simpósio de Hidráulica e Recursos Hídricos 
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Nordeste. Porto Alegre: Abrh, 2020, 

 

Participation in conferences 

XXV Simpósio Brasileiro de Recursos Hídricos, Aracajú/SE. 2023 

2nd rainfall simulator workshop. Coimbra: Faculdade de Ciências e Tecnologia da 

Universidade de Coimbra, 2023. 
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Sandwich Doctorate at Coimbra University 

The Sandwich Doctorate was developed from 05/01/2023 until 07/07/2024 at Coimbra 

University, located in the city of Coimbra, Portugal, under the supervision of PhD João Pedroso 

de Lima. The subsidy for the development of the research project was contemplated by the 

NOTICE 04/2022 – CAPES-Print-UFRPE PROGRAM (PDSE Proc. 88887.717355/2022-00) 

“Assessment of the hydrological and erosive response after fire in laboratory conditions 

through innovative monitoring techniques” funded by CAPES. 

Part of the doctoral research was developed during the Sandwich Doctorate. All sources 

of information and input data required for the experimental simulation were described 

previously in Chapter II. The activities performed included laboratory rainfall simulation, the 

first draft of Chapter II, planning of field experiments, preparation of conference papers, and 

image analysis. Additionally, there was significant contribution to Chapter V, with substantial 

collaboration from Professor João Pedroso de Lima in the image analyses. 
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The period of study carried out in the Sandwich Doctorate was extremely important for 

this Doctoral research, since important decisions related to layouts definition, such as definition 

of the setup. For this reason, the sincere thanks are reaffirmed here, to Professor João Pedroso 

de Lima, as well as to all researchers at Coimbra University, for their generous technical 

support, in specially for the PhD Ricardo Martins, the PhD student Soheil Zehsaz, the Master 

student João Pinto. 

 

 

 


