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RESUMO 

As interações entre as componentes do ciclo hidrológico determinam a intensidade, 
caminhos e intercâmbios da água entre os reservatórios atmosféricos, superficiais e 
subterrâneos. Para compreender a interligação entre os reservatórios de água e a 
sociedade, esta pesquisa explora o conceito de Sistema Hídrico Complexo (SHC) 
dentro no contexto da Gestão Integrada dos Recursos Hídricos (GIRH) do estado de 
São Paulo. A área de estudo é a bacia do Baixo Pardo Grande (BXPG), uma bacia 
complexa localizada no nordeste de São Paulo que passou por mudanças 
significativas no uso do solo e flutuações na demanda por água superficial e 
subterrânea nas últimas décadas. O contexto geológico inclui rochas vulcânicas e 
sedimentares mesozoicas da intracratônica Bacia Sedimentar do Paraná. Existem três 
unidades hidrogeológicas principais: os sistemas aquíferos Guarani, Serra Geral e 
Bauru (doravante SAG, SASG e SAB). O objetivo desta pesquisa é avaliar os aspectos 
qualitativos e quantitativos do SHC do BXPG usando uma abordagem integradora de 
dados multidisciplinares. Uma visão holística e sistemática do balanço hídrico é usada 
para quantificar as mudanças no SHC e identificar os principais agentes de mudança, 
integrando dados hidroclimáticos de sensoriamento remoto, estações de 
monitoramento, transições no uso do solo e gestão hídrica. Após a filtragem, os 
conjuntos de dados incluem informações de 108 estações pluviométricas, 24 estações 
fluviométricas e três poços de monitoramento, bem como dados pontuais de 815 
medições de águas subterrâneas e 1.549 outorgas de águas superficiais e 
subterrâneas. Historicamente, mudanças climáticas afetaram a bacia regionalmente e 
foram associadas ao aumento das temperaturas e à diminuição das precipitações. Já 
as mudanças no uso do solo afetaram principalmente as sub-bacias a jusante que 
transicionaram para o uso agrícola. Além disso, o aumento da frequência dos períodos 
de seca tem interferido na recarga do SAB, arenoso e não confinado. Visto a menor 
disponibilidade de dados quantitativos das águas subterrâneas, um modelo 
hidrogeológico conceitual é proposto baseado em dados qualitativos de 207 amostras 
de águas subterrâneas com informações hidro(geo)químicas, isotópicas e de tempo 
de residência. As águas subterrâneas são recarregadas pela precipitação nas porções 
aflorantes do SAB e SASG. As assinaturas isotópicas enriquecidas no SAB e SASG, 
com δ18O maior que -7 ‰, sugerem que processos de evaporação podem ocorrer 
durante a recarga. Por outro lado, o SAG é completamente confinado, com idade de 
águas subterrâneas fósseis e assinaturas empobrecidas, com δ18O menor que -8 ‰. 
Diversos processos de interação água-rocha moldam a composição hidroquímica das 
águas subterrâneas, como a dissolução de minerais carbonáticos e silicatos, formação 
de minerais secundários, trocas iônicas e mistura de águas subterrâneas, que variam 
em função do confinamento e disponibilidade mineralógica dos aquíferos. No BXPG, 
a análise do SHC mostrou que a GIRH tradicional tem dificuldade em mitigar os 
impactos das mudanças climáticas e em aumentar a resiliência hídrica. Assim, são 
necessárias medidas transformadoras para melhorar a capacidade de adaptação do 
SHC. Para criar caminhos sustentáveis futuros, a GIRH deve melhorar as redes de 
monitoramento, estabelecer um sistema de dados dinâmico que apoie a tomada de 
decisões informadas e forneça informações hidro(geo)lógicas confiáveis, e incentivar 
a diversificação do uso da terra para melhorar o balanço hídrico do SHC e preparar o 
caminho para uma transformação a longo prazo. 
 
Palavras-chave: Baixo Pardo Grande, ciclo hidrológico, sistemas adaptativos 
complexos, hidrogeologia, hidroquímica e hidrologia.  



 
 

ABSTRACT 

Interactions among components of the hydrologic cycle determine the intensity, 
pathways and exchanges of water between atmospheric, surface, and groundwater 
reservoirs. To understand the interconnection between the water reservoirs and the 
society, this research explores the Complex Water System (CWS) concept within the 
São Paulo state Integrated Water Resources Management (IWRM) framework. The 
study area is the Baixo Pardo Grande (BXPG) basin, a complex basin located in 
northeastern São Paulo that has experienced significant land use changes and 
fluctuating surface and groundwater demands over the past few decades. The 
geological context includes Mesozoic volcanic and sedimentary rocks from the 
intracratonic Paraná Sedimentary Basin. There are three main hydrogeological units: 
Guarani, Serra Geral and Bauru aquifer systems (thereafter GAS, SGAS and BAS). 
The objective of this research is to evaluate qualitative and quantitative aspects of the 
BXPG CWS using a data-driven, integrative approach. A holistic and systematic view 
of the water balance is used to quantify changes in the CWS and identify their main 
drivers by integrating remote sensing and on-ground time series datasets, land use 
transitions, and water management frameworks. After filtering, the on-ground datasets 
include information from 108 rain gauges, 24 streamflow stations, and three monitoring 
wells, as well as data points from 815 groundwater measurements and 1,549 water 
grant records. Historically, climate change events have affected the basin regionally 
and are associated with increasing temperatures and decreasing rainfall. Meanwhile, 
land use changes have mostly affected downstream sub-basins that have transitioned 
to agricultural use. Additionally, the increased frequency of droughts has interfered with 
the recharge of the sandy, unconfined BAS. Due to the limited quantitative data on 
groundwater, a conceptual hydrogeological model is proposed based on qualitative 
data from 207 groundwater samples, which include hydro(geo)chemical, isotopic, and 
residence time information. Groundwater is recharged by precipitation within the 
outcrop portions of the BAS and SGAS. The enriched isotopic signatures in the BAS 
and SGAS, and with δ18O greater than -7 ‰, suggest that evaporation processes may 
occur during recharge. Conversely, the GAS is completely confined, of fossil 
groundwater age, and with depleted δ18O signatures smaller than -8 ‰. The 
hydrochemistry of groundwater is shaped by multiple water-rock interaction processes, 
such as the dissolution of carbonate and silicate minerals, the formation of secondary 
minerals, ionic changes, and groundwater mixing. These processes vary depending 
on the confinement of the aquifers and the availability of minerals. In the BXPG, the 
CWS analysis showed that traditional IWRM has difficulty mitigating the impacts of 
climate change and enhancing water resilience. Thus, transformative measures are 
needed to improve CWS’s ability to adapt. To create sustainable pathways for the 
future, IWRM must improve monitoring networks, establish a living data system that 
supports informed decision-making and provides reliable hydro(geo)logical 
information, and encourage diversification of land use to improve CWS water balance 
and pave the way for long-term transformation. 

 
Keywords: Baixo Pardo Grande, water cycle, complex adaptative system, 
hydrogeology, hydrochemistry, and hydrology. 
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1 INTRODUCTION 

The water cycle describes the continuous movement of water between the 

atmosphere, land surface, subsurface and ocean environments. Variations in the water 

balance arise from the finite availability, consumption, and recycling of water among 

atmospheric, surface water, and groundwater components. Because these 

components are interconnected, changes in one part of the system can propagate 

through others. This integrated perspective is captured by the concept of a Complex 

Water System (CWS), defined as a group of interacting water components that 

respond collectively to both endogenous and exogenous drivers, where system 

interactions are more significant than individual components (HUGGINS et al., 2023). 

Hydrological processes within CWS are influenced by multiple natural 

factors, including topography, soils, geology, hydrogeology, climate, and land use 

(TAO et al., 2022), as well as by human water management practices (ZHAO et al., 

2025). Consequently, human interventions in freshwater systems can redistribute 

natural water resources at regional to global scales (ABBOTT et al., 2019; SEO et al., 

2023) and potentially affect the resilience of CWSs under climate change. 

Humans exert a pivotal role in the water cycle. For instance, in order to 

support an ever-increasing population (UNESCO, 2019), human activities are causing 

consequences that may be irreversible (GUNDERSON et al., 2017). Documented 

consequences include the loss of water quality (SCHWARZENBACH et al., 2010), 

increasing water scarcity (MEKONNEN; HOEKSTRA, 2016), loss of biodiversity 

(MANTYKA-PRINGLE et al., 2015), groundwater overexploitation (FAMIGLIETTI, 

2014), water conflicts (ANGELAKIS et al., 2021; PETERSEN-PERLMAN; VEILLEUX; 

WOLF, 2017), and effects on recharge processes and baseflow (HEALY; COOK, 

2002). These changes observed in the CWS have the potential to diminish the quality 

of life for affected populations and intensify the effects of climate change.  

The magnitude of environmental impacts of human activities, in addition to 

the climate-related impacts, has motivated global initiatives to protect the environment 

and promote sustainable global development. In this context, Integrated Water 

Resources Management (IWRM) is a widely adopted management strategy that 

considers the water cycle as an interconnected system, integrated to environmental 

management (PADOVESI-FONSECA; FARIA, 2022), that monitors the interrelated 

aspects of water quality and quantity, and promotes mutual surface and groundwater 
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monitoring (PAGNOCCHESCHI, 2016). IWRM is responsible for creating the 

mechanisms to promote the participation of stakeholders from different sectors of 

society (SAVENIJE; VAN DER ZAAG, 2008). To address the climate- and human-

induced adaptations observed in CWS, it is imperative to constantly rethink the IWRM 

strategy in order to rapidly respond to fast and emergent changes. Effective 

management requires quantifying changes to CWS functions and communicating 

complex hydrological information clearly to support IWRM  (Figure 1). 

 

Figure 1 – Complex adaptive relationships in the water reservoirs of the hydrological 
cycle within the Baixo Pardo Grange (BXPG) basin context.  

 

The 'IWRM & CWS' column lists the observed adaptations in the water reservoirs, while the 
'Measurable Variables' column lists the features that define reservoir behavior.BAS: Bauru Aquifer 

System. SGAS: Serra Geral Aquifer System. GAS: Guarani Aquifer System. GW: groundwater. 
Source: prepared by the author, 2026. 

 

In Brazil, the Federal Government regulates water resources through the 

Water Law (Lei 9.433, BRASIL, 1997), which stablishes instruments for managing 

water resources. The 1988 Brazilian Federal Constitution (BRASIL, 1988) has granted 

the domain over groundwater resources to the states, whereas the domain over 

streamflow is shared between the Union and the states. If a river crosses state 

boundaries, the domain is federal; otherwise, it is classified as belonging to the state. 
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Groundwater management, on the other hand, is the sole responsibility of the states, 

even though groundwater does not follow political boundaries but rather 

geomorphological and hydrogeological settings. This legal arrangement is often 

criticized for its lack of coordination of shared management between the States and 

the Federal Government (VILLAR; HIRATA, 2022). Moreover, both the state and the 

Union participate in the management of transboundary aquifers.   

Brazil faces significant challenges in maintaining continuous monitoring 

networks (MELO et al., 2020), which undermines effective IWRM. The creation and 

maintenance of monitoring networks enable the government to measure and manage 

water resources in accordance with Water Law. To overcome data sparsity, climate 

change studies frequently employ a combined approach, integrating observed and 

remote sensing data (BALLARIN et al., 2023a; CHAGAS; CHAFFE; BLÖSCHL, 2022; 

CUNHA et al., 2018; MARENGO et al., 2020, 2023). This approach supports CWS 

analysis by facilitating deeper understanding of the interactions and linkages between 

water reservoirs, which can occur on multiple and simultaneous spatial and temporal 

scales. 

The ability of a remote sensing technique to represent a geographical 

phenomenon depends on the spatial resolution of the data, the calibration model, and 

the frequency of data acquisition. Conversely, hydrological techniques, being 

empirical, aim to characterize phenomena through well-defined mathematical 

equations based on in situ data. In addition to robust process quantification, 

hydrological techniques require multidisciplinary analytical capabilities to represent 

water’s socio-ecological functions at multiple temporal and spatial scales (HUGGINS 

et al., 2023). Hydrological studies often integrate isotopic, hydro-physicochemical, 

hydro(geo)chemical, geological, and computational methods to evaluate the 

quantitative and qualitative aspects of water resources.  

For hydro(geo)logy, water resources and environmental management and 

sustainability, ML algorithms can improve the assessment of complex interactions and 

provide useful insights into natural and decision-making processes. In such cases, 

hybrid modeling is recommended due to the expected complexity (TAO et al., 2022). 

When applied to hydrologic studies, ML can represent hydrologic processes that would 

otherwise not be identified by traditional hydrologic techniques (NEARING et al., 2021). 

However, purely data-driven ML methods are not well suited for dealing to complex 
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geoscience questions, despite their overall superior efficiency and accuracy in 

geoscience inference and prediction (ZHAO et al., 2024).  

The objective of this research is to evaluate the qualitative and quantitative 

aspects of CWS in order to understand its adaptation and to support informed IWRM 

decision-making. The novelty of this thesis lies in integrating hydroclimatic remote 

sensing, rain gauge, streamflow, and groundwater level data to quantify the extent of 

changes in the water balance, assess its main drivers, and support the consolidation 

of CWS as a concept to be used within the IWRM framework. Additionally, it expands 

the CWS concept from the quantitative to the qualitative aspects by proposing a 

hydro(geo)chemical conceptual model, complemented by stable isotopes and 

residence time data, which contributed to understanding water-rock processes. 

Machine Learning (ML) models have been employed to replicate the conceptual model 

from groundwater samples data. These models have also been used to produce 

synthetic isotopic fingerprints.  

This research is presented in manuscript format and is  divided into two 

parts, which covers qualitative and quantitative aspects of the CWS. Detailed 

information on the authorship and journal is as follows: 

1. Quantitative  

a. Quaggio, C.S.; Santarosa, L.V.; Moffatt, P.; Sacchi, M.D.; 

Valdambrini, B.; Soares, A.R.; Boll, J.; Gastmans, D. A Holistic 

Assessment of Climate Change, Land Use, and Water Governance 

Through Complex Water Systems. Water Resour Manage 40, 135 

(2026). https://doi.org/10.1007/s11269-025-04375-4 

b. Quaggio, C.S.; Santarosa, L.V.; Valdambrini, B.; Soares, A.R.; 

Gastmans, D. Rainfall, Streamflow, and Groundwater Dataset from a 

Complex Basin in Northeastern São Paulo, Brazil. Submitted to 

Scientific Data. 

2. Qualitative 

a. Quaggio, C.S.; Ramos, M.A.C.; Arruda, N.S.; Valdambrini, B.; 

Constantino, A.P.; Kirchheim, R.; Pedronette, D.C.G.; Gastmans, D. 

Hydro(Geo)Chemical Modeling as a Complementary Tool for 

Integrated Water Resources Management. 

https://doi.org/10.1007/s11269-025-04375-4
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The first part provides a holistic assessment of the CWS in the BXPG, based 

on quantitative analysis of spatial and temporal changes in the water balance. A data 

descriptor of the accessed time series and data points are presented. Then, time series 

with more than ten years of data were used to access the CWS historical change over 

the past 30 years, by integrating IWRM management decisions, data-driven 

hydrological analysis, and reconstructing a timeline to assess the combined effect of 

Land Use and Land Cover (LULC) or/and climate change in the CWS dynamics. This 

section addresses the following scientific question: How can an understanding of CWS 

behavior help define the main drivers of changes in the water balance? How can IWRM 

be improved by performing a CWS analysis? 

The second part presents the construction of the hydro(geo)chemical 

conceptual model based on groundwater samples, along with the isotopic analysis and 

ML results. Specifically, this section addresses the following scientific questions: Can 

the isotopic composition elucidate groundwater flow and mixing processes within the 

well-documented hydro(geo)chemical evolution of the Paraná Sedimentary Basin? Is 

there a better ML regression algorithm for estimating the isotopic composition of 

groundwater? 
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8. CONCLUSIONS 

This thesis introduces the concept of CWS within IWRM frameworks by 

representing the water balance and socio-environmental functions as a unique water 

system. In this system, adaptation is understood as the equilibrium resulting from the 

influence of exogenous and endogenous factors. A CWS was modelled using data 

from the Baixo Pardo Grande (BXPG) basin, located in northeastern São Paulo. This 

region is particularly well-suited for such analysis due to its significant land-use 

changes, fluctuating surface and groundwater demands over recent decades, and its 

hydrogeological context within the Paraná Sedimentary Basin, formed by three layered 

aquifers of regional importance. This complexity is often observed in global 

hydrological contexts. 

In the BXPG, the CWS influencing factors were associated with climate 

change, historical LULC, local governance, and water use — groundwater and surface 

water. Although climate change is considered an exogenous factor, its influence began 

in the nineties and became intertwined with the effects of LULC. However, LULC, local 

governance, and water use are endogenous factors shaped by the decisions and 

actions of communities within the basin. IWRM and water governance within BXPG 

were consolidated in 1996 with the CBH-BPG water committee, with the participation 

of the population, local water authorities, water users, universities, and other 

stakeholders. Historically, CBH-BPG deliberations have focused on supplying the 

growing demand for water, consolidating legal frameworks, and investing in water 

infrastructure projects and hydrogeological knowledge. 

The effects of climate change are evident in the overall increase in 

temperature and reduction in precipitation, reflected by the decrease in streamflow. 

This could potentially impact river-aquifer interactions. An increase in the frequency 

and duration of droughts can reduce the recharge of the sandy and unconfined BAS, 

consequently reducing rivers baseflow.  

LULC changed from pastureland to agricultural land, primarily sugarcane, 

over the last  30 years. The hydrological effects of monoculture consolidation depend 

on how long the land has been used for agriculture. In sub-basins that transitioned to 

agriculture between 2000 and 2010, there was an noticeable increase in surface runoff 

after the transition, followed by a reduction and homogenization of surface runoff and 

evapotranspiration. Sub-basins with a long history of agriculture use have more 
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consistent evapotranspiration and experienced a reduction in surface runoff  after 

2010. These results demonstrate the homogenization of the water balance due to 

single land use over an extended period of time, intertwined with an overall reduction 

in precipitation due to the effects of climate change.  

There are only three monitoring wells in the BXPG basin, which hinders the 

assessment of the effects of historical LULC and climate change on groundwater and 

on the local river-aquifer connection in the CWS modeling. Further studies can address 

these aspects. Nevertheless, combining GWE maps, hydro(geo)chemical modeling, 

groundwater isotopic signatures, and residence time data enabled the development of 

a comprehensive conceptual model of groundwater in the basin that aligns with the 

well-documented hydrogeology of the Paraná Sedimentary Basin.  

In the BXPG basin, the hydrochemical characteristics of the groundwater 

are similar between aquifers due to their common rock origin within the Paraná 

Sedimentary Basin. To distinguish between the aquifers, traditional modelling of 

groundwater hydro(geo)chemical, stable isotope, residence time data, and statistical 

grouping analysis were used. The BXPG conceptual model was validated with 

literature, which enabled the filling of isotopic data gaps by producing synthetic δ18O 

and δ2H data with ML regression models. The ML synthetic isotope data provided 

details about groundwater pathways that align with groundwater flow maps. Due to the 

“black box” nature of ML algorithms, knowledge of the hydrogeological framework of 

the Paraná Sedimentary Basin was crucial to support the isotopic estimation.  

Groundwater in the BXPG is mostly recharged by precipitation within the 

outcrop portions of for the BAS and SGAS. Enriched isotopic signatures in the BAS 

and SGAS, greater than -7 ‰ and plotted below the LMWL, suggest that evaporation 

processes may occur during recharge. In these aquifers, the groundwaters is mostly 

Ca-Mg—HCO3 hydrochemical type, open to atmospheric CO2, with shorter residence 

times and younger ages. Conversely, the GAS is completely confined, formed mostly 

by the Na—HCO3 hydrochemical type, close to atmospheric CO2, of fossil groundwater 

age, and with depleted δ18O signatures smaller than -8 ‰. The water-rock interaction 

processes that shaped the hydrochemistry of groundwater in BXPG are associated 

with the dissolution of carbonate and silicate minerals under different confinement 

conditions and mineral availability; the formation of secondary minerals; ionic changes; 

and groundwater mixing.  
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Hydrochemically, processes of groundwater mixing are observed in 

samples with higher concentrations of Na, SO4 and HCO3 in deeper wells from the 

GAS relative to the contribution of groundwater from the underlying Permian units. 

Isotopically, the depleted isotopic signature characteristic of the GAS can be used to 

indicate groundwater mixing in the basin. Groundwater mixing between the SGAS and 

GAS is observed in the eastern portion of the basin, in areas of higher terrain, and near 

urban areas. The depleted signatures observed in the three aquifers in the southern 

portion of the basin may demonstrate the influence of major river streams in facilitating 

groundwater mixing. Additionally, the concentration of pumping wells in urban areas 

may induce greater groundwater mixing rates. In the case of BXPG, where the 

depleted GAS groundwater can mix with other groundwater, IWRM faces an additional 

challenge. Overexploitation of groundwater in the basin can eventually lead to the 

exhaustion of the GAS fossil groundwater and compromise its quality. 

Integrating remote sensing and on-ground data enabled the identification of 

exogenous and endogenous CWS factors that influence the behavior of water balance 

components across spatial and temporal dimensions. The limitations of the modeling 

are the quality and quantity of the hydro(geo)logical information. To produce more 

accurate results, it is imperative to invest in monitoring initiatives, particularly for 

groundwater, as well as in the creation of living data systems that facilitate informed 

decision-making regarding water and LULC management.  

In the face of upcoming challenges related to climate change scenarios, 

energy transition, and food production, there is an increasing urgency to enhance 

resilience and find sustainable pathways for socioeconomic development. Traditional 

IWRM is not resilient enough to compensate for the effects of climate change. 

Transformative measures are needed to improve CWS’s ability to adapt. One such 

measure is creating basin-scale LULC adaptation plans that propose optimal 

hydrological and spatial solutions to improve environmental health and produce 

regional, collective benefits from local adaptations. Ultimately, all decisions and 

initiatives must be considered within the framework of water governance, with active 

social participation in the development of new pathways.  
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