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Abstract  

Groundwater resources are connected with social, economic, ecological, and Earth systems. 

We introduce the framing of groundwater-connected systems to better represent the nature and 

complexity of these connections in data collection, scientific investigations, governance and 

management approaches, and groundwater education. Groundwater-connected systems are 

social, economic, ecological, and Earth systems that interact with groundwater, such as irrigated 

agriculture, groundwater-dependent ecosystems, and cultural relationships to groundwater 

expressions such as springs and rivers. Groundwater-connected systems form social-ecological 

systems with complex behaviours such as feedbacks, non-linear processes, multiple stable 

system states, and path dependency. These complex behaviours are only visible through this 

integrated system framing and are not endogenous properties of physical groundwater systems. 

The framing is syncretic as it aims to provide a common conceptual foundation for the growing 

disciplines of socio-hydrogeology, eco-hydrogeology, groundwater governance, and hydro-

social groundwater analysis. The framing also facilitates greater alignment between the 

groundwater sustainability discourse and emerging sustainability concepts and principles. 

Aligning with these concepts and principles presents groundwater sustainability as more than a 

physical state to be reached; and argues that place-based and multi-faceted goals, values, 

justice, knowledge systems, governance and management must continually be integrated to 

maintain groundwater’s social, ecological, and Earth system functions. The groundwater-

connected system framing can underpin a broad, methodologically pluralistic, and community-

driven new wave of data collection and analysis, research, governance, management, and 

education. These developments, together, can invigorate efforts to foster sustainable 

groundwater futures in the complex systems groundwater is embedded within. 
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Seeing groundwater through its connections 

Groundwater is often described as a uniquely invisible, slow, and distributed resource (Villholth 

and Conti 2018; Gleeson et al. 2020). In this work, we seek to add a fourth quality to this 

description: groundwater as a connected resource. We make the case that a focus on 

groundwater’s connections to social, economic, ecological, and Earth systems can generate 

novel insights, and more effective, socially relevant outcomes. 

Groundwater is linked to many societal and environmental challenges and is a resource 

deeply embedded in a global crisis (Famiglietti 2014). Yet, it is often under-prioritised or omitted 

in political and social agendas (Global Groundwater Statement 2019). Simultaneously, there are 

calls for creativity and greater methodological experimentation in groundwater research 

(Schwartz 2013). To what degree might a reliance on dominant conventions be linked or even 

contribute to the depleted and overlooked state of groundwater today? And, in what direction 

should groundwater practice and research expand to better address these intersecting 

challenges? 

Amid calls for innovation in groundwater research, substantial progress has been made 

to document groundwater interactions and relationships in social, ecological, and Earth 

systems. This progress is found in the emerging disciplines of socio-hydrogeology (Re 2015), 

eco-hydrogeology (Cantonati et al. 2020), groundwater in Earth systems science (Gleeson et al. 

2020), and transdisciplinary methods (Zwarteveen et al. 2021); and in the more established 

social science domains of common pool resource governance (Curtis et al. 2016; Mukherji and 

Shah 2005) and analysis of hydro-social systems (Wesselink et al. 2017). The intricate nature 

and complexity of these interactions reveal the need to study, use, and manage groundwater 

resources on the basis of the functions and services that groundwater provides to systems that 

interact with it. Taking methodological and practical steps in this direction are necessary to 

ensuring long-term sustainability and resilience in systems connected to groundwater. 
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We introduce a new framing for groundwater systems that we call groundwater-

connected systems. The potential for this framing is two-fold. First, it can provide a common 

conceptual foundation for both traditional research programs and emerging, diverse research 

programs that document groundwater interactions with a broad and expanding set of systems. 

Second, it can facilitate the application of paradigms, methods, and theories from the emerging 

field of sustainability science to groundwater topics that, in our view, have been underutilised to 

date. 

This new framing supports the growth of groundwater research from a predominantly 

disciplinary pursuit—focused on groundwater as an isolated resource and one dominated by 

hydrogeologists’ perspectives, methods, and paradigms—to an interdisciplinary pursuit focused 

on documenting groundwater interactions and relationships with social, ecological, and Earth 

systems through transdisciplinary methods and collaborations (Figure 1a).  

There is a long history in the social sciences of documenting many of these interactions 

and dynamics (Ostrom 1990). Yet, motivating this paper and the groundwater-connected 

systems framing are two notions. The first is that these foundational concepts and research 

questions remain largely unknown or rest in the peripheral awareness of many hydrogeologists, 

the dominant discipline in groundwater dialogues. A greater ability to engage in interdisciplinary 

discourse and science amongst hydrogeologists is needed for effective participation in applied 

groundwater studies and management initiatives. The second is that we perceive unfulfilled 

potential for social scientists to represent biophysical (e.g., hydrogeological, ecological, Earth 

system) dynamics with greater process specificity, and to operate at larger spatial scales of 

analysis, which are both needed to address a wider array of groundwater related interactions 

and challenges. 

Our intention for the framing is to facilitate novel, methodologically pluralistic work on 

diverse groundwater topics to produce outputs more aligned with issues of ecological and 

societal concern. By making relationships between groundwater with social, economic, 
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ecological, and Earth system processes better understood and more visible, our framing can 

help redress the often-overlooked nature of groundwater and elevate the relevance and 

prioritisation of groundwater in social and policy discourses. 

We begin by introducing our framing of ‘Groundwater-connected systems’. We then 

discuss the wider potential for sustainability science methods and concepts to be applied to 

groundwater sustainability topics in ‘Invigorating groundwater sustainability with sustainability 

science’. We end by providing a set of possible implications the framing can impart on data 

collection, scientific investigations, governance and management, and education in ‘Wide 

applicability to groundwater science and beyond’. Key terms are defined in Table 1. 

 17456584, ja, D
ow

nloaded from
 https://ngw

a.onlinelibrary.w
iley.com

/doi/10.1111/gw
at.13305 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

 

Figure 1. Groundwater groundwater-connected systems as a framing for groundwater practice 

and research. (a) We argue that groundwater investigations and assessments should increasingly move 

from disciplinary pursuits focusing on physical groundwater systems to inter- and transdisciplinary 

collaborations that focus on understanding groundwater interactions and functions in larger, connected 

systems. (b) This new framing is enabled by understanding groundwater-connected systems as social-

ecological systems, which introduces new methods or amplifies existing methods for data collection, 

research, governance and management approaches, and education. To support interpretation of this 

figure, consult the yellow text boxes in their numbered order. 
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Table 1. Summary of terminology used in this paper. 

Term Definition Core properties 
Key references 

(● review article) 

Groundwater- 

connected 

system 

A system that is formed between 

physical groundwater systems 

and any social, ecological, or 

Earth system(s). 

Shared with social-

ecological systems and 

complex adaptive systems. 

This work 

Social- 

ecological 

system 

An integrated system formed by 

interactions between social and 

biophysical systems. 

Social-ecological systems 

are forms of complex 

adaptive systems, with: 

Thresholds, 

Multi-scalar dynamics, 

Feedbacks, 

Non-linear processes, 

Multiple stable states, 

Time lags, and 

Path dependency 

Ostrom (1990) 

Berkes and Folke (1998) 

Ostrom (2009) 

● de Vos et al. (2019) 

Complex 

adaptive 

system 

A system of interacting 

components which are “defined 

more by the interactions among 

their constituent components 

than by the components 

themselves” (Preiser et al. 

2018). 

Dynamic processes, 

Relational networks, 

Open systems, 

Context-dependent 

behaviour, and 

Emergent behaviour 

Levin et al. (2013) 

● Preiser et al. (2018) 
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Sustainability 

science 

A science that focuses on the 

“interactions between natural 

and social systems, and with 

how those interactions affect the 

challenge of sustainability” 

(Kates 2011). 

Undisciplinary, 

Problem oriented, 

Complexity, 

Collaborative institutions, 

Multiple ways of knowing, 

No panaceas, and 

Adaptation 

Kates (2011) 

Jerneck et al. (2011) 

Loring (2020) 

● Clark and Harley (2020) 

Wicked 

problem 

Problems that are not easily 

defined or solved due to their 

embeddedness in complex 

social contexts, having no single 

or straightforward solution. 

Unintended consequences, 

No clear stopping criterion, 

Multiple, contradictory 

perspectives framing 

problem, and  

Unclear definitions of ‘good’ 

or ‘bad’ outcomes 

Rittel and Webber (1973) 

Crowley and Head (2017) 

● Lönngren and van Poeck 

(2021) 

 

Groundwater-connected systems  

Here, we introduce the framing of groundwater-connected systems. Groundwater-connected 

systems are formed between physical groundwater systems and any social, ecological, or other 

biophysical system(s) that interacts with groundwater (Table 1). Thus, groundwater-connected 

systems take many forms. Groundwater-irrigated agriculture, domestic well owners’ water 

security, groundwater institutions, management initiatives, and the cultural values associated 

with surface expressions of groundwater, such as river baseflow and springs, are a few human-

oriented examples of groundwater-connected systems. Ecological and biophysical examples 

include terrestrial, aquatic, and subterranean groundwater-dependent ecosystems, 

groundwater-atmosphere process coupling, coastal ecosystems that rely on groundwater 

discharge, and groundwater-aquatic biodiversity relationships such as ecological responses to 
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transgressed environmental flow requirements. Groundwater-connected systems are also the 

network of interactions between these often-intertwined systems. 

We understand groundwater-connected systems as forms of social-ecological systems 

(Figure 2). Social-ecological systems offer a way of viewing human-environmental system 

interactions as a single, interconnected system with physical, ecological, and social components 

(Berkes and Folke 1998). Social-ecological systems are characterised by complex adaptive 

system behaviours (Levin et al. 2013; Preiser et al. 2018) such as thresholds, feedbacks, non-

linear processes, multiple stable system states, path and context dependent behaviour and 

emergent phenomena (Table 1). While physical groundwater systems are naturally dissipative 

and are themselves not social-ecological systems, these physical systems (i.e., aquifers) are 

components of social-ecological systems through their social, ecological, and biophysical 

interactions. 

The groundwater-connected systems framing is flexible and does not provide an explicit 

or finite set of system interactions to study. Rather, the framing argues that a focus on 

relationships and interactions between groundwater and other systems offers critical insights 

that are unattainable when studying the resource in isolation. 

This focus on relationships rather than entities is consistent with motivations of the 

broader social-ecological systems literature (Reyers and Selomane 2018). The subsetting of 

groundwater-connected systems, social-ecological systems, and complex adaptive systems 

(shown by the nested circles in Figure 1b) locates groundwater-connected systems research as 

a complexity discipline.  

In Figure 2a, we present a conceptual diagram of groundwater-connected systems as 

social-ecological systems. For this illustration, we use the structure of the Social-Ecological 

Systems Framework (McGinnis and Ostrom 2014; Figure 2b), the predominant framework used 

in the study of social-ecological systems (Partelow 2018). We associate features and processes 

of groundwater-connected systems to the generic structure of the social-ecological system 
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framework. These attributions are not comprehensive but provide evidence to support the view 

of groundwater-connected systems as social-ecological systems. For an extended description of 

Figure 2a, see the Supporting Information. 

Interactions and feedbacks in social-ecological systems occur across multiple space and 

time scales (Chapin et al. 2009). The relationship between international food trade, groundwater 

depletion, and environmental flows represents one example of cross scalar interactions in 

groundwater-connected systems. International food trade networks drive groundwater depletion 

(Dalin et al. 2017) that manifests as local to regional scale drawdown of the water table. Falling 

water tables can subsequently have cascading impacts on aquatic ecosystems that depend on 

groundwater discharge. For example, environmental flow transgressions driven by reduced 

groundwater discharge can lead to reach-scale impacts on fish populations, aquatic ecologies, 

and riparian vegetation (Gleeson and Richter 2018). Thus, social-ecological system analysis 

attempts to understand how outcomes emerge through biophysical and social interactions, 

which often embody properties of complex adaptive systems (Figure 2c). For instance, 

groundwater-pumping induced land subsidence can irreversibly change aquifer storage 

capacity, reducing the ability of groundwater to act as a buffer in times of drought which can 

decrease agricultural productivity and force shifts to alternative land uses (Dinar et al. 2021). 

These dynamics offer examples of thresholds, feedback mechanisms, path-dependent 

behaviour and regime shifts common to complex adaptive systems. See Table S1 for more 

information on complex adaptive system properties and behaviours of groundwater-connected 

systems.  

While many of these interactions and outcomes remain undocumented, excluded, or 

under-analysed, a growing body of literature across the natural and social sciences is beginning 

to examine the complex characteristics, processes, and outcomes of groundwater interactions 

in social-ecological systems. Example studies from the natural sciences include nonlinear 

influences of groundwater on ecosystem services (Qiu et al. 2019), groundwater depth 
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thresholds to maintain tree canopy condition (Kath et al. 2014), regional precipitation patterns 

driven by distal groundwater irrigation (Lo and Famiglietti 2013), and alternate stable states in 

groundwater-stream interactions (Zipper et al. 2022). In the social sciences, from which the 

social-ecological systems concept emerged, example studies include general design principles 

for self-sustaining irrigation institutions (Ostrom 1993), identification of nested institutional 

arrangements in local irrigation communities (Cox 2014), farmer adaptations to reduced 

groundwater availability (Running et al. 2019), the perception of fairness in groundwater 

allocation (Hammond Wagner and Niles 2020), socio-historical studies on the social and 

political contexts that lead to successful implementation of managed aquifer recharge projects 

(Richard-Ferroudji et al. 2018), Indigenous knowledge systems in relation to water (McGregor 

2012), and analysis on the ability of low income, rural stakeholders to meaningfully participate in 

groundwater governance processes (Dobbin 2020). There is also a third grouping of emerging 

interdisciplinary studies (Barthel and Seidl 2017), which include suitability analysis of managed 

aquifer recharge that considers both physiographic setting and institutional design (Ulibarri et al. 

2021), studies on interactions between groundwater user behaviours, social norms, and 

physical groundwater dynamics to establish rules for more sustainable groundwater 

management (Hammani et al. 2009), and evaluations of the effect and timing of initiatives to 

promote groundwater recharge (Patel et al. 2020).  

Thus, we are far from the first to recognize the potential for a social-ecological framing to 

be applied to groundwater topics and to the groundwater sustainability discourse. However, 

amid this rich and diverse set of studies, we perceive a lack of foundational literature that 

integrates emerging trends in groundwater research though a common conceptual foundation. 

Furthermore, while these outcomes are often included in discussion sections of hydrogeological 

studies, they remain rarely modelled or explicitly considered in analysis. These relationships 

and outcomes become the explicit focus of analysis for groundwater-connected systems. Thus, 

our framing is syncretic in that it aspires to tie together and build on emerging trends in 
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groundwater-related disciplines. Viewing these various research trends, overviewed above, 

through the common foundation of groundwater-connected systems can facilitate greater 

awareness, dialogue, and collaboration between these research communities. Furthermore, the 

framing can provide a useful foundation to support the construction of hypotheses and to 

generate narratives about change in social-ecological systems connected to groundwater.  

To illustrate the potential of the groundwater-connected system framing to facilitate more 

systematic, holistic problem understanding that brings together multiple knowledge bases and 

data formats, we use an example outcome from Figure 2a: ‘dry wells and reduced rural water 

security’ in the setting of California’s Central Valley (Box 1). We argue that taking such a holistic 

systems view, regardless of the type of analysis to be conducted, supports a more rigorous 

identification of study assumptions, limitations, and potential in-roads across disciplines than 

when approached exclusively from narrowly defined disciplinary perspectives. Other benefits of 

this framing extend across data collection, scientific investigations, governance and 

management, and education topics, which the remainder of this paper is dedicated to. 
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Figure 2. Groundwater-connected systems are social-ecological systems. a) Mapping a regional 

environment’s groundwater-connected systems to elements of the Social-Ecological Systems Framework 

(shown in b). b) The Social-Ecological Systems Framework, redrawn from McGinnis and Ostrom (2014). 

c) Properties of groundwater-connected systems that reflect how these systems behave as complex 

adaptive systems, with examples from Castilla-Rho et al. (2015), Dalin et al. (2017), and Patel et al. 

(2020). 

 

Box 1. Understanding the interactions and outcomes of ‘dry wells and reduced rural water 

security’ through the framing of groundwater-connected systems. For this example, we use the 

setting of California’s Central Valley and use a narrative approach to weave together multiple 

perspectives, data sources and formats.  

In California’s Central Valley, groundwater pumping accelerates during times of drought (Liu et al. 

2022), further depleting groundwater resources. As this occurs, wells across the state run dry 

(Jasechko and Perrone 2020).  

 

“The whole time you’re going, ‘Oh please, let it be something else. Let it be a switch. Let it be 

the pump — let it be anything but being out of water,’” a domestic well owner in California’s 

Central Valley (Becker 2021). 

 

The majority of groundwater withdrawal in the Central Valley occurs for agricultural irrigation, and the 

Valley is one of the most agriculturally productive areas in the world. Simultaneously, tens of thousands 

of domestic wells provide rural water security across the state (Pauloo et al. 2020). While the 

conventional drivers of groundwater behaviour (e.g., geology, topography, and climate) remain 

important, the human fingerprint of groundwater pumping, climate change induced drought, and land 

use change are dominant drivers in this setting (sensu Abbott et al. 2019). Global processes also factor 

into this situation as the Valley is an exporter of virtual water (Marston and Konar 2017). Thus, multiple 

tensions exist in the Central Valley, including but not limited to those between residents’ water security 
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and importing regions’ food security, and between rural well owners and industrial agriculture regarding 

groundwater access.  

 

“We want to be at the table. I know we are little but we don’t want to be left behind. We want to 

know what’s going on.”  

“What is your biggest problem? Farming? Who got all the control? Farmers. So good luck fixing 

the problem.”  

“Who’s representing the small people or the city or what not?”  

Excerpts from interviews conducted with rural community members in the Central 

Valley by Dobbin et al. (2020). 

 

Absent or ineffective regulations on groundwater use and a lack of policy coordination between food, 

water, and energy goals are common in areas experiencing groundwater depletion (Molle and Closas 

2020; Villholth and Conti 2018). Despite the accelerating rate of groundwater depletion in the Valley, 

placing the state’s groundwater resources on pathways to sustainability has been a policy objective 

since the development and subsequent enactment of the Sustainable Groundwater Management Act. 

The Act’s decentralised approach delegates the process of defining groundwater sustainability to local 

groundwater sustainability agencies, creating nested, context-based opportunities for managing 

groundwater. Yet, risks to rural water security may occur in locations where existing power and 

economic inequalities come to dominate this process. This is possible through the setting of 

management targets, often water table depths, that may be derived without engagement with rural, 

disadvantaged communities and that favour dominant, richer, and industrial users who are able to 

afford the drilling costs of deeper wells (Bostic et al. 2020). This process can thus entrench existing 

bias found in news print and science in favour of the interests of the agricultural industry, leaving 

interests of disadvantaged rural communities “underrepresented, understudied, and underserved” 

(Bernacchi et al. 2020; Fernandez-Bou et al. 2021). 
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The Yocha DeHe Wintun Nation stewards over 40,000 acres in the Yolo Subbasin of the 

Sacramento Valley. On these lands, Yocha DeHe Wintun Nation practises both traditional food 

cultivation and production agriculture. The Nation’s name, Yocha DeHe, translates to “home by 

the spring water” (Romero-Briones et al. 2020).  

 

Simultaneously, falling water tables also place at risk groundwater-dependent ecosystems (GDEs) 

(Rohde et al. 2019), with estimates indicating nearly half of all GDEs in California have experienced 

declining groundwater levels (Rohde et al. 2021). Yet not only are the subterranean, terrestrial, and 

aquatic ecosystems placed at risk through groundwater depletion, but so too are the myriad set of 

ecosystem services and cultural values of GDEs (Kreamer et al. 2015). Thus, a focus on only human-

groundwater relationships overlooks processes that link groundwater use with ecosystem health, and 

the feedback mechanisms that can impact humans through deteriorated ecosystem services provided 

by these GDEs. These include services that directly support water security, such as water purification, 

increasing aquifer storage, and buffering hydrological extremes, and broader services that support 

social well-being including the cultural services associated with groundwater’s recreational, spiritual, 

religious, and aesthetic values (Gleeson et al. 2022).  

 

This application of the groundwater-connected systems framing to California’s Central Valley 

demonstrates how integrating multiple perspectives, data sources, and formats develops a more 

holistic understanding of the system than can be provided by each study in isolation. In doing so, it 

argues that it is necessary to look beyond strict hydrogeological assessments and methods to 

understand the dynamics and impacts of changes in groundwater-connected systems. 
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Figure 3. Spatial, temporal, and social scales of biophysical and social processes of groundwater-

connected systems. The processes shown are not comprehensive but are intended to illustrate the 

diversity of processes across scales. 

Invigorating groundwater sustainability with sustainability science 

Groundwater sustainability, as a subdiscipline, lies at the intersection of groundwater science 

with sustainability science (see intersecting circles in Figure 1a). Sustainability science has 

blossomed over recent decades into a rich and robust literature (Table 1), yet our view is that 

groundwater topics have been underrepresented in sustainability science studies in contrast to 

other common pool resources such as forests and fisheries (Kajikawa et al. 2014). As social-

ecological systems and their associated language and concepts permeate the sustainability 

science discourse, we see significant potential for greater application of sustainability science 

concepts to groundwater through the groundwater-connected systems framing. Doing so moves 

groundwater work towards increasingly interdisciplinary, relationship-centric, and complexity-

based approaches (see arrow in Figure 1a). 
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To facilitate this, we provide below a brief sustainability science primer for 

hydrogeologists through a set of core sustainability science concepts: wicked problems, the 

multiple scales and dimensions of sustainability, and an introduction to analysis frameworks. 

Though this set of terms is limited, we view their collection as a minimum but representative set 

of introductory concepts alongside the key references provided in Table 1. We briefly 

summarise and connect these key concepts to our framing of groundwater-connected systems. 

Wicked problems are problems with no single solution, where conflicting values and a 

variety of standpoints between partners, collaborators, and stakeholders lead to different 

situational understandings and desired outcomes (Lönngren and van Poeck 2021). Wicked 

problems are found in social-ecological systems where interactions among social, economic, 

and biophysical systems are poorly understood, highly variable, and can produce undesirable 

consequences from well-intentioned actions. Owing to these properties, wicked problems are 

not solved as much as they are continuously managed (DeFries and Nagendra 2017). 

Whereas the physical sustainability of a groundwater system can be objectively defined 

through, for instance, a water balance, sustainability in groundwater-connected systems should 

be approached as a wicked problem. Drivers of groundwater depletion and misuse are complex 

and diverse (see Box 1), and the challenge of steering groundwater systems on pathways 

towards sustainability is well reflected in the literature (Aeschbach-Hertig and Gleeson 2012; 

Ostrom 1993; Zellner 2008; Zwarteveen et al. 2021). Important groundwater-connected 

processes occur across a wide range of spatial and temporal scales, which span well-head to 

catchment, aquifer, and transboundary domains, to the global scale; and across seasonal to 

century and longer time ranges (Figure 3). These interactions between processes of 

dramatically different spatial and temporal scales contribute to the “wicked” nature of 

sustainability in groundwater-connected systems. 

Sustainability is a deeply normative concept and is tightly coupled to notions of justice 

(Wijsman and Berbés-Blázquez 2022; Jerneck et al. 2011). The contemporary concept of 
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sustainability is rooted in the Brundtland Report’s (1987) definition of sustainable development: 

“development that meets the needs of the present without compromising the ability of future 

generations to meet their own needs” (Purvis et al. 2019). While this foundational definition 

concerned intergenerational equity, current definitions have expanded to also include 

considerations of equity across spatial and social dimensions (Jerneck et al. 2011). Thus, 

sustainability is a multidimensional concept expressed through determinations of what is 

equitable across generations (temporal dimension), regions (spatial dimension), and identities 

(socio-economic or cultural dimension). These determinations hinge on normative judgements 

of ‘what should be’ (Lélé and Norgaard 1996). Finding consensus in these discussions can be 

elusive with contested understandings of what goals should be pursued. 

Sustainability focused and framed groundwater research is rapidly growing (Elshall et al. 

2020), and application of sustainability science concepts are already present in the existing 

literature. Notable examples include increasingly expansive groundwater sustainability 

definitions (Gleeson et al. 2020), modelling and approaches that consider complex social and 

institutional dynamics (Castilla-Rho et al. 2015), and transdisciplinary approaches that directly 

engage groundwater users as research partners (Zwarteveen et al. 2021). 

Applying sustainability science frameworks to groundwater sustainability topics is an 

important step to further align these literatures and can provide additional insights to better 

delineate the groundwater sustainability problem space, understand its complexity, and guide 

more effective and engaged work. A framework is the “most general form of conceptualization; 

[providing] checklists or building blocks for consideration in constructing theories or models” 

(Clark and Harley 2020). In our illustration of groundwater-connected systems as social-

ecological systems (Figure 2), we used the Social-Ecological Systems Framework of (McGinnis 

and Ostrom 2014). Many other frameworks exist to study social-ecological systems. For a 

comparison of common frameworks, see Binder et al. (2013). 
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The groundwater-connected system framing does not call to replace existing definitions 

of physical groundwater sustainability. Instead, the framing provides additional considerations to 

apply alongside determinations of physical sustainability (Table 2). Physical sustainability 

therefore becomes a necessary but insufficient condition for broader social-ecological 

sustainability in groundwater-connected systems. These broader considerations can include 

equity of groundwater access across different user groups and communities, determination of 

ecological thresholds for groundwater use, identification of cultural sites that depend on 

groundwater, tracking of community participation and engagement levels in monitoring and 

management initiatives, and broader considerations of environmental justice. In applied 

settings, this could take the form of quantitative analysis, such as calculating horizontal 

inequality ratios (Boyce et al. 2016) for groundwater accessibility across user groups, tracking 

citizen science participation rates, or using satellite imaging to determine the proportion of a 

landscape whose terrestrial ecosystem thresholds for water table drawdown have been 

exceeded. Likewise, applied qualitative analysis could take the form of tracking community 

member perceptions of fairness in groundwater allocation decision making processes, sense of 

well-being in relation to the services and functions provided by groundwater, or routine analysis 

and synthesis of community members perceptions of hydrological, ecological, and socio-

economic change. These possible additions reflect the multi-objective nature of sustainability in 

groundwater-connected systems. 
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Table 2. Added considerations for groundwater sustainability through the application of the 

groundwater-connected systems framing.  

Conventional considerations for 

groundwater sustainability 

Additional considerations for groundwater 

sustainability through the groundwater-connected 

system framing 

Flux based approaches: 

● Recharge rate (Döll and Fiedler 

2008) 

● Mean renewal time (Bierkens and 

Wada 2019) 

● Groundwater development stress 

(Alley et al. 2018) 

● Water balance (Richey et al. 

2015) 

● Groundwater footprint (Gleeson 

et al. 2012) 

● Environmental flow needs (de 

Graaf et al. 2019) 

 

Long-term goal setting and backcasting 

(Gleeson et al. 2012) 

 

Calls for equitable, inclusive, and long-

term governance and adaptive 

management (Gleeson et al. 2020) 

 

How do changes in groundwater quantity and quality lead 

to changes in ecosystem services? 

 

How does groundwater access change with trends in 

groundwater storage? Are impacts faced evenly across the 

affected population? Are access inequalities being formed 

or amplified? And, how do social and economic attributes 

affect individual’s abilities to cope with changing 

groundwater quality and quantity?  

 

Are existing power and economic inequalities dominating 

groundwater governance processes?  

 

Are cultural values and other social relationships to 

groundwater acknowledged and valued in sustainability 

plans and management decisions? 

 

How are groundwater storage trends altering the Earth 

system? How are changes in Earth system components 

impacting local to regional scale groundwater resources, 

such as through altered rates and spatial patterns of 

groundwater recharge?  
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Wide applicability to groundwater science and beyond 

The groundwater-connected systems framing does not provide an explicit roadmap to follow. 

Rather, we provide here a set of possible implications across the core domains of data 

collection efforts, scientific investigations, governance and management approaches, and 

education. Our aim is to provide an overview of the breadth of work we believe the groundwater-

connected system framing can contribute to. 

Implications for data collection 

Empirical, grounded analysis of groundwater-connected systems requires observational 

data on the relationships that constitute these systems. The relevant data space to study 

groundwater-connected systems includes all social-ecological systems that interact with 

groundwater resources (e.g., Figure 2).  Thus, this data space is more expansive and diverse in 

comparison to the data requirements for hydrogeological studies. These data can include 

conventional types of hydrogeological data, such as water table levels, but also extends to less 

traditional data such as the extent and type of groundwater-dependent ecosystems, 

governance; and economic and social dimensions including data on social norms, drivers of 

groundwater user behaviours, the effectiveness of rules, and community values in relation to 

groundwater. At present, little of this multi-dimensional data is collected and shared. 

Yet, this expanded delineation of relevant data for groundwater studies introduces data 

formats that do not easily integrate with the typical data workflows and numerical models of 

groundwater hydrologists. For example, dominant data types in the social sciences are in the 

form of qualitative case study outcomes, surveys, and interviews. There is a long list of applied 

environmental topics and research communities also navigating the challenges of integrating 

the social and natural sciences (Strang 2009; Hirsch Hadorn et al. 2010) for groundwater-

connected systems to learn from and build on. While some notable groundwater studies do exist 
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that integrate multiple data formats (e.g., Castilla-Rho et al. 2017), the enduring challenge 

remains to integrate data while preserving the subtlety and fidelity of each data format (Pooley 

et al. 2014). Noting that social sciences often face situations of reduced power and influence 

when in collaboration with natural scientists (MacMynowski 2007), great care and 

methodological attention is needed to ensure that social science data is not “compressed into 

extinction” (Strang 2009, Pooley et al. 2014). To accomplish this requires significant amounts of 

time dedicated to understanding the different research philosophies and methods used among 

interdisciplinary collaborators, which can help avoid collaborative work from only using data that 

integrates easily with the methods of the dominant discipline (Strang 2009).  

Pursuing more comprehensive data collection is accompanied by the additional need to 

synthesise such efforts via open access initiatives. This call to collect more diverse data 

requires careful consideration of what data is not only practical but ethical to obtain and share.  

Zipper et al. (2019) provide guidance in navigating the open science-data privacy dilemma in 

socio-hydrology, which can also apply to groundwater-connected systems data.  

One opportunity to address data deficiencies is to embrace the potential of community or 

citizen science (Buytaert et al. 2014) and other forms of community-based participatory 

research. Community science not only fills observation deficiencies but also leads to increased 

social awareness of change in human-environmental systems (Kimura and Kinchy 2016). Thus, 

these initiatives are particularly relevant in regions where groundwater-connected systems are 

undergoing rapid change.  

Implications for scientific investigations 
As an overriding implication on scientific practice, the groundwater-connected systems 

framing forces a recognition of the role and influence of the researcher. This calls on 

researchers to examine the impact of their technical expertise and research philosophy on study 

design and outcome. The groundwater-connected systems framing challenges the conventional 
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view in the natural sciences of doing “good” science while holding no opinions and urges 

against claims of objectivity in study outcomes. 

To facilitate this reflexivity, greater focus needs to be placed on documenting conceptual 

models in these higher-dimensional, more complex studies. Doing so not only aids in identifying 

the strengths of a given approach but also explicitly highlights the processes considered and 

omitted from representation, the limitations of these decisions, and the uncertainties they 

introduce. Documenting limitations and uncertainty does not undermine a study’s value but 

rather is a core research output that aids in locating knowledge gaps and informing subsequent 

work (Wagener et al. 2021). Such clarification requires stating and justifying assumptions 

underpinning analyses. This focus on uncovering assumptions is consistent with recent calls in 

the groundwater modelling literature (“assumption hunting” in Peeters 2017) but extends across 

a wider, interdisciplinary domain for groundwater-connected systems. Furthermore, this 

methodological introspection can facilitate more effective collaborations by increasing mutual 

understanding across disciplines (Strang 2009). 

To address uncertainty given stark structural differences between models, the method of 

multiple working hypotheses via an ensemble-of-models approach is already being used in the 

groundwater and hydrological modelling communities (Clark et al. 2011; MacMillan 2017). This 

many-model paradigm can lead to wiser choices, more accurate predictions, and better 

constrained uncertainty. Ensemble-of-model approaches should be pursued for topics 

concerning groundwater-connected systems which are characterised by less process 

understanding and greater uncertainty relative to physical groundwater systems. This approach 

does not need to take any particular form and can be used to integrate methodologically diverse 

studies, each fit for a specific purpose, to identify common outcomes and areas of convergence 

and divergence (Castilla-Rho et al. 2020).   

Research on groundwater-connected systems necessarily must focus on the 

relationships and interactions between system components rather than on groundwater in 
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isolation. Such research often aims to identify complex system attributes and behaviours (e.g., 

Figure 2c). For instance, methods to detect early-warning signals for regime shifts in complex 

systems (Scheffer et al. 2009) are only just beginning to be applied to groundwater-connected 

systems (e.g., Zipper et al. 2022). Alternatively, the heterogeneity of groundwater-connected 

systems requires that actions to promote sustainability in these systems fit the local context. For 

example, studies (e.g., Richard-Ferroudji et al. 2018, Ulibarri et al. 2020) that identify the 

combination of socio-economic, institutional, infrastructural, and hydrogeological conditions that 

lead to successful implementation of managed aquifer recharge projects are a useful advance 

beyond conventional feasibility studies that focus exclusively on the physical system and 

setting. Lastly, quantitative studies that identify macro-level conditions that characterise a social-

ecological system’s composite state or behaviour can be found in the broader social-ecological 

literature (Williamson et al. 2018; Leslie et al. 2015) but have yet to be adapted for groundwater-

connected systems. 

The groundwater-connected systems framing also creates space for greater adoption of 

community-based participatory research that enables data and knowledge co-production in 

transdisciplinary settings. Such knowledge co-production can facilitate the integration of multiple 

knowledge bases and can help ensure that research better reflects local partner and 

stakeholder values and relationships with groundwater. Simultaneously, community-based 

participatory research strengthens scientific practice and output by canvassing a larger 

evidence base to inform studies (sensu Tengö et al. 2014). These transdisciplinary interactions 

between academics and stakeholders can create synergistic interactions across knowledge 

systems and worldviews (Castilla-Rho et al. 2020).  

Implications for governance and management 

Shifting from a resource-centric to a social-ecological systems approach can avoid 

traditional tendencies of disconnecting groundwater resources from their social context. Doing 
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so rejects the types of simplistic and uniform thinking that has led to failed top-down, technical 

and one-size--fits-all governance designs (Villholth and Conti 2018). Instead, the social-

ecological systems lens recognizes integrated and connected governance systems as social 

and political phenomena (Closas and Villholth 2020). In this way, it unlocks opportunities for 

more tailored and orchestrated polycentric governance solutions that, under the right conditions, 

can support more democratic, sustainable and resilient outcomes (McGinnis 2016).  

Complex adaptive systems provide an alternative paradigm to equilibrium-based 

approaches and support the linking of adaptive management and participatory modelling 

processes (Crevier and Parrott 2019). Such adaptive management needs to be underpinned by 

sustainability goal setting and backcasting (Gleeson et al. 2012). Sustainability goals in 

groundwater-connected systems can be informed by multi-objective initiatives such as the 

Sustainable Development Goals, and multi-scalar objectives such as downscaled planetary 

boundaries (Zipper et al. 2020). However, global and downscaled objectives require reconciling 

with place-based values, preferences, and norms. Thus, the pursuit of bottom-up approaches 

that can include self-regulation or peer-to-peer monitoring that also fit within broader multi-scalar 

sustainability goals is a grand challenge for governance in groundwater-connected systems. 

Underrepresentation of groundwater in global sustainability initiatives limits such multi-

scalar approaches. Most notably, groundwater is largely absent from the Sustainable 

Development Goals (Gleeson et al. 2020) despite being connected to nearly half of the 

initiative’s targets (Guppy et al. 2018). The groundwater-connected systems framing supports 

the consideration and thus inclusion of groundwater in such interdisciplinary, multi-objective 

initiatives and helps confront the overlooked and invisible history of groundwater in policy 

discourses. 

Other works calling for social-ecological approaches to groundwater elaborate more 

extensively on management implications. See Bouchet et al. (2019) for a discussion on strategic 
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adaptive groundwater management, and Barreteau et al. (2016) for a description of an 

integrated groundwater management landscape across water, land, and energy sectors. 

Implications for education, training, and communication 

Groundwater-connected systems span conventional academic disciplines and require 

different skill sets than those used in traditional, discipline-specific groundwater work. This 

discipline spanning is common across sustainability science and challenges conventional 

education pathways. Fruitful uptake and implementation of the groundwater-connected system 

framing will rely on its incorporation into the training of groundwater academics, practitioners, 

policy makers, users and stakeholders. Below we highlight how the framing can interface with 

education at the undergraduate and graduate levels, to existing professionals, and in science 

communication efforts. 

As it is crucial to develop a strong disciplinary foundation, we do not advocate for any 

fundamental changes to training at the undergraduate level. Yet, in such disciplinary programs, 

we believe it is possible and important to expose students to core concepts of sustainability 

science at an introductory level. Doing so fosters an awareness of the interdisciplinarity and 

complexity of groundwater-connected systems and underscores the need for disciplinary 

specialists to participate in diverse teams when identifying and solving problems in applied 

settings. In our own teaching of upper-year civil engineering courses on water sustainability and 

groundwater hydrology (Huggins and Gleeson 2022), we have begun introducing sustainability 

science fundamentals, including the ‘threshold concepts’ of sustainability science (Loring 2020), 

through applied case examples and in class activities. These are often tied to multimedia 

resources such as the Water Underground Talks (https://www.waterundergroundtalks.org/), an 

initiative that shares short interviews and research talks on groundwater connections to climate, 

food, and people. 
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We perceive graduate degrees as the appropriate level for more rigorous application of 

the concepts discussed in this paper. There is already a rich global ecosystem of graduate 

programs, schools, and research institutes that focus on social-ecological systems, resilience, 

and complex adaptive systems (e.g., the Stockholm Resilience Centre, the Centre for 

Sustainability Transitions, the Ashoka Trust for Research in Ecology and the Environment). Yet, 

we see potential for the graduate courses and research theses conducted at these institutes to 

place a greater focus on groundwater. The groundwater-connected system framing can be used 

to facilitate this uptake of groundwater topics in social-ecological systems education and 

research.  

There is also a need for professional training and development initiatives to introduce 

professionals to the framing of groundwater-connected systems. These could include 

practitioner-focused seminars; online guides to groundwater-connected systems concepts, 

methods, and data; and interactive workshops that could use agent-based models or serious 

games (e.g., Ouariachi et al. 2018) that would enable participants to grapple with complexity, 

adaptation, feedback mechanisms, and uncertainty in a risk-free environment while gaining 

practice working in inter- and transdisciplinary teams.  

Finally, the framing of groundwater-connected systems can be a powerful tool to build 

public awareness on the importance of groundwater in everyday life and sustainable, equitable 

futures. While groundwater is often ‘advertised’ to the public through impressive statistics (e.g., 

as the world’s largest store of unfrozen freshwater), we perceive that few aside from 

groundwater hydrologists will find interest in groundwater presented this way amid global 

pandemics, conflicts, and social movements. With the same motivation as the groundwater-

connected systems framing, we argue that we should present groundwater in a more relational 

sense. Presenting groundwater in relatable narratives is a compelling and effective way to 

increase public interest in groundwater. One way to do this is by telling stories about the ways 

people are connected to groundwater, such as through the food we eat, the activities we enjoy 
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and find important, such as swimming or ceremonies, among other social and cultural 

relationships to groundwater. 

 

Figure 4. Implications of the groundwater-connected systems framing on data collection, scientific 

investigations, governance and management approaches, and education, training, and communication. 

Conclusion  

Groundwater-connected systems are formed by social, economic, ecological, and Earth system 

interactions with physical groundwater systems. We present the framing of groundwater-

connected systems to facilitate greater representation of these interactions in groundwater 

research and practice through data collection, scientific investigations, governance, 

management, and education. However, the framing does not provide a specific blueprint for all 

to follow. Rather, we present this framing as an invitation to the groundwater community to 

revisit foundational concepts and explore a wide set of methods that can be used to advance 

groundwater science and sustainability in diverse hydrogeological, social, and ecological 

contexts. Thus, the groundwater-connected systems framing can provide a useful basis for 

growth and collaboration within the groundwater community. Equally, the framing is an invitation 

to other disciplines and the social-ecological research community at large to join us in 
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advancing this uncertain, complex, and needed research on groundwater connections and 

sustainability in social-ecological systems. 

[end of main text] 

Author contributions 

X.H. conceived the issue paper with advice from T.G., J.C.R., and J.S.F.  

X.H. produced all figures, with input on Figure 1 from: T.G., J.C.R., and J.S.F., Figure 2 from: 

T.G. and J.C.R., Figure 3 from: J.C.R., and Figure 4 from: T.G., J.C.R., V.R., and C.H.  

X.H. lead writing, and all co-authors (T.G., J.C.R., C.H., V.R., and J.S.F.) edited and discussed 

the manuscript at multiple stages.  

Acknowledgements 

We would like to thank Leonard Konikow, Charles Andrews, and four anonymous reviewers for 

their comments and suggestions that helped improve the quality of the manuscript.  

X.H. was supported by the Natural Sciences and Engineering Research Council (NSERC) of 

Canada through an Alexander Graham Bell Canada Graduate Scholarship. J.C.R and C.H. 

were supported by an Australian Research Council Discovery Project grant (DP190101584).  

 17456584, ja, D
ow

nloaded from
 https://ngw

a.onlinelibrary.w
iley.com

/doi/10.1111/gw
at.13305 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

Figure 2 was produced by modifying and assembling individual vector symbols from the 

Integration and Application Network (ian.umces.edu/media-library), under CC BY-SA 4.0. 

Creators of individual symbols used are: Catherine Collier, Jason C. Fisher, Alexandra Fries, 

Jane Hawkey, Max Hermanson, Kim Kraeer, Emily Nastase, Tracey Saxby, Dylan Taillie, Jane 

Thomas, and Lucy Van Essen-Fishman. 

Icons in Figures 2 and 4 are used from The Noun Project (thenounproject.com/) under CC BY-

NC-ND 2.0. Creators of individual icons used are Andre Buand, Adrien Coquet, Fran Couto, 

Eucalyp, Jie-eah, Oksana Latysheva, P Thanga Vignesh, Hakan Yalcin, and Cuputo.  

Use of the planetary boundaries image in Figure 2 is licenced under CC BY 4.0. The image was 

designed by Azote for Stockholm Resilience Centre, based on analysis in Persson et al. (2022), 

Wang-Erlandsson et al. (2022) and Steffen et al. (2015). 

Supporting information 

Additional Supporting Information may be found in the online version of this article: 

 Supporting Text. An extended description of Figure 2a. 

 Table S1. Common principles of complex adaptive systems found in groundwater- 

connected systems. 

Supporting Information is not peer reviewed.  

 17456584, ja, D
ow

nloaded from
 https://ngw

a.onlinelibrary.w
iley.com

/doi/10.1111/gw
at.13305 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://ian.umces.edu/media-library/
https://thenounproject.com/


 

References  

Abbott, B. W., K. Bishop, J. P. Zarnetske, C. Minaudo, F. S. Chapin, S. Krause, D. M. Hannah, 

et al. 2019. Human domination of the global water cycle absent from depictions and 

perceptions. Nature Geoscience 12, no. 7: 533–40, https://doi.org/10.1038/s41561-019-

0374-y. 

Aeschbach-Hertig, W., and T. Gleeson. 2012. Regional strategies for the accelerating global 

problem of groundwater depletion. Nature Geoscience 5, no. 12: 853–61, 

https://doi.org/10.1038/ngeo1617. 

Alley, W. M., B. R. Clark, D. M. Ely, and C. C. Faunt. 2018. Groundwater Development Stress: 

Global‐Scale Indices Compared to Regional Modeling. Groundwater 56, no. 2: 266–75. 

Barreteau, O., Y. Caballero, S. Hamilton, A. J. Jakeman, and J.-D. Rinaudo. 2016. 

Disentangling the Complexity of Groundwater Dependent Social-ecological Systems. In 

Integrated Groundwater Management: Concepts, Approaches and Challenges, edited by 

A. J. Jakeman, O. Barreteau, R. J. Hunt, J.-D. Rinaudo, and A. Ross, 49–73. Cham: 

Springer International Publishing, https://doi.org/10.1007/978-3-319-23576-9_3. 

Barthel, R., and R. Seidl. 2017. Interdisciplinary Collaboration between Natural and Social 

Sciences – Status and Trends Exemplified in Groundwater Research. PLOS ONE 12, 

no. 1: e0170754, https://doi.org/10.1371/journal.pone.0170754. 

Becker, R. 2021. California enacted a groundwater law 7 years ago. But wells are still drying up 

— and the threat is spreading. CalMatters, August 18, 2021, 

https://calmatters.org/environment/2021/08/california-groundwater-dry/. 

Berkes, F., and C. Folke. 1998. Linking Social and Ecological Systems: Management Practices 

and Social Mechanisms for Building Resilience. Cambridge University Press. 

Bernacchi, L. A., A. S. Fernandez-Bou, J. H. Viers, J. Valero-Fandino, and J. Medellín-Azuara. 

2020. A glass half empty: Limited voices, limited groundwater security for California. 

 17456584, ja, D
ow

nloaded from
 https://ngw

a.onlinelibrary.w
iley.com

/doi/10.1111/gw
at.13305 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

Science of The Total Environment 738, October: 139529, 

https://doi.org/10.1016/j.scitotenv.2020.139529. 

Bierkens, M. F. P., and Y. Wada. 2019. Non-renewable groundwater use and groundwater 

depletion: a review. Environmental Research Letters 14, no. 6: 063002, 

https://doi.org/10.1088/1748-9326/ab1a5f. 

Binder, C., J. Hinkel, P. Bots, and C. Pahl-Wostl. 2013. Comparison of Frameworks for 

Analyzing Social-ecological Systems. Ecology and Society 18, no. 4, 

https://doi.org/10.5751/ES-05551-180426. 

Bostic, D., K. Dobbin, R. Pauloo, J. Mendoza, M. Kuo, and J. London. 2020. Sustainable for 

Whom? The Impact of Groundwater Sustainability Plans on Domestic Wells, 

https://regionalchange.ucdavis.edu/report/sustainable-whom-impact-groundwater-

sustainability-plans-domestic-wells. 

Bouchet, L., M. C. Thoms, and M. Parsons. 2019. Groundwater as a social-ecological system: A 

framework for managing groundwater in Pacific Small Island Developing States. 

Groundwater for Sustainable Development 8, April: 579–89, 

https://doi.org/10.1016/j.gsd.2019.02.008. 

Boyce, J. K., K. Zwickl, and M. Ash. 2016. Measuring environmental inequality. Ecological 

Economics 124, April: 114–23, https://doi.org/10.1016/j.ecolecon.2016.01.014. 

Buytaert, W., Z. Zulkafli, S. Grainger, L. Acosta, T. C. Alemie, J. Bastiaensen, B. De Bièvre, et 

al. 2014. Citizen science in hydrology and water resources: opportunities for knowledge 

generation, ecosystem service management, and sustainable development. Frontiers in 

Earth Science 2, https://www.frontiersin.org/articles/10.3389/feart.2014.00026. 

Cantonati, M., L. E. Stevens, S. Segadelli, A. E. Springer, N. Goldscheider, F. Celico, M. 

Filippini, K. Ogata, and A. Gargini. 2020. Ecohydrogeology: The interdisciplinary 

convergence needed to improve the study and stewardship of springs and other 

 17456584, ja, D
ow

nloaded from
 https://ngw

a.onlinelibrary.w
iley.com

/doi/10.1111/gw
at.13305 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

groundwater-dependent habitats, biota, and ecosystems. Ecological Indicators 110, 

March: 105803, https://doi.org/10.1016/j.ecolind.2019.105803. 

Castilla-Rho, J. C., G. Mariethoz, R. Rojas, M. S. Andersen, and B. F. J. Kelly. 2015. An agent-

based platform for simulating complex human–aquifer interactions in managed 

groundwater systems. Environmental Modelling & Software 73, November: 305–23, 

https://doi.org/10.1016/j.envsoft.2015.08.018. 

Castilla-Rho, J. C., C. Holley, and J. C. Castilla. 2020. Groundwater as a Common Pool 

Resource: Modelling, Management and the Complicity Ethic in a Non-collective World. In 

Global Changes: Ethics, Politics and Environment in the Contemporary Technological 

World, edited by L. Valera and J. C. Castilla, 89–109. Ethics of Science and Technology 

Assessment. Cham: Springer International Publishing, https://doi.org/10.1007/978-3-

030-29443-4_9. 

Castilla-Rho, J. C., R. Rojas, M. S. Andersen, C. Holley, and G. Mariethoz. 2017. Social tipping 

points in global groundwater management. Nature Human Behaviour 1, no. 9: 640–49, 

https://doi.org/10.1038/s41562-017-0181-7. 

Chapin, F. S., C. Folke, and G. P. Kofinas. 2009. A Framework for Understanding Change. In 

Principles of Ecosystem Stewardship, edited by C. Folke, G. P. Kofinas, and F. S. 

Chapin, 3–28. New York, NY: Springer New York, https://doi.org/10.1007/978-0-387-

73033-2_1. 

Clark, M. P., D. Kavetski, and F. Fenicia. 2011. Pursuing the method of multiple working 

hypotheses for hydrological modeling. Water Resources Research 47, no. 9, 

https://doi.org/10.1029/2010WR009827. 

Clark, W. C., and A. G. Harley. 2020. Sustainability Science: Toward a Synthesis. Annual 

Review of Environment and Resources 45, no. 1: 331–86, 

https://doi.org/10.1146/annurev-environ-012420-043621. 

 17456584, ja, D
ow

nloaded from
 https://ngw

a.onlinelibrary.w
iley.com

/doi/10.1111/gw
at.13305 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

Closas, A., and K. G. Villholth. 2020. Groundwater governance: Addressing core concepts and 

challenges. WIREs Water 7, no. 1: e1392, https://doi.org/10.1002/wat2.1392. 

Cox, M. 2014. Applying a Social-Ecological System Framework to the Study of the Taos Valley 

Irrigation System. Human Ecology 42, no. 2: 311–24, https://doi.org/10.1007/s10745-

014-9651-y. 

Crevier, L. P., and L. Parrott. 2019. Synergy between adaptive management and participatory 

modelling: The two processes as interconnected spirals. Ecological Informatics 53, 

September: 100982, https://doi.org/10.1016/j.ecoinf.2019.100982. 

Crowley, K., and B. W. Head. 2017. The enduring challenge of “wicked problems”: revisiting 

Rittel and Webber. Policy Sciences 50, no. 4: 539–47, https://doi.org/10.1007/s11077-

017-9302-4. 

Curtis, A., M. Mitchell, and E. Mendham. 2016. Social Science Contributions to Groundwater 

Governance. In Integrated Groundwater Management: Concepts, Approaches and 

Challenges, edited by A. J. Jakeman, O. Barreteau, R. J. Hunt, J.-D. Rinaudo, and A. 

Ross, 477–92. Cham: Springer International Publishing, https://doi.org/10.1007/978-3-

319-23576-9_19. 

Dalin, C., Y. Wada, T. Kastner, and M. J. Puma. 2017. Groundwater depletion embedded in 

international food trade. Nature 543, no. 7647: 700–704, 

https://doi.org/10.1038/nature21403. 

DeFries, R., and H. Nagendra. 2017. Ecosystem management as a wicked problem. Science 

356, no. 6335: 265–70, https://doi.org/10.1126/science.aal1950. 

Dinar, A., E. Esteban, E. Calvo, G. Herrera, P. Teatini, R. Tomás, Y. Li, P. Ezquerro, and J. 

Albiac. 2021. We lose ground: Global assessment of land subsidence impact extent. 

Science of The Total Environment 786, September: 147415, 

https://doi.org/10.1016/j.scitotenv.2021.147415. 

 17456584, ja, D
ow

nloaded from
 https://ngw

a.onlinelibrary.w
iley.com

/doi/10.1111/gw
at.13305 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

Dobbin, K. B. 2020. “Good Luck Fixing the Problem”: Small Low-Income Community 

Participation in Collaborative Groundwater Governance and Implications for Drinking 

Water Source Protection. Society & Natural Resources 33, no. 12: 1468–85, 

https://doi.org/10.1080/08941920.2020.1772925. 

Döll, P., and K. Fiedler. 2008. Global-scale modeling of groundwater recharge. Hydrology and 

Earth System Sciences 12, no. 3: 863–85, https://doi.org/10.5194/hess-12-863-2008. 

Elshall, A. S., A. D. Arik, A. I. El-Kadi, S. Pierce, M. Ye, K. M. Burnett, C. A. Wada, L. L. Bremer, 

and G. Chun. 2020. Groundwater sustainability: a review of the interactions between 

science and policy. Environmental Research Letters 15, no. 9: 093004, 

https://doi.org/10.1088/1748-9326/ab8e8c. 

Famiglietti, J. S. 2014. The global groundwater crisis. Nature Climate Change 4, no. 11: 945–

48, https://doi.org/10.1038/nclimate2425. 

Fernandez-Bou, A. S., J. P. Ortiz-Partida, K. B. Dobbin, H. Flores-Landeros, L. A. Bernacchi, 

and J. Medellín-Azuara. 2021. Underrepresented, understudied, underserved: Gaps and 

opportunities for advancing justice in disadvantaged communities. Environmental 

Science & Policy 122, August: 92–100, https://doi.org/10.1016/j.envsci.2021.04.014. 

Gleeson, T., M. Cuthbert, G. Ferguson, and D. Perrone. 2020. Global Groundwater 

Sustainability, Resources, and Systems in the Anthropocene. Annual Review of Earth 

and Planetary Sciences 48, no. 1: 431–63, https://doi.org/10.1146/annurev-earth-

071719-055251. 

Gleeson, T., X. Huggins, R. Connor, P. Arrojo-Agudo, and E. Vázquez Suñé. 2022. 

Groundwater and ecosystems. In The United Nations World Water Development Report 

2022: groundwater: making the invisible visible, 89–100. Paris, France: UNESCO World 

Water Assessment Programme, https://hdl.handle.net/10568/119209. 

Gleeson, T., and B. Richter. 2018. How much groundwater can we pump and protect 

environmental flows through time? Presumptive standards for conjunctive management 

 17456584, ja, D
ow

nloaded from
 https://ngw

a.onlinelibrary.w
iley.com

/doi/10.1111/gw
at.13305 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

of aquifers and rivers. River Research and Applications 34, no. 1: 83–92, 

https://doi.org/10.1002/rra.3185. 

Gleeson, T., L. Wang-Erlandsson, M. Porkka, S. C. Zipper, F. Jaramillo, D. Gerten, I. Fetzer, et 

al. 2020. Illuminating water cycle modifications and Earth system resilience in the 

Anthropocene. Water Resources Research 56, no. 4: e2019WR024957, 

https://doi.org/10.1029/2019WR024957. 

Gleeson, T., W. M. Alley, D. M. Allen, M. A. Sophocleous, Y. Zhou, M. Taniguchi, and J. 

VanderSteen. 2012. Towards Sustainable Groundwater Use: Setting Long-Term Goals, 

Backcasting, and Managing Adaptively. Groundwater 50, no. 1: 19–26, 

https://doi.org/10.1111/j.1745-6584.2011.00825.x. 

Gleeson, T., Y. Wada, M. F. P. Bierkens, and L. P. H. van Beek. 2012. Water balance of global 

aquifers revealed by groundwater footprint. Nature 488, no. 7410: 197–200, 

https://doi.org/10.1038/nature11295. 

Global Groundwater Statement. 2019. Global Groundwater Sustainability: A Call to Action, 

2019, https://www.groundwaterstatement.org/. 

Graaf, I. E. M. de, T. Gleeson, L. P. H. (Rens) van Beek, E. H. Sutanudjaja, and M. F. P. 

Bierkens. 2019. Environmental flow limits to global groundwater pumping. Nature 574, 

no. 7776: 90–94, https://doi.org/10.1038/s41586-019-1594-4. 

Guppy, L., P. Uyttendaele, K. Villholth, and V. Smakhtin. 2018. Groundwater and Sustainable 

Development Goals: Analysis of Interlinkages, https://doi.org/10.53328/JRLH1810. 

Hammani, A., T. Hartani, M. Kuper, and A. Imache. 2009. Paving the way for groundwater 

management: Transforming information for crafting management rules. Irrigation and 

Drainage 58, no. 53: S240–51, https://doi.org/10.1002/ird.521. 

Hammond Wagner, C. R., and M. T. Niles. 2020. What is Fair in Groundwater Allocation? 

Distributive and Procedural Fairness Perceptions of California’s Sustainable 

 17456584, ja, D
ow

nloaded from
 https://ngw

a.onlinelibrary.w
iley.com

/doi/10.1111/gw
at.13305 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

Groundwater Management Act. Society & Natural Resources 33, no. 12: 1508–29, 

https://doi.org/10.1080/08941920.2020.1752339. 

Hirsch Hadorn, G., C. Pohl, and G. Bammer. 2010. Solving problems through transdisciplinary 

research. In The Oxford Handbook of Interdisciplinarity, 431–52. Oxford, UK: Oxford 

University Press Inc. 

Huggins, X., and T. Gleeson. 2022. Presentation 1.3: Sustainability Science Fundamentals for 

Groundwater Hydrologists. In Groundwater Hydrology/Hydrogeology Teaching Materials, 

presentation number 1.3. 

https://www.hydroshare.org/resource/327fae4ec11e4232b93a3c737bc05f7c/. 

Jasechko, S., and D. Perrone. 2020. California’s Central Valley Groundwater Wells Run Dry 

During Recent Drought. Earth’s Future 8, no. 4, https://doi.org/10.1029/2019EF001339. 

Jerneck, A., L. Olsson, B. Ness, S. Anderberg, M. Baier, E. Clark, T. Hickler, et al. 2011. 

Structuring sustainability science. Sustainability Science 6, no. 1: 69–82, 

https://doi.org/10.1007/s11625-010-0117-x. 

Kajikawa, Y., F. Tacoa, and K. Yamaguchi. 2014. Sustainability science: the changing 

landscape of sustainability research. Sustainability Science 9, no. 4: 431–38, 

https://doi.org/10.1007/s11625-014-0244-x. 

Kates, R. W. 2011. What kind of a science is sustainability science? Proceedings of the National 

Academy of Sciences 108, no. 49: 19449–50, https://doi.org/10.1073/pnas.1116097108. 

Kath, J., K. Reardon-Smith, A. F. Le Brocque, F. J. Dyer, E. Dafny, L. Fritz, and M. Batterham. 

2014. Groundwater decline and tree change in floodplain landscapes: Identifying non-

linear threshold responses in canopy condition. Global Ecology and Conservation 2, 

December: 148–60, https://doi.org/10.1016/j.gecco.2014.09.002. 

Kimura, A. H., and A. Kinchy. 2016. Citizen Science: Probing the Virtues and Contexts of 

Participatory Research. Engaging Science, Technology, and Society 2, December: 331–

61, https://doi.org/10.17351/ests2016.99. 

 17456584, ja, D
ow

nloaded from
 https://ngw

a.onlinelibrary.w
iley.com

/doi/10.1111/gw
at.13305 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

Kreamer, D. K., L. E. Stevens, and J. D. Ledbetter. 2015. Groundwater dependent ecosystems–

science, challenges, and policy. In Groundwater, edited by S. Adelana, 205–30. 

Hauppauge, NY: Nova Science Publishers. 

Lélé, S., and R. B. Norgaard. 1996. Sustainability and the Scientist’s Burden. Conservation 

Biology 10, no. 2: 354–65. 

Leslie, H. M., X. Basurto, M. Nenadovic, L. Sievanen, K. C. Cavanaugh, J. J. Cota-Nieto, B. E. 

Erisman, et al. 2015. Operationalizing the social-ecological systems framework to 

assess sustainability. Proceedings of the National Academy of Sciences 112, no. 19: 

5979–84, https://doi.org/10.1073/pnas.1414640112. 

Levin, S., T. Xepapadeas, A.-S. Crépin, J. Norberg, A. de Zeeuw, C. Folke, T. Hughes, et al. 

2013. Social-ecological systems as complex adaptive systems: modeling and policy 

implications. Environment and Development Economics 18, no. 2: 111–32, 

https://doi.org/10.1017/S1355770X12000460. 

Liu, P.-W., J. S. Famiglietti, A. J. Purdy, K. H. Adams, A. L. McEvoy, J. T. Reager, R. Bindlish, 

D. N. Wiese, C. H. David, and M. Rodell. 2022. Groundwater depletion in California’s 

Central Valley accelerates during megadrought. Nature Communications 13, no. 1: 

7825, https://doi.org/10.1038/s41467-022-35582-x. 

Lo, M.-H., and J. S. Famiglietti. 2013. Irrigation in California’s Central Valley strengthens the 

southwestern U.S. water cycle. Geophysical Research Letters 40, no. 2: 301–6, 

https://doi.org/10.1002/grl.50108. 

Lönngren, J., and K. van Poeck. 2021. Wicked problems: a mapping review of the literature. 

International Journal of Sustainable Development & World Ecology 28, no. 6: 481–502, 

https://doi.org/10.1080/13504509.2020.1859415. 

Loring, P. A. 2020. Threshold concepts and sustainability: features of a contested paradigm. 

FACETS 5, no. 1: 182–99, https://doi.org/10.1139/facets-2019-0037. 

 17456584, ja, D
ow

nloaded from
 https://ngw

a.onlinelibrary.w
iley.com

/doi/10.1111/gw
at.13305 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

MacMillan, G. J. 2017. Potential Use of Multimodels in Consulting to Improve Model Acceptance 

and Decision Making. Groundwater 55, no. 5: 635–40, 

https://doi.org/10.1111/gwat.12559. 

MacMynowski, D. 2007. Ecology and Society: Pausing at the Brink of Interdisciplinarity: Power 

and Knowledge at the Meeting of Social and Biophysical Science. Ecology and Society 

12, no. 1, https://doi.org/10.5751/ES-02009-120120. 

Marston, L., and M. Konar. 2017. Drought impacts to water footprints and virtual water transfers 

of the C entral V alley of C alifornia. Water Resources Research 53, no. 7: 5756–73, 

https://doi.org/10.1002/2016WR020251. 

McGinnis, M. D. 2016. Polycentric Governance in Theory and Practice: Dimensions of 

Aspiration and Practical Limitations. SSRN Scholarly Paper. Rochester, NY, 

https://doi.org/10.2139/ssrn.3812455. 

McGinnis, M., and E. Ostrom. 2014. Social-ecological system framework: initial changes and 

continuing challenges. Ecology and Society 19, no. 2, https://doi.org/10.5751/ES-06387-

190230. 

McGregor, D. 2012. Traditional Knowledge: Considerations for Protecting Water in Ontario. 

International Indigenous Policy Journal 3, no. 3, https://doi.org/10.18584/iipj.2012.3.3.11. 

Molle, F., and A. Closas. 2020. Why is state-centered groundwater governance largely 

ineffective? A review. WIREs Water 7, no. 1: e1395, https://doi.org/10.1002/wat2.1395. 

Mukherji, A., and T. Shah. 2005. Groundwater socio-ecology and governance: a review of 

institutions and policies in selected countries. Hydrogeology Journal 13, no. 1: 328–45, 

https://doi.org/10.1007/s10040-005-0434-9. 

Ostrom, E. 1990. Governing the Commons: The Evolution of Institutions for Collective Action. 

1st ed. Cambridge University Press, https://doi.org/10.1017/CBO9780511807763. 

Ostrom, E. 1993. Design principles in long-enduring irrigation institutions. Water Resources 

Research 29, no. 7: 1907–12, https://doi.org/10.1029/92WR02991. 

 17456584, ja, D
ow

nloaded from
 https://ngw

a.onlinelibrary.w
iley.com

/doi/10.1111/gw
at.13305 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

Ouariachi, T., M. D. Olvera-Lobo, and J. Gutiérrez-Pérez. 2018. Serious Games and 

Sustainability. In Encyclopedia of Sustainability in Higher Education, edited by W. Leal 

Filho, 1–10. Cham: Springer International Publishing, https://doi.org/10.1007/978-3-319-

63951-2_326-1. 

Partelow, S. 2018. A review of the social-ecological systems framework: applications, methods, 

modifications, and challenges. Ecology and Society 23, no. 4, 

https://doi.org/10.5751/ES-10594-230436. 

Patel, P. M., D. Saha, and T. Shah. 2020. Sustainability of groundwater through community-

driven distributed recharge: An analysis of arguments for water scarce regions of semi-

arid India. Journal of Hydrology: Regional Studies 29, June: 100680, 

https://doi.org/10.1016/j.ejrh.2020.100680. 

Pauloo, R. A., A. Escriva-Bou, H. Dahlke, A. Fencl, H. Guillon, and G. E. Fogg. 2020. Domestic 

well vulnerability to drought duration and unsustainable groundwater management in 

California’s Central Valley. Environmental Research Letters 15, no. 4: 044010, 

https://doi.org/10.1088/1748-9326/ab6f10. 

Peeters, L. J. M. 2017. Assumption Hunting in Groundwater Modeling: Find Assumptions Before 

They Find You. Groundwater 55, no. 5: 665–69, https://doi.org/10.1111/gwat.12565. 

Persson, L., B. M. Carney Almroth, C. D. Collins, S. Cornell, C. A. de Wit, M. L. Diamond, P.  

Fantke, M. Hassellöv, M. MacLeod, M. W. Ryberg, P. Søgaard Jørgensen, P. Villarrubia-

Gómez, Z. Wang, and M. Zwicky Hauschild. 2022. Outside the Safe Operating Space of 

the Planetary Boundary for Novel Entities. Environmental Science & Technology 56, no. 

3: 1510-1521. https://doi.org/10.1021/acs.est.1c04158 

Pooley, S. P., J. A. Mendelsohn, and E. J. Milner-Gulland. 2014. Hunting Down the Chimera of 

Multiple Disciplinarity in Conservation Science. Conservation Biology 28, no. 1: 22–32, 

https://doi.org/10.1111/cobi.12183. 

 17456584, ja, D
ow

nloaded from
 https://ngw

a.onlinelibrary.w
iley.com

/doi/10.1111/gw
at.13305 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

Preiser, R., R. Biggs, A. De Vos, and C. Folke. 2018. Social-ecological systems as complex 

adaptive systems: organizing principles for advancing research methods and 

approaches. Ecology and Society 23, no. 4, https://doi.org/10.5751/ES-10558-230446. 

Purvis, B., Y. Mao, and D. Robinson. 2019. Three pillars of sustainability: in search of 

conceptual origins. Sustainability Science 14, no. 3: 681–95, 

https://doi.org/10.1007/s11625-018-0627-5. 

Qiu, J., S. C. Zipper, M. Motew, E. G. Booth, C. J. Kucharik, and S. P. Loheide. 2019. Nonlinear 

groundwater influence on biophysical indicators of ecosystem services. Nature 

Sustainability 2, no. 6: 475–83, https://doi.org/10.1038/s41893-019-0278-2. 

Reyers, B., and O. Selomane. 2018. Social-ecological systems approaches: Revealing and 

navigating the complex trade-offs of sustainable development. In Ecosystem Services 

and Poverty Alleviation (OPEN ACCESS). Routledge. 

Richard-Ferroudji, A., T. P. Raghunath, and G. Venkatasubramanian. 2018. Managed Aquifer 

Recharge in India: Consensual Policy but Controversial Implementation. Water 

Alternatives 11, no. 3: 21. 

Richey, A. S., B. F. Thomas, M.-H. Lo, J. T. Reager, J. S. Famiglietti, K. Voss, S. Swenson, and 

M. Rodell. 2015. Quantifying renewable groundwater stress with GRACE. Water 

Resources Research 51, no. 7: 5217–38, https://doi.org/10.1002/2015WR017349. 

Rittel, H. W. J., and M. M. Webber. 1973. Dilemmas in a general theory of planning. Policy 

Sciences 4, no. 2: 155–69, https://doi.org/10.1007/BF01405730. 

Rohde, M. M., J. C. Stella, D. A. Roberts, and M. B. Singer. 2021. Groundwater dependence of 

riparian woodlands and the disrupting effect of anthropogenically altered streamflow. 

Proceedings of the National Academy of Sciences 118, no. 25: e2026453118, 

https://doi.org/10.1073/pnas.2026453118. 

Rohde, M. M., S. B. Sweet, C. Ulrich, and J. Howard. 2019. A Transdisciplinary Approach to 

Characterize Hydrological Controls on Groundwater-Dependent Ecosystem Health. 

 17456584, ja, D
ow

nloaded from
 https://ngw

a.onlinelibrary.w
iley.com

/doi/10.1111/gw
at.13305 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

Frontiers in Environmental Science 7, November: 175, 

https://doi.org/10.3389/fenvs.2019.00175. 

Romero-Briones, A., E. Salmon, H. Renick, and T. Costa. 2020. Recognition and Support of 

Indigenous California Land Stewards, Practitioners of Kincentric Ecology.  Longmont, 

USA: First Nations Development Institute,  

https://www.firstnations.org/publications/recognition-and-support-of-indigenous-

california-land-stewards-practitioners-of-kincentric-ecology/. 

Running, K., M. Burnham, C. Wardropper, Z. Ma, J. Hawes, and M. V. du Bray. 2019. Farmer 

adaptation to reduced groundwater availability. Environmental Research Letters 14, no. 

11: 115010, https://doi.org/10.1088/1748-9326/ab4ccc. 

Scheffer, M., J. Bascompte, W. A. Brock, V. Brovkin, S. R. Carpenter, V. Dakos, H. Held, E. H. 

van Nes, M. Rietkerk, and G. Sugihara. 2009. Early-warning signals for critical 

transitions. Nature 461, no. 7260: 53–59, https://doi.org/10.1038/nature08227. 

Schwartz, F. W. 2013. Zombie-Science and Beyond. Groundwater 51, no. 1: 1–1, 

https://doi.org/10.1111/gwat.12008. 

Steffen, W., K. Richardson, J. Rockström, S. E. Cornell, I. Fetzer, E. M. Bennett, R. Biggs, S. R.  

Carpenter, W. de Vries, C. A. de Wit, C. Folke, D. Gerten, J. Heinke, G. M. Mace, V. 

Ramanathan, B. Reyers, and S. Sörlin. 2015. Planetary boundaries: Guiding human 

development on a changing planet. Science 347, no. 6223: 1259855, 

https://doi.org/10.1126/science.1259855. 

Strang, V. 2009. Integrating the social and natural sciences in environmental research: a 

discussion paper. Environment, Development and Sustainability 11, no. 1: 1–18, 

https://doi.org/10.1007/s10668-007-9095-2. 

Tengö, M., E. S. Brondizio, T. Elmqvist, P. Malmer, and M. Spierenburg. 2014. Connecting 

Diverse Knowledge Systems for Enhanced Ecosystem Governance: The Multiple 

 17456584, ja, D
ow

nloaded from
 https://ngw

a.onlinelibrary.w
iley.com

/doi/10.1111/gw
at.13305 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

Evidence Base Approach. AMBIO 43, no. 5: 579–91, https://doi.org/10.1007/s13280-

014-0501-3. 

Ulibarri, N., N. Escobedo Garcia, R. L. Nelson, A. E. Cravens, and R. J. McCarty. 2021. 

Assessing the Feasibility of Managed Aquifer Recharge in California. Water Resources 

Research 57, no. 3, https://doi.org/10.1029/2020WR029292. 

Villholth, K. G., and K. Conti. 2018. Groundwater governance: rationale, definition, current state 

and heuristic framework. In Advances in groundwater governance, edited by K. G. 

Villholth, E. López-Gunn, A. Garrido, J. A. M. van der Gun, and K. I. Conti. Leiden, The 

Netherlands: CRC Press/Balkema. 

Wagener, T., T. Gleeson, G. Coxon, A. Hartmann, N. Howden, F. Pianosi, M. Rahman, R. 

Rosolem, L. Stein, and R. Woods. 2021. On doing hydrology with dragons: Realizing the 

value of perceptual models and knowledge accumulation. WIREs Water 8, no. 6: e1550, 

https://doi.org/10.1002/wat2.1550. 

Wang-Erlandsson, L., A. Tobian, R.J. van der Ent, I. Fetzer, S. te Wierik, M. Porkka, A. Stall, F.  

Jaramillo, H. Dahlmann, C. Singh, P. Greve, P.W. Keys, T. Gleeson, S.E. Cornell, W. 

Steffen, X. Bia, and J. Rockström. 2022. A planetary boundary for green water. Nature 

Reviews Earth & Environment 3, 380-392, https://doi.org/10.1038/s43017-022-00287-8 

Wesselink, A., M. Kooy, and J. Warner. 2017. Socio-hydrology and hydrosocial analysis: toward 

dialogues across disciplines. WIREs Water 4, no. 2: e1196, 

https://doi.org/10.1002/wat2.1196. 

Wijsman, K., and M. Berbés-Blázquez. 2022. What do we mean by justice in sustainability 

pathways? Commitments, dilemmas, and translations from theory to practice in nature-

based solutions. Environmental Science & Policy 136, October: 377–86, 

https://doi.org/10.1016/j.envsci.2022.06.018. 

 17456584, ja, D
ow

nloaded from
 https://ngw

a.onlinelibrary.w
iley.com

/doi/10.1111/gw
at.13305 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

Williamson, M. A., M. W. Schwartz, and M. N. Lubell. 2018. Spatially Explicit Analytical Models 

for Social–Ecological Systems. BioScience 68, no. 11: 885–95, 

https://doi.org/10.1093/biosci/biy094. 

World Commission on Environment and Development. 1987. Our common future. Oxford, UK: 

Oxford University Press. 

Zellner, M. L. 2008. Embracing Complexity and Uncertainty: The Potential of Agent-Based 

Modeling for Environmental Planning and Policy. Planning Theory & Practice 9, no. 4: 

437–57, https://doi.org/10.1080/14649350802481470. 

Zipper, S. C., F. Jaramillo, L. Wang-Erlandsson, S. E. Cornell, T. Gleeson, M. Porkka, T. Häyhä, 

et al. 2020. Integrating the Water Planetary Boundary With Water Management From 

Local to Global Scales. Earth’s Future 8, no. 2: e2019EF001377, 

https://doi.org/10.1029/2019EF001377. 

Zipper, S. C., K. Stack Whitney, J. M. Deines, K. M. Befus, U. Bhatia, S. J. Albers, J. Beecher, 

et al. 2019. Balancing Open Science and Data Privacy in the Water Sciences. Water 

Resources Research 55, no. 7: 5202–11, https://doi.org/10.1029/2019WR025080. 

Zipper, S., I. Popescu, K. Compare, C. Zhang, and E. C. Seybold. 2022. Alternative stable 

states and hydrological regime shifts in a large intermittent river. Environmental 

Research Letters 17, no. 7: 074005, https://doi.org/10.1088/1748-9326/ac7539. 

Zwarteveen, M., M. Kuper, C. Olmos-Herrera, M. Dajani, J. Kemerink-Seyoum, C. Frances, L. 

Beckett, et al. 2021. Transformations to groundwater sustainability: from individuals and 

pumps to communities and aquifers. Current Opinion in Environmental Sustainability 49, 

April: 88–97, https://doi.org/10.1016/j.cosust.2021.03.004. 

 

  

 17456584, ja, D
ow

nloaded from
 https://ngw

a.onlinelibrary.w
iley.com

/doi/10.1111/gw
at.13305 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

List of figure, table, and box captions 

[listed in the order they appear in the text] 

Figure 1. Groundwater groundwater-connected systems as a framing for groundwater 

practice and research. (a) We argue that groundwater investigations and assessments should 

increasingly move from disciplinary pursuits focusing on physical groundwater systems to inter- 

and transdisciplinary collaborations that focus on understanding groundwater interactions and 

functions in larger connected systems. (b) This new framing is enabled by understanding 

groundwater-connected systems as social-ecological systems, which introduces new methods 

or amplifies existing methods for data collection, research, governance and management 

approaches, and education. To support interpretation of this figure, consult the yellow text boxes 

in their numbered order. 

 

Table 1: Summary of terminology used in this paper. 

 

Figure 2: Groundwater-connected systems are social-ecological systems. a) Mapping a 

regional environment’s groundwater-connected systems to elements of the social-ecological 

systems framework (shown in b). b) The social-ecological systems framework, redrawn from 

McGinnis and Ostrom (2014). c) Properties of groundwater-connected systems that reflect how 

these systems behave as complex adaptive systems, with examples from Castilla-Rho et al. 

(2015), Dalin et al. (2017), and Patel et al. (2020). 

 

Box 1: Understanding the interactions and outcomes of ‘dry wells and reduced rural water 

security’ through the framing of groundwater-connected systems. For this example, we use the 

setting of California’s Central Valley and use a narrative approach to weave in multiple 

perspectives, data sources and formats.  
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Figure 3: Spatial, temporal, and social scales of biophysical and social processes of 

groundwater-connected systems. The processes shown are not comprehensive but are 

intended to illustrate the diversity of processes across scales. 

Table 2: Added considerations for groundwater sustainability through the application of the 

groundwater-connected systems framing.  

 

Figure 4: Implications of the groundwater-connected systems framing on data collection, 

scientific investigations, governance and management approaches, and education, training, and 

communication. 
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