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Abstract



This contribution points out that while the importance of hydrologic, geomorphic, ecological, temporal,
and socio-cultural connectivity in the functioning of hydrosystems has been acknowledged in three
dimensions (longitudinal, lateral, and vertical), vertical connectivity has often been overlooked. Drawing
on a multidisciplinary literature review, the authors aim to highlight the socio-cultural connectivity of
subsurface flows and aquifers as a crucial factor for socio-hydrosystem understanding and
management. The piece builds on emergent literature which underscores how groundwater, shallow
groundwater, and the hyporheic zone are coproduced by nature and society through time. Furthermore,
the review explores how verticality has become an important heuristic dimension at the intersection of
the environmental and social sciences, and there has been a particular focus on the hyporheic zone to
look at how notions of interstitiality and (in)visibility can be better integrated with socio-hydrosystem
science and management. Finally, the paper calls for further research to integrate the vertical dimension
of hydrosystems into more comprehensive socio-hydrological frameworks, which remain, at times,
empirically and theoretically weak on questions of social power, even if they do incorporate aspects of
political systems. Especially as societies’ relationships to groundwater may be at the heart of climate
change adaptation strategies, greater consideration of the social connectivity to subflows is a necessary

direction for sustainable water resource management and scholarship.
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Vertical dimension in a socio-hydrosystem Cienega Creek in Southern Arizona,
a groundwater dependent stream (April, 2022)

1. INTRODUCTION



Amid the contemporary conditions of climate change, water conservation and river restoration are two
pillars of the sustainable management of water resources. More recently, they have been reframed as
climate change adaptation strategies, as ways of coping with more frequent extreme events (e.g.,
drought and flood) and the challenge of maintaining healthy water resources in terms of quantity and
quality (Olmstead, 2014; Deligios et al., 2019; Skidmore and Wheaton, 2022). In particular, the broad
objective of water conservation is the reduction in water loss and water use, often via demand-
management; the implementation of such strategies relies therefore on a renewed connection between
water users and the materiality of the water resource they have access to, an access often rendered
invisible by modern infrastructures (Linton, 2010; Kaika, 2014; Boyer et al., 2021). River restoration
depends on human intervention to restore the disrupted connections within the operations of a
hydrosystem (Sneddon et al., 2017; Morandi et al., 2021). Therefore, projects related to river restoration
imply an assessment of the hydrologic, geomorphic, and ecological connectivity allowing the transfer
of water, matter, solutes, and organisms among the various components of a hydrosystem,
encompassing longitudinal, transversal, and vertical dimensions (Petts and Amoros, 1996; Kondolf et
al., 2006; Wohl, 2017; Thorel et al., 2022).

Over time, the literature on river restoration has expanded its focus to include two additional dimensions
in the exploration of connectivity within hydrosystems: the temporal dimension (Amoros et al., 1987,
Ward, 1989; Eschbach et al., 2018; Arnaud et al., 2021) and more recently the socio-cultural one
(Kondolf et Pinto, 2017; Wolfle-Erskine, 2017; Boyer et al., 2018; Pradilla et al., 2021; Wantzen, 2022).
Cultural and territorial attachment, along with the inclusion of local political dynamics are both
acknowledged as central components in the implementation of water conservation and river restoration
projects. In response, the expanding fields of socio-hydrology within the environmental sciences (Pande
and Sivapalan, 2016; Di Baldassarre et al., 2019), and the theory of the hydrosocial cycle in social
sciences (Swyngedouw, 2009; Linton and Budds, 2014) propose to analyze the set of water resources,
actors, and infrastructures that form socio-hydrosystems. These fields also explore various strategies
for their effective management. However, while the literature emphasizes the significance of social
aspects in every facet of the socio-hydrosystem, it has made relatively little comment on vertical
connectivity. In most cases, this notion is limited to concerns related to access down to the riverbanks,
primarily within urban settings, and focuses on in-stream activities (Kondolf et Pinto, 2017; Kondolf et

al., 2018).



Currently, there is a growing consensus and increasing calls to enhance the understanding of the
interplay between underground water and the surface water cycle in various ways (UN WWDR, 2022).
Substantial literature exists on the interaction between surface water and groundwater, aiming to
advance the comprehension of feedback between subsurface water and the global climate (Winter et
al., 1998; Sophocleous, 2002; Lopez-Vera, 2012; Alley et al., 2016; Conant et al., 2019; Amanambu et
al., 2020). This comprehensive framework includes a focus on the interstitial flows of the hyporheic
zone. The hyporheic zone refers to the area of sediment and porous space beneath and alongside a
stream bed where shallow groundwater and surface water mix (White, 1993; Conant et al., 2019; Wélfle-
Hazard, 2022). Given the growing recognition of the role of groundwater in the socio-hydrological cycle,
this paper argues for more explicit integration of research and practice applications within socio-
hydrosystems by building upon and assessing the scholarship regarding vertical dimensions. Drawing
upon a multidisciplinary analysis of reviewed literature, we put into perspective research from a wide
array of disciplines in the environmental sciences (hydrology, hydrogeology, ecology, geomorphology,
biogeochemistry) and social sciences (anthropology, sociology, and human geography). This approach
aims to highlight the socio-cultural connectivity of subsurface flows and aquifers as a crucial factor in

socio-hydrosystem understanding and management.

The article begins by exploring how verticality has become an important heuristic dimension of the
environmental and social sciences. The second segment of the paper digs deeper into how the
interaction between groundwater and the Earth’s surface is being regarded by multiple social and
environmental science literatures. In so doing, we point out new directions that research in the
environmental sciences could take, that is, towards a better integration of ethnographic studies in
particular, to question the modalities of everyday life in a world of less water. Finally, the third section
focuses on the hyporheic zone to look at how notions of interstitiality — between spaces — and invisibility
— what is not known or actively considered — can be better integrated with socio-hydrosystem science

and management, and theorized, rather than utilized as purely descriptive terms.

2. THINKING VERTICALITY: WHY IT MATTERS IN SOCIO-HYDROSYSTEM

STUDIES



2.1 The importance of vertical connectivity for the sustainability of groundwater-
dependent ecosystems

For hydrologic, geomorphic, and ecological studies looking at hydrosystems, the vertical dimensions
refer to the two-way exchanges between the surface of the Earth and the water located in the
underground. In a river system, such processes happen through surface water infiltration into the alluvial
aquifer or exfiltration of phreatic water from the hillslopes aquifer to supply streams and other floodplain
water bodies (Petts and Amoros, 1996; Amoros and Bornette, 2002; Kondolf et al., 2006). Exchanges
between a stream and groundwater maintain river base flow, which is crucial for aquatic and riparian
ecosystems (Piégay et al., 2000; Gooseff, 2010; Covino, 2017), to the point that many rivers are
classified as groundwater-dependent ecosystems (Boulton and Hancock, 2006). Indeed, groundwater-
dependent ecosystems require the input of groundwater to maintain their current composition and
functioning (Murray et al., 2003; Klgve et al., 2011; Goodrich et al., 2018; Erostate et al., 2020). For
instance, the distribution of vegetation in the alluvial plain is based on the length of the plant species’
root system, a feature dependent on the distance between the surface of the soil and the water table’s
levels. On that matter, shallow groundwater is of ecological importance. Located at the contact between
surface water and groundwater (White, 1993; Boulton, 2007), the interstitial flows of the hyporheic zone
allow a mosaic of habitats and refuges for fish and macro-invertebrates (Dole-Olivier et al., 2022), and
contributes to sustaining vegetation on the surface, especially during dry seasons in dry climates or
perennially in arid regions (Stanford and Ward, 1993; Datry et al., 2014; Gill et al., 2022).

In the last ten years, research on vertical exchanges — upwelling and downwelling exchanges with
groundwater or surface water-groundwater interactions — has multiplied. In so doing, this work has
begun to highlight the importance of vertical connectivity for river ecosystem sustainability and water
quality (Wohl, 2017; USGS, 2023). Even though these forms of vertical connectivity are less readily
apparent in rivers (Gooseff et al., 2017), they can be affected by human action, notably by the lowering
of water tables through groundwater withdrawals, by the impermeabilization of the riverbed through
deposition of fine sediments or lining the bed with concrete, and by the spread of contaminants from
groundwater to surface water and reciprocally (Hancock, 2002; Brunke et al., 2003; Kondolf et al., 2006)
(Figure 1). The importance of vertical connectivity is further exacerbated in regions suffering from water
stress, where surface water can be temporally or chronically unavailable, and where societies and

ecosystems’ freshwater supply relies on aquifers (Goodrich et al., 2018; Erostate et al., 2020).
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Figure 1: Vertical dimension in a socio-hydrosystem: vertical exchanges
(upwelling and downwelling exchanges with groundwater or surface water-
groundwater interaction) highlight the importance of vertical connectivity for
river ecosystem sustainability and water quality. They can be affected by
human action, notably by the lowering of water tables through groundwater
withdrawals, and by the spread of contaminants from groundwater to surface
water and reciprocally.

2.2. Verticality and the social sciences of water

More and more studies are emphasizing the importance of underground spaces as sites of
multidisciplinary investigations (Melo-Zurita et al., 2018; Powis, 2021). In social sciences, the
subsurface is not new to scholars studying access to underground resources, mining activities, and
extractivism and how they reflect issues of governance and socio-environmental harm and injustices
(Nash, 1993; Braun, 2000; Keeling and Sandlos, 2009; Bebbington, 2012; Le Gouill and Poupeau,
2020). Urban political ecologists, looking at subterranean infrastructures and resources, have also
proposed a dynamic approach to the interactions between the subsurface and the ground, as the
underground works as a sphere of intense circulation of materials, water, sewerage, and waste but also
people (Gandy, 2004; Swyngedouw, 2006; Gille and Lepawsky, 2022).

More recently, some geographers have even argued for “a vertical turn” in social sciences (Graham,
2016) which would lead to considering territories “in 3D” (Bridge, 2013), to not only analyze territories
as bordered and divided horizontal spaces but also in terms of height and depth (Elden, 2013). As these

scholars wish to go beyond the heritage of two-dimensional maps, they propose to set a multi-



dimensional agenda for understanding and researching interrelations between people, places, and the
environment, notably through a shift towards what they call “volumetric thinking”. “Volumetric thinking”
articulates notions of horizontality and verticality and integrates variables of depth, height, and distance
(Elden, 2013; Steinberg and Peters, 2015; Pérez and Zurita, 2020). Moreover, scholars have worked
through this notion of verticality to underscore how it is not only a dimension of space, but a dimension
of power. Such an interpretation has mainly been developed in the fields of geopolitics (e.qg., rivalries,
conflicts, and wars led through satellites, air-space weapons, or underground tunnels) (Graham, 2004;
Massé, 2018; Veal, 2021) and urban studies (e.g., urban surveillance, high-rise living, sewers network,
transportation corridors). Both have taken up this proposal to account for verticality as both an empirical
and analytical phenomenon (Adey, 2010; Harris, 2015; Garrett et al., 2020; Connor and McNeill, 2022).
Analyses of socio-hydrosystems, and especially of groundwater-dependent socio-ecological systems
are more and more involving consideration of “volumetric thinking” as scholars face a specific challenge
in thinking of society and groundwater together (Perez, 2015; Mannix et al., 2022), i.e., groundwater
depletion and contamination reveals consequences on the surface, such as land subsidence, irrigation
and drinking water supply issues, social conflicts, and land use transformations (Konikow and Kendy,
2005; Bierkens and Wada, 2019). Groundwater, and the associated hyporheic zone, are “a thick and
complex three-dimensional environment” (Powis, 2021:93) where water and ground are intimately
intertwined depending on the distance to the surface, and the degree of water saturation of the aquifer.
As interests in conserving and restoring the underground flows and their interactions with the surface
have strengthened (Boulton, 2007; Melo-Zurita et al., 2018; Wantzen, 2022), verticality thus comes to
matter in the process of making sense of these interrelations between surface and subsurface by
articulating with existing hydrologic, geomorphic, and ecologic analyses, but also with current modes of

governing and policing resources and people.

3. THE SOCIAL CONNECTIVITY OF SUBSURFACE FLOWS

3.1 Groundwater depletion: the verticality of a socio-hydrological issue

Socio-hydrosystems took on a vertical dimension at the end of the 19th century, with scientific and
technological progress making possible the construction of deep wells and the beginning of drilling for
water at an industrial scale. Today, groundwater accounts for 40% of irrigation worldwide and 50% of

drinking water (Walsh, 2022). At the same time, groundwater managers are facing challenges such as



decreasing recharge rates, salinization, overexploitation, and overall depletion (Bierkens and Wada,
2019; Moeck et al., 2020).

Groundwater is frequently conceptualized as an abstract form of H20, a “modern” resource that is
monitored and made accessible through scientific modeling and advanced technologies (Linton, 2010).
Groundwaters are heterogenous, and also ubiquitous due to their extensive distribution (Vogt and
Walsh, 2021), “both on top of and within the earth with varying degrees of connectivity that depends on
geology [e.g., shallow aquifer, deep aquifer, fossil aquifer, etc.] and human action [e.g., withdrawals]’
(Walsh, 2022:2). Recent work on groundwater has insisted on human practices and the cultural
relations to groundwater and aquifers (Hastrup, 2013; Ballestero, 2019; Walsh, 2022). Framed as a
commaodity that can be banked or spent, groundwater also possesses deep cultural significance tied to
its historical importance as a major water source in many parts of the world. For instance, C. Walsh
(2022) points out how modern deep groundwater exploitation has contributed to dispossession
processes and the disappearance of traditional agroecology practices. This impact is particularly
obvious in arid regions where farmers traditionally accessed water from shallow wells just beneath the
surface (Yannopoulos et al., 2015; Birkenholtz, 2015). For their part, critical physical geographers and
sociologists have shown the repercussions of groundwater contamination, particularly in the context of
hydraulic fracking for natural gas extraction. These occurrences result in various forms of dispossession
within the affected communities, which experience the loss of their access to water. In such a scenario,
now increasingly common, the subsurface has come to represent a space of politics and capitalist

resource enclosure for use by fracking companies (Lave and Lutz, 2014; O’Neill and Schneider, 2021).

3.2. Towards a political ecology of everyday life in a world of less (ground)water

As the extraction of groundwater and the regulation of its use in many parts of the world have been
found to present a series of socio-ecological problems, scholars have mostly focused on management
and governance issues, thus framing groundwater as a commons resource and discussing the modality
of its sustainable use (Ostrom, 1965; Blomquist, 1992; Ostrom et al., 1999; Eden et al., 2016;
Zwarteveen et al., 2017). Increasingly, we observed that in such commons governance analyses (e.g.,
governance tradeoffs, polycentric governance, earth system governance, etc.), the concept of
connectivity is popular. Overwhelmingly, the aim of this notion is to step beyond typical social network

analysis models of connected nodes though, to then make it possible to explore a more expansive



theoretical orientation to link actors, issues, and sectors at different scales toward realizing effective
and cross-level policy solutions for complex environmental problems (Brondizio et al., 2009; Ingold et
al., 2019).

For political ecologists, a critical approach to the governance of underground water is much needed to
shed light on the upholding of groundwater commodification, overexploitation, contamination, and
eventually depletion (Babidge, 2018; Bessire, 2019; Walsh, 2022), thus forging a stronger link to the
traditions of eco-marxism, eco-socialism, and critiques of political economy. At the same time though,
the body of work developed by critical political ecologists on the surface/subsurface issue is not as
dense as the one dealing with large water infrastructures (i.e., dams; reservoirs; water in the city),
uneven development, and dispossession issues (Swyngedouw, 2014). However, this gap in the
literature highlights how the exploitation of underground water exacerbates previously existing social
inequalities (Budds, 2013; Babidge, 2018) and needs further development.

Additionally, especially in the political ecology work, we observe a predominance of case studies
mobilizing an ethnographic, or at least qualitative approach to question the modalities of everyday life
in a world of less water. Showing how groundwater access and exploitation are tied to complex and
often loose rights systems at different levels, authors in this area explore how water access, (in)formal
settlement, and citizenship are produced together through local and everyday dynamics around
groundwater (Anand, 2017; Akpabio and Udom, 2018; Miiller and Boutié, 2022; Dominguez-Guzman
et al., 2023). On the other hand, they also demonstrate how groundwater policies can be dictated by
political agendas that disregard ecological reality, and reflect a vertical dimension of power, notably
towards small farmers in the Global South (Mukherji, 2006; Birkenholtz, 2008; Medrano-Pérez et al.,
2022). With this clear focus on power, the political ecology of groundwater interrogates who has (or
does not have) access to the aquifer (through knowledge, technologies, and infrastructures, i.e., wells),
who controls this water, and how. A prime example of this is how E.M. Akpabio and E.S. Udom (2018)
propose to consider a “groundwater scape” — groundwater and society do not exist separately. Here
they build on references to the concept of “waterscapes”, which is increasingly used in political
ecologies of water, and integrates spatial and temporal processes in the study of the coproduction of
social and natural orders (Karpouzoglou and Vij, 2017; Flaminio et al., 2022).

In particular, feminist researchers have taken this perspective further by stressing the key role of

infrastructure and technology in the production of uneven (ground-)waterscapes which brings a focus



on the household and bodily scales (Sultana, 2013; Truelove, 2019). For instance, in her work on small
farming communities in Northern Mexico, S. Buechler (2015) shows how lowering groundwater tables
are affecting the riparian vegetation where women cheesemakers’ cows graze: fields along the river
have been abandoned and women are then forced to move to other, less known, and therefore, more
risky areas. At the same time, some corners of the literature, especially working from an applied
standpoint, discuss that while groundwater exploitation and deep drilling have contributed to
dispossession and agroecological change, a sustainable groundwater development, involving place-
based and participatory tools, could alleviate poverty and disadvantage (Megdal et al., 2017; World

Bank, 2023).

4. RECLAIMING THE HYPORHEIC ZONE FOR A HOLISTIC APPROACH TO

SOCIO-HYDROSYSTEMS

4.1. The hyporheic zone: a complex variable

4.1.1. A range of definitions derived from multi-disciplinary research

Authors of reviews on the hyporheic zone note that its definitions vary amongst disciplines in the
environmental sciences. Overall, the hyporheic zone corresponds to the transitional area where shallow
groundwater and surface water mix, composed of sediment and porous space beneath and alongside
a stream bed (Gooseff, 2010). Literature on surface water and groundwater interactions includes a
specific interest to the hydrogeological exchanges located in the hyporheic zone (Sophocleous, 2002;
Conant et al., 2019). Multi-disciplinary research in ecology, hydrology, and biogeochemistry analyzes
the hyporheic zone from a variety of perspectives based on different spatial and temporal scales of
investigation, from individual geomorphological units (e.g., riffle-pools) or reaches, to whole river basins
(White, 1993; Cardenas, 2009; Krause et al., 2011). At the reach scale, exchanges of hyporheic water
are related to the channel bedform, sediment permeability and particle size (Boano et al., 2007,
Teitelbaum et al., 2021). At larger scales, hyporheic water flows may be influenced by floodplain width,
depth of bedrock, and aquifer properties (Kondolf et al., 2006): “hyporheic hydrology may therefore be
highly dynamic, reflecting the relative balance of hyporheic exchange driven by local bedforms and the

extent of groundwater discharge/recharge at a larger scale” (Krause et al., 2011:483). More generally,



the concept of a hyporheic corridor (Stanford and Ward, 1993) envisages a subsurface continuum that
varies along a river. The hyporheic corridor is connected vertically to the streambed but also has a
lateral component connecting riparian zones and floodplain water bodies including side channels,
floods, and groundwater. These lateral interactions are at the origin of a diversity of landscape features,
each depending on their connection to the dynamic of exchanges between surface and subsurface

waters.

4.1.2. Revealing the unseen: an emphasis on the hyporheic zone

There has been a growing interest in the hyporheic zone, the interface between aquifer and river, as an
important connecting ecotone, unique habitat, and refuge for invertebrates and fish during times of
disturbance such as high flows (i.e., flooding) or low flows (i.e., drought) (Stanford and Ward, 1993;
Brunke et al., 2003; Datry et al., 2014; Gill et al., 2022). With climate change increasing river
temperatures beyond the tolerance of certain species (e.g., salmonids), scientists and managers are
notably assessing subsurface waters and their cooling ability (Acufia and Tockner, 2009; U.S. EPA,
2015; Wolfle-Erskine, 2017). The hyporheic zone also works as an area of biogeochemical cycling of
nutrients and contaminants (Boulton et al., 2010). Indeed, a well-functioning hyporheic zone also plays
arole in improving water quality. Thus, hyporheic water exchanges include a wide range of ecosystem
services (Hester and Gooseff, 2010).

Today, hydrological modeling allows to predict stream flows by integrating both groundwater and
surface water. However, incorporating the hyporheic zone still adds more complexity, and hyporheic
linkages continue to be left outside an integrative understanding of river dynamics as modified by human
activities (Hancock, 2002; Krause et al., 2011; Lewandoski et al., 2019) and the restoration projects that

are associated with it (Boulton, 2007; Kasahara and Hill, 2008; Mendoza-Lera and Datry, 2017).

4.2. Politics and culture of interstitial flows

4.2.1. The challenge of bifurcated water policies

In his paper calling for the hyporheic rehabilitation in rivers, ecologist A.J. Boulton (2007:643) already
noted: “public interest and incentives to rehabilitate the hyporheic zone may come from social

recognition”. Although environmental studies on how hyporheic flows affect fluvial ecosystems go back



to the early 1990s (Ward, 1993), only in the last few years has water policy and management begun to
respond to these scientific results (Woélfle-Hazard, 2022; USGS, 2023). One of the main obstacles to
the social recognition of the hyporheic zone, or more generally of any vertical dimension associated
with surface water, is water law. This has been a prominent issue in the literatures emanating from
North America, Australia and Europe. Take, for instance, the case of the Western United States, where
a majority of streams are groundwater-dependent and temporary. In California, Arizona, Idaho, and
Wyoming, groundwater laws and surface water laws are widely known to be disconnected (USGS,
1998). In California, legislation regulating surface water in streams dates back to 1914, while the
Sustainable Groundwater Management Act was passed in 2014 (Miller and Boutié, 2022). A similar
situation continues to play out in Arizona, where until 1980 and the Groundwater Management Act,
landowners were free to pump as much groundwater as they wanted, providing the water was applied
to beneficial use, with little interest in the consequences on the surface (i.e., land subsidence) (Glennon,
2007; Losi, 2012). Such a phenomenon is due to the heritage of early policies made with little
hydrological understanding of underflows and their connections to the surface, in a context of extractive
and predatory relationships to natural resources set up by American white settlers (Woélfle-Hazard,
2022). Also, as J. Gelt (1994) puts it while analyzing the Arizona groundwater situation: “a belief in
surface water here and groundwater there simplifies the making of laws and policies.” Those few cases
located in North America show the importance of understanding the vertical dimension of water
governance, in terms of power relations and how they interplay in the five-dimensions of the socio-
hydrological cycle. More recently, the implementation of comprehensive stakeholders’ engagement and
public participation in groundwater governance have been considered effective tools to amend
bifurcated water policies (Megdal et al., 2017; Varady et al., 2016; Zwarteveen et al., 2021; Mannix et

al., 2022).

4.2.2 The social recognition of the hyporheic zone

The separation between ground- and surface water in policies has influenced how groundwater users
see their pumping activities, as disconnected from any effect on stream flow (Megdal, 2018; Wdlfle-
Hazard, 2022). Moreover, a significant obstacle hindering the limited acknowledgment of the effects of
groundwater withdrawals is the time lag between the actual impacts of pumping on streamflow, and

information gaps about its long-term repercussions (Williams et al., 2022). During fieldwork, often in



collaboration with watershed organizations, researchers have observed that social recognition of the
exchange between surface and subsurface is often rooted in the profound sense of loss — or the
opposite notion of resurrection — triggered by the disappearance or reappearance of specific fish
species or riparian trees. These transformations are readily visible to those intimately acquainted with
the river, as highlighted in previous studies (Cunsolo and Landman, 2017; Wélfle-Eskrine et al., 2017;
Eppehimer et al., 2021). In places where cultures, livelihoods, and landscapes are undergoing
significant transformation or even eradication due to groundwater depletion and contamination
(Konikow and Kendy, 2005; Bierkens and Wada, 2019; Bessire, 2022), studies focusing on intermittent
streams affected by lowering water tables have shown that drying is often associated with cultural
constructs surrounding death; both of beloved environments, but also of the associated aquatic and
riparian ecosystems (Webb et al., 2014; Cottet et al., 2023). Thus, another factor of social recognition
for the hyporheic zone, and the importance of shallow groundwater, is the presence of healthy riparian
forests (Stromberg et al., 2005; Logan, 2006; Webb et al., 2014; Goodrich et al., 2018), whose cooling

functions during increasing heat waves have been recognized (Figure 2a and b).

Figure 2a. The riparian forest of the Cienega Creek, Las Cienegas National Figure 2b. Cienega Creek at Empire Ranch, Arizona: one of the last remaining
Conservation Area, Arizona. perennial creeks of the region.

q

River restoration, with a focus on gr levels ¢ Ily allows riparian (here, ds, willow, and mesquite trees) to
thrive again. In Southern Arizona, this ribbon of green can provide wildlife refuges, and important recreation areas.

Recent research has implemented participatory social surveys (Turner and Richter, 2011; Zuniga-Teran
et al., 2022) where citizens get to map dry and wet sections of their local streams. These “dry and wet
surveys” are parts of a set of initiatives made to recover the loss of socio-cultural connectivity to the
rhythm of rivers (Jackson et al., 2022; Wantzen, 2022). Indeed, citizens can play a major role in helping
scientists to understand drying river networks, by reporting drying events in rivers and streams. For

example, the EU-funded DRYRIVERS app launched in 2021 is an open-source smartphone application




to monitor drying events in river networks. The collected data will improve scientific predictions of the
future impacts of climate change in these ecosystems. Moreover, the goal of DRYRIVERS is to raise
awareness of the importance of drying events in river networks (Datry et al., 2021).

K. Wantzen et al. (2016; Wantzen, 2022) highlight with the concept of River Culture that proper
stewardship of hydrosystems could come from the gradual reintegration of more river rhythms into
human life, quite close to the slow living movement increasingly popular in North America and Western
Europe, with its rejection of high-tech, engineered, fast paced lives (Botta, 2016). Following this
perspective, authors also include underflows, in that even the invisible waters swing in rhythm. In his
recent book, C. Wolfle-Hazard (2022) proposes to build a whole new theory for the socio-ecological
study of hydrosystems that would pay special attention on interstitial zones and invisible components
of the socio-hydrosystems, notably the hyporheic zone and underrepresented populations (e.g., low-
income communities, minorities and Indigenous People). He argues for the development of a social
connection to the hyporheic zone. Indeed, materializing waterscapes with a focus on the interface
between groundwater and surface water is a way to disrupt the loose regulation of extractive exploitation
of streams and groundwater, and more generally the “settler colonialism’s everyday logic” (Wolfle-
Hazard, 2022:7) and the paradigm of capitalist resource extraction, which, during the twentieth century,
led to the neglect of groundwater flows. This approach depends on a more comprehensive integration
of unconventional methods and traditional knowledge, such as Indigenous science and vernacular
observations. It also involves addressing environmental justice issues and conducting research related
to health and livelihoods (Schmidt, 2023). The goal is to foster more equitable interactions within the
socio-hydrosystem, with particular attention to the needs of fragile and often overlooked environments
and communities.

By centering on the hyporheic zone, which serve as a socio-hydrological object that prompts
investigations regarding interstices, transitions, refuges and safe havens, and invisibility (both for
ecological components and human actors), this approach works as a compelling call for a more holistic

approach to socio-hydrosystem health.

5. CONCLUSION



This review aimed to assess and better articulate the socio-cultural connectivity of subsurface flows and
aquifers as a crucial factor in socio-hydrosystems, especially in contexts of water management under
the conditions of climate change. Drawing upon works from multiple disciplinary traditions regarding the
vertical dimension of socio-hydrological systems, two key areas emerge that could guide future
research focusing on the interactions between the surface and the underground. The first one is
conceptual and implies paying special attention to the verticality of social and political power, and to
relationships of domination that render certain components of the socio-hydrosystem (in)visible, from
an ecological perspective (e.g., the hyporheic zone) and a social perspective (e.g., marginalized and
underrepresented populations). In line with the approach suggested by C. Wélfle-Hazard (2022), who
uses the hyporheic zone as a metaphor for the directions river restoration research should take, it is
clear that it is now crucial for research to articulate not only all levels of the vertical functioning of socio-
hydrosystems but also to engage in a broader critical analysis that questions the dynamics of visibility
and invisibility. This issue of visibility is to be understood as lying at the intersection of relations of
perceptions and relations of power. Emerging research trends would thus include data availability and
accessibility, social visibility of ecological data, and access to decision-making by marginalized groups,
just to name a few.

The second avenue of work that emerges from these reflections is a methodological one that
corresponds to the better integration of qualitative work, and even ethnographic approaches into the
study of socio-hydrosystems. Indeed, the underlying question to be operationalized has become: what
does it mean to live and be in the time and space of threatened landscapes where the
surface/subsurface relationship becomes a problematic, even politicized issue? Ethnography
specifically enables the highlighting of local practices and knowledge, and the existence of “smaller”
stories, notably through cultural and emotional attachment to livelihoods and landscapes dependent on
subsurface flows. This would allow the community of scholars of the surface/subsurface nexus to bridge
abstracted groundwater science as it presently exists in more conventional hydrology with that of lived

(or experienced) socio-cultural contexts. Thus, future research could turn away from the increasingly
dominant “decision-support” science, the ultimate effect of which has been to place ethnographers in a
dominated, subservient role to the “hard” sciences. This form of interdisciplinarity can further help formulate

an integrative method to trace the linkages and reveal (dis)similarities in what happens to socio-

hydrosystems and water resources across times, spaces, and places. Given that societies’ relationships



to groundwater may be at the heart of climate change adaptation strategies, better consideration of the
social connectivity to subflows is a necessary direction for sustainable water resource management

generally.
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