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Abstract

The burgeoning field of socio-hydrology aims to understand the dynamics of coupled human-water systems in order to inform
sustainable water management. However, socio-hydrological methods have traditionally relied on the quantification of qual-
itative social data, which runs into significant epistemological challenges between the positivist paradigm of hydrology and
the interpretivist paradigm of much of social science. This article builds on recent literature that advocates for a pluralistic
approach, retaining the methodological and epistemological differences inherent to social sciences and hydrology, and thereby
revealing a more complete understanding of situated human-water relationships. In this vein, we propose rapid ethnography
as a tool to complement hydrological modeling. We demonstrate the utility of this technique with a case study on hydrological
entanglements of rural livelihoods in Andes, Antioquia, Colombia—a region dominated by agriculture, but with the presence of
artisanal and small-scale gold mining (ASGM). Our ethnographic study builds on previous hydrological models and quantitative
social studies of the region by exploring a myriad of local risk perceptions of hydrological systems, in particular, 1) climate
change, 2) water contamination, and 3) hydrological erosion and landslides. We explore how these risk perceptions informed
livelihood decisions that paradoxically threatened the very hydrological resources that the livelihoods depended on; yet, this
cycle was difficult to interrupt given prevailing economic and political constraints. Ultimately, we seek to advocate for pluralistic
approaches in socio-hydrology to help understand complex human-water relationships and ultimately identify critical points of

intervention for sustainable water resource management, model-based or otherwise.
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Key Points:

o Established social science tools can help socio-hydrologists better charac-
terize complex human-water systems.

o Rapid ethnography illuminated the main threats to water resources in a
site reliant on agriculture and small-scale mining.

e Hydrological risk perceptions influenced livelihood decisions that, in turn,
threatened water resource sustainability.

Abstract

The burgeoning field of socio-hydrology aims to understand the dynamics of
coupled human—water systems in order to inform sustainable water manage-
ment. However, socio-hydrological methods have traditionally relied on the
quantification of qualitative social data, which runs into significant epistemolog-
ical challenges between the positivist paradigm of hydrology and the interpre-
tivist paradigm of much of social science. This article builds on recent literature
that advocates for a pluralistic approach, retaining the methodological and epis-
temological differences inherent to social sciences and hydrology, and thereby
revealing a more complete understanding of situated human-water relationships.
In this vein, we propose rapid ethnography as a tool to complement hydrological
modeling. We demonstrate the utility of this technique with a case study on hy-
drological entanglements of rural livelihoods in Andes, Antioquia, Colombia—a
region dominated by agriculture, but with the presence of artisanal and small-
scale gold mining (ASGM). Our ethnographic study builds on previous hydro-
logical models and quantitative social studies of the region by exploring a myr-
iad of local risk perceptions of hydrological systems, in particular, 1) climate
change, 2) water contamination, and 3) hydrological erosion and landslides. We
explore how these risk perceptions informed livelihood decisions that paradoxi-
cally threatened the very hydrological resources that the livelihoods depended
on; yet, this cycle was difficult to interrupt given prevailing economic and po-
litical constraints. Ultimately, we seek to advocate for pluralistic approaches
in socio-hydrology to help understand complex human-water relationships and
ultimately identify critical points of intervention for sustainable water resource
management, model-based or otherwise.

Plain Language Summary



The field of socio-hydrology recognizes that water systems cannot be understood
properly without simultaneously understanding the ways they impact, and are
impacted by, human society. However, the tools and philosophies developed to
study hydrological systems often fall short when it comes to understanding social
systems. Recent advances have advocated drawing upon techniques from quali-
tative social sciences that are often better suited to characterizing the complex
ways that humans behave. However, tensions between qualitative social science
research and quantitative hydrological research need to be acknowledged in or-
der to create robust pluralistic socio-hydrological studies. This study proposes
rapid ethnography as a helpful tool for socio-hydrology and demonstrates the
effectiveness of this approach with a case study on the hydrological risks facing
farming/mining communities in rural Colombia. Through rapid ethnography,
we identified how human perceptions of hydrological risk were informing deci-
sions and actions that in turn amplified these risks. This approach ultimately
allowed us to identify key points of intervention for water resource sustainability.

1 Introduction

In the age of the Anthropocene, human activity is recognized as the greatest
driver of environmental change. Natural science fields are increasingly consider-
ing social factors as integral drivers of environmental systems. From this line of
thought the field of socio-hydrology (Sivapalan et al., 2012) has emerged, which
aims to “endogenize human agency” (Pande & Sivapalan, 2017, p. 9) in hydro-
logical models for improved predictive capability and informed sustainable water
management. This is often done by integrating hydrological and social data to
form generalizable hypotheses about human-water interactions over temporal
and spatial scales (Rusca & Di Baldassarre, 2019). Take, for example, the ap-
proximation of human migration using Fick’s Law of Diffusion, “i.e., migration
flux is proportional to the negative gradient of unemployment” (Di Baldassarre
et al., 2019, p. 6337), which helps predict changing water demand. The “com-
munity sensitivity” theory (Elshafei et al., 2014, p. 2141) quantifies “a commu-
nity’s social and environmental values” (p. 2145) to predict the anthropogenic
degradation of water resources. Though theories such as these have advanced
our understanding of coupled human-water systems, other critical data for un-
derstanding human-water interactions are not amenable to quantitative models,
necessitating new ways of thinking about socio-hydrological integration.

Practically speaking, there is a paucity of social data that is compatible with
the resolution and spatial/temporal scales of most hydrological data. More-
over, social scientists and socio-hydrologists alike recognize the limits of using
homogenizing social hypotheses (Lane, 2014; Massuel et al., 2018; Wesselink et
al., 2017) to model human behavior, which can be irrational and not conform
with predictions (Sivapalan & Bloschl, 2015). The quantification of complex
social data “raise[s] numerous concerns, such as limited representativeness and
their unavoidable inability to describe the heterogeneity of human society” Di
Baldassarre et al. (2019) (p. 6344). Too narrow of a focus on quantifiable
human behavior may cause socio-hydrologists to overlook the more interesting,



qualitative ways that people depend on, utilize, modify, make decisions about,
and respond to changes in hydrological systems. These ongoing theoretical dis-
cussions on the fundamental epistemological differences between hydrology and
qualitative social sciences (Savelli et al., 2022; Wesselink et al., 2017) have given
rise to pluralistic “negotiated approach[es]” (Massuel et al., 2018, p. 2510) that
allow different disciplines to investigate human-water systems with their own
methods, analyses, and epistemologies (Di Baldassarre et al., 2021; Rusca & Di
Baldassarre, 2019). In other words, hydrological models and qualitative analysis
can serve as discrete pieces of a larger understanding of human-water relation-
ships. “Between infinite complexity on the one hand and extreme simplification
on the other, there is an intermediate area in which it is possible to produce
models that are both sufficiently simple and robust to represent reality with a
degree of reliability and scientifically and/or operationally ‘useful’” (Rusca &
Di Baldassarre, 2019, p. 2515).

To build on previous work advocating for pluralistic methodologies in socio-
hydrology, we propose the Rapid Assessment Procedure (RAP) framework from
anthropology as a complement to hydrological models. And in response to calls
for more empirical studies that “cross the natural-social science divide” (Rusca
& Di Baldassarre, 2019, p. 2) we support our argument through a case study
on a rural Colombian community that is highly dependent on hydrological re-
sources for agro-mining livelihoods. The objectives of this study were two-fold:
1) contribute to the larger discussion on how socio-hydrologists can better under-
stand intertwined socio-hydrological systems by drawing from established social
science frameworks, and 2) ground our theoretical arguments with a case study
in which we applied an anthropological RAP technique. Our research questions
were: 1) what barriers and opportunities exist for integrating transdisciplinary,
qualitative tools in socio-hydrological studies? 2) What can the application of
RAP reveal about coupled human-water systems in our study site? And 3) how
can these qualitative findings complement traditional modeling approaches?

The following section explores the ongoing challenges and successes around trans-
disciplinary integration of social science and hydrological fields. We then outline
the anthropological RAP methods used in our own pluralistic approach, followed
by a socio-hydrological description of the study site. Next, the ethnographic find-
ings section from our case study highlights key aspects of human-water systems
in Andes, principally: community members’ risk perceptions around water re-
sources and livelihood activities, and a resulting paradox regarding risk-based
livelihood decisions and water resource sustainability. The final discussion &
conclusion section summarizes our argument for the adoption of pluralistic, so-
cial science-based approaches to socio-hydrology, and distills the insights we
gained through ethnography that were concealed by purely quantitative method-
ologies.

2 Pluralistic Approaches to Socio-Hydrology

All research is grounded in a particular epistemological framework, whether it
is explicitly recognized or not. Given that natural and social sciences often



adhere to distinct epistemological frameworks, socio-hydrology could benefit
from considering epistemologies that have evolved to understand social systems,
not just hydrological ones. Socio-hydrology, like most natural science fields, is
largely based on a positivist paradigm (Savelli et al., 2022) in which the scien-
tific method and empirical research are used to generate “objective” data that
can explain, predict, and generalize the behavior of natural (and in this case,
social) systems. A positivist mindset is often accompanied by a “reductionist”
perspective (Riley, 2005) that conceptualizes complex systems as functions of
their foundational parts. For example, human decisions about whether to raise
or lower the level of a reservoir have been modeled as direct functions of ratio-
nal revenue maximization (Giudici et al., 2021). Positivism has facilitated the
advancement of natural science fields for hundreds of years. Moreover, certain
social sciences like psychology and economics can also be based on positivist
epistemologies.

On the other hand, other valuable social science research is based on an in-
terpretivist epistemology. An interpretivist perspective posits that there is no
innate and singular truth about reality to be discovered and modeled through
the scientific method; rather, truths are partial, multiple, and situated. For
interpretivists, “knowledge about social life (or any other knowledge about any-
thing, for that matter) involves understanding the meaning that interaction has
for the participants, and realizing that any analysis of society is made from some
standpoint or perspective” (Warren & Karner, 2009, p. 4). Interpretivists also
rely on empirical data, but of a qualitative nature. This data often describes the
different ways that people experience and make meaning of the world, for ex-
ample, by investigating the multiple ontologies of water held by diverse actors,
such as indigenous agriculturalists and mining company engineers (Li, 2015).
Since context is paramount, strict interpretivists would argue against quanti-
fying social data for integration with a model or extrapolation across distinct
times and locations, because people in different contexts will think and behave
in different ways.

The positivist bias of socio-hydrology also contributes to critiques of the field as
“hydrocentric” (Massuel et al., 2018, p. 2510), leading to calls for more symmet-
rical integration of social and hydrological theory (Lane, 2014; Massuel et al.,
2018; Rusca & Di Baldassarre, 2019; Wesselink et al., 2017). A recent review
of socio-hydrological literature found that “quantitative approaches were used
more often (65.9%) in comparison to mixed (22.7%) and qualitative (11.4%)
approaches; monodisciplinary studies prevailed (61.4%) over multi or interdis-
ciplinary (9.1%) ones, and only 15 (34.1%) of the articles involved stakeholder
participation” (Vanelli et al., 2021, p. 1). These findings may reflect the “un-
spoken assumption of the ‘superiority’ of quantitative natural sciences” (Rusca
& Di Baldassarre, 2019, p. 2), consistent with engineers and scientists’ gen-
eral proclivity to consider qualitative social data as context for their technical
work (Kleine et al., 2021) rather than as intellectual contributions in their own
right. There are ongoing discussions about how to establish “equally rigorous
(though not necessarily identical) standards for judging both quantitative and



qualitative research” (Ragin et al., 2004, p. 9), in particular, in studies where
non-social scientists are implementing social science methods (Forsythe, 1999).
To achieve a more symmetrical and robust integration of the social and hydro-
logical sciences, socio-hydrology should strive to “[treat] the understanding of
social dynamics as comprehensively as the way hydrological dynamics are gen-
erally studied and represented” (Massuel et al., 2018, p. 2512). To this end, we
argue that qualitative data should be analyzed from an interpretivist framework,
and not oversimplified into generalizable, quantifiable theories.

Researchers have begun to put these principles to practice with pluralistic case
studies that implement qualitative, interpretivist approaches alongside quanti-
tative, positivist approaches. For example, in order to understand water con-
sumption rates in parts of Morocco and Tunisia, Massuel et al. (2018) used
qualitative surveys to deconstruct the correlation between the number of wells
and groundwater abstraction. Cultural factors like “prestige” in North Africa
were found to influence how many wells one owns, regardless of whether they
are in use. Their qualitative investigation also revealed how the Tunisian rev-
olution of 2011 affected customary rules involving land inheritance, leading to
long disputes and abandonment of wells, further accounting for discrepancies in
groundwater consumption estimations. In Ethiopia, Teweldebrihan et al. (2021)
analyzed qualitative household surveys and interviews along with Landsat crop
coverage data and time series hydrological data to understand smallholder farm-
ers’ choices to plant certain crops and the subsequent water demands. They
found that these decisions were “endogenous to the smallholder sociohydrology
of the basin” (p. 1), and thus could not be extrapolated to different contexts.
81% of their subjects decided which crops to grow based on indigenous knowl-
edge that is not effectively quantifiable. Niisser et al. (2012) combined quali-
tative interviews with multi-temporal remote sensing to understand the drivers
of land-use change in Northern India and the impacts on agricultural irriga-
tion, concluding that water availability was inextricable from the sociopolitical
interventions in the community. Similarly, Parveen et al. (2015) used field ob-
servation and interviews along with remote sensing and mapping to analyze the
dynamics of land-use change and irrigation systems in Pakistan, finding that
“modifications in the hydrological pattern can only be fully understood by tak-
ing social change and local political economy into account” (p. 60). From these
examples, it is clear that it is sometimes “necessary to leave part of the analysis
outside the modeling platform” (Massuel et al., 2018, p. 2515).

3 Rapid Ethnography

Ethnography is a foundational anthropological tool that can provide “detailed
insight into the concepts and premises that underlie what people do — but that
they are often unaware of” (Forsythe, 1999, p. 129). This includes how people
utilize and impact water resources. Ethnography usually consists of extended
periods immersed in a specific cultural context, conducting interviews, obser-
vation, and iterative generation and interpretation of data in accordance with
ethnographic theories (Reeves et al., 2008). However, much of the rigorous



work that goes into ethnographic analysis remains “invisible to the untrained
eye” (Forsythe, 1999, p. 127), as it requires deep knowledge of social theories
and the ability to “detect consistent patterns of thought and practice and to in-
vestigate the relationship between them...since what people do is not always the
same as what they say they do” (p. 128). Relevant to socio-hydrology, ethnog-
raphy has been used to understand political opinions on water re-use in Kenya
(Wakhungu, 2019), to identify the technological barriers to eliminating aquatic
mercury pollution from the Colombian mining sector (Robertson & Farrelly,
2020), and to analyze permaculture practices in Amazonian regions aerially fumi-
gated with herbicides (Lyons, 2020). Although traditional ethnography requires
extensive time immersed in the field, anthropologists have developed modified
ethnographic procedures, e.g. the Rapid Assessment Procedure (RAP), that
allow for quicker, yet robust analysis of complex sociotechnical contexts (Beebe,
1995), thus aligning better with the timelines of scientific studies. RAP, for
instance, has been widely applied in time-sensitive public health interventions
such as disease control programs (Vlassoft & Tanner, 1992).

One main difference between traditional ethnography and modified, rapid ethno-
graphic research is the scope (Manderson & Aaby, 1992). Traditional ethnog-
raphy is primarily inductive, meaning that the direction of the research arises
out of the data itself during extensive field immersion, and “where to look next
depends on what was just uncovered” (Ragin et al., 2004, p. 12). While modi-
fied ethnography is also inductive in its execution, it usually has a clearer initial
research aim such as to “evaluate and improve the design of a novel water treat-
ment technology” (Burleson et al., 2019, p. 68); “[investigate] the role of social,
economic, and related systematic factors on recently completed water source
interventions in [Timor-Leste]” (Troeger et al., 2015, p. 164); reveal “what
socio-cultural factors influenced the adoption of rejection of Clean Water in
Homes programs” at the northern border of Mexico (Cifuentes et al., 2006, p.
24); or in the case of the present study, analyze risk perceptions informing liveli-
hood decisions that impact water resources in Andes, Colombia. In order for
modified ethnographies to be time-effective and “operationally useful” (Massuel
et al., 2018, p. 2515), the research scope must be limited to those qualitative
findings that are most crucial to understanding the coupled dynamics between
people and water.

Additionally, while conventional ethnography usually relies on a single ethnogra-
pher, modified ethnographies prioritize collaboration amongst a research team
to allow for a quicker turnaround time without compromising the integrity of
the findings. It is recommended to form a research team that includes members
of the target community as well as professionals from diverse disciplines who all
partake in iterative research triangulation, generating and validating qualitative
findings from their unique perspectives (Lewis & Russell, 2011).

4 Methodology

Our research followed best practices for rapid ethnography (Pepall et al., 2006;
Scrimshaw & Hurtado, 1987; Utarini et al., 2001). Our field research team was



assembled based on pre-existing local contacts in the region developed during
our project’s multi-year presence in the same community. This continued pres-
ence facilitated trust and rapport building (Spradley, 1979) with the local team
and community members. Participant involvement, trust, and rapport are es-
sential in ethnography, and have long been recognized as paramount for the
sustainability of development interventions (e.g. Parsons, 1996) not only be-
cause of increased “buy-in” but also because community members possess local
knowledge about their own unique sociotechnical context which outsiders cannot
fully understand in a short time (J. Lucena, Schneider, & Leydens, 2010; Ongley
& Booty, 1999; Schwartz, Smits, Smith J., et al., 2021). Our field team included
two community members: women from Andes in their 30’s engaged in artisanal
small-scale gold mining (ASGM) and farming. The field team also consisted of
researchers from distinct academic disciplines: two American researchers from
humanitarian engineering and environmental engineering trained in community-
based research, and two Colombian researchers from mining engineering. Other
research collaborators included environmental engineers and anthropologists.

The two local collaborators were instrumental in arranging contact with other
community stakeholders of interest. We sought out participants with first-hand
experience in farming, mining, and/or relevant knowledge about the impacts of
these activities on the environment. From there, we used the snowball sampling
method (Parker et al., 2019) to identify more participants. We made contact
with both “individual respondents” and “key informants” (Beebe, 1995). The
former can reveal the variability of individual experiences, while the latter can
describe “the broader system beyond their own direct participation” (p. 45). In
our case, “individual respondents” included coffee farmers, artisanal and small-
scale gold (ASG) miners, organic polyculture farmers, apiarists, trout farmers,
and people engaged in multiple rural livelihoods. However, most of our partici-
pants were rural small-holder farmers and/or ASG miners (79%). These stake-
holders relayed the individual challenges they faced regarding their livelihoods
and water. Some “key informants” included a historian, librarian, aqueduct tech-
nician, and professors in mining and agricultural engineering who were able to
provide wider context about the economic, political, historical, and environmen-
tal trends that influenced local water-related challenges. We spoke with both
men (62%) and women (38%). In total, we interviewed 77 participants over the
course of four weeks, with all the individual respondent interviews/focus groups
taking place in Andes, and most of the key informant interviews taking place
in Medellin, the capital of Antioquia.

We conducted four focus groups and 32 semi-structured interviews in Spanish.
Semi-structured interviewing incorporates guided lines of questioning along with
the flexibility to allow interviewees to speak more in-depth about the topics
that are of greatest interest/relevance to them. Our focus groups were also
semi-structured and consisted of 6-13 participants each in order to elicit group
discussions that illuminated points of contention and agreement, power dynam-
ics, and common narratives amongst stakeholders. Descriptive and non-leading
questions for interviews and focus groups were based on ethnographic inter-
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view methods described in Spradley (1979) and Warren & Karner (2009). Like
Massuel et al. (2018), we used “sociological [and anthropological] knowledge
to guide the discussions and hydrological skills to interpret their answers” (p.
2517). Common lines of questioning included: How do you earn a living? How
long have you been doing it? Where did you learn your skills? What has changed
over time? Have you noticed any environmental changes? Have these affected
your work, and if so, how? How is the environment/water here in Andes? Has
it changed over time, if so, how and why?

We combined interviews with site visits to subjects’ homes, farms, and mine
processing plants which allowed us to observe water sources, coffee and gold
processing methods, treatment of water used in these processes, location of
farms and mines with respect to streams and rivers, and so on. After the first
week of interviews, we began hearing recurring themes and opinions, indicating
we were reaching saturation in our qualitative data collection (Saunders et al.,
2018). With written and verbal informed consent, we made audio recordings
of each interview and focus group, took photos, and wrote field observation
notes. The recordings of the interviews and focus groups were analyzed via
thematic analysis (for a deeper explanation of thematic analysis, see Guest et
al., 2011) and data triangulation (see Carter et al., 2014) in collaboration with
the research team, select individual respondents, and key informants.

5 Site Description of Andes, Antioquia, Colombia

Andes is a municipality in the southwestern department of Antioquia, Colom-
bia. Hydrological resources are fundamental to this region’s cultural heritage,
ecology, and livelihoods (Zapata Restrepo & Mejia Aramburo, 2019). Andes
is located within the intertropical convergence zone (ITCZ), and thus receives
significant amounts of rainfall year-round (over 82 inches per year on average)
(Alcaldia de Andes, n.d.) and has a bimodal climate with alternating rainy and
“dry” seasons. Weather patterns in the ITCZ are closely linked to global envi-
ronmental variables like sea surface temperatures (SSTs) and sea level pressures
(SLPs); so despite a scarcity of in situ hydrological data from Andes, local rain-
fall and streamflow can be modeled as functions of these global variables. For
instance, Roberts (2022) used different combinations of remotely-sensed envi-
ronmental variables (SSTs, SLPs, temperature, precipitation, and soil moisture)
to model empirical streamflow in the San Juan River in Andes between 1972
and 2015. Roberts’ models predicted maximum streamflow in the rainy seasons
using global variables from the previous dry seasons (max r?> = 0.77). Though
these models were calibrated and validated with historical data, they could be
modified to make predictions about future rainfall and streamflow, giving Andes’
residents advanced notice on probable hydrological conditions that will affect
their livelihoods. One of Roberts’ key findings was the negative correlation be-
tween average SSTs in the El Nifio 3.4 region and rainfall/streamflow in Andes
(Figure 1), indicating that future increases in sea temperatures due to global
warming could result in decreases in rainfall in Andes. However, to understand
how the information from these models will actually affect local livelihoods, it
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is necessary to understand the livelihood practices themselves and the myriad
ways that these activities are intertwined with hydrological systems.
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Figure 1. Graph from Roberts (2022). Peaks and dips in empirical streamflow
and precipitation in Andes are negatively correlated with sea surface tempera-
tures from the El Nifio 3.4 region.

According to the 2005 Colombian census, the majority of Andes’ population
(54%) lived outside of the urban center in rural districts known as corregimientos
[sub-regions of a municipality] (Alcaldia de Andes, n.d.) where the primary
livelihood has been Arabica coffee farming since the 1890’s (Zapata Restrepo &
Mejia Aramburo, 2019). Coffee farms in Andes cover about 40 square miles and
generate nearly 14,000 tons of dried coffee beans per year. Andes’ climatic and
hydrological conditions allow for two to three annual coffee harvests (Octavio
Cardona, 2018), along with year-round production of other crops and fruits,
pisciculture, apiculture, and more. However, temperature and rainfall have
become increasingly erratic and extreme due to climate change (Barrucand et
al., 2017), a phenomenon also observed by Roberts (2022), causing variations
in agricultural yields. For instance, extended rainy seasons in 2020-2021 led to
a 5% decrease in production during peak harvest from 2019-2020, and a 13%
decrease from 2020-2021 (F. A. Jiménez, 2021).
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Figure 2. Map of Andes and its corregimientos. Adapted from Zapata
Restrepo & Mejia Aramburo (2019) and Milenioscuro (2010).

Another livelihood closely linked to hydrological systems is gold mining. Gold
panning in rivers and streams has been practiced since pre-Hispanic times in
Colombia (Ferry & Ferry, 2017), but increasing gold prices in the 21st century
led to a boom of mechanized artisanal and small-scale gold mining (ASGM) in
Andes and throughout the country/world. ASGM broadly refers to the largely
informal practice (Veiga & Marshall, 2019) of using rudimentary mining and
processing techniques to extract gold from ore. An estimated 400-600 people
rely on ASGM as their main livelihood in Andes (M. P. F. Jiménez et al., 2021),
though this value is difficult to ascertain given ASGM’s informality, seasonal-
ity, and the often sparse distribution of gold that leads to booms and busts
in this region. In Andes, ASGM contaminates water through gold extraction
methods-historically a two-phase aqueous mercury-cyanide process (Esdaile &
Chalker, 2018). This extraction method has been prohibited since 2018 after
Colombia’s ratification of the Minimata Convention, yet mercury elimination
has proven complicated nationwide (Diaz et al., 2020; Robertson & Farrelly,
2020). Soluble mercury compounds can enter surface water systems via direct
runoff from processing plants or through the weathering of historic tailings that
were treated with mercury (O. Restrepo et al., 2020; Veldsquez et al., 2022),
causing devastating ecological and human health effects (Basu et al., 2015; Ra-
jaee et al., 2015). That said, agriculture is also responsible for contaminating
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water with pesticides and coffee mucilage in Andes. And although ASGM is
most commonly associated with the degradation of water resources, it also re-
lies on water for processing ore, and is thus intertwined with the seasonality
of hydrological cycles. Extreme precipitation in the rainy seasons can make
accessing subterranean mines and transporting ore impractical and dangerous.
Moreover, the ASGM workforce expands and declines as a function of the timing
of the coffee harvests, which directly depend on precipitation cycles.

In Andes, it is also critical to consider the links between human activities, hy-
drological conditions, and landslides. Mountainous terrain and steep elevations
(4,300-12,800 ft above sea level; Zapata Restrepo & Mejia Aramburo, 2019)
make Andes and its surrounding regions high-risk zones for denudation pro-
cesses, especially rain-triggered landslides (Giraldo et al., 2022; Muiioz et al.,
2014). These risks have been exacerbated due to anthropogenic activity such
as road development and deforestation due to the expansion of agriculture and
mining (Marin, 2020; Mufioz et al., 2014). Coupled with the risk of subsidence
from subterranean ASGM activities (Ojeda & Donnelly, 2006), and increasingly
extreme precipitation events (Giraldo et al., 2022), Andes’ residents are vulner-
able to life-threatening landslide disasters.

Previous research has investigated social perceptions of and responses to these
hydrological threats in Andes. For instance, O’Brien et al. (2021) conducted
100 structured surveys in Andes in 2019 amongst stakeholders from mining
and agricultural sectors in order to identify and quantify residents’ environmen-
tal concerns, with the goal of informing local-knowledge based conceptual site
models for environmental remediation. On a scale of 1-5, respondents rated
“mercury amalgamation” (5) and “pesticide application” (4) as the two most
dangerous (peligroso) activities in the region, while “soil erosion” (2) and “sus-
pended sediment deposition” (2) ranked lower on the list (p. 10). Schwartz
et al. (2021) explored local perceptions of environmental risks in Andes by
identifying environmental remediation initiatives started by miners. This study
found that water and air quality, as well as contaminant leaching from mercury-
process mine tailings, were concerns that locals had begun to address themselves.
Jiménez et al. (2021) conducted qualitative participatory mapping of the prin-
cipal ASGM corregimiento in Andes (Santa Rita) through which locals also
identified environmental problems and brainstormed “idealized solutions,” find-
ing that the protection of water resources was a primary concern for residents,
and moreover, that “decisions made about [environmental problems] cannot be
based on a linear understanding of the situation, but they should consider the
relationships and causalities of all variables” (p. 679).

Given the large rural population in Andes, the prevalence of livelihoods that
directly depend on hydrological resources, and the diverse concerns around and
experiences of subsequent hydrological risks to human health and safety, a trans-
disciplinary, pluralistic, socio-hydrological perspective is warranted to help illu-
minate the mechanisms underlying these complex coupled human-water systems
so that these water resources can be managed sustainably.
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6 Ethnographic Findings: Risk perceptions and Livelihood Decisions

Our ethnographic study found that analyzing perceptions (and/or expressions)
of hydrological risks was critical in understanding the impacts that humans and
water had on one another. Generally speaking, whether or not risk perceptions
correspond with empirical evidence, they shape human behavior and therefore
have real impacts on hydrological systems. Though this risk-perspective lens
is convergent with previous social-environmental research in Andes (M. P. F.
Jiménez et al., 2021; O’Brien et al., 2021; Schwartz, Smits, Smith J., et al., 2021;
Schwartz, Smits, Smith N., et al., 2021), it was not pre-conceived, but rather
a result of the inductive data collection and analysis process. We found that
people divulged their hydrological risk perceptions in order to describe their
understandings of hydrological systems, convey their priorities and concerns
around water resources, demonstrate how they had been affected by hydrological
changes, explain why they made particular livelihood decisions, and justify why
they believed future actions needed to be taken regarding water management.
To illustrate, one of our subjects expressed the perception that a particular
mountain stream was uncontaminated, despite its close proximity to an informal
ASGM processing center. Although this stream may have been contaminated
with mercury, cyanide, pesticides, etc., the perception of safety led this subject
to construct a trout farm on that stream, resulting in implications for water use,
contamination, and human health. What follows is a summary of the multiple
local risk perceptions that surround and affect hydrological systems, focusing
on 1) climate change, 2) water contamination, and 3) hydrological erosion and
landslides. We then show how risk-informed livelihood decisions have imperiled
the very hydrological resources on which both agriculture and mining livelihoods
depend, but are difficult to interrupt given prevailing economic and political
constraints.

6.1 Risk Perceptions

A ubiquitous hydrological risk perceived by our subjects concerned climate
change, chiefly increasingly irregular precipitation cycles. Many respondents
explained how in the past (within one to two generations), their ancestors knew
precisely which months were summer and winter (the dry and rainy seasons,
respectively), and could readily predict the best times to plant and harvest a
wide variety of crops. Now, this is not the case. An elderly farmer echoed the
community-wide concern that in 2021, “we did not have a summer season be-
cause the weather is crazy now..water fell the entire year.” This corresponds
with data from different Colombian coffee-growing regions in which farmers ubig-
uitously perceived significant changes in precipitation and temperature that im-
pacted their livelihoods (Barrucand et al., 2017; Eitzinger et al., 2018). Climate
change is rendering void the ancestral environmental knowledge passed down
through generations, necessitating farmers to re-invent ways of co-existing with
hydrological systems. In Andes, some farmers opted to change locations. Farm-
ers explained how warming temperatures have made coffee farming possible at
elevations that were historically too cold; yet, they are still cold enough to pre-
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vent pest infestations like coffee borer beetles [la broca] that thrive in hotter,
more humid conditions. Other farmers adapted by building infrastructure. One
subject, David, proudly showed us the makeshift rain shields he built for his
cilantro plots with wooden poles and sheets of semi-transparent plastic. Others,
however, turned to agrochemicals to help save their yields. Maria, for example,
was taught by her father to fumigate her tomatoes first thing in the morning
after it rains with ¢rivia [fluopicolide-propineb] or ridomil [mefenoxam]| to pre-
vent la gotera [Omphalia flavida fungus|, which could quickly destroy an entire
field.

While most of our research subjects learned to farm from their parents, grand-
parents, and even great-grandparents, they admitted that their ancestors did
not use pesticides until recent decades. They learned how to apply pesticides
from their friends, neighbors, relatives, agrochemical distributors, or sometimes
in trainings from the National Coffee Federation or the local coffee co-op. A
common perception by those who used pesticides was that “stronger” equated to
“more effective,” and “more expensive,” resulting in a correlation between agrar-
ian prosperity and the use of increasingly toxic agrochemicals. This narrative
suggests that farmers may be over-applying agrochemicals, which was corrobo-
rated by a volunteer who would collect and discard pesticide containers from
rural farms. She reported how she regularly recycled large quantities of highly
toxic pesticide containers from several large farms in Andes, and asserted that
larger farms were more likely to use harsher, prohibited chemicals than smaller
farms because they could afford more the expensive pesticides, had more land
to cover, and could thus save time and labor spent weeding, re-fumigating, etc.

Because of the ubiquity of farming in this region, water contamination from
farming was seen as an immediate and widespread threat. Most people in An-
des reportedly used to “trust their eye” when it came to water quality; however,
our interview with a local aqueduct technician suggested that peoples’ trust
in water quality had declined in recent years, leading to a rapid expansion
in the aqueduct network supplying sanitized and filtered water for household
use. Multiple subjects corroborated this growing awareness amongst community
members of the detrimental health effects of ingesting water contaminated with
pesticides, metals, and/or pathogens undetectable to the human eye, a finding
also noted by Jiménez et al. (2021). Troublingly, Valbuena et al. (2021) found
that “63% of the pesticides sold with slightly acute toxicity [in Colombia] are
actually considered highly hazardous pesticides (HHP) for humans or the en-
vironment,” (p. 1) which raises greater concerns about the health of humans
ingesting these chemicals through water or during their application. Maria told
us that she only used “smooth” [suave] pesticides because she lacked the capital
for stronger ones, but even these suave chemicals could “make [her] vomit” while
fumigating. Another subject explained how thiodan [endosulfan], a prohibited
pesticide in Colombia, “destroys the birds, snakes, everything..I had to wait
one month to re-enter my farm that had been fumigated [with thiodan].” In
Andes, the use of prohibited chemicals like thiodan has led to mass human ex-
posure and hospitalization (Caracol Radio, 2014). Many participants were leery
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of eating food grown with pesticides, especially crops like cabbage where the
chemicals were thought to become trapped between the leaves. Some blamed
consumption of agrochemicals for increasing rates of disease and shorter lifes-
pans as compared to previous generations. And in addition to contamination
by pesticides, stakeholders were concerned about runoff from farms in Andes
containing nutrients from fertilizers and organic matter such as coffee mucilage,
which not only generated foul odors, but also could result in the eutrophication
of aquatic ecosystems.

Concerns over environmental transport of agricultural contaminants have con-
tributed to a burgeoning organic farming movement in Andes. David, an organic
farmer, explained that when his neighbors would fumigate, he would wait a few
days to plant because the pesticides would drift to his farm, get “washed” into
the soil when it rained, and the “plants would come up weak.” Another organic
farmer, Héctor, credited the “beautiful [uncontaminated] waters” in his cor-
regimiento Santa Inés for allowing him to grow world-class, organic, Fair Trade
coffee that fetched a higher market price. Nonetheless, it was widely recog-
nized that organic farming generated lower yields and was more labor-intensive
in terms of making the fertilizer, weeding, combating pests, and so on. And in
some cases, farmers could not farm organically even if they wanted to because of
their geographic proximity to other farms that utilized synthetic agrochemicals.
As a compromise, many farming families we spoke with used agrochemicals to
maximize production of coffee and plantain to be sold, and used organic methods
to cultivate gardens for household consumption.

Like O’Brien et al. (2021), we found that participants were divided in their
perceptions of which activities were most dangerous to hydrological systems.
Despite ASGM’s relative isolation and smaller presence compared to farming,
ASGM was largely considered to be a more severe, longer-term threat to water
because of deforestation, land upheaval, and mercury contamination. There was
a common narrative borrowed from national anti-large-scale mining movements
(Sierra. Musse, 2019) about the mutual exclusivity of water and gold mining.
Phrases like “we want water not gold” and “you can’t eat gold” were common,
the latter referring to the perceived threats that mining presented to agriculture
regarding water, land, and labor. Subjects told us that “where the sands with
mercury are deposited, it will take more than 200 years for a plant to grow
there again,” and that “before, the fish were overflowing..but now you won’t
find a single fish” in the San Juan River. The overarching cultural stereotype
was that ASG miners were irresponsible, sinful, greedy, and unconcerned about
the environment. Many participants were adamant that “a mining town is a
town lost in vice,” and “what [miners] want is money. They don’t care about
nature, they don’t love the planet.”” When we asked miners themselves whether
other miners cared about protecting the environment, one miner responded that
about 30% of them cared, but the other 70% saw contaminating activities as
“normal.” Despite these perceptions, a counter-narrative existed among ASG
miners that developed grassroots projects in Andes to protect water resources
(Schwartz, Smits, Smith J., et al., 2021), including banding together to form an
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association to help miners decrease their environmental impacts and increase
their political power.

Nevertheless, contamination from both agriculture and ASGM had compromised
the historic regional identity and cultural activities associated with Andes’ pris-
tine and abundant water resources. In the past, it was common for locals to go
down to the San Juan River to pan for gold, fish, and spend time with family.
“We would go to the river to make sancocho [traditional Colombian stew] using
the same water from the river. We would swim. Now you cannot do that.”
However, residents’ understandings of how water moved in this steep landscape
created a perceived surface water quality gradient along the mountain slopes
from high (clean) to low (dirty). Stakeholders largely trusted the water quality
from arriba [above], originating in the protected forest reserves and paramos
[rare, protected alpine meadow ecosystems] at the highest elevations of Andes
(despite allegations by other subjects of ASGM activity in the reserve areas),
especially the water from mountainside springs that passes through hundreds of
feet of natural rock and gravel filters. This was the justification for the subject
who established a trout farm directly next to an ASGM processing plant. She
assured us that the contaminated runoff from the processing plant went that
way, pursing her lips toward the steep slope leading down to the river, and that
the water that they drank, bathed, cooked, and farmed with came from arriba,
gesturing upward. Another farmer explained how “for me at this moment, min-
ing doesn’t threaten me at all,” because his water came from a spring originating
in the forest reserve, while ASGM was practiced on a completely different moun-
tain. Approval or disapproval of ASGM was thus influenced (partially) by one’s
geographical proximity, including vertical proximity, to ASGM operations.

In addition to contamination from agro-mining chemicals and waste, water qual-
ity was perceived to have diminished due to increased erosion and sedimenta-
tion associated with excess rainfall, land-use change, and deforestation. This
had caused problems for the trout industry. A manager of a trout farm and
restaurant in neighboring Jardin explained how “the enemy of trout farming is
rainwater...it’s the raw material, it’s the principal product for trout production,
but it’s the principal enemy” due to high rates of sedimentation that can cause
fish kill, along with increased transportation of trash. More critically, storms of
increased duration and frequency had increased the probability of rain-triggered
landslides and floods in the region (Giraldo et al., 2022; Munoz et al., 2014),
phenomena which were perceived by our subjects to be more common now than
in years past. One resident of Santa Inés expressed his belief that “from one
moment to the next, a landslide will appear that will take the whole town.” The
zones which were most vulnerable to landslides in Andes according to Zapata
Restrepo & Mejia Aramburo, (2019) were the high elevation, ASGM zones in
the corrigimientos of Santa Rita and Santa Inés. These same regions were pur-
portedly prime for the upward expansion of specialty coffee farms, along with
ASGM, resulting in compounding deforestation, subsidence, and destabilization
of precarious hillsides. Some common mitigation efforts throughout the munici-
pality included the interspersing of banana and plantain trees with coffee shrubs,
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as well as the planting of larger, native tree species throughout the farms.
6.2 Livelihood Decision Paradox

A common tactic for residents to protect themselves against hydrological risks
(e.g. landslides, floods, droughts, contamination) was livelihood diversification,
which is simply the cultivation of multiple income streams. Yet paradoxically,
while diversification could protect rural residents against some challenges aris-
ing from variable hydrology, this diversification appeared to have exacerbated
other hydrological risks. For example, if excess precipitation reduced a farmer’s
coffee yield, they could diversify in ASGM to supplement their income. This is
precisely what many local and migrant workers did in Andes. Daniel, a local
farmer /miner, explained how “when things go badly in the mine, the land gives
me food. When the land isn’t producing, because it’s by seasons, I go to the
mine.” These agro-mining “livelihood complements” have also been observed in
other parts of the world (Cartier & Biirge, 2011, p. 1080). But in turn, water
and air contamination from ASGM may have compromised the quality of the
coffee grown in the area. Coffee beans were described like sponges that absorb
everything around them—for this reason, the local coffee co-op did not allow
their workers to smoke cigarettes while loading coffee sacks. A co-op employee
stated that coffee connoisseurs “can taste everything in the cup.”

Similarly, if coffee farmers tried to increase their yields by increasing the appli-
cation of synthetic agrochemicals, especially strong pesticides, they may have
threatened the ecological health of the surrounding farms and the wider hydro-
logical system that feeds their own farm. The expanding use of agrochemicals
was deeply entwined with an agrarian debt cycle common in rural Colombia
(Arango Vésquez, 2020), which further intensified the need for farmers to seek
additional income streams. In another tragic example, one family we spoke to
had their entire house and farm buried by a landslide in 2015. Their strategy for
economic recovery was to diversify their incomes as much as possible, expanding
from mono-culture coffee farming (pre-landslide) into the production of diverse
fruits and vegetables year-round, trout pisciculture, ASGM, and tourism. Yet
once again, the expansion of these livelihood activities and the subsequent devel-
opment and deforestation could have increased landslide risks. This livelihood
diversification-hydrological risk paradox is summarized in Figure 3.
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Figure 3. Livelihood diversification-hydrological degradation para-
dox in which subjects diversified livelihoods to mitigate hydrological
risk, but in turn, exacerbated those risks. Our ethnographic analysis
revealed additional factors contributing to unsustainable livelihood practices,
chiefly a lack of profitable alternative livelihood options and a sense of aban-
donment by local and federal institutions. In Andes, there was a widespread
distrust of government officials and institutions, multinational mining compa-
nies, and even the local coffee co-op, which was liquidated in early 2022 after an
investigation of a high profile corruption scandal (Mercado, 2020). CORANTIO-
QUIA, Antioquia’s environmental regulation agency, was perceived as corrupt
by some subjects who believed that they accepted bribes in exchange for grant-
ing environmental permits. One respondent with particular animosity towards
CORANTIOQUIA stated that all they do is “sit in an office and sanction the
people...they charge a fine for anything.” Our interview subjects lamented over
development and rural assistance programs promised by politicians to gain votes,
yet never came to fruition. Even the projects that seemed well-designed, such
as CORANTIOQUIA’s implementation of rural septic tanks for coffee mucilage
diversion (CORANTIOQUIAOFICIAL, 2015), proved to be unsustainable after
the outside experts left. A couple of respondents admitted that they had sold
their septic tanks due to the amount of extra labor required for their upkeep.
There were common feelings of resignation regarding whether rural conditions,
including hydrological ones, would ever improve.

Many stakeholders emphasized that they survived “by their fingernails,” mean-
ing that they leveraged whatever resources were available to them to make a
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living without relying on outside help. Residents told us how they built their
own roads and parks with their neighbors after they became tired of waiting for
assistance from the mayor’s office. People in the San Augustin neighborhood
burned all of the trash they could not compost because they received no mu-
nicipal trash collection services. This lack of support meant that locals had to
do whatever was necessary to make ends meet, including making environmental
and economic tradeoffs. Agrochemicals for instance, allowed farmers to produce
greater yields faster, with less labor than organic methods. And despite the
fears over ASGM contamination, miners were reported to sometimes earn “in
15 days what takes me [a coffee farmer] two to three months of work.” These
economic incentives, along with agricultural challenges due to climate change
could contribute to deagrarianization and expansion of ASGM in Andes, a fear
expressed by many farmers. Though our data revealed environmental concerns
amongst some ASG miners, as long as the economic incentives are high and
legal barriers to formalization remain insurmountable (Veiga & Marshall, 2019),
ASG miners will likely continue to operate informally, with little environmental
regulation, remaining socially marginalized and stigmatized.

7 Discussion & Conclusions

In this article, we contributed to ongoing discussions on how socio-hydrologists
can enhance their understandings of social phenomena. We outlined how the
epistemological foundation of socio-hydrology differs from that of many social
science fields (positivism vs. interpretivism, respectively), leading to an of-
ten asymmetrical integration of social and hydrological theory. We critiqued
socio-hydrologists’ prioritization of quantifiable social data, which can homoge-
nize and oversimplify complex human thought and behavior. Instead, we built
on recent literature advocating for the adoption of pluralistic approaches that
complement conventional hydrological modeling with qualitative, interpretivist
frameworks from social science. We grounded this argument with a concrete,
well-established anthropological tool (RAP) and an analysis of how we applied
it in the field to qualitatively characterize the coupled human-water systems in
our study site. This process allowed us to identify several socio-hydrological
threats to water resource sustainability in Andes, Colombia, which we found to
be related to risk-based livelihood decisions in agricultural and mining sectors.

This investigation built upon previous quantitative research done in Andes.
Roberts (2022) developed models to predict how precipitation and streamflow
in the San Juan River changed as a function of remotely-sensed environmental
variables (like sea surface temperature, pressure, temperature, etc.), potentially
providing locals with advanced notice about next-season hydrological conditions.
To complement this promising tool, our qualitative study revealed how changes
in precipitation and streamflow could and have actually affected local farming
and mining livelihoods, as well as subsequent livelihood adaptations that have
had tangible impacts on hydrological systems. O’Brien et al. (2021) used a
ranked survey to quantify local contamination concerns, finding that residents
were most concerned about mercury amalgamation and pesticides (similar to
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our own findings); however, this preformulated questionnaire could not provide
deep insight into why people held those perceptions, nor why these activities
persisted despite the acknowledged environmental risks.

Through ethnographic RAP, we were able to characterize hydrological risk per-
ceptions related to not only contamination, but also climate change, erosion, and
landslides. These risk perceptions were dependent upon factors like local knowl-
edge of past and present hydrological systems, geographic (including vertical)
location, cultural stereotypes, and regional political movements, to name a few.
We identified responses to these risks, changes in farming and mining practices,
and the paradoxical expansion and perpetuation of specific livelihood activities
that exacerbated these risks. While some subjects were able to disrupt this cycle
of water resource degradation through alternative practices like organic farming
and reforestation, prevailing social, political, and economic constraints, such as a
lack of institutional support and viable livelihood options, forced most residents
to make difficult environmental-economic tradeoffs. That said, identifying the
explicit, qualitative mechanisms underlying these human-water feedback cycles
is critical for interrupting them, highlighting areas of effective future research,
and fostering sustainable water resource management.

Some opportunities to support future sustainable water resource management in
Andes include leveraging the growing awareness of hydrological risks and the im-
portance of restoring and conserving water resources, as well as the identification
of locals, like David and Héctor, who had already begun to interrupt the cycles
of agro-mining water contamination and deforestation. Future interventions
for sustainable water resource management could elevate the local knowledge
of these community members through peer-to-peer capacity building programs,
for instance. Some key focus areas for fruitful quantitative hydrological analy-
sis could be modeling the vertical transport of agro-mining contamination and
measuring empirical contamination levels of water sources considered “safe” by
locals. Technical assistance could also help locals understand which areas are
relatively safe or unsafe to develop in terms of landslide risks. Importantly,
outside “experts” should recognize the widespread distrust of institutional pro-
grams for rural development in Andes, and ensure that future interventions
respond to expressed community-based needs, dedicate time to building trust,
and prioritize follow-through. Moreover, this study illuminated how most points
of critical intervention exist beyond hydrological models, such as creating more
viable livelihood opportunities, addressing agrarian debt cycles, facilitating the
formalization of ASGM, and reducing political corruption. Certainly, no single
research team, project, or discipline can address all of these issues, which reit-
erates the importance of transdisciplinary, holistic, pluralistic approaches that
move incrementally toward appropriate solutions that take these multi-faceted
contexts into account. This more inclusive approach to socio-hydrology indeed
challenges the field’s identity as a purely quantitative science and blurs the lines
between socio-hydrology and informed water resource management.
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