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Sonifying social-ecological change: A wetland laments agricultural
transformation
David G. Angeler 1,2, Miguel Alvarez-Cobelas 3 and Salvador Sánchez-Carrillo 3
ABSTRACT. Art–science approaches are mounting to increase public literacy about sustainability challenges as planet Earth swiftly
moves to an uncertain future. We use data sonification, an approach that allows converting scientific data into music, to document the
large-scale transformation of the agricultural sector in central Spain during the 1970s. We converted 71-year time series of inundation
area and rainfall data from the freshwater marsh Las Tablas de Daimiel into a soprano and bass voice, respectively. We composed “The
Lament of Las Tablas de Daimiel,” which sings the biophysical disruption of the wetland due to the agricultural transformation. More
generally, the song testifies to the demise of the natural aquatic environment due to unsustainable use of limited water resources in
dryland countries and elsewhere. Making the mute voices of ecosystem heard may have potential to increase awareness about the
unsustainable use of short water supplies and other social-ecological challenges. In the age of big data in science, data sonification may
be a useful tool to represent and communicate such challenges.
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INTRODUCTION
Fast-changing social-ecological baselines pose significant
challenges to humanity as planet Earth swiftly moves toward a
highly uncertain future. Current social and ecological
transformations not only motivate scientific research to envision
and understand such challenges, they also require that the sciencebased information is transferred to sectors in society outside
academia (Smith et al. 2013). Recognizing the potential to
implement imaginative and practical approaches for increasing
public awareness and engagement (Castree et al. 2014),
collaborative art–science approaches are emerging as useful tools
for representing and communicating social-ecological challenges
to the public (Lesen et al. 2016).
Art–science approaches for increasing public literacy about
sustainability challenges are recognized for their potential to
encourage intuitive, creative thinking and engagement (Scheffer
et al. 2013). This potential stems from two interacting
psychological domains that influence the learning process: the
affective (emotion, feeling) and the cognitive domain (thinking),
which are related to the arts and the sciences, respectively (Lesen
et al. 2016). Recent work suggests that stimulating both learning
domains, for instance through active engagement of communities
in the creative process, can be more effective than expert-based
communications of knowledge to a public without training in the
sciences (Evans 2014).
It remains unclear whether arts-based science communication is
uniquely effective in eliciting awareness of environmental change
and shaping policy and governance (Lesen et al. 2016). A limited
effectiveness may stem partly from the widely recognized
challenge of subjectivity inherent in many artistic representations
of sustainability problems. In the worst case, subjectivity can lead
to a decontextualization and a false understanding of patterns of
order in nature. In turn, people may perceive sustainability
problems as distant and unlinked to personal experience and
exposure (Moser 2010). This highlights the need for portraying
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environmental problems comprehensibly for the general public to
trigger changes in community behavior, increase involvement, and
expedite action (Evans 2014).
Most art–science-based approaches are based on the fine arts and
dance (Galafassi et al. 2018). Music may comprise an alternative
way to represent the temporally dynamic structure of ecosystems
and other complex systems, allowing for promising creative
connections between music and sustainability problems (Angeler
2016a, Kagan and Kirchberg 2016). Traditionally, nature has
inspired many composers, including Debussy, Messiaen, Saariho,
and Takemitsu among many others, and patterns of nature are
artistically reflected in their compositions. Other ways of acoustic
representation of nature is through the exploration of its
soundscape (Schafer 1976). Exploring sounds is leading to an
emerging research area, which strives to make all forms of sounds
and noises in the environment—i.e., nature's music—directly
accessible to human auditory perception and emotion
(Pijanowska et al. 2011). However, social and ecological systems
are complex, and many of their component structures and
processes are not accessible to the human senses (e.g., seasonal
variation of planktonic algae or plate tectonics). Approaches that
can make mute voices heard may contribute to an alternative
representation and understanding of nature and have potential
for environmental communication.
Data sonification is an emergent field that builds on the
production of sound signals by using scientific data (Hermann
2008, Worrall 2009). Last and Usyskin (2015) suggested that time
series data are particularly well suited for sonification because
there are natural parallels with musical sounds. Both music and
time series data are sequential, have duration, and evolve over
time. Data sonification has been used in a climatic change context
to represent acoustically increasing planetary temperatures
(Crawford 2013), rapidly decreasing sea-ice volume in the Arctic
(the Arctic death spiral [Robinson 2013]), or temperature
fluctuations in a lake (Lake Annie song [Gaiser 2016]). We aim
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Fig. 1. Map of Las Tablas de Daimiel in Central Spain. Shown are the contours of the national park and
the water flow paths of rivers that contribute to wetland flooding.

to represent musically the profound transformation of the
agricultural sector in central Spain in the 1970s. We translate 71y time series (1945–2016) of inundation area and rainfall data
into a lament, which documents the irreversible degradation of
the wetland as a result of this profound social-ecological
transformation. The song is representative of the general decline
of the natural aquatic environment due to unsustainable use of
limited water resources in dryland countries (Alvarez-Cobelas et
al. 2005). It may serve as a vehicle to increase awareness about
the potential future consequences of continued unsustainable use
of short water supplies for human health, equality, and conflicts
(Horner-Dixon 1991, McMichael et al. 2008).
In the next sections, we first provide an overview of the wetland,
Las Tablas de Daimiel. We describe how its historical hydrological
functioning became disrupted as a result of the social-ecological
transformation. We focus on hydrology because it essentially
steers all patterns and processes in wetland ecology (Mitsch and
Gosselink 2000). After this contextualization, we use inundation
area and rainfall data and describe our approach for composing
“The Lament of Las Tablas de Daimiel.” Finally, we discuss this
lament within the context of environmental communication and
sustainability.
THE WETLAND
Las Tablas de Daimiel (TDNP) is a remnant marshland of a once
extended floodplain area (150–250 km2) in Central Spain (39º
08'N, 3º43'W) (Fig. 1). The wetland provides testimony to largescale agricultural transformation during the second half of the
20th century in an area where the climate is dry and water is scarce.
This social-ecological transformation has been described in depth
by Sánchez-Carrillo and Angeler (2010), and can be briefly
summarized as follows.

Until the 1970s, the wetland’s hydrological and ecological
functioning was maintained by the flooding of two rivers in the
extended alluvial plain (Gigüela and Guadiana) (SánchezCarrillo and Alvarez-Cobelas 2010). The floodplain was also the
natural groundwater discharge zone of the Llanura Manchega
Occidental aquifer due to the closeness of the groundwater table
to the surface (Sánchez-Carrillo and Alvarez-Cobelas 2010).
Until the 1950s, small water-mill dams helped retain water in
TDNP. Nowadays, none of them are functional but they remain
as cultural heritage in the wetland. As a result of the complex
interaction between surface flooding, groundwater discharge, and
damming, TDNP’s inundation area followed regular cycles of
expansions with rainfalls in autumn and winter, and contractions
as a result of summer droughts associated with the semiarid,
Mediterranean climate (Fig. 2) (Sánchez-Carrillo and AlvarezCobelas 2010). These clearly historically defined hydrological
patterns led to a unique, partly endemic fauna and flora, which
in turn provided ecosystem services in the form of fishing, cattle
breeding, and bird hunting, and not least, a source of inspiration
for art (Alvarez-Cobelas et al. 2010, Sánchez-Carrillo et al. 2010).
From 1974, this region experienced a significant agrarian
transformation, when traditional agriculture comprised of
cultivating rain-fed lands (wheat, vineyard, and olive) was
replaced by sustained groundwater irrigation agriculture of
herbaceous crops (e.g., maize, alfalfa, beet, melon), which have
high water requirements. During the period between 1974 and
1989, the area of irrigated land increased by 324% and
groundwater extractions rose from 152 to 568 Mm3 yr-1 (SánchezCarrillo et al. 2010). These rates exceeded groundwater recharge
and caused a disconnect between the wetland and the aquifer due
to dropping water levels. Consequently, the entire hydrological
regime in the wetland changed and became dependent entirely on
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erratic riverine inputs and occasional interbasin water transfers
from the Tajo-Segura catchment (Sánchez-Carrillo and AlvarezCobelas 2010). Hydrological changes were further exacerbated
when several drought periods caused the wetland to almost
entirely dry up during several years (e.g., 1991–1995, 2005–2009).
The disruption of the hydrological regime of TDNP, which was
due to the loss of buffering surface water loss by groundwater
discharge, is manifested in the highly irregular inundation area
patterns after 1974 (Fig. 3). Contrary to the inundation area,
rainfall varied strongly intra- and interannually and showed less
distinctive patterns before and after the transformation in terms
of mean (37 mm month-1 before, 32 mm month-1 after), maximal
(163 mm month-1 before, 179 mm month-1 after), and minimum
(0 mm month-1 before and after) precipitation (Fig. 3). Thus,
characterizing TDNP’s complex hydrological functioning using
inundation area and rainfall variables shows that its hydrological
balance depends more on the consequences of human action than
on meteorological factors (Sánchez-Carrillo and AlvarezCobelas 2010).
Fig. 2. Aerial photographs of Las Tablas de Daimiel during a
wet (upper panel) and a dry (lower panel) period. Courtesy of
Santos Cirujano.

registered in 1997–1998 and 2004–2005 and more recently 2010–
2014 resulted in a temporary recovery of the aquifer (Castaño et
al. 2013). However, this triggered increased farmers’ pressure on
policy to increase groundwater extraction for agricultural
irrigation. Consequently, this resulted in a minimal recovery of
the wetland inundation area.
Since the 1950s, the extent of the wetland has been reduced and
its ecological integrity has been strongly impacted (SánchezAndrés et al. 2010). Degradation was due to many sources of
anthropogenic activities, including a controversial history of
desiccation in order to eradicate malaria and increase farming
lands. Later, water quality deterioration by riverine wastewater
discharges and agriculture runoff pollution aggravated the
problem. Despite the implementation of hydrological
remediation plans since the mid-1970s and legal protection and
conservation (RAMSAR convention, European Habitat
Directive (97/62/EC), UNESCO, Biosphere Reserve (Man and
the Biosphere Programme, the La Mancha Húmeda region),
wetland degradation has never improved. Remaining native
species of conservation interest (e.g., sawgrass [Cladium
mariscus]) are at risk of extinction, and the once diverse fish fauna
has been replaced by a few dominant invasive species (common
carp [Cyprinus carpio], pumpkinseed sunfish [Lepomis gibbosus],
mosquito fish [Gambusia holbrooki]).
The wetland can be considered to operate in a degraded
alternative regime from which the return to its predisturbance
regime is highly unlikely. The transformation of TDNP comprises
a loss of social-ecological heritage, value, and potential. This loss
has inspired the name of our composition: The Lament of Las
Tablas de Daimiel.
APPROACH
We used data sonification for auditory documentation of TDNP’s
transformation that resulted from the lasting changes of the
agricultural sector in Central Spain in the second half of the last
century. A broad spectrum of approaches can potentially be
applied in terms of translating biophysical variables into music
scores and to attempt different levels of complexity of the music.
We created a simple song structure, using two variables as the
voices of TDNP to document its transformation.

Enacting the European Agro-Environmental Program on water
demands for irrigation resulted in pumping restrictions that
reduced irrigation area. However, these measures were not
sufficient for restoring the groundwater table to the levels prior
to 1970, and the aquifer was declared definitely overexploited in
1994 (Cirujano et al. 2010). Uncommonly humid periods

We obtained inundation area (ha) data from the records of the
Long Term Ecological Research (LTER) site Las Tablas de
Daimiel (LTER-Spain; LTER_EU_ES_026), and rainfall (mm
month-1) data from meteorological stations located at the western
shore of the wetland (1961–2016) and the nearby city of Daimiel
(1945–1960). Inundation area or flooded area (ha) was translated
into the first voice in the music score. We chose inundation area
because it is a surrogate that integrates the complex hydrological
functioning of the wetland, which, in turn, influences all
biophysical processes, including ecosystem service provisioning
and resilience (Angeler et al. 2013). The second variable (voice)
was comprised of rainfall patterns. Including precipitation in the
scores covers regional meteorological aspects. Despite
contributing to the regulation of TDNP’s hydrological balance,
precipitation is largely independent from inundation area
(Sánchez-Carrillo and Alvarez-Cobelas 2010).
Both variables were measured continuously in monthly intervals
since 1945, which provided a fine temporal resolution for
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Fig. 3. Time series of monthly values of inundation area (ha) of Las Tablas de Daimiel and amounts of seasonal
rainfall (mm month-1) from 1946 to 2016.

documenting the transformation. To prepare the first voice
(inundation area), the data, which ranged between 10 and 1900
ha, were rank-ordered in 100-ha intervals, which resulted in 21
intervals. To emphasize the melancholic nature of a lament, we
chose to compose our song in a minor rather than a major scale.
We used A minor as the key signature for simplicity because it has
no flat and sharp pitches (A, B, C, D, E, F, G, A). The one-line
octave A was assigned to the average inundation area rank in the
time series (900–1000 ha), and every inundation area rank interval
above and below was coded with the corresponding pitch in the
A minor scale. This resulted in pitches ranging from small octave
F (lowest inundation area rank: 0–100 ha) to three-line octave d
(highest inundation area rank: greater than 1900 ha).
Similar to inundation area, rainfall, which comprised the second
voice in the song, was rank-ordered from lowest (0–10 mm
month-1) to highest (greater than 100 mm month-1). Instead of
using monthly data, we arbitrarily chose seasonal means by
averaging three spring, summer, autumn, and winter months to
differentiate the voice of rainfall from the voice of inundation
area. The great octave A was assigned to the average rainfall rank
in the time series (30–40 mm month-1), and every rainfall rank

interval above and below was coded similarly as the inundation
area voice with the corresponding pitch in A minor. This resulted
in pitches ranging from great octave E (lowest rainfall rank: 0–10
mm month-1) to small octave d (highest rainfall rank: greater than
120 mm month-1).
The notes corresponding to inundation area and rainfall were
then scored in the freeware Musescore 2.1.0 (https://musescore.
org/). We set the time signature to 12/8, which aligns well with the
time series length and resolution of inundation area and rainfall.
That is, with this time signature, every month (inundation area)
becomes an eight note and every season (rainfall) a dotted quarter
note within a measure. Each measure in the composition
corresponds to one year in the time series. Given the 864 months
in the entire time series, the composition consisted of 72 measures.
The tempo was set to 1/8 = 180, which compressed the 71-year
time series into a 4 min. 52 sec. song duration. We scored
inundation area in treble clef and the rainfall in bass clef, and
chose the Ahh Choir option in the Musescore Mixer to express
inundation area as a soprano voice and rainfall as a bass voice.
We hyphenated identical notes and added a last measure (measure
73) to round up the song rather than letting it finish abruptly with
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the last note of the time series. We also emphasized the drought
effects with dynamics increasing from mezzo forte (mf) to
fortissimo (ff). Besides these edits, no modifications in the scoring
were carried out in order to maintain the musical expressions of
the original inundation area and rainfall data as much as possible.
The sheet of the Lament of Las Tablas de Daimiel is provided in
Appendix 1.
HEARING THE LAMENT OF LAS TABLAS DE DAIMIEL
The Lament of Las Tablas de Daimiel can be listened to in the
audio file in Appendix 2. The soprano voice reflects the cyclicity
of inundation area, with higher pitches reflecting periods of
higher inundation during winter and spring, and lower pitches
reflecting periods of lower inundation during drier summer and
fall months. These seasonal patters showed some variability
among years—i.e., among measures in the composition—and
were recurrent until the hydrological disruption became evident
as a result of the agricultural transformation in 1974. This
disruption manifests in the Lament of Las Tablas de Daimiel by
lower pitches and more chaotic seasonal patterns starting at
measure 38, and the sustained low pitches during several measures
(from 48 to 51 and 61 to 65), which reflect the supraseasonal
droughts.
Similar to the soprano voice, the bass voice captures seasonality
in rainfall, with lower amounts of precipitation manifesting in
lower pitches in summer. Despite interannual variability in
rainfall, the range of pitches across seasons remained relatively
constant in the song, both before and after the agricultural
transformation (Appendix 1 and 2).
DISCUSSION
In the age of big data in science, data sonification has increasing
potential to unveil social-ecological system changes that are
hidden to human perception. We applied this approach to
document the social-ecological transformation in the agricultural
sector of Central Spain and how this change disrupted the
hydrological functioning of a marshland.
Data can be expressed through music in different ways (Robinson
2013), and our representation of the agricultural transformation
through a soprano and bass voice in the Lament of Las Tablas
de Daimiel is therefore subjective. Despite this, there is evidence
from experimental research that listeners without formal training
in music can make useful distinctions in the data (Last and
Usyskin 2015), which highlights the usefulness of data
sonification for sustainability communication. This links to an
exhaustive body of research in musicology and psychology about
the ability of music to elicit human tensions; e.g., music creating
synaesthetic experiences (Kagan and Kirchberg 2016), developing
reflection (Merleau-Ponty 1969, De Certeau 1984), training
critical systems thinking (Bausch 2012), and linking imagination
and the complex aesthetic creativity in the listener (Hargreaves et
al. 2012). Further research at the intersection between music and
psychology could assess how data sonification, specifically the
choice of representation methods (e.g., musical genres,
instruments), might influence the application of the approach to
the communication of sustainability challenges.
While the representation potential of sustainability challenges
through sonification is high, it remains unclear whether artsbased science communication in general is uniquely effective in

eliciting awareness of environmental change and shaping policy
and governance (Lesen et al. 2016). It is likely that the provision
of context of specific sustainability challenges before listening to
the songs may help the learning process. Also, several
complementary representations based on historical and cultural
aspects of the same problem may foster learning. The visual arts
that cover different time periods may provide such additional
learning support (Thomsen 2015, Brinley Buckley et al. 2017).
Specifically, in the case of Las Tablas de Daimiel, fine art by Juan
D’Opazo and Ignacio Meco, together with historical photographs
available in private and public collections (the image collection of
the Water and Wetland Center of La Mancha), could complement
our lament; so may the aerial images that capture snapshots of
dry and wet conditions in the wetland (Fig. 2). Also, regular
painting and photography workshops about Las Tablas de
Daimiel create art that can catalyze people’s connection with the
wetland.
More generally, approaches from other disciplines can
additionally support data sonification for learning about
sustainability challenges. Ecocriticism studies text, film,
advertising, and other media to portray human–nature
relationships variously from scholarly, political, and/or activist
viewpoints (Gladwin 2017). Sound ecology studies the acoustic
effects generated by organisms, non-biological sources, and
humans on organisms in the environment (Schafer 1976,
Pijanowska et al. 2011). Sound ecology and data sonification may
not be mutually exclusive for acoustically communicating
sustainability problems. Sound ecology represents the sounds in
the environment that can be heard, while data sonification extracts
sounds that are hidden in scientific data and which often capture
patterns and processes in nature that are intangible to humans.
These approaches combined provide a broader spectrum of
sounds inherent in ecosystems, which may spur thinking and elicit
awareness in the context of sustainability literacy.
In summary, transdisciplinary approaches are needed to integrate
different knowledge domains (Muhar et al. 2013), and provide
opportunities to link the generation of knowledge with
transforming societies (Vilsmaier and Lang 2015). The Lament
of Las Tablas de Daimiel demonstrates the application of data
sonification as a tool to represent and potentially communicate
sustainability challenges through music. The song not only
testifies to the agricultural transformation in Central Spain in the
1970s; it represents the fate of wetlands around the globe that face
substantial threats from human activity (Junk et al. 2013).
Wetlands are biodiversity hotspots, comprise habitat for
emblematic wildlife, and provide a host of ecosystem services to
humans (Mitsch and Gosselink 2000). It is therefore necessary to
maximize conservation efforts to guarantee the benefits wetlands
provide to people. Public awareness and engagement are needed
to trigger shifts in policy, and to move away from practices that
may compromise human health, equality, and conflicts when
climate change potentially exacerbates the continued
unsustainable use of short water supplies (Angeler 2016b). This
paper and other work (Crawford 2013, Robinson 2013, Gaiser
2016) highlight the potential of data sonification to represent such
challenges. Implementing this approach for communicating
sustainability can be highly valuable as fast social-ecological
change in the Anthropocene shifts systems of people and nature
to an uncertain future.
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Appendix 2. Audio file (in Ogg Vorbis Audio format) of "The Lament of Las Tablas de Daimiel"
Please click here to download file ‘appendix2.ogg’.

