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Sharing the complex narratives within scientific data in an intuitive fashion has proven

difficult, especially for communicators endeavoring to reach a wide audience comprised

of individuals with differing levels of scientific knowledge and mathematical ability. We

discuss the application of data sonification—the process of translating data into sound,

sometimes in a musical context—as a method of overcoming barriers to science

communication. Data sonification can convey large datasets with many dimensions in

an efficient and engaging way that reduces scientific literacy and numeracy barriers

to understanding the underlying scientific data. This method is particularly beneficial

for its ability to portray scientific data to those with visual impairments, who are often

unable to engage with traditional data visualizations. We explore the applications of data

sonification for science communicators and researchers alike, as well as considerations

for making sonified data accessible and engaging to broad audiences with diverse levels

of expertise.

Keywords: data sonification, science communication, science education, visual impairment, science literacy,

numeracy, data visualization, multidimensional data

INTRODUCTION

Conveying complex scientific narratives to a broad audience has been an ever-present challenge for
science communicators and educators. The magnitude of this challenge has grown as studies in the
sciences and social sciences have become increasingly more interdisciplinary in their exploration
of systems and interactions (Klein, 2004), requiring both depth and breadth of knowledge across
multiple fields to appropriately characterize the scope and impact of phenomena, such as climate
change. Richer, more multidimensional datasets present new challenges: a three-dimensional plot,
for example, reduces interpretability in comparison with a two-dimensional one (Amini et al.,
2015).

In public communication, lack of scientific literacy and numeracy compound this problem. We
suggest that a change in modality, from graphical representations to auditory ones using a process
called data sonification, can reduce these barriers by creating an alternate way to engage with
complex scientific data. This experience can be enriched by, but does not require, prior scientific
expertise. Sonified data has also been theorized to require less time in training compared to visual
data (Hegg et al., 2018). Data sonification’s ability to convey a number of dimensions at once, as
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well as its potential to highlight local interactions between
variables, makes it a powerful tool for data exploration for
not only educators, but also scientific researchers. We will
explore both of these applications, as well as sonification’s unique
potential to convey scientific data for the visually impaired, for
whom graphical representations present greater challenges.

We regard any mapping between data and sound as a data
sonification (Lodha et al., 1997; Dunn and Clark, 1999; Vickers,
2016). Such a mapping may exist in a scientific context, as an
auditory graph, or in a musical context, as a work of data-
driven music (Scaletti, 2018). To illustrate evaluative criteria of
both these contexts, we focus on a project undertaken as both a
scientific data sonification and a work of data-driven music.

DATA SONIFICATION: A PRIMER AND

CASE STUDY

Reporting on data sonification for the National Science
Foundation, Kramer et al. (2010) summarized the method clearly
as the “transformation of data relations into. . .an acoustic signal,”
with sonar and the Geiger counter among the early notable
examples; the field progressed significantly during the 1980s and
1990s (Frysinger, 2005). The nature of that transformational
process may directly map data to sound or may apply more
creative and open-ended mappings. The results can be as diverse
as a stream of numbers changing a sine wave’s frequency, in the
case of an auditory graph, or, in a musical context, an orchestral
composition that renders the data through conventions of
music theory.

For science communication purposes, the translation from
data into audio reveals changing variables to the listener through
changes in sonic dimensions, such as frequency, pitch, amplitude,
and location in the stereo field. In musical contexts, data can
map to these sonic dimensions, as well as higher-order musical
dimensions, such as tempo, form, and timbre. It is relatively
easy for us to attend to changes in each of these elements
simultaneously, as many aspects of hearing are intrinsically
multidimensional (Hermann et al., 2011). As a mental exercise,
think of a song you like, and speed it up or change the
instruments it features. Because a sonification must play out over
time, many sonification examples represent time series data, such
as salmon migration patterns (Hegg et al., 2018), and brain wave
fluctuations (Parvizi et al., 2018).

When undertaken in a musical context, data sonification
may facilitate or augment the learning process. A range of
studies (reviewed in Rickard et al., 2005) have found that
passive and active music listening improve performance on
a range of cognitive tasks including reading comprehension,
mathematical and general IQ test performance, visual-spatial
tasks, and learning and memory.

For a more detailed case and thought experiment, we can
walk through our sonification of an ecological study (Oakes et al.,
2014) on the effects of climate change on the Alaskan yellow cedar
tree. The audio can be found here - http://stanford.edu/~sawe/
alaskanyellowcedarsonification.wav. Oakes et al. painstakingly
surveyed thousands of trees across 50 vegetation plots, including

five conifer species with over 30 documented variables per tree.
While there was not an explicit time series element to the data,
geographic latitude became a proxy for time in what is called
a chronosequence: climate change had longer to impact the
southern range of the forests, and so effectively, north to south
told the temporal story of climate change’s impacts on the forest
composition. As Oakes et al. traveled south along the Alaskan
coastline, the yellow cedar died off, replaced by western hemlock.
This sonification maps the data to several sonic parameters, with
the twin goals of rendering audible patterns in the data and
creating an aesthetically satisfying musical experience that tells
the story of the Alaskan forests.

To sonify the data, we chose Western orchestral instruments
to represent each of the five conifer species. The yellow cedar,
the central figure in the narrative, played the piano; the western
hemlock was the flute. The Sitka spruce, with its wood often used
to create stringed instruments, played the cello, the mountain
hemlock played the violin, and the shore pine played the clarinet.
Every tree was represented by a note, and the note’s characteristics
reflected those of the tree: the height of the tree was mapped
to pitch, and its diameter was mapped to velocity (the force
with which the note was struck). The fullness of the tree’s crown
was reflected in the note’s duration. If a tree was dead—as
many of the yellow cedars were in the southern plots—it was
instead represented by a musical rest (silence). The form of the
sonificationmaps direction to time: beginning with the northern-
most plot and ending at the southern-most plot, it traverses the
experiment’s fifty tree plots from north to south, devoting an
equal amount of time to each.

Explaining these mappings takes less than 30 s and anchors
the listeners with a concrete understanding of what transpires
within the data.When the yellow cedar’s piano grows increasingly
sporadic and quiet as the sonification proceeds, and the western
hemlock’s flute rises to prominence, listeners have the potential
to grasp the study’s core narrative at a visceral and intuitive
level. Ability to comprehend a graph or regression table is
unnecessary. And because the ecological variables were mapped
to palpable musical parameters, such as loudness and rhythmic
event density, listeners are able to directly infer individual tree
characteristics and localized forest species compositions, details
which are otherwise obscured when aggregated in the study’s
journal figures, and inaccessible in their complexity when viewed
in raw data tables. The accessibility of the sonification led to
widespread coverage bymedia outlets (Kahn, 2016; Nijhuis, 2016;
Rassler, 2016).

LEARNING AND THE SENSES: TEACHING

MODES AND VISUAL IMPAIRMENTS

The idea that individuals have different holistic “learning
styles” determined by predominant reliance on one of the
senses (visual, auditory, and kinesthetic) has been widely
mythologized; yet experimental evidence does not support such
claims (Pashler et al., 2009; Riener and Willingham, 2010).
However, presentation modes that leverage differing aspects of
senses can still aid in the understanding of data, with differing
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receptivity across individuals. Statistical learning improves when
presented through an auditory modality rather than vision or
touch (Conway and Christiansen, 2005). Similarly, the ability
to recognize patterns in information is improved in auditory
over visual modalities (Rubinstein and Gruenberg, 1971), a result
not altogether unsurprising given our frequent engagement with
musical rhythm and meter.

Combining visual and auditory presentation modes is also
likely beneficial. According to the modality effect, presenting
some information in visual format and other elements in audio
can effectively expand working memory capacity, reducing
cognitive load while facilitating the integration (and hopefully
retention) of information (Mayer, 2014). Sound has been shown
to facilitate visual learning, arguing for multisensory training
for new skills (Seitz et al., 2006), and to augment visual
interface tasks (Brewster, 1997). Adding visual monitoring to an
auditory monitoring task has been shown to impair performance
transiently, with performance returning to normal relatively
quickly (e.g., ∼25 task trials) (Peres and Lane, 2005). However,
in data sonification experiments, combining the modalities
increased response time in listeners attempting to comprehend
modeled ecological data, and the majority of listeners reported
that the visuals were unhelpful or even detrimental to
interpretation, competing for their attention (Hegg et al., 2018).
Further research may identify the optimal ways to combine both
methods for data interpretation and retention.

An obvious benefit of data sonification is its interpretability
for those with visual impairments who may not be able to
readily obtain analogs of traditional data visualizations. Informal
learning environments (ILEs), such as museums, zoos, and
aquariums, where data sonification could complement existing
methods of instruction, rarely have accessible exhibits for
the visually impaired. In a national survey of ILEs, 51% of
respondents reported that fewer than a quarter of their exhibits
were accessible to the visually impaired (Tokar, 2004). This
has led visually impaired individuals to avoid ILEs, stating
that there are not sufficient activities for them to engage with
(Landau et al., 2005), a finding that led a group of Georgia
Tech researchers to create tools for sonification and auditory
displays in ILEs (Walker et al., 2006). Data sonification would
also obviously benefit education across age groups within
more formal learning environments, providing an additional,
more tangible tool for the visually impaired to interpret
textbook studies.

However, most instances of sonification research for the
visually impaired are for assistance with daily life and navigation
(Velázquez, 2010; Mascetti et al., 2016), and studies of
engagement with the sonification of geographic or scientific (e.g.,
gas particle models) data show promising results but are often
in the exploratory or small-sample-size stages (Delogu et al.,
2010; Levy and Lahav, 2012; Weir et al., 2012). While further
research into data sonification can help to quantify the learning
benefits for both sighted and visually impaired individuals,
the modality certainly offers engaging ways for the visually
impaired to interact with informal learning environments
and scientific textbook studies that would otherwise be
inaccessible to them.

CHALLENGES WITH SCIENTIFIC AND

GRAPHICAL LITERACY

Exacerbated by demographic and socioeconomic factors, deficits
in public science literacy, graphical literacy, and numeracy
impede scientific understanding (Allum et al., 2018). There is
also a large degree of heterogeneity in whether individuals prefer
graphically or numerically represented data, and which they find
more accessible and intuitive (Politi et al., 2011), due perhaps
to differing capacities for visual literacy (Avgerinou and Ericson,
1997).

Individuals with low science knowledge may feel improperly
equipped to parse the scientific content they encounter,
leading to disengagement or feelings that it is “too difficult”
to grasp. In a survey by Pew Research Center and the
Smithsonian, a representative sample of over 1,000 US adults
were asked the key reason that young people avoid careers
in math and science. The most common answer (46%) was
that science and math were “too hard” (Monmaney, 2013).
Scientists must create ways to overcome this perception
and make STEM material more accessible and relatable
without additional science literacy requirements, to engage
individuals who do not feel qualified or empowered to navigate
that material.

In a 2019 Pew Research Center report, 29% of the US
respondents studied were categorized as possessing low scientific
knowledge, scoring 0 to 4 correct answers out of 11 test
questions (Kennedy and Hefferon, 2019). The International
Literacy Survey places approximately half of Americans without
the minimal numeracy skills required to utilize numbers in
printed materials (Kirsch et al., 2002). This negatively impacts
the ability to make decisions about their own health, finances,
and other everyday decisions, compromising the ability to grasp
risk magnitudes, percentages and proportions, and probabilities
(Hibbard et al., 2007; Peters et al., 2007). Experiments have
shown that presentation formats which reduce the required
cognitive effort and improve ease of interpretation aid in complex
decision-making, particularly for those with lower numeracy
skills (Gurmankin et al., 2004).

As science and social science data complexity has grown over
time (Klein, 2004), an understanding of multivariate datasets has
also become increasingly relevant for parsing current events and
assertions from news sources (Engel, 2017). Educators advocate
for earlier education in data science and statistical literacy in
order to foster an engaged and informed citizenry (Engel, 2017).
If an engaging, holistic, and even emotional grasp of trends
in multivariate datasets can be obtained through sonification,
however, this creates a cognitive shortcut to understanding for
individuals whose educational institutions may not yet provide
such data science training. Mathematics education professor
Joachim Engel asserts:

Making sense of multivariate data does not necessarily involve
advanced sophisticated multivariate statistical procedures as
often applied in social science research (e.g., factor analysis
or logistic regression). Rather, it involves understanding
multivariate phenomena and is based on developing sound
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heuristics, including awareness of biases and fallacies (Engel,
2017).

Data sonification can provide one of these sound heuristics
by revealing the structure of underlying data and reshaping
prior misperceptions.

In doing so, sonification creates an alternative or complement
to the graphical representations otherwise necessary to
understand large-scale data, which require different interpretive
skills than those traditionally taught in current curricula that
focus on smaller sample sizes (Engel, 2017). Graph literacy is
a skill that correlates highly with numeracy, and in the US,
with education (Galesic and Garcia-Retamero, 2011). However,
about a third of low-numeracy individuals are helped greatly
in data comprehension by the presence of graphs (Galesic and
Garcia-Retamero, 2011), indicating that varied presentation
methods can help surmount deficits in understanding of core
data concepts. Graphical literacy is highly subject to individual
differences (Politi et al., 2011), and so supplementary graphs are
unlikely to be a cure-all for data comprehension. The degree to
which data sonification can aid in data comprehension for those
with low numeracy or low graphical literacy, and the proportion
of the population whose data comprehension would benefit from
this modality, remain open questions.

While individual differences may inform which methods
of data presentation are most beneficial to understanding,
baseline comprehension of science and math is unfortunately
not distributed equally. With structural, geographic, social,
and economic factors that combine to compromise much of
the US population’s interactions with scientific data, science
communicators should be vigilant in searching for accessible
ways of conveying that data that depend as little as possible
on prior experience and preconceptions, while still offering the
potential to dive deeper and more substantively into the data for
those who so desire. Below, we offer a way of thinking about how
to sonify data for accessibility, so that science communicators
can best determine how the method might share their knowledge
with a wider audience.

SONIFICATION MAPPING DESIGN

CONSIDERATIONS

The nature of the data itself constrains possible sonic mappings:
categorical variables (differences of kind) that do not change
in time can only map to discrete parameter choices that do
not vary during the sonification, such as instrumental timbre,
while continuous variables (differences of scale) may translate
into frequency or tempo, which may change continuously in
time (Walker and Nees, 2011). Hegg et al.’s data sonification
experiments found that participants were most sensitive to
transitions in pitch and timbre, yielding the recommendation
that the most important elements of the data should be mapped
to these elements given their primacy (Hegg et al., 2018).
Psychoacoustics literature can provide an empirical roadmap—
for example, showing how we cue to pitch perception over
space perception (Deutsch, 1975)—but a great deal of flexibility
remains in the sonification process. Accessibility concerns must

also be considered; for example, sighted and congenitally blind
listeners experience pitch height differently (Eitan et al., 2012).
Science communicators therefore need to strike a balance in
the sonification of their data between four key but interrelated
elements: fidelity to the data, level of complexity, aesthetics,
and accessibility.

Data Fidelity
How closely does the sonification represent the original scientific
data? Some cases draw a clear relationship between data and
sound: in a time series mapping of brain activity to pitch to hear
seizures in epileptic patients, a simple power law relationship
traces themicrovolt amplitude of brain activity using pitch height
(Parvizi et al., 2018). However, in instances where there is no
clear variable to map to pitch, given how strongly we cue to
this element of sound (Hegg et al., 2018), one might imagine
a sonification composed of chord progressions, the structure of
which is defined by higher-order moments in the data (e.g., slope,
skewness, kurtosis) or weighted averages of multiple variables.
While such mappings might provide a clear holistic picture of the
shape of the scientific data, or draw attention to specific aspects,
the relationship between the raw data and the audio becomes
increasingly abstracted, potentially increasing the difficulty in
conveying the science behind the sound. Sonification mappings
range from the direct to the symbolic or metaphorical, with
varying outcomes in ease of interpretability and learning (Keller
and Stevens, 2004).

When scientific data remains unintuitive or requires too
high a knowledge level, some aspects of scientific data
may need to be eschewed entirely. Confidence intervals and
compounding uncertainties are examples (Jones, 2000); we
respond non-linearly in the subjective weightings that we assign
to probabilities and expected rewards (Hsu et al., 2009; Winman
et al., 2014), and we are strongly influenced by uncertainty (Wu
and Gonzalez, 1999), which has presented challenges for the
Intergovernmental Panel on Climate Change. In some cases,
science communicators may need to consider aspects of the way
this information is traditionally processed, and assess whether to
counteract or reinforce these perceptual and cognitive biases.

Complexity
While sonification offers a favorable medium for conveying
multivariate datasets, science communicators must still critically
assess the degree of complexity in the narrative they are relating.
How many dimensions are represented? What is the scale of the
dataset? Are there ways to simplify, or sample from a subset of
the data, while still accurately representing the whole? Can trends
be used in place of individual data points? How do documented
perceptual thresholds and boundaries of sound and music
cognition constrain the narratives that one might construct?

The linear, time-dependent presentation of sonification data
mitigates this complexity and keeps it in a digestible format: by
slowing down the rate at which data is translated into audio,
science communicators can provide listeners with the necessary
time to process and interpret that data. Here, too, lies a trade-
off, as one should not assume a captive audience, or one with the
luxury of time. Thought should be put into the delivery method
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and audience surroundings. How many people can access the
sonification at the same time? What are the attentional and
cognitive demands on the audience? These pragmatic constraints
will lend insight into how ambitious the data complexity should
be for a given setting. For example, the IceCoreWalk project
(Chafe, 2019) is a narrated sonification that traverses 800,000
years’ worth of CO2 and temperature data in the time it takes
to walk the length of the ice cores that provided the data (3 km).
Self-directed pacing keeps the data manageable: the listener can
walk with a group or solo, can move continuously or make stops,
and can take in their surroundings while absorbing the data.
Additionally, voiceover narration can help draw the listener’s
attention to key changes in sonic parameters.

Aesthetics
With so many sound design choices available, thinking carefully
about aesthetic decisions is crucial. Are acoustic or synthesized
sounds used? Are traditional musical instruments employed, and
if so, from what culture and genre? Do the authors intend the
sonification to be used as an auditory graph, or to be experienced
as a musical composition, gallery installation, or soundwalk?

Data sonification need not necessarily be musical in
nature, and many scientifically-useful auditory graphs are not
particularly musical, or even pleasant to listen to. There are some
rationales for abstracting the sonification (as we’ll see in our
discussion of musical choices below), and abstraction can bring
some interesting choices to the communicator. For instance,
audio connected to the dataset itself (e.g., whale sounds) can tie
the listener more directly to the content. Likewise, sonifications
may employ sounds that are “signal-referent” but indirectly
related, such as using the sound of a striking match to represent
a fire (Keller and Stevens, 2004). These indirect representations
rely more strongly on the listener’s associative memory to draw
connections between data context and sonification (Keller and
Stevens, 2004). A range of creative virtual studio technologies
(VSTs) plugins and sound libraries offer a wealth of opportunities
for such mappings, such as Soniccouture’s Geosonics, which
morphs field recordings of glaciers calving and frogs chirping
into playable instruments. Searchable online databases of public
domain audio files, such as freesound.org and BBC Sound Effects
Beta, enable scientists to efficiently find, listen to, and utilize
iconic domain-specific audio in their projects. The abstraction
of less familiar sounds may come at a cost, however, decreasing
the interpretability or relatability of the piece or prompting
disengagement by the listener before they have fully understood
what the sonification was trying to communicate. On the other
hand, synthesized sounds can change inmore subtle and precisely
mapped ways than many sample-based western orchestral
sounds can, due to the difference between pre-recorded and
synthesized sound.

Imposing norms and structures informed by music theory
onto the data has both benefits and disadvantages. The choices
of scale, range, instruments, tempo, and so forth will heavily
influence the interpretation of the data by the listener. For
instance, we utilized the d minor scale in our sonification of
the yellow cedar data, knowing that the underlying dataset
characterized the decline of an iconic species, and that minor

scales correlate with the emotion of sadness (Juslin and Laukka,
2004). Yet the yellow cedar’s decline is counterbalanced by the
rise of the western hemlock as the piece continues; viewed
through this lens, one could easily frame the story as one of
emergence and change, and instead play the piece in a key meant
to evoke opposite emotions. Science communicators need to
be cautious in such decisions. Because music evokes affective
states, deciding how strongly to connect the data to emotional
characteristics of the sonification, and in what ways, must be
a conscious choice and responsibility. The affective states that
data sonification may elicit—even while faithfully representing
a dataset via a systematic and direct mapping rubric—hold
the potential to exacerbate issues of science communication as
advocacy or even, in the extreme, manipulation, all without
using a single word. This opens up the possibility for both more
ambiguous and more misleading implications, depending on the
way the data is represented.

Aesthetic data interpretation choices may also influence the
extent to which the data sonification facilitates improvements in
cognition. Spatial-temporal task performance in the presence of
music was found to depend on the tempo and mode of the music
(which relate to psychological arousal and mood, respectively),
with a preference for fast, major mode pieces (Husain et al.,
2002). Thus, particular mapping approaches may better facilitate
different types of learning goals.

Peer group determines musical preferences that echo from
our formative years into adulthood (North and Hargreaves, 1999;
Creed and Scully, 2011). A number of studies have analyzed
those broad preferences to identify the separate factors that
help determine those preferences (Colley, 2008; Delsing et al.,
2008; Rentfrow et al., 2011). Individual differences in musical
preferences determine what types of musical representations best
suit a particular audience, and whether genre choice may be
alienating. In interactive sonification contexts, such as museum
exhibits, it may be possible to compose multiple translations of
the same dataset to convey the same information across a range of
musical genres, styles, moods, and instrumentations, leaving the
choice to the listener. However, this might place undue emphasis
on these musical aspects over the data itself, distracting from the
narrative of the scientific data.

Benefits for Science Exploration
Data sonification can help tell the story at the heart of the data
to not only the general public, but scientific experts as well. The
auditory system has been theorized to be especially well-suited
to trend identification (Walker and Nees, 2011), with similarities
between trend and melodic contour (the abstracted shape of a
succession of sonic frequencies in time). This capacity of the
auditory system for pattern detection, as well as its excellent
temporal resolution, can facilitate data exploration (Walker and
Nees, 2011). Our hearing is well-suited to identify and contrast
periodic and aperiodic events, as well as detect small changes
in frequency within continuous signals, enabling us to extract
complex data that might be embedded deeply within both static
and noisy signals (Kramer et al., 2010).

The capacity of data sonification for simultaneous
representation of many data dimensions is one of its greatest
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strengths for data exploration. Various traditional ways of
engaging with data, such as regression analyses, can encounter
problems with collinearity that compromise the ability to include
the full array of variables from a rich data set. Similarly, standard
graphing techniques represent only a few dimensions at once.
These shortcomings can make it more likely for researchers to
miss complex interactions between several variables, especially
if they were not posited a priori, or if they occur only under
certain conditions, such as within certain time windows. Data
sonification allows researchers to stumble upon new patterns
and questions when exploring their data. In this way, data
sonification performs much the same function for scientific
experts as it does for the general public: sonification clarifies the
data’s narrative and suggests a path forward for inquiry.

CONCLUSION

As interdisciplinary explorations of rich datasets in the sciences
and social sciences uncover vast interconnections between many
variables that explain the systems we observe in the world around
us, the challenge for science communicators attempting to
balance data complexity, fidelity, and comprehensibility is more
difficult than ever. The scientific narratives that result from such
exploration need to be conveyed clearly and accurately, in ways
that faithfully represent the underlying data while still remaining
engaging the general public. Because scientific knowledge,
numeracy, and graph literacy are not equitably distributed across
the population, traditional visualization methods may require
skills and knowledge that present a barrier to engagement for
many individuals who science communicators desire to reach.

Data sonification offers a unique tool in the toolkit of science
communicators that can surmount some of these challenges,

thanks to the unique ways in which our auditory system
processes information and detects patterns, as well as the
medium’s creative and aesthetic opportunities for facilitating
engagement (e.g., through musical renditions of data sets). It
also enables those for whom traditional visualization methods
are inaccessible, such as the visually impaired, to engage
meaningfully with rich data sets. It is data sonification’s potential
for more accessible science communication on a variety of fronts,
while enabling exciting new opportunities for data exploration,
which warrants its application in a wide array of science
communication contexts, from articles to classrooms to informal
learning environments. There are many ways to tell the stories
underlying scientific data, and as science communicators, we
should endeavor to ensure that those stories reach as many ears
as possible.
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