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Abstract: The central United States has seen an increase in earthquakes in recent years, spurring
academics to research this new hazard and communicate their findings to the public—that the
earthquakes are human-induced and tied to activities associated with oil and gas development.
However, individuals receive information from a variety of sources and accept or reject information
based on how credible they view the information source. Within this study, we administered and
analyzed a household survey to understand what sources individuals view as credible regarding
induced seismicity and oil and gas development, and what factors predict this perceived source
credibility. We found that academics were viewed as the most credible source, and elected officials
were viewed as the least credible source. Rural respondents viewed sources, including academics,
as less credible than their urban counterparts. Those who experienced more negative impacts of
induced seismicity viewed all sources as less credible than did individuals who have not experienced
such adverse impacts. These findings are important to consider when developing outreach and
communication campaigns around sustainability issues, as the public will view certain sources,
particularly academics, as more credible than the sources that traditionally create and enact policy,
such as elected officials and government agencies.

Keywords: source credibility; induced seismicity; hydraulic fracturing; information sharing; survey
research; oil and gas

1. Introduction

Over the last decade, there has been an increase in the frequency and magnitude of earthquakes
in the central United States, affecting states as far west as Texas and Colorado and as far east as Ohio.
Scientific researchers have neared consensus that these earthquakes are largely induced by the injection
of large amounts of “produced” wastewater deep underground, a process often associated with oil
and gas production via hydraulic fracturing [1]. However, other explanations have been offered—such
as wind farms [2] or drought–rainfall cycles [3] causing the earthquakes—creating uncertainty in the
public as to the “true” cause of the quakes and who is a credible source of information.

This work builds on research from energy and environmental sociology, risk perceptions,
and science communication by examining source credibility regarding induced seismicity (human-made
earthquakes) and oil and gas development. This paper presents results from a household survey of
four communities—two in Oklahoma and two in Colorado—that have experienced varying degrees
of induced seismicity [4]. Specifically, we examined which sources of information are viewed as
credible regarding the earthquakes and oil and gas development, and what factors predict or influence
credibility for different sources.
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1.1. Induced Seismicity in the United States

Historically, the central United States is a region not known for its seismic activity. In recent
years this has changed, as an increasing number of earthquakes have occurred in this region. While
Oklahoma has experienced the greatest number of earthquakes in the past decade [4], at least eight U.S.
states in the Midwest and western plains have experienced earthquakes that are thought to be linked
to deep well fluid injection, a process often associated with oil and gas development [5–7]. While the
frequency and magnitude of these earthquakes have spiked in the past decade, there is a history of
similar fluid injection-induced seismicity in this region. For instance, in the early 1960s, the injection of
chemical waste fluid deep underground at the U.S. Army’s Rocky Mountain Arsenal induced a series
of earthquakes near Denver, Colorado [8,9].

These earthquakes behave differently than the “natural” earthquakes seen in places such as the
west coast of the United States. For example, they often occur in “swarms”, sometimes dozens of low
magnitude earthquakes in the span of a day or two, instead of a single large earthquake with a low
number of foreshocks and aftershocks, as may be seen in the state of California [5]. These earthquakes
are often of lower magnitude, often in the M 2.0–M 4.0 range, which is not notable in more seismically
active regions, but they also occur closer to the earth’s surface [10]. Most importantly, these earthquakes
are occurring in states where infrastructure is not built with seismic hazards in mind, and thus pose a
similar hazard to infrastructure in these regions as larger earthquakes pose in regions with more robust
seismic design codes [11,12]. Though these induced earthquakes are generally lower in magnitude
than the natural earthquakes experienced on the west coast of the United States, they have resulted in
property damage [13], reduced property values [14], and increased feelings of anxiety and uncertainty
in affected members of the public [15].

In addition to posing various risks to the public, these earthquakes can be contentious, as the risk
is new and the cause of the earthquakes is debated. While the Denver earthquakes in the early 1960s
were caused by injecting chemical wastes underground, the induced earthquakes of the past decade
were caused by the injection of produced water, a by-product of oil and gas development and one
often associated with hydraulic fracturing [7].

1.2. Hydraulic Fracturing and the Impacts of Oil and Gas Development

Hydraulic fracturing, sometimes called “unconventional” oil and gas development, is a process
used to extract oil and natural gas from otherwise inaccessible mineral deposits, generally tight sand
and shale formations. This process uses a combination of water, sand, and chemicals to fracture open
mineral deposits and allow oil and gas that would otherwise be trapped to flow back to the surface for
collection [16].

Recent advances in hydraulic fracturing and other mineral extraction methods have led to a boom
in domestic energy production in the United States [17,18]. This boom has resulted in numerous
benefits, largely economic, as well as negative impacts, including environmental risks to water and
air quality, and societal nuisances such as increased noise and traffic levels in communities with
development [19–22]. With both positive and negative impacts, the American public is divided,
with some supporting, and others opposing, the use of hydraulic fracturing specifically, and oil and gas
development broadly [23,24], making it a politicized and contentious topic. As such, opposing parties
put forth different narratives that support their view of oil and gas development and the associated
risks and benefits [19,25–27]. As a result, the public is left with contrasting viewpoints and must
evaluate these different sources of information.

1.3. Induced Seismicity in Oil and Gas Development

Many of the risks and benefits associated with oil and gas development are well known and
researched [28,29]. However, while many of the community impacts of oil and gas development have
been the same for decades, the rise of induced seismicity necessitates further research, both regarding
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the risks of induced seismicity and communication of these risks to the public. Given the contentious
state of the topic and the different information being proposed by academic vs. nonacademic sources,
it is also important to understand the credibility of academics and other information sources, who
espouse contrasting views.

Many instances of induced seismicity in the United States are caused by the deep injection
of wastewater underground. This water originates during the extraction process as “produced”
water, or water that was initially trapped with the oil and gas deposits and is extracted, along with
minerals. This water is produced in both hydraulic fracturing operations and conventional oil and gas
development, though it is often mistakenly associated only with hydraulic fracturing [7]. In much of the
United States, oil and gas companies dispose of this produced water by injecting it deep underground.
There are also instances, including a small number of cases in the United States, as well as several in
Canada and the Netherlands, of hydraulic fracturing itself causing earthquakes [7,30], which cause
people to associate hydraulic fracturing with the earthquakes caused by wastewater injection.

Though there is broad scientific consensus that the cause of the majority of earthquakes in the
central United States is wastewater injection associated with oil and gas development, competing
theories have been proposed. The most prominent alternative theory is that the earthquakes are
naturally occurring and not tied to oil and gas development [31,32], though other theories, such as wind
energy development or extreme drought–rainfall cycles causing the earthquakes, also persist in the
public discourse [2,3]. The opposing viewpoints have hampered efforts at effectively communicating
the facts of this issue to the public, and subsequently enacting policy to mitigate earthquake risk, be it
through regulating injection practices to reduce the likelihood of earthquakes or to change building
practices and codes to reduce their impact. With this disconnect, it is important to understand why
scientifically backed evidence from the academy is not being universally accepted, and how competing
sources of information are being viewed by individuals. Though there is a large body of research that
examines community perceptions of oil and gas development and their risks [29], there is little research
that incorporates how individual perceptions and experiences influence how credibly individuals view
different information sources regarding oil and gas development and, relatedly, induced seismicity.
Our work addresses this need by answering the following research questions:

RQ1: How credible are different sources of information perceived as being regarding (a) oil and gas
development and (b) induced seismicity?

RQ2: What factors affect the perceived credibility of information sources regarding oil and gas
development and induced seismicity?

The topics of induced seismicity and oil and gas development are being explored together because
of the relative novelty of seismicity associated with oil and gas in the United States. In examining these
topics concurrently, we can understand if individuals view these issues, and in turn the credibility of
sources, as related, or if they are viewed as distinct from each other. This work serves as a case study
of understanding the credibility of academics, as well as other sources, regarding contentious, novel
hazards—in this case, induced seismicity.

2. Literature Review and Development of Survey Constructs

In order to best address these research questions, we reviewed literature from multiple fields,
including psychology, science communication, risk perceptions, and environmental sociology, on source
credibility and factors predicting source credibility. This information was used to develop items for a
community household survey.

2.1. Source Credibility

When academics communicate scientific knowledge to the public, they sometimes fall into the
trap of thinking that the public simply does not have all the information that is available to the
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experts [33,34]. This classic line of thinking—“If only the public had more information, then they would
understand the issue (and agree with me, the expert)”—is now known as the “deficit model” within
the field of science communication. While this model has been frequently used to communicate science
for years, it has largely been disproven, or is at least viewed as incomplete (e.g., [35]). While getting
scientific findings from the academy to the public is a prerequisite for individuals to understand science,
where the information originates from, who conveys that information, what the personal identity of
the audience is, and how the information is framed are all important factors in understanding how the
information is actually received by the audience [36,37].

Given the importance of the source of the information in communication, we focused on how
individuals view different sources of information. To do this, our survey measured how credible
respondents perceive academics and six other types of sources to be. Credibility is defined uniquely
by different researchers, but commonalities across many definitions are that the source provides
information that is viewed as accurate, valuable, and presented in a responsible manner [38,39]; more
concisely, a source is credible if the information presented by them is believable or persuasive [37–40]. It is
important to note that studies examining source credibility go back decades, and that different scholars
present different foundational elements of source credibility or factors that measure source credibility.
While the goal of this paper was not to present a systematic review of the different definitions and
operationalizations of “credibility” throughout the decades, we do discuss relevant literature that
informed our study in order to situate our work in the wider science communication literature.

To determine how to measure credibility, we reviewed literature from psychology, communication,
and marketing. These fields have determined that the trustworthiness of the source and the source’s
expertise regarding the topic at hand are common, foundational elements of credibility [41–43]. When
risks are novel, individuals are more likely to accept risky practices when they trust the information
source promoting the seemingly risky behavior. For instance, Ryu et al.’s [44] study demonstrated that
individuals increased their acceptance of nuclear energy production if they trusted the government
and regulators. Thus, respondents were asked to rate how trustworthy a source was in regard to
information and discussions about induced seismicity and, separately, oil and gas development.
Though we did not provide a definition of “trust” to our respondents, our intended meaning can be
summarized by Renn and Levine’s (1991) definition that says trust is the expectation “that a message
received is true and reliable and that the communicator demonstrates competence and honesty by
conveying accurate, objective, and complete information,” [45]. In this regard we use “trustworthy” to
mean something akin to what Siegrist et al. referred to as “social trust”, or an idea that a specific party
is generally honest, reliable, and true to their word [46]. “Expertise” was used to measure a source’s
perceived knowledge or mastery of the topic at hand. While Renn and Levine cite the subject matter
of “competency” as a bedrock of trust [45], other scholars view expertise as a separate and distinct
element of credibility [38,41,42]. Therefore, respondents were also asked how qualified these sources
were to share information on both topics based on their expertise.

Finally, we also wanted to understand how legitimate respondents perceived each source to
be for providing information on induced seismicity and oil and gas. Legitimacy has often been
thought to be a pertinent factor in science–policy communication [47], in that legitimate institutions
are able to more effectively win the support and acceptance of the public in instituting policy. In their
study on environmental risk communication, Trettin and Musham (2000) determined that acceptable
and understandable standards and procedures are more effective for institutions engaging in such
communication [48], reinforcing these ideas around what makes communication legitimate. While
perceived expertise with a topic may reflect that a source has the requisite knowledge to provide
accurate information, expertise alone does not account for the fact that often sources that are close to an
issue may have a vested interest, or conflict of interest, regarding the information being presented due
to their ties to the subject [49]. To account for this, we adapted Suchman’s [50] definition of legitimacy,
and we asked respondents to rate the degree to which it is “appropriate, desirable, or proper” for the
source to share information on induced seismicity or hydraulic fracturing and oil and gas development.
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These ideas of trust, expertise, legitimacy, and credibility have been explored in a number of contexts,
including Gustafsson’s study [51] of how trust of governmental agencies affects acceptance of climate
change policies and Zhang et al.’s [43] study that found trust and source credibility affects consumer
acceptance of genetically modified foods [43].

The different sources examined in this work were selected based on the context of induced
seismicity, though many are present in any context focused on sustainability issues. These sources were
academics, framed in our survey as “university researchers and scientists” for easier understanding by
participants; elected officials; federal government bodies, such as the United States Geological Survey
(USGS); state government bodies, such as state oil and gas regulators and state geological surveys;
local government bodies; oil and gas companies and organizations; and environmental interest groups
and organizations. These categories were determined based on archival analysis of communities facing
induced seismicity, as well as field work performed by the research team [52]. The source categories
were developed to be descriptive, and as mutually exclusive and collectively exhaustive as possible
while maintaining a small number of categories to reduce survey fatigue.

We asked respondents these three questions—trustworthiness, qualifications, and legitimacy—for
each of the seven source categories. These questions were asked twice, once for providing information
on induced seismicity (i.e., “how trustworthy is X regarding the discussions surrounding the cause
of the earthquakes”), and once for providing information on “hydraulic fracturing and oil and gas
development”. These items were measured on a four-point, Likert-type scale.

There are many examples of how to measure credibility and the foundational elements of credibility,
including in-depth studies that have aggregated ordinal, Likert-type items to develop interval or
continuous measures [53–55]. In order to decrease the burden on survey respondents, this tested
method of measurement was used in lieu of a continuous measurement scale (e.g., [38]) that would
take more effort on the part of participants and likely result in a lower response rate.

2.2. Factors Affecting Source Credibility

In addition to uncovering who was viewed as credible, we sought to understand what factors
predicted the credibility of different information sources. Credibility is not a fixed attribute—it can
change and it varies based on the audience. Credibility is relational in this sense, in that different
community members have different views on the level of credibility of the same source. For instance,
a university may have a certain level of credibility with one community, and another level of credibility
with another community altogether. These different levels of credibility vary based upon attributes,
or factors, and their relationships to sources [37,39,41]. As a result, we sought to understand how
perceived credibility of sources changes based on different factors. While there are many factors
and interrelationships that lead one party to “believe” another or find them credible, including what
Pornpitakpan referred to as source, message, channel, receiver, and destination variables [41], a survey
limits the detail in which many of these variables can be explored. Specifically, we focused on variables
associated with the receiver as they relate to the source, particularly variables that can be categorized
as ones of initial disposition and issue involvement. Drawing from literature and case knowledge,
these included perceptions of oil and gas development, exposure to induced seismicity, demographic
variables, and the location of the respondent (i.e., urban or rural).

2.2.1. Perceptions of Oil and Gas Development

Individuals often receive and accept information that aligns with their pre-existing views,
with individuals viewing information sources who share their views as more valid [56–58]. Given
that alignment of views is important, we identified an individual’s perceptions of oil and gas and
determined how these perceptions predict the credibility of different information sources.

To that end, we asked respondents to rate, on a four-point scale, how positively or negatively
oil and gas development has impacted eighteen different aspects of their community, such as the
availability of jobs or the number of earthquakes in the region. Sixteen of these community measures
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originated from literature (in particular [59]); however, two items related to induced seismicity—items
asking about the amount of seismicity in the region and the cost of home insurance—were developed
from case knowledge. We asked these questions for two reasons. First, it allowed for nuance in
responses. For instance, despite the two primary “competing” narratives surrounding oil and gas
development [19], many individuals hold views that development can bring both positive and negative
impacts simultaneously [29,60]. Second, by aggregating these items into factors, we could better
understand an individual’s view of the impacts of oil and gas development on their community
without the issues associated with asking such questions directly.

While the individual impacts serve to measure, as a latent variable, perceptions of how development
impacts the respondent’s community, we also asked respondents to rate their support for, or opposition
to, hydraulic fracturing directly, as well as the extent to which they believed development had a
positive or negative effect on their community overall. These approaches were used because the
direct questions are more forthright and, given the contentious nature of the topic at hand, sensitive.
Research has suggested that these types of questions may lead to inaccurate responses due to social
desirability bias, or to people quitting the survey (e.g., [61,62]). Thus, we placed these direct questions
after the more nuanced items. The responses were coded such that a higher number corresponded
with greater support for and a more positive perceived effect of oil and gas development, while a lower
number corresponded with greater opposition to, and a more negative perceived effect of, oil and
gas development.

2.2.2. Exposure to Induced Seismicity

As individuals experience more adverse effects of a hazard, their thoughts and behaviors regarding
that hazard often change [63]. This holds true for human-caused hazards, often called technological
hazards, though the changes differ. While a natural hazard is often viewed as an “act of God” that
cannot be prevented, only mitigated against, technological hazards are viewed differently, due to
the perception that there may be a solution to stop, or substantially reduce, the hazard due to their
human-made origin [64]. Unlike natural hazards, individuals generally believe that governmental
authorities have the responsibility to address the causes and effects of technological hazards through
regulations and other policies.

Thus, when technological hazards occur, individuals often develop decreased trust in the
government and other authorities deemed responsible. In the Netherlands, for example, incidents
of significant induced seismicity have resulted in declining levels of trust in government authorities,
in part because of a lack of visible mitigation efforts and a lack of transparency in the response
to the hazards [30]. Conversely, in the United States, research has shown that if individuals view
governmental agencies as knowledgeable and responsible parties regarding induced seismicity, they
hold greater levels of trust in said agencies [65].

Understanding these impacts of hazard exposure on trust, we asked individuals to report how
many earthquakes they have felt in their state since 2011; how much damage, if any, they have
incurred to personal property as a result of the earthquakes; and how negative of an impact, if any,
the earthquakes have had on their lives.

2.2.3. Demographics

Lastly, we asked questions about educational attainment, age, and gender and captured metadata
related to the respondents’ state and urbanicity (i.e., urban or rural community). Past studies on
hydraulic fracturing and oil and gas development have shown significant relationships between
demographic variables, including education, age, and gender, and views on development [23,66].
Age and education have also been suggested to influence trust of various institutions [53,54,67] and
thus serve as potential predictors of source credibility regarding induced seismicity and oil and
gas development. Respondents were asked to report their highest level of educational attainment
on a seven-point scale, from “less than 9th grade” to “Advanced (Graduate) degree”, however no
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respondent reported an education of less than 9th grade, so this variable was analyzed as a six-point
scale, with the lowest option reported being “Some high school.”

3. Methods

In order to answer the research questions, we selected four sites of interest and administered a
community household survey to a random selection of households within each site.

3.1. Research Context

We selected two sites in the state of Oklahoma and two in the state of Colorado. In Oklahoma
the study sites were: the town of Edmond, a suburb of Oklahoma City that has experienced notable
earthquakes, including M5.0+ earthquakes, causing minor property damage; and the area surrounding
the town of Fairview, a small town that has felt a significant number of similarly strong earthquakes in
recent years. In Colorado we surveyed citizens of the city of Greeley, a community with an economy
strongly tied to the oil and gas industry in the region and one that has experienced notable induced
seismicity, namely magnitude 3.0+ earthquakes in 2014 and 2016 [4]. We also surveyed a set of
four rural counties in eastern Colorado, which, despite having no notable induced seismicity, have
economies that partly rely on oil and gas production, as do the other three sites. General information
on these four sites is included in Table 1.

Table 1. Site information.

State Site Urbanicity Population
(2014 Estimate)

Number of Households
(2013 Estimate)

Oklahoma

Edmond Urban 88,605 31,233

Major (Fairview),
Woodward, Woods,

and Alfalfa Counties
Rural 43,614 16,528

Colorado

Greeley Urban 98,596 33,103

Elbert, Washington, Kit
Carson, and Yuma Counties Rural 48,347 17,248

3.2. Data Collection

A third-party contractor was used to obtain a list of mailing addresses in each of the four sites.
Three thousand addresses were procured for each of the four sites, and from this list a stratified random
sample was produced to be contacted for the survey [68]. A pilot study was conducted to determine
the best method of soliciting responses, which resulted in the final approach used here. This survey
solicitation approach consisted of three mailings. The first mailing included a letter introducing
the research team and outlining the goals of the survey, along with a link to take the survey online.
The letter instructed the adult resident with the most recent birthday to take the survey, and a monetary
incentive of two dollars was also included in this initial mailing. After two weeks, follow-up mailings
were sent to households that had not yet responded, with a final follow up mailing being sent two
weeks later. Each mailing contained a letter reminding residents to take the survey, along with a link to
the online survey.

Responses were collected on the survey hosting platform Qualtrics and were analyzed using R
statistical analysis software. Responses that included a large number of missing items were considered
“break-offs” and were ignored for analysis. Responses that had a small number of missing items were
kept for analysis. For this sample of “valid” responses, missing data were handled using the Amelia
II package in R, an expectation maximization bootstrapping method to impute missing data [69,70].
This was not done for categorical items, such as whether the respondent came from an urban or
rural community.
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4. Data Analysis

In order to create a parsimonious model that explained the factors that predict source credibility,
a backwards stepwise linear regression was performed for each of the dependent variables of interest,
i.e., the credibility scores. Stepwise regression has been used to reduce the number of variables of
interest in regression models, including in studies on sustainable development and attitudes towards
energy development (e.g., [71–73]). In this method, all predictor variables of interest were included in
models to predict each of the 14 credibility scores (two information types for each of the seven sources).
Predictor variables were removed one at a time to simplify the model, where the variable selected
for removal was that which would minimize the Akaike information criterion (AIC). AIC is a model
comparison and selection measure that seeks to balance out model fit and parsimony, where a model
with a lower AIC is preferable to a model with a higher AIC [74,75]. Once the models reached a point
where removing an additional variable would result in a model with a higher (i.e., worse) AIC than
the current model, the stepwise process was halted and the final model was recorded. This process
resulted in 14 multivariate regression models, each predicting a credibility score for a given source
(e.g., federal government bodies or academics) and topic (i.e., oil and gas or earthquakes).

Prior to performing the stepwise regression, several of the individual survey items were aggregated
into larger factors or constructs. These factors were source credibility, earthquake experience, and three
factors focusing on the various impacts of oil and gas development on a community.

The factor for source credibility was a composite of three survey items for each topic (oil and gas
and earthquakes); the source’s: perceived expertise regarding the topic; perceived legitimacy to offer
information on the topic; and perceived trustworthiness regarding sharing information on the topic.
Each of these items were measured on a four-point scale. For each source, these three items were
aggregated into a single credibility factor (Cronbach’s alpha > 0.66 for all), such that a higher value
represents greater perceived credibility of a source. Paired t-tests were performed to determine whether
the mean credibility for a given source differed by topic, or if they were consistent regardless of topic.

Earthquake experience was measured by taking the aggregate of three survey items (α = 0.74):
the number of earthquakes felt by the respondent; the amount of damage incurred to a respondent’s
personal property; and how negatively the respondent believes their life has been affected by the
earthquakes. A greater number here represents a greater degree of earthquake experience or exposure.

For the specific impacts of oil and gas development on the community, an exploratory factor analysis was
performed to combine similar items and reduce the number of variables in the analysis. The resulting
grouping of the individual factors (IF) is shown in Table 2, along with the factor’s corresponding
Cronbach’s alpha measure of internal consistency. Two items (the impact of development on health of
community members and on the quality of roads) did not load onto any factor significantly and were
dropped from analysis.

Table 2. Impact factor assignments.

Impact Factor 1 (IF1): Benefits IF2: Nuisances IF3: Environmental Risks

Availability of Good Jobs Availability of Affordable Housing Cost of Home Insurance

Quality of Public Schools Cost of Living Drinking Water Quality

Property Value Noise Seismic Activity

Neighbourliness Crime Levels Air Quality

Family Stability Traffic Volume

Cultural Events

Quality of Life

α = 0.86 α = 0.77 α = 0.77
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For ease of interpretation, the first impact factor (IF), IF1, consists of impacts that are often
perceived of as benefits of oil and gas development, including the most frequently discussed benefit of
job availability. IF2 consists of items that are often considered nuisances or disbenefits either on their
own or in association with oil and gas development and other “boomtown” phenomena, including
increases in crime, traffic, and noise [29]. The final factor, IF3, consists of items that are best described
as environmental risks associated with petroleum development, as well as the associated drawback of
higher home insurance costs that are often tied to these hazards. Each of these individual items were
initially asked using a 4-point scale ranging from “very negative” (e.g., “Oil and gas development
has had a very negative impact on the availability of good jobs”), to “very positive” (e.g., “Oil and gas
development has had a very positive impact on the availability of good jobs”). The scores were summed
to aggregate these items, where a higher score indicates that an individual believes that oil and gas
development is having a more positive effect on the particular IF.

In total, 71 different pieces of survey data were considered in analysis. See Figure 1 for a summary.
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5. Results

Overall, 449 valid survey responses were returned, a response rate of 11.2%. The sample was
51% female, 44% rural, with a mean age of 55.1 years. Slightly more responses came from Oklahoma
communities (n = 237) than came from Colorado communities (n = 212). In total, 63% of the sample
(n = 272) held a bachelor’s degree or higher, and 89% (n = 375) identified their ethnicity as “White”,
which is only slightly higher than census estimates for these regions [76].

5.1. Credibility of Information Sources

Each of the credibility scores were rescaled to a range of 0–1 for ease of interpretation. Table 3
shows the mean credibility scores for each of the seven sources discussed in the survey regarding
information about oil and gas and induced seismicity, the difference between the two, and the p-value
for the paired t-test between each mean credibility.

5.2. Factors Predicting Source Credibility

Backwards stepwise regression was used to create models that help predict or explain the
credibility scores for the different information sources. The models predicting the credibility of a
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source for information on oil and gas are displayed in Table 4. The models predicting source credibility
for information regarding the earthquakes are shown in Table 5. In running the stepwise regression
models, listwise deletion was used for responses with missing values. This resulted in a sample size of
368 for all the models developed.

Table 3. Mean credibility of information sources (n = 449).

Source Mean Credibility
Regarding Oil and Gas

Mean Credibility
Regarding Induced

Seismicity
∆ p-Value

Academics (“university researchers
and scientists”) 0.858 0.881 0.022 6.79 × 10−4

Oil and Gas companies, organizations,
and interest groups 0.572 0.508 −0.063 4.89 × 10−10

Environmental interest groups
and organizations 0.545 0.582 0.037 1.26 × 10−5

State government bodies 0.521 0.579 0.058 3.70 × 10−11

Federal government bodies 0.509 0.585 0.076 2.20 × 10−16

Local government bodies 0.448 0.504 0.056 9.16 × 10−11

Elected officials 0.332 0.380 0.048 2.38 × 10−9

For ease of interpretation, and the sake of having a consistent scale across variables, all variables
have been scaled between 0 and 1 except “age”, “gender”, and “urbanicity”. Reading the scale
follows the same concepts as described in the survey development section, e.g., support for hydraulic
fracturing (HF) is read such that “strongly oppose” is 0 and “strongly support” is 1. From Tables 4 and 5,
an individual who selected “strongly support” hydraulic fracturing would increase the credibility score
for each source by the regression coefficient value listed, as 1 would be multiplied by the coefficient.
For example, an individual strongly supporting hydraulic fracturing would have decreased credibility
of elected officials with regard to oil and gas by 0.06 (from Table 4, 1 (strongly support) would be
multiplied by the coefficient, −0.06). Variables not scaled between 0 and 1 included age, which was
measured in years (the model is centered on the sample mean of 55.1 years); gender, which was
dichotomously coded as +0.5 for “female” and −0.5 for “male”; and urbanicity, where “rural” was
coded as +0.5 and “urban” was coded as −0.5. For more detail on variables and coding see Table S1.

Thus, we can predict the credibility score of a source for a given respondent profile by multiplying
the regression coefficient by the value of a respondent’s coded response and adding the value to
the intercept. As an example, a resident of a rural community (urbanicity score = +0.5) who has no
reported adverse experience of the earthquakes (earthquake experience score = 0), believes hydraulic
fracturing has had a very positive effect on the community (perceived impact of HF score = 1), holds a
bachelor’s degree (education score = 4/6 = 0.67), and is 62 years old (age = 62 − 55.1 = 6.9), would have
a credibility score for academics regarding earthquakes (see Academics (first column) in Table 5) of:

Credibility ScoreAcademics
= InterceptAcademics
+Coe f fUrbanicityScoreUrbanicity
+Coe f fEQ experienceScoreEQ experience
+Coe f fPerceived impact o f HFScorePerceived impact o f HF
+Coe f fEducationScoreEducation
+Coe f fAgeAge

(1)
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Table 4. Stepwise regression models predicting credibility of sources regarding oil and gas.

Academics Oil and Gas Actors Environmental Actors State Gov. Agencies Fed. Gov. Agencies Local Gov. Agencies Elected Officials
Coeff. p-Value Coeff. p-Value Coeff. p-Value Coeff. p-Value Coeff. p-Value Coeff. p-Value Coeff. p-Value

(Intercept) 0.927 0.000 0.318 0.000 0.934 0.000 0.462 0.000 0.436 0.000 0.509 0.000 0.231 0.000

Urbanicity −0.037 0.067 −0.110 0.000 −0.057 0.059 −0.045 0.129 −0.077 0.010

IF1: Benefits 0.217 0.051 −0.183 0.101 0.167 0.060 0.237 0.004

IF2: Nuisances 0.199 0.030 0.142 0.067

IF3: Environmental Risks −0.105 0.098 −0.314 0.005

Earthquake Experience −0.060 0.113 −0.153 0.004 −0.081 0.158 −0.096 0.077 −0.090 0.098 −0.126 0.019

Local Oil and Gas production −0.069 0.157 −0.110 0.022

Impact of HF −0.104 0.002 0.144 0.023 0.089 0.104

Support for HF 0.153 0.002 −0.128 0.004 −0.137 0.002 −0.173 0.000 −0.113 0.019 −0.060 0.128

Education 0.074 0.036 −0.120 0.021 −0.120 0.024 0.191 0.000 0.197 0.000 0.099 0.049

Age 0.002 0.008 0.001 0.125 0.002 0.058

Gender −0.075 0.008 −0.086 0.002 −0.117 0.000

Table 5. Stepwise Regression models predicting credibility of sources regarding earthquakes.

Academics Oil and Gas actors Environmental Actors State Gov. Agencies Fed. Gov. Agencies Local Gov. Agencies Elected Officials
Coeff. p-Value Coeff. p-Value Coeff. p-Value Coeff. p-Value Coeff. p-value Coeff. p-Value Coeff. p-Value

(Intercept) 0.892 0.000 0.354 0.000 0.855 0.000 0.587 0.000 0.499 0.000 0.590 0.000 0.259 0.000

Urbanicity −0.045 0.012 −0.132 0.000 −0.061 0.030 −0.060 0.032

IF1: Benefits −0.264 0.007 0.222 0.030 0.153 0.105

IF2: Nuisances

IF3: Environmental Risks 0.297 0.002 −0.166 0.107 0.237 0.006

Earthquake Experience −0.062 0.059 −0.082 0.150 −0.110 0.035 −0.132 0.009

Local Oil and Gas production −0.110 0.012 −0.136 0.003

Impact of HF −0.101 0.000 0.207 0.000 −0.137 0.011 0.115 0.031 0.074 0.149

Support for HF −0.075 0.060 −0.185 0.000 −0.096 0.033 −0.106 0.005

Education 0.093 0.003 −0.077 0.146 −0.094 0.066 0.142 0.003 0.212 0.000 0.089 0.061

Age −0.001 0.012 0.002 0.058 0.001 0.110

Gender 0.056 0.057 0.125 0.000 −0.067 0.010 −0.110 0.000
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Or, numerically:

Credibility Score
= 0.892 + (−0.045)(0.5) + (−0.062)(0) + (−0.101)(1)
+(0.093)(0.67) + (−0.001)(6.9) = 0.824

(2)

This score suggests that an individual with these responses and demographics would have a fairly
high credibility score for academics regarding the earthquakes, but perceive academics as slightly less
credible than the average of the sample, which viewed academics as having a credibility score of 0.881.

6. Discussion

We first discuss the mean credibility of sources by information type before discussing factors
influencing credibility scores of different sources.

6.1. Credibility of Sources by Information Type

Academics were viewed as the most credible source of information overall for information on both
oil and gas development and the earthquakes (mean credibility score of 0.858 and 0.881, respectively,
Table 3). The high credibility score for university sources is interesting to note, as there are often
claims in discussions about science communication that individuals do not “trust” science or view
scientists as reliable (e.g., [77,78]). This result suggests that the public, at least in this study, generally
viewed academics as a reliable source of information with regard to oil and gas development and
induced seismicity.

Other sources outside of academia were viewed as less credible (see Table 3). Average credibility
scores for these sources (oil and gas-associated sources, environmental groups, and government bodies)
were all at least 0.2 points less than academic sources. Oil and gas-associated sources were viewed
as more credible for information regarding oil and gas development (0.572) than induced seismicity
(0.508) and were the second-most credible source regarding oil and gas development issues. Every
other source—elected officials, federal, state, and local government agencies, environmental actors,
and academics—had a higher mean credibility for information on induced seismicity than information
on oil and gas development (see Table 3). This demonstrates that the credibility of a source differs based
on the topic. This could be due to individuals not associating oil and gas-affiliated sources with the
earthquakes at all, or because some believe that oil and gas associated actors actively stifled the spread
of information that would link their industry to the earthquakes [31], which could result in a negative
view of their credibility. This has important implications in communicating sustainability focused
work to the public, especially for such a complex issue as induced seismicity, where issues of hazard
mitigation and energy development are intertwined. In these instances, strong communication efforts
are required by academics or other parties to share findings and influence policy. Elected officials had
the lowest average credibility for both sources of information (0.332 for oil and gas development and
0.380 for earthquakes).

Federal government agencies had the largest difference in credibility (0.076) regarding oil and
gas development (0.509) vs. credibility regarding the earthquakes (0.585). This could be reflective of
the fact that, in the two states studied, the USGS was publicly sharing information about induced
seismicity, while state agencies and other actors were espousing different theories (e.g., the Colorado
and Oklahoma Geological Surveys [3,79] vs, the USGS [1]), making the federal government agencies
seem more credible than other sources for information on the earthquakes.

6.2. Perceptions of Oil and Gas Development and their Effect on Credibility

The more strongly an individual believes hydraulic fracturing and oil and gas development had
an overall positive effect on their community, the more credibly they viewed oil and gas companies and
affiliated groups (coefficients of 0.144 for oil and gas topics, Table 4, and 0.207 for earthquakes, Table 5)
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and federal and local government agencies regarding the earthquakes (0.115 and 0.074, respectively,
Table 5) and the less credibly they viewed academics (−0.104 for oil and gas, Table 4, and −0.101 for
earthquakes, Table 5) and environmental actors (−0.137 for earthquakes, Table 5). There were similar
results for individuals who reported stronger support for hydraulic fracturing.

Additionally, the more individuals believed that oil and gas development improved air quality,
water quality, insurance prices, and the number of earthquakes in the region (IF3), the more credibly
they viewed oil and gas-associated sources and elected officials regarding the earthquakes (0.297 and
0.237, respectively, Table 5), and the less credibly they viewed state government agencies regarding the
earthquakes (−0.137), and academic and environmentalist sources regarding oil and gas information
(−0.105 and −0.314, Table 4). Essentially, individuals who believe oil and gas has a positive effect
on these environmental risks of development, or a positive view of oil and gas development in
general, view oil and gas associated sources and elected officials, who had more often claimed that the
earthquakes are unrelated to oil and gas development, (e.g., [3,31,32]), as more credible.

Academics may be viewed negatively precisely because the information they have been
communicating, specifically regarding induced seismicity, but also regarding topics like climate
change, reflect negatively on the oil and gas industry. Therefore, it is important for academics to
consider the topic at hand and the audience when trying to communicate the science of sustainability
issues to the public. In instances such as ours, a third party, one perceived as more credible by individuals
who like oil and gas development, may be able to better communicate issues around seismicity and
energy development to audiences otherwise less open to information coming from academia.

6.3. The Effects of Earthquake Experience on Source Credibility

A higher level of “earthquake experience” was correlated with decreased credibility for nearly all
sources (see Table 4; Table 5). This broadly follows the findings shown in Bakema et al.’s work [30], who
found that people who were adversely affected by a hazard showed greater distrust in government
officials for not taking steps to mitigate the hazard. As in Bakema et al.’s study of induced seismicity in
the Netherlands, the hazard in our case study has a human origin, yet only minimal steps have been
taken to prevent the earthquakes or mitigate the risks they posed, and thus people may be resentful of
the lack of action. Additionally, the debate and actions surrounding the issue (see [31,32] for more) in
our case study sites have not demonstrated the efficient, transparent governance and policies that lead
to greater trust in institutions. Even academics experience lower credibility scores with respondents
who have been adversely affected by the earthquakes. This suggests that even parties who had shared
information in line with the science of the induced seismicity were viewed as less credible by those
who had experienced adverse effects of the earthquakes.

A key takeaway is that all parties involved in such controversial sustainable development issues
stand to see their credibility diminished if seemingly preventable hazards and negative impacts are
not managed in a responsible way, including developing and enacting effective policy to address the
hazards. Given the uncertainty around the issue and the relative novelty of induced seismicity as a
hazard, future research may wish to study if, and how, actors can rebuild credibility and trust in the
eyes of the public after it has been lost.

6.4. The Effects of Demographics on Source Credibility

All else being equal, higher education levels of respondents correlated with increased perceived
credibility of academics and government agencies. Conversely, higher education levels correlated
with decreased perceived credibility of oil and gas companies and affiliated interest groups (−0.120,
Table 4, and −0.077, Table 5), and environmental interest groups (−0.120, Table 4, and −0.094,
Table 5). This follows the findings of Brewer et al. [53] and Hudson [54], which linked higher levels
of educational attainment with greater trust in established institutions, such as academia and the
government. In contrast, environmental and oil and gas groups are not as prominent institutions and
may not benefit from the increase in trust that comes with increased education levels.
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Rural residents view state and local government agencies, environmental groups, and university
academics as less credible than do residents of urban areas. Overall, these sources of information
are still viewed favorably, though this urban–rural divide is still important to note for academics
seeking to conduct outreach or participate in science communication activities. Not all universities are
viewed equally, and in order to counteract any negative perception of universities in rural communities,
universities can perform outreach in partnership with specific institutions with greater credibility.
In Oklahoma, for example, some individuals have a negative perception of the University of Oklahoma
because of their association with the Oklahoma Geological Survey, a state agency which is housed
in the university and was the source of some controversies related to the earthquakes and the oil
and gas industry [31]. Meanwhile in Colorado, the flagship research institution in the state is the
University of Colorado Boulder, which is viewed more negatively by residents of the state than other
state academic institutions, such as the Colorado School of Mines or Colorado State University [80].
Therefore, it may be better for parties conducting outreach and seeking public support for policies to
partner with land-grant institutions, such as Oklahoma State University and Colorado State University
in our case study sites, that have extension offices embedded in rural communities that are meant to
serve and benefit these populations [81].

Older residents tended to view elected officials (regarding oil and gas information, 0.002), state
government agencies (regarding both oil and gas (0.002) and the earthquakes (0.001)), and oil and
gas companies and interest groups (regarding earthquakes (0.002)) as more credible, and academics
(regarding the earthquakes (−0.001)) as less credible, though this effect was small. Finally, women view
environmental groups as more credible regarding earthquakes than do men (0.125), and view federal
and state government agencies as less credible than men do. They also view oil and gas affiliated
groups as more credible regarding the earthquakes than do their male counterparts (0.056, Table 5).

One predictor that was included in the initial models that did not turn out to be significant in
preliminary analysis was the state in which the respondent resided, Colorado or Oklahoma. The fact that
this was dropped out of the stepwise regressions suggests that, for these communities, the state-level
politics, institutions, and history have little bearing on how credible sources are viewed. The models
showed that important factors include other demographic traits, as well as the individual’s views
on oil and gas development and their experience with the earthquakes. This is important to note as
induced seismicity increases in other parts of the United States.

6.5. Limitations and Future Work

While the response rate in this study was in line with similar mail-based surveys of a contentious
topic such as ours [82,83], it was still lower than what may be desired in order to ensure a representative
sample. That said, any such survey, particularly an academic survey, requires that the respondents
be highly motivated to participate in the study, which can lead to a biased sample that is not fully
representative of the general public [84]. Particularly with surveys of more contentious issues such
as ours, surveys may lead to a self-selected sample of respondents who share views in line with the
research team’s values, or at least their presumed values (c.f. [85]). The level of formal education
held in our sample, for example, was rather high, and the overall positive perception of university
researchers may be reflective of the fact that respondents themselves were willing participants in a
university research project. Educational attainment is the demographic variable for which the sample
is least representative of the population; thus, some caution should be used in evaluating results
associated with this predictor. Additionally, to our knowledge, we are the first to publish data for
our communities regarding attitudes around oil and gas or earthquake experience. Therefore, it is
difficult to know if the results for these items are representative of the broader population. Additionally,
though our results are broadly representative on demographics such as ethnicity, the relatively limited
sample size prevents us from effectively stratifying these results into more detailed crosstabs of the
population. While difficult to obtain, future work could focus on obtaining a larger overall sample, or
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use a weighted sampling approach to achieve a greater number of minority respondents to explore the
differences in response by demographic in more nuance.

Though the narratives being espoused by each source were not discussed in depth, it is interesting
to note that by the time the survey was in the field, institutions that had previously stated alternate
reasons for the earthquakes, such as state governments saying the earthquakes were natural and
academics saying the earthquakes are human-induced, came to the same conclusion that the earthquakes
are induced. Experimental studies have found that message convergence, or different sources coming
to the same conclusion or message, results in altered perceptions of source trustworthiness [86];
the convergence in our case study similarly may have affected the credibility scores of sources, which
would be interesting to explore further. However, our study, a household survey, does not provide
the rich qualitative data or longitudinal data to determine how changing messages and message
convergence affect perceived credibility. Thus, we recommend that future work focus on longitudinal
studies with rich qualitative data to better understand these phenomena in a contentious slow-onset
hazard, such as induced seismicity. This would allow for comparison to other contexts, such as food
safety, as discussed in Anthony et al. [86]. Future work can also seek to build upon and further align risk
communication and science communication literature, as has been started by science communication
scholars such as Kahan, who builds on the work of, and writes with, risk perception and communication
scholars such as Slovic [87,88].

7. Conclusions

Increasingly frequent earthquakes now commonly plague parts of America that were previously
aseismic. Although there is scientific consensus as to what causes the earthquakes—the disposal of
produced wastewater via injection into the earth—public perceptions are not as unified, resulting in
additional barriers to enacting effective policy addressing the earthquakes. In particular, different
factions of the public may perceive narratives differently based on how credible they view the source
promoting them, whether it be the government, private industry, or researchers. Existing literature
demonstrates how an individual’s perspectives can be influenced by their demographic and past
experiences, and how those perspectives are ultimately influential in both individual decision-making
and collective policy making. We identified a gap in past research and a need to investigate how
individuals’ perceptions and past experiences influence how they perceive academics and other
information sources regarding both oil and gas development and induced seismicity.

We found that different sources of information are viewed as having different levels of credibility
when it comes to sharing information on oil and gas development and induced seismicity. There are a
number of factors that serve to predict how credible respondents view these different sources. In general,
academic researchers and scientists are viewed as being the most credible source of information, though
there are moderating factors, such as an individual’s age, the urbanicity of their community, and their
views on oil and gas development. Importantly, based upon the sample population, academics are
viewed as highly credible, even in the presence of moderating factors. For instance, even when
evaluating the credibility of academics in the most extreme case (an individual with characteristics
such that the negative coefficients had the maximum effect and the positive coefficients had zero effect)
the developed model found academics still have a credibility score of 0.644 regarding earthquakes,
greater than the average credibility score for any other source. In this way, the results can be used
as a tool for improved strategic scientific communication between academia and society; academics
should take note, using this high credibility to share relevant, scientifically sound information via
public outreach projects.

Additionally, as this work studies credibility in the presence of a contentious and politicized
technological hazard, it is important for any and all sources that may be viewed as an authority
to take steps to mitigate and prevent hazards when possible and, at a minimum, take transparent
action to keep their credibility from eroding, as happened to sources when respondents reported
more adverse impacts of the earthquakes. This study investigated perceived credibility of information
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sources surrounding a singular contentious, changing, and uncertain topic; however, the results may
resonate with future studies in an uncertain and changing world. The public will surely encounter
differing narratives in other arenas, such as technological developments or climate change, and how
they perceive the credibility of information sources will be increasingly relevant.
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Table S1: Variables with data types and coding schema.
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