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Abstract: Public involvement in science has allowed researchers to collect large-scale and real-time
data and also engage citizens, so researchers are adopting citizen science (CS) in many areas. One
promising appeal is student participation in CS school programs. In this literature review, we aimed
to investigate which school CS programs exist in the areas of (applied) life sciences and if any projects
target infectious disease surveillance. This review’s objectives are to determine success factors in
terms of data quality and student engagement. After a comprehensive search in biomedical and social
databases, we found 23 projects. None of the projects found focused on infectious disease surveillance,
and the majority centered around species biodiversity. While a few projects had issues with data
quality, simplifying the protocol or allowing students to resubmit data made the data collected more
usable. Overall, students at different educational levels and disciplines were able to collect usable
data that was comparable to expert data and had positive learning experiences. In this review, we
have identified limitations and gaps in reported CS school projects and provided recommendations
for establishing future programs. This review shows the value of using CS in collaboration with
traditional research techniques to advance future science and increasingly engage communities.

Keywords: citizen science; education; infectious diseases; life sciences; public health; schools;
surveillance

1. Introduction
1.1. The Current Dilemma of Infectious Diseases and the Need for Early Detection Strategies

Emerging infectious diseases pose a clear burden for public health security and
progression [1,2]. Recent epidemics such as Ebola, Zika, HIN1 and SARS-CoV-1 viruses
have emerged and re-emerged in all parts of the world [3,4]. It is widely agreed that
environmental changes, globalization, social-economic conflicts are important underlying
factors for infectious disease emergence and transmission [5]. The COVID-19 pandemic
underscored the weaknesses of current surveillance systems and the demand for better
early detection strategies worldwide [6]. Traditional detection methods are effective but
could be improved: many infections remain undetected due to poor diagnostic tools,
leaving populations untreated and delays in identification and detection of infectious
diseases can lead to serious human and economic repercussions [7]. The COVID-19
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pandemic is a turning point that lends researchers the opportunity to develop enhanced
early detection approaches.

1.2. Citizen Science as a Research Tool

In the last few decades, utilizing citizen science (CS) methodologies and data has
become more widespread in research. Nowadays, with the need for comprehensive data
sets that cover wide spatial and temporal scales, citizen scientists have emerged as an
advantageous asset who have helped speed up data collection and diversify datasets for
researchers [8,9]. As defined in 1995 by the Cornell Lab of Ornithology, CS involves any
nonprofessionals in collecting data, processing data and sometimes even creating study
designs [10]. While CS publications are becoming more now, the concept of involving
the public in scientific processes is far from new; in the mid-1800s, poet and philosopher
Henry David Thoreau recorded over 500 plant species in his living environment and his
observations have been used to determine how global warming has affected flowering
times over the years [11]. Additionally, the ideas of CS are not new and are rooted in
the educational theory of participatory action research (PAR) [12]. PAR combines theory
and practice by having researchers and participants collaborate to study a problem and
determine how to create a solution; PAR has been implemented as early as the 1950s in
school settings to enhance scientific literacy and is still used to this day [13], just as CS is
now being employed. Over the years, there have been many collaborative projects between
community members and professional scientists, leading to many different definitions of
CS. Wilderman'’s taxonomy proposed to classify these collaborations into different themes
based on volunteer participation in the following activities: problem definition, study
design, sample/data collection, data analysis and data interpretation [14].

By engaging community members through CS, not only do researchers gain invalu-
able data, but the public also gains scientific knowledge. Community participation leads
to an increase in scientific literacy, another instrumental aim of CS program implemen-
tation [15,16]. For individual participants, CS can offer personal fulfilment by achieving
personal learning goals, aiding in scientific discoveries or even just having fun [17,18].
Many fields have already benefited in obtaining usable data by employing a CS model:
archaeology [19], astronomy [20], biochemistry [9], ecology [21], environmental monitor-
ing [22], geography [23], taxonomy [24] and oceanography [25].

1.3. Students as Citizen Scientists

Although the majority of volunteers in CS projects have been highly educated adult
men and women [26], some CS projects aim to work with younger volunteers. Advocates
for CS encourage schools to incorporate CS plans in their curriculums—as is being done
in Spain—to increase student interest, curiosity and knowledge in scientific fields [27]. In
a 2017 study, researchers assessed youth participation in three CS projects for collecting
conservation data. For youth that were very motivated, they really focused on ensuring
the data they collected was high quality, and they saw a clear link in data quality for
establishing environmental community actions. These CS projects had a positive effect on
conservation research and management, and they also educated and activated younger
communities [28]. The benefit to these more participatory approaches in education were
shown to be evident in a study spanning elementary, junior high and high school years
over a six-year period conducted in the United States. Students became ‘co-researchers’ in
a project and had to complete typical research activities such as creating questions, leading
interviews and analyzing data; by the end, they had established their own motivations,
personalized their studies and added to scholarly knowledge [29]. Thus, bridging the gap
between students, teachers and researchers by integrating CS into classrooms enhances
scientific awareness.



Int. J. Environ. Res. Public Health 2021, 18,7019 30f 18

1.4. Citizen Science as a Method for Infectious Disease Surveillance

An area that could benefit from CS is infectious disease surveillance. For example,
cases of influenza go unreported yearly, with figures from hospitals and general prac-
titioners underestimating the true prevalence of influenza. Integrating CS reporting of
influenza cases, both in humans and animals, illuminates on not only disease prevalence
but on transmission dynamics as well [30]. Besides influenza, to our knowledge, there are
no programs (community or even school-level) geared at utilizing CS to target infectious
disease surveillance within the public before 2020. However, with the COVID-19 pandemic,
researchers have begun to use CS to collect data. At San Diego State University, doctoral
students have created testing kits for citizen scientists to use to take environmental coro-
navirus samples in public spaces. With this data, scientists will create models to predict
transmission risk of COVID-19 from the environment [31]. CS is a real-time advantageous
tool to help combat future epidemics and pandemics. Schools are dynamic meeting points
where a large section of the population interacts on a daily basis. Large social mixing and
social interactions between students in schools is a known primary mode of disease trans-
mission [32-34], thus, illustrating the great potential in implementing CS school projects
aimed at infectious disease surveillance in school environments.

While CS programs are now becoming more prevalent in various scientific fields,
such as environmental sciences and ecology, the extent of infectious disease surveillance
CS programs at school levels is unexplored. In this critical review, we investigate what
programs in life sciences and applied life sciences have incorporated CS into various class-
room settings, and the impact CS has on two outcome measures: data quality and student
engagement. This results in a comprehensive overview of the benefits and challenges to
CS in youth and how CS can contribute to infectious disease surveillance.

2. Materials and Methods

For this critical review, we developed a search strategy and applied inclusion/exclusion
criteria to construct a CS in education inventory.

2.1. Search Strategy

We gathered peer-reviewed literature searched from PubMed, Education Resources
Information Center (ERIC), SocINDEX (EBSCO) and PsycINFO. For the search, we used
(a variation of) the following terms: (1) “citizen science” and “education” or (2) “citizen
science” and “school”. For the databases, queries were restricted to titles, abstracts and
full texts written only in English. To be as thorough as possible and to ensure inclusion of
projects that might lend chronological perspective, searches were not restricted by date.
This review reflects the literature published prior to the fourth of August 2020.

2.2. Inclusion and Exclusion Criteria

A four-step screening process was applied to the articles. First, to determine CS
relevance for the review, we applied Wilderman's taxonomy (problem definition, study
design, sample/data collection, data analysis and data interpretation) as defined earlier [14].
We applied Wilderman’s taxonomy because it helps depict the primary research goal of
the review which is to provide an overview of the available school CS programs and their
success in data collection efficacy. The secondary goal is to report on student engagement
since not all CS projects aim to study social outcomes. For this review, we included a project
if the participants were engaged in at least one of the before-mentioned research activities
but with one additional condition: If the participants collected data on themselves (e.g., oral
rinse sample), then the participants needed to be involved in one other research activity
in order for the project to be considered relevant and included. Incorporating this caveat
ensured that projects included did not focus on citizens as the research subjects themselves.

Second, the projects had to be conducted in an educational institute so that the volun-
teers were students. We included students from primary, secondary, post-secondary/tertiary
(e.g., technical /community college) and university (bachelor’s and master’s) levels. The



Int. J. Environ. Res. Public Health 2021, 18,7019 4 0f 18

educational levels are defined by the International Standard Classification of Educa-
tion (ISCED) [35].

Third, only projects that had been completed were included. Any article that focused
on an ongoing project was excluded in order to be able to discuss the impact of the project
results. We also excluded any CS project involving schools not aimed at achieving any
kind of scientific publication, such as projects falling more into PAR.

Lastly, we restricted this review to only include articles related to life sciences, applied
life sciences and derived concepts (such as public health) and further divided the articles
into seven categories based on their main CS research theme, the scope of the journal,
and their associated manuscript keywords: Ecology, Genomics & Genetics, Biological
Conservation, Microbiology, Public Health, Environmental Health and Botany. Articles
related to natural sciences such as physics and chemistry were excluded.

2.3. Outcome Measures

The results of the search were evaluated based on two outcome measures or indicators:
(1) data quality and (2) student engagement. Data quality was based on data validity, relia-
bility or usability for expert research as determined by the manuscript’s results. We defined
student engagement as students’ reactions to project participation such as knowledge,
interest, confidence or motivation and was evaluated in terms of interviews or surveys.
Data quality and student engagement were then scored for each project according to the
following scale: 0 = not mentioned, 1 = low, 2 = moderate or 3 = high.

3. Results

The database searches yielded 4623 articles. After applying the inclusion and exclusion
criteria, 23 projects were eligible for the literature review inventory (Figure 1) and divided
into their corresponding research fields. Short descriptions of the studies are given in
Table 1. For each project, Wilderman’s taxonomy and outcome measures are reported in
Table 2. The average scores for data quality and student engagement in each CS field are
shown in Figure 2.

Records identified through database searching
(n =4623)
—>| Duplicates (n = 837)
5 PubMed (n = 1164), ERIC (n = 3232),
‘:‘E PsycINFO (n = 141), SocINDEX (n = 86)
E
t
]
k]
| Records after duplicates removed (n = 3786) |
Records excluded after title/abstract
| Records screened (n = 3786) I—b and language screen
= (n=186)
=
[
e Records excluded:
@ 1. Articles related to natural sciences
Records assessed for eligibility 2. Ongoing projects with no results
(n = 3600) "| 3. Citizen science that did not fall
under Wilderman's Taxonomy
(n = 3577)
-] . . R )
@ Studies included in review
] (n=23)
Q
=

Figure 1. Flowchart of the selection process according to PRISMA.
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Figure 2. (A) Bar chart of the average scores for data quality in each citizen science research theme.
(B) Bar chart of the average scores for student engagement in each citizen science research theme.
Scores were from 0-3 (not mentioned, low, moderate, high).

Of the 23 projects, the majority took place in North America (specifically the United
States) and Europe (n = 10 and 8, respectively). The rest were conducted in Australia/
Oceania (n = 3) and South America (n = 2). Based on education level, most of the projects
involved secondary school students (n = 15). The remaining projects were conducted at
four primary educational schools and four universities, and one project did not mention
which educational levels participated (Table 1).

3.1. Ecology

The topics of five of the 23 selected projects were based on ecological research. Two of
the projects focused on students collecting and identifying species in the United States and
Australia [36,37]. In the United States, students in secondary years (grades 6 through 12)
were able to collect high quality data in identifying already established species that was
not statistically different to expert results [36]. In Australia, university students were not
assessed on the quality of their data, but the surveys showed that students’ environmental
engagement increased after collecting and analyzing data [37].

In Brazil, ecological CS activities were completed by students in Brazilian primary and
secondary schools. Using simplified protocols, the student-collected data showed similar
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patterns to that of the verified samples, exposing habitat and water quality degradation
of streams [38]. Another project had participating primary school students to assess
biodiversity of bumblebees based on landscape [39]. While data quality collected by
the Brazilian primary students was high [38], data quality was generally not very high
in terms of bumblebee color identification by the primary school students [39]. Also,
for both projects, there was no mention of how students were engaged in the whole
experience [38,39].

A study by Tarter et al. assessed high school student-monitored Aedes aegypti dy-
namics in Arizona. While the students did not find many new areas of mosquito activity,
researchers claimed students to be successful at completing mosquito surveillance but did
not address data quality. Recruitment and sustainability of the project was difficult over
the three-year study period. While participation in the program was higher in the first two
years, teachers noted that the students had moderate or high interest in the project and
student engagement increased in the final year [40].

3.2. Genomics and Genetics

Five of the 23 selected projects were based in the fields of genomics and genetics
with four specifically involving DNA barcoding databases with secondary school students
(Table 1). The DNA barcoding projects were primarily conducted by high school students
in the United States and Australia whose results either generated new sequences of marine
species to add to the database to assess biodiversity or confirmed the accuracy of market-
place seafood labelling. For the four studies, researchers noted high data quality and high
student engagement, with the exception of the Marizzi et al. study, which only recorded
high data quality [41-44]. At the University of Oviedo in Spain, students produced many
successful PCRs of DNA markers in seafood products in various classes in terms of data
quality. Students were more motivated and evaluated the courses better when working
with real samples sourced from their local markets [45].

3.3. Biological Conservation

Of the 23 selected projects, four focused on biological conservation. In Chile and
Germany, three studies focused on litter pollution [46-48]. Using the CS protocol from
Chile [46], a 2019 German study evaluated marine debris density and composition. Instead
of secondary school students, primary school students collected debris data along German
coastlines. The German students produced valid and reliable data just like the Chilean
predecessors [46,47]. Another German study by Kiessling et al. had many issues with
student-collected datasets due to missing photos and information and much litter misiden-
tification during the 2016 program. However, the protocol was changed to be less complex,
leading to much higher quality data that was usable for experts in 2017 [48]. Unlike the
2013 Chilean study, both German studies did not elaborate on student engagement and
did not specify the students’ educational level [46-48].

Schools over the course of 18 years in France, collected and prepared water samples
for scientists to analyze nutrients in rivers and agricultural water bodies. Overall, this CS
initiative produced high quality nutrient seasonality data and concluded that incorporating
participatory water monitoring could help maintain community water quality. There was
no mention of student engagement [49].

3.4. Microbiology

Four of the 23 CS programs concentrated on microbiological techniques and themes.
Students in three of the studies isolated bacterial samples [50-52], with two of the projects
using the Small World Initiative (SWI) protocol [50,51]. At Bowling Green State University,
students isolated bacteria, but Davis et al. did not comment on data quality and student
engagement. However, they did conclude that students can contribute to important
research through CS [40]. In Spain, the SWI protocol was adjusted for high school students.
Unlike the Davis et al. study, data quality and student were assessed, with 23 positive hits
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found by the students and overall positive participation from the students, respectively [51].
At North Carolina State University, there were no direct results about student engagement,
but Riley et al. noted that the project helped teach students about Delftia species that
were sampled at different campus locations. While the accuracy of the diversity of the
Delftia strains could not be determined, the sequencing results most closely matched the
environments studied by Riley et al.

A study by Abe et al. compared microbial samples from pre-existing and newly
fitted showerheads collected by high school students in Hawaii and Colorado, but sci-
entists did not comment on the data quality and accepted the results. Students noted
that the experience increased their confidence in outside school work, learning microbial
techniques, acquiring knowledge on microbes that impact public health and enhanced
critical thinking [53].

3.5. Public Health

Only two CS projects had a public health focus. The Youth Participatory Action
Research (YPAR) 2.0 project aimed to develop new methods for high school students to
reveal social inequalities based on food scarcity in a California neighborhood. After the data
was validated and verified, the student-data exposed that East Oakland did not actually
have 50 grocery stores but only three, with the rest being liquor stores. Participating youth
felt empowered and more confident in linking knowledge of public health inequity to
community action [54]. In the Walkinshaw et al. study, scientists tested the quality of
student-collected water source photo data to identify water accessibility issues at schools.
While students adhered to the protocol strictly for only 60% (n = 24) of the schools, 98%
of the data from the schools (n = 39) was usable, and the data reliability averaged 0.95
interrater agreement across all measures. The majority of students found the experience to
be valuable and even urged that the project would be made more challenging [55].

3.6. Environmental Health

Two of the CS projects aimed to answer questions related to environmental health
with the help of secondary school students. In the United States, high school students
deployed sensors to monitor air quality and created a website to monitor real-time air
quality data, which agreed with federal reference monitoring data. High data quality
was reached, mainly due to the open communication and feedback with teachers and
students [56]. The FreshWater Watch in Ireland recruited high school students to test if
they could measure five water quality parameters based on the Sustainable Development
Goals (SDGs) (Indicator 6.3.2). Of the five parameters, researchers found that three of the
five parameters (orthophosphate, nitrate and electrical conductivity) these citizen scientists
collected were comparable to laboratory results. The remaining two parameters collected,
pH and chemical oxygen demand, were not reliable. Scientists did not comment on student
engagement. While the students were successful in collecting high-quality data for three
parameters, the scientists acknowledged that the measurement kits provided should be
tested for accuracy and precision [57].

3.7. Botany

In the United Kingdom, primary school students measured spring onions for re-
searchers to combine with temperature measurements to create predictive growth mod-
els. Student-measured spring onion circumferences were closely matching to the expert-
collected measurements. While there were some issues in data reporting, most of the data
was valid. Student engagement was not reported [58].
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Table 1. Summary of school citizen science projects described in scientific literature.

Field Author (Date) Descrl'ptlon of 'Cltlzen Education ISCED Location I.’ro] e'ct
[Reference] Science Project Levels Timeline
Determined if students
Cox. TE et al could identify and
. ’ describe abundances and Secondary Hawaii,
(2[22]2) distributions of species Grades 6-12 Education United States 2004-2007
in intertidal
habitats accurately
Rov. HE et al Assessed the influence of Primary
},&201 6) ' landscape on the school Primary United Not specified
[39] diversity and abundance (7-11 years Education Kingdom p
of bumblebees old)
Reported on CS program
allowing university
Ecology Mitchell, N et al. students to record Perth and
(2017) phenological information University Not specified Albany, 2011-2017
[37] on indicator species Australia
occurring in
Western Australia
Franca, JS et al. . . Elementary, Primary and Belo
(2019) Lﬁﬁ?ltgﬁiilfsﬁlsoti(;ﬁs middle and Secondary Horizonte, 2013-2017
[38] quatty high schools Educations Brazil
Assessed usability and
Tarter, KD et al. feasibility of S d Ari
(2019) CS-monitored Aedes High Schools cconcary rizona, 2015-2017
. . Education United States
[40] aegypti mosquitoes
in Arizona
. Monitored marine
Santschi, L et al. specimens and assigned Grades 11 Secondary California, e
(2013) Not specified
[41] them to specific taxa for and 12 Education United States
database records
Developed genetics
laboratory practices and
Borrell, Y] etal.  measured the impact of Bachelor’s Asturias 2014-2015
(2016) food products to University and Master’s Spain ! Academic
[45] understand Food Control year
topicin
university courses
Marizzi, C et al. Assessed biodiversity Secondar New York
Genomics & (2018) using DNA barcoding at ~ High school ary ) ! 2014-2015
) . Education United States
Genetics [42] Brooklyn’s Marine Park
Developed educational
Chiovitti, A program in which . .
etal. (2019) students conducted Grades 11 Second.ary Vlctor@, 2013-2014
[43] research in DNA and 12 Education Australia
barcoding
Conducted DNA
extraction, isolation and
Mitchell, A etal. amplification to generate Secondar Svdne
(2019) preliminary scientific ~ High school ary yeney 2015-2016
Education Australia
[44] data on the accuracy of

species labelling in
marketplaces
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Table 1. Cont.
Field Author (Date) Descrl'ptlon of 'Cltlzen Education ISCED Location I.’ro] e'ct
[Reference] Science Project Levels Timeline
Hidalgo-Ruz, V. Assessed the distribution }11\:[ lﬁ(il;lzgi Secondar October to
etal. (2013) and abundance of small (Sg—l 6 voars E ducatior)ll Chile November
[46] plastic debris on beaches olc}l]) 2011
Abbott, BW Analyzed river nutrients September
, Y . High school Secondary 1998 to
et al. (2018) in agricultural . France
(second years) Education December
[49] catchments
2015
CBIOIOgICél Honorato- Examined anthropogenic
onservation . marine debris density Primary and
Zimmer, D et al. .. Not
and composition Grades 5-12 Secondary Germany .
(2019) . . mentioned
[47] differences between Educations
Chile and Germany
. . . September—
Kiessling, T Eitiﬁizzdaiziggﬁzgzéy Specific levels November
etal. (2019) ) . not Not specified Germany 2016 and
litter material .
[48] composition mentioned May-July
P 2017
Abe, ] etal. dC;I:r};?rei;herz;i:Ef : Secondar Hawaii and (s 9erzli(f)£thzar
(2016) ty onp . & High school ary Colorado, p Y
and on newly installed Education ) not
[53] United States .
showerheads mentioned)
Isolated bacteria from
Davis, E et al. local environments,
. . . . . Kentucky,
(2017) characterized the strains, University Not specified . Fall 2015
United States
[50] and assayed for
antibiotic production
Modified Small World
Microbiology Initiative/Tiny Earth
de Groot, PW]J protocols to be done by
et al. (2019) students to improve and  High school Second'ary Albagete, Not specified
. . Education Spain
[51] optimize isolating
antibiotic-
producing bacteria
Tested CS campus-wide January to
Riley, NG et al. microbial project to North April (year
(2020) understand the diversity University Not specified Carolina, P noty
[52] and distribution of United States specified)
bacterial genus Delftia P
Developed new
Akom, A et al. techpologles for. students . .
(2016) to visualize, validate and Hich school Secondary California, Summer 2011
[54] transform social & Education United States
inequalities based on
Public Health food scarcity
Walkinshaw, LP stzgfr?’i fczacs(lz)]illgctf }?if h Secondar
etal. (2019) . & High school ary United States 2016-2017
[55] quality school water Education
source photo data
Hvder. A et al Described environmental
Environmental Y (2(’)20) " health translational data Hich school Secondary Ohio, United 2016-2020
Health [56] analytics project with & Education States

high school involvement
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Table 1. Cont.

Field Author (Date) Descrl'ptlon of 'Cltlzen Education ISCED Location I.’ro] e'ct
[Reference] Science Project Levels Timeline
Investigated if students
. Quinlivan, L could collect high quality High school
Environmental data on a number of Secondary
. . (16-17 years . Kerry, Ireland 2019
Health ambient water quality old) Education
parameters associated
with SDG Indicator 6.3.2
Brestovitsky, A Determmed how spring Primary Primary United Over 2 weeks
Botany etal. (2019) onions develop in school (9-11 . . (year not
Education Kingdom .
response to temperature years old) mentioned)
ISCED: International Standard Classification of Education; CS: Citizen Science; SDG: Sustainable Development Goal.
Table 2. Wilderman’s taxonomy and outcome measures of school citizen science projects.
. Author (Date) Wilderman'’s .
Field [Reference] Taxonomy Data Quality Student Engagement
Cox, TE [e3t6?l. (2012) Data Collection Moderate Not mentioned
Roy, HE et al. (2016) Data Collection .
[39] Data Interpretation Low Not mentioned
. Data Collection
Ecology Mitchell, N et al. (2017) Data Analysis Not mentioned High

[37]

Data Interpretation

Franga, JS et al. (2019)

[38] Data Collection High Not mentioned
Tarter, K]?;;] al. (2019) Data Collection Not mentioned High
Santschi, ?4]6; al. (2013) Data Collection High High
Borrell, Y] et al. (2016) Data Collection . .
[45] Data Analysis Not mentioned High
. . Marizzi, C et al. (2018) Data Collection . .
Genomics & Genetics [42] Data Analysis High Not mentioned
Chiovitt, [A“e]t al. (2019) Data Analysis High High
Mitchell, l[zz]t al. (2019) Data Analysis High High
. Data Collection
Hldalgo—Ruagg etal. (2013) Data Analysis Moderate High
Data Interpretation
Abbott, B‘E\ige]t al. (2018) Data Collection Low then high Not mentioned
Biological
Conservation Honorato-Zimmer, D et al. Data Collection
(2019) Data Analysis High Not mentioned
[47] Data Interpretation
R Data Collection
Kiessling, T etal. (2019) Data Analysis Moderate Not mentioned

(48]

Data Interpretation
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Table 2. Cont.

. Author (Date) Wilderman’s .
Field [Reference] Taxonomy Data Quality Student Engagement
Data Collection
Abe, ] e[’;g} (2016) Data Analysis Not mentioned High
Data Interpretation
pavis/E ‘;BaL @017 D Da;ra Analy51§ Not mentioned Not mentioned
Microbiology [50] ata Interpretation
de Groot, PW]J et al. (2019) Data Analysis .
[51] Data Interpretation High Moderate
Riley, NG et al. (2020) Data Collection . .
[52] Data Analysis High Not mentioned
Akom, A et al. (2016) Data Collection . .
[54] Data Analysis High High
Public Health Walkinshaw, LP et al. (2019
arms awi55] etal. ( ) Data Collection High High
Study Design
Hyder, A et al. (2020) Data Collectlgn High High
Environmental [56] Data Analysis
Health Data Interpretation
Quinlivan, L (2020) Data Collection .
57] Data Analysis Moderate Not mentioned
Botany Brestovitsky, A etal. (2019) Data Collection Moderate Not mentioned

[58]

4. Discussion

In this review, we described students’ participation in CS projects in recent years in
several fields with a high proportion in ecology, microbiology and genetics and genomics.
Data quality is generally moderate-to-high or high quality often occurring when protocols
are explicit. Moreover, in the cases where it was measured, CS projects at schools appeared
to have a very positive effect on student engagement. Data quality and student engagement
are two first-order indicators that are simple enough to be minimally traceable and assess-
able across the literature. Data quality is a main concern in CS programs: the expectation is
that citizens” actions might lead to low accuracy and large sampling biases since CS data
collection methods may not be as strict or expensive as traditional science [59,60]. Student
engagement is a key educational indicator as is a clear reflection of the learning potential
of CS. Using CS in school curriculums enhances knowledge and can complement teachers’
lesson plans [28,55,59].

Some of the school projects noted issues with data misidentification and misinterpre-
tation such as distinguishing plastic and natural debris [46,47], recognizing bumblebee
color groups [39] and determining the range for water quality results based on a colori-
metric method [57]. Other studies had reporting issues due to missing or incomplete
measurements, photographs or information, which led to rejection of datasets [48,55,58].
To account for these limitations, creating detailed yet simplified protocols and providing
proper training [46—48], increases the quality of data collected by students and can match
that of scientists [46]. It is also key to plan a priori the fitness of use of a CS program.
Intentionally designing a program’s final goals and making decisions on whether it should
be aligned to awareness and PAR-like goals or actual scientific gain and direct contribution
to science [61] are all crucial to program design. In this context, previous studies have
shown that proper training and adopting applicable protocols is crucial for citizens to
collect expert-level data [62]. Students were also asked to resubmit data if information was
missing, thereby guaranteeing usable data [55]. Indeed, CS data collected by students is
usable, and implementing a sustainable program at the school level is feasible as shown
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in the Cox et al. and Mitchell et al. studies on species identification. As CS programs
advance, choosing appropriate technologies will need to be considered to ensure reliable
data collection [63] within the capabilities of school participants.

At the school level, most of (applied) life science CS projects have been implemented
with success, but the majority are aimed at species biodiversity and pollution. Of the 23 pro-
grams included in this review, none truly concentrated on infectious disease surveillance.
On a grander scale, CS projects usually do not focus so much on infectious disease surveil-
lance and epidemiology, but primarily on ecology, environmental sciences, microbiology
and geography. As mentioned before, a strategy similar to CS is ‘popular epidemiol-
ogy’ [64]. Brown defines popular epidemiology as the process by which laypeople collabo-
rate with scientific experts to collect data (usually environmental) that contribute to disease
epidemiology [65]. The Great Arizona Mosquito Hunt pilot by Tarter et al. focused on
Aedes aegypti mosquito surveillance, which falls under this popular epidemiology method
but is also CS. However, vector surveillance through CS programs such as “Mosquito Alert”
and “Muckenatlas” have been effective ways for scientists to link mosquito abundances to
disease spread in Spain and Germany [60,66,67]. Recently, scientists have employed CS for
COVID-19 surveillance. In the United Kingdom, using data from the “COVID Symptom
Study” mobile application, scientists created predictive models that found that loss of
smell is a predictor for COVID-positive tests and determined COVID-19 hotspots [68]. In
the United States, the American Lung Association and universities collaborated to create
another mobile-based COVID-19 CS study [69]. Thus, incorporating these types of CS
platforms in school curriculums could be an initiative to promote indirect infectious disease
surveillance and raise awareness among scholars.

There are many benefits for scientists, students and teachers to participate in CS
projects. Firstly, CS allows scientists to fulfill their responsibilities to disseminate science:
its importance to the public and its ability to disprove misinformation. Since many scientific
projects are funded by the tax-paying public, people deserve to understand where their
money is being invested and understand the significance of the research: also as a way
to thank the public [70]. As infodemics become more prevalent [71], using CS as an
educational tool can fight against misinformation. Secondly, involving schools in research
projects provides more massive datasets that are otherwise impossible to compile [49]. A
key advantage of these CS-collected datasets is their diversity in variables (e.g., locations
and time points) that are otherwise hard to sample or missed with traditional research
methods [40,47,72,73]. For instance, using CS as an additional monitoring tool can aid in
achieving the SDGs [74]. Participatory water monitoring programs in Peru have provided
data for watershed planning which compiles data related to SDG 6 of clean water and
sanitation [75]. In the Philippines, community members collect information on health,
poverty, nutrition, housing, education and disaster risk reduction to provide additional
statistics for the Philippine Statistics Authority for 32 SDG indicators [76,77]. Thus, CSis
complementary to active and routine scientific surveillance programs, rather than entirely
replacing them.

In addition to providing more comprehensive databases, CS impacts scientific literacy
and personal development and satisfaction. For many of these school CS programs,
students and teachers alike showed initial and continued interest, which was evident in
interviews and evaluations [41,78]. Studies show that including students in interactive
research problems can improve classroom performance and retention [79]. Students gained
a better understanding of specific topics and increased awareness of issues in their local
areas [46]. Linking the students and the public to the scientific sphere through active
community engagement creates a symbiotic relationship to solve community health issues
and creates public empowerment [54,80]. CS studies that focused on population health,
such as public space quality or food access, revealed new ways for refining urban planning
by active volunteer involvement [81,82]. Incorporating more of these types of CS projects
at schools can provide more insight to public health officials and allow students to play a
bigger part in their own communities through action-mediated methods.
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4.1. Limitations and Gaps

This review does bring to light various CS programs that have been implemented
at schools positively; however, a possible limitation is that not all these programs were
captured during the search, revealing potential reporting bias. First, projects may have
been published before the term ‘citizen science” was popularized. Second, it’s probable that
only successful CS projects at schools become published [83].

In the realm of public health, it is possible that similar programs use similar CS ap-
proaches are actually published under PAR. While CS and PAR seem similar, PAR projects
aim to complete an action that will bring some form of social change to a community by
exposing a problem, constructing intervention strategies and creating a solution; CS utilizes
the same methodology but without the focus on a call to action [84,85]. CS practices also
exist in other activities such as popular epidemiology. While popular epidemiology is
a step towards involving citizens with public health issues, popular epidemiology and
CS methods have been used sparingly for infectious disease surveillance. For surveil-
lance, some studies have utilized CS for vector-borne disease surveillance, specifically for
mosquitoes and ticks, to monitor vector abundances and distributions to predict potential
viral spread [40,59,60,86,87]. Beyond surveillance, CS in public health is uncommon. In an
overview by the European Commission, there were no examples of public health-related CS
projects; the majority of well-regarded projects were focused on biology and ecology [88].
With public health sectors tackling continued budget constraints [89] and known impacts
on infectious diseases due to global climate change, the need for big data from various
sources for disease surveillance is crucial in creating preparedness and response plans [90].

Based on the results of this literature review, we have identified three clear research
gaps. First, none of the projects in the inventory assessed the differences between data
collected between different educational levels and/or ages. Even though some of the
projects were implemented at various educational levels, data quality was solely compared
with expert data [38,91], rather than between different education levels as well. This lack of
information regarding different citizens makes it more difficult to judge students’ abilities,
recruit participants and create protocols based on different age groups. Second, there is
no distinct standard measure of student or citizen engagement in CS projects in general.
Participation and knowledge are not always used to measure student engagement, and in
some cases, engagement was not measured at all. If some CS projects aim to also enhance
scientific literacy and confidence, an accepted standard measurement is necessary to prove
the concept. This is even more important when CS is focused on scholars. The third gap
is project location: Most of the school CS projects in this review are from North America
and Europe, in countries with high human development indexes (HDIs) [92]. With the
rising popularity of CS, the untapped potential of using CS in African and Asian countries
is evident [93-96]. There is even more untapped potential in Africa and Asia by using CS
at school-level as an educational tool. The United Nations recognizes that education is a
transformative instrument in evolving societal norms and policies [92]. Applying CS at
schools in countries with lower HDIs can be a catalyst not only for scientific development
but also for societal empowerment and advancement.

4.2. Strategies to Implement Effective School CS Programs in Infectious Disease Surveillance

(1) Consider program participants: Student participants are different from adult partici-
pants in a CS program. Developing programs that account for students” motivations,
scientific curiosities and capabilities are crucial for a program’s success.

(2) Support current school curriculum and initiatives: CS projects that align well with
teachers’ lesson plans and standards make implementing a CS project less demanding.

(3) Create simple and clear protocols: Students focus on following procedures. However,
protocols should be explained plainly and easy to follow. In addition, data collection
should be accessible.
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(4) Take advantage of appropriate technology: Using technology that is portable, such as
smartphones, can make implementing CS projects a fast process. This can also result
in rapid data collection.

(5) Maintain open communication and feedback with students and teachers: Students
should understand their role as citizen scientists. Students and teachers need to know
why they are collecting data and why they are doing so in a specific way. Discussing
the impact of their work and how the data will be analyzed is also valuable.

(6) Promote community outreach: CS is a community-driven scientific initiative. In-
volving students and their community-members enhances scientific confidence and
strengthens civic cooperation.

(7) Spread knowledge gained through experience and results: Publicizing CS projects
and showing collaborations between experts and non-experts can build the public’s
trust in science and combat misinformation.

5. Conclusions

Infectious diseases constitute global public health threats, and the need to prevent
their spread and transmission is crucial. Strategies for early detection of infectious diseases
are still in its infancy, and the COVI-19 pandemic illustrates the need for more strategies.
As illustrated in this critical review, CS provides opportunities for data collection and
early surveillance of emergent infectious diseases. More countries have begun to see the
significance of CS, such as in the European Union: the SOCIENTIZE Consortium recognizes
the possibilities of CS and the benefits to engage community members, including youth,
with scientists [88]. Implementing CS programs at schools is achievable and effective, bene-
fitting researchers and students alike. However, infectious disease surveillance through
school CS initiatives is still nonexistent worldwide or remains unpublished. Students can
collect data that are not always easily accessible to expert researchers, which can give a
better picture of the true epidemiological situation of various diseases. Complementing
student-collected data to government-led disease surveillance and other health databases
could help prevent future epidemics by truly translating public engagement into public
health. In conclusion, school CS programs are untapped drivers to fill in knowledge gaps
not only for research advancement but for public health education and engagement and
infectious disease surveillance.

Author Contributions: E.CM.v.G., LD,, EB,, S.E. and A.A. contributed to the study conception
and design. Material preparation, data collection and analysis were performed by A.A. The first
draft of the manuscript was written by A.A., and ECM.v.G,, L.D,, EB,, S.E., CJ MK, M.S. and
M.W. commented on previous versions of the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: This work is part of the research programme One Health PACT with project
number 109986, which is (partly) financed by the Dutch Research Council (NWO).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Morens, D.M,; Folkers, G.K,; Fauci, A.S. The challenge of emerging and re-emerging infectious diseases. Nature 2004, 430, 242-249.
[CrossRef] [PubMed]

2. Jomes, K.E,; Patel, N.G.; Levy, M.A.; Storeygard, A.; Balk, D.; Gittleman, ]J.L.; Daszak, P. Global trends in emerging infectious
diseases. Nature 2008, 451, 990-993. [CrossRef]

3. Reperant, L.A; Osterhaus, A.D.M.E. Aids, avian flu, sars, mers, ebola, zika ... what next? Vaccine 2017, 35, 4470-4474. [CrossRef]

[PubMed]


http://doi.org/10.1038/nature02759
http://www.ncbi.nlm.nih.gov/pubmed/15241422
http://doi.org/10.1038/nature06536
http://doi.org/10.1016/j.vaccine.2017.04.082
http://www.ncbi.nlm.nih.gov/pubmed/28633891

Int. J. Environ. Res. Public Health 2021, 18,7019 15 of 18

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.
31.

Dawood, ES.; Iuliano, A.D.; Reed, C.; Meltzer, M.I.; Shay, D.K.; Cheng, P--Y.; Bandaranayake, D.; Breiman, R.F; Brooks, W.A.;
Buchy, P. Estimated global mortality associated with the first 12 months of 2009 pandemic influenza a hln1 virus circulation: A
modelling study. Lancet Infect. Dis. 2012, 12, 687—-695. [CrossRef]

Semenza, J.C.; Lindgren, E.; Balkanyi, L.; Espinosa, L.; Almqvist, M.S.; Penttinen, P.; Rocklov, J. Determinants and drivers of
infectious disease threat events in europe. Emerg. Infect. Dis. 2016, 22, 581. [CrossRef]

Salata, C.; Calistri, A.; Parolin, C.; Palt, G. Coronaviruses: A paradigm of new emerging zoonotic diseases. Pathog. Dis. 2020,
77, ftaa006. [CrossRef]

Koopmans, M. Surveillance strategy for early detection of unusual infectious disease events. Curr. Opin. Virol. 2013, 3, 185-191.
[CrossRef]

Cooper, S.; Khatib, F; Treuille, A.; Barbero, J.; Lee, J.; Beenen, M.; Leaver-Fay, A.; Baker, D.; Popovi¢, Z. Predicting protein
structures with a multiplayer online game. Nature 2010, 466, 756-760. [CrossRef]

Eiben, C.B,; Siegel, ].B.; Bale, ].B.; Cooper, S.; Khatib, E; Shen, B.W.; Stoddard, B.L.; Popovic, Z.; Baker, D. Increased diels-alderase
activity through foldit player guided backbone remodeling. Nat. Biotechnol. 2012, 30, 190. [CrossRef]

Dickinson, J.L.; Louv, R.; Fitzpatrick, J.W. Citizen Science: Public Participation in Environmental Research; Cornell University Press:
Ithaca, NY, USA, 2012.

Miller-Rushing, A.J.; Primack, R.B. Global warming and flowering times in thoreau’s concord: A community perspective. Ecology
2008, 89, 332-341. [CrossRef]

Lave, J.; Wenger, E. Situated Learning: Legitimate Peripheral Participation, Cambridge University Press: Cambridge, UK, 1991.
Jacobs, K.; Lebel, L.; Buizer, ].; Addams, L.; Matson, P.; McCullough, E.; Garden, P; Saliba, G.; Finan, T. Linking knowledge with
action in the pursuit of sustainable water-resources management. Proc. Natl. Acad. Sci. USA 2016, 113, 4591-4596. [CrossRef]
Wilderman, C.C.; McEver, C.; Bonney, R.; Dickinson, J.; Kelling, S.; Rosenberg, K. Models of Community Science: Design Lessons
from the Field. In Proceedings of the Citizen Science Toolkit Conference, Ithaca, NY, USA, 20-23 June 2007; McEver, C., Bonney,
R., Dickinson, J., Kelling, S., Rosenberg, K., Shirk, J.L., Eds.; Cornell Laboratory of Ornithology: Ithaca, NY, USA, 2007; p. 1.3.
Bonney, R.; Ballard, H.; Jordan, R.; McCallie, E.; Phillips, T.; Shirk, J.; Wilderman, C.C. Public participation in scientific research:
Defining the field and assessing its potential for informal science education. A case inquiry group report. In Online Submiss;
Education Resources Information Center: Ipswich, MA, USA, 2009.

Wiggins, A.; Crowston, K. From Conservation to Crowdsourcing: A Typology of Citizen Science. In Proceedings of the 2011
44th Hawaii International Conference on System Sciences, Kauai, HI, USA, 4-7 January 2011; IEEE: Piscataway, NJ, USA, 2011;
pp- 1-10.

Raddick, M.].; Bracey, G.; Gay, P.L,; Lintott, C.J.; Cardamone, C.; Murray, P.; Schawinski, K.; Szalay, A.S.; Vandenberg, J. Galaxy
z00: Motivations of citizen scientists. arXiv 2013, arXiv:1303.6886.

Wright, D.R.; Underhill, L.G.; Keene, M.; Knight, A.T. Understanding the motivations and satisfactions of volunteers to improve
the effectiveness of citizen science programs. Soc. Nat. Resour. 2015, 28, 1013-1029. [CrossRef]

Bovy, K.M.; Watson, J.E.; Dolliver, J.; Parrish, ].K. Distinguishing offshore bird hunting from beach scavenging in archaeological
contexts: The value of modern beach surveys. J. Archaeol. Sci. 2016, 70, 35-47. [CrossRef]

Fortson, L.; Masters, K.; Nichol, R.; Edmondson, E.M.; Lintott, C.; Raddick, J.; Wallin, J. Galaxy zoo. Adv. Mach. Learn. Data
Min. Astron. 2012, 2012, 213-236.

Dickinson, J.L.; Zuckerberg, B.; Bonter, D.N. Citizen science as an ecological research tool: Challenges and benefits. Annu. Rev.
Ecol. Evol. Syst. 2010, 41, 149-172. [CrossRef]

Done, T.; Roelfsema, C.; Harvey, A.; Schuller, L.; Hill, J.; Schlappy, M.L.; Lea, A.; Bauer-Civiello, A.; Loder, J. Reliability and
utility of citizen science reef monitoring data collected by reef check australia, 2002—2015. Mar. Pollut. Bull. 2017, 117, 148-155.
[CrossRef]

Goodchild, M.F. Citizens as sensors: The world of volunteered geography. GeoJournal 2007, 69, 211-221. [CrossRef]

Egerer, M.; Lin, B.B.; Kendal, D. Towards better species identification processes between scientists and community participants.
Sci. Total Environ. 2019, 694, 133738. [CrossRef]

Hays, G.C.; Richardson, A.]J.; Robinson, C. Climate change and marine plankton. Trends Ecol. Evol. 2005, 20, 337-344. [CrossRef]
Dibner, K.A.; Pandya, R.; National Academies of Sciences, Engineering and Medicine. Demographic analyses of citizen science. In
Learning through Citizen Science: Enhancing Opportunities by Design; National Academies Press (US): Washington, DC, USA, 2018.
de la Cerda, M.; Broglio, E.; Perelld, J.; Escartin, S.; Bartumeus, E; Agell, G.; Ruiz-Orején, L.E; Puig, C.; Vicioso, M.; Ferré, S.; et al.
Ciencia Ciudadana y Aprendizaje Servicio; Ajuntament De Barcelona: Barcelona, Spain, 2020.

Ballard, H.L.; Dixon, C.G.H.; Harris, E.M. Youth-focused citizen science: Examining the role of environmental science learning
and agency for conservation. Biol. Conserv. 2017, 208, 65-75. [CrossRef]

Oldfather, P; Thomas, S.; Eckert, L.; Garcia, F.; Grannis, N.; Kilgore, J.; Newman-Gonchar, A.; Petersen, B.; Rodriguez, P; Tjioe, M.
The nature and outcomes of students” longitudinal participatory research on literacy motivations and schooling. In Research in the
Teaching of English; JSTOR: New York, NY, USA, 1999; pp. 281-320.

Ranscombe, P. Using citizen science in the battle against influenza. Lancet Infect. Dis. 2016, 16, 420. [CrossRef]

Nagappan, P. Researchers Tracing How Covid-19 Spreads, Mutates in the Environment. Available online: https://newscenter.
sdsu.edu/sdsu_newscenter/news_story.aspx?sid=78011 (accessed on 1 May 2021).


http://doi.org/10.1016/S1473-3099(12)70121-4
http://doi.org/10.3201/eid2204.151073
http://doi.org/10.1093/femspd/ftaa006
http://doi.org/10.1016/j.coviro.2013.02.003
http://doi.org/10.1038/nature09304
http://doi.org/10.1038/nbt.2109
http://doi.org/10.1890/07-0068.1
http://doi.org/10.1073/pnas.0813125107
http://doi.org/10.1080/08941920.2015.1054976
http://doi.org/10.1016/j.jas.2016.04.006
http://doi.org/10.1146/annurev-ecolsys-102209-144636
http://doi.org/10.1016/j.marpolbul.2017.01.054
http://doi.org/10.1007/s10708-007-9111-y
http://doi.org/10.1016/j.scitotenv.2019.133738
http://doi.org/10.1016/j.tree.2005.03.004
http://doi.org/10.1016/j.biocon.2016.05.024
http://doi.org/10.1016/S1473-3099(16)00137-7
https://newscenter.sdsu.edu/sdsu_newscenter/news_story.aspx?sid=78011
https://newscenter.sdsu.edu/sdsu_newscenter/news_story.aspx?sid=78011

Int. J. Environ. Res. Public Health 2021, 18,7019 16 of 18

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Germann, T.C.; Kadau, K.; Longini, .M.; Macken, C.A. Mitigation strategies for pandemic influenza in the United States. Proc.
Natl. Acad. Sci. USA 2006, 103, 5935-5940. [CrossRef]

Haber, M.].; Shay, D.K.; Davis, X.M.; Patel, R.; Jin, X.; Weintraub, E.; Orenstein, E.; Thompson, W.W. Effectiveness of interventions
to reduce contact rates during a simulated influenza pandemic. Emerg. Infect. Dis. 2007, 13, 581. [CrossRef]

Greer, A.L.; Tuite, A.; Fisman, D.N. Age, influenza pandemics and disease dynamics. Epidemiol. Infect. 2010, 138, 1542-1549.
[CrossRef]

UNESCO. International Standard Classification of Education: Isced 2011; UNESCO: Paris, France, 2012.

Cox, T.E,; Philippoff, J.; Baumgartner, E.; Smith, C.M. Expert variability provides perspective on the strengths and weaknesses of
citizen-driven intertidal monitoring program. Ecol. Appl. 2012, 22, 1201-1212. [CrossRef]

Mitchell, N.; Triska, M.; Liberatore, A.; Ashcroft, L.; Weatherill, R.; Longnecker, N. Benefits and challenges of incorporating citizen
science into university education. PLoS ONE 2017, 12, e0186285. [CrossRef] [PubMed]

Franga, ].S.; Solar, R.; Hughes, R.M.; Callisto, M. Student monitoring of the ecological quality of neotropical urban streams. Ambio
2019, 48, 867-878. [CrossRef]

Roy, H.E.; Baxter, E.; Saunders, A.; Pocock, M.J. Focal plant observations as a standardised method for pollinator monitoring;:
Opportunities and limitations for mass participation citizen science. PLoS ONE 2016, 11, e0150794.

Tarter, K.D.; Levy, C.E.; Yaglom, H.D.; Adams, L.E; Plante, L.; Casal, M.G.; Gouge, D.H.; Rathman, R.; Stokka, D.; Weiss, | ; et al.
Using citizen science to enhance surveillance of aedes aegypti in arizona, 2015-17. J. Am. Mosq. Control Assoc. 2019, 35, 11-18.
[CrossRef]

Santschi, L.; Hanner, R.H.; Ratnasingham, S.; Riconscente, M.; Imondi, R. Barcoding life’s matrix: Translating biodiversity
genomics into high school settings to enhance life science education. PLoS Biol. 2013, 11, €1001471. [CrossRef]

Marizzi, C.; Florio, A.; Lee, M.; Khalfan, M.; Ghiban, C.; Nash, B.; Dorey, J.; McKenzie, S.; Mazza, C.; Cellini, F,; et al. DNA
Barcoding Brooklyn (New York): A first assessment of biodiversity in marine park by citizen scientists. PLoS ONE 2018,
13, €0199015. [CrossRef] [PubMed]

Chiovitti, A.; Thorpe, F; Gorman, C.; Cuxson, ].L.; Robevska, G.; Szwed, C.; Duncan, ].C.; Vanyai, HK; Cross, J.; Siemering, K.R.;
et al. A citizen science model for implementing statewide educational DNA barcoding. PLoS ONE 2019, 14, e0208604. [CrossRef]
Mitchell, A.; Rothbart, A.; Frankham, G.; Johnson, R.N.; Neaves, L.E. Could do better! A high school market survey of fish
labelling in sydney, australia, using DNA barcodes. Peer] 2019, 7, e7138. [CrossRef] [PubMed]

Borrell, Y.J.; Mufioz-Colmenero, A.M.; Dopico, E.; Miralles, L.; Garcia-Vazquez, E. Food control and a citizen science approach for
improving teaching of genetics in universities. Biochem. Mol. Biol. Educ. 2016, 44, 450—462. [CrossRef]

Hidalgo-Ruz, V.; Thiel, M. Distribution and Abundance of Small Plastic Debris on Beaches in the Se Pacific (Chile): A study
supported by a citizen science project. Mar. Environ. Res. 2013, 87-88, 12-18. [CrossRef]

Honorato-Zimmer, D.; Kruse, K.; Knickmeier, K.; Weinmann, A.; Hinojosa, I.A.; Thiel, M. Inter-hemispherical shoreline surveys
of anthropogenic marine debris—A binational citizen science project with schoolchildren. Mar. Pollut. Bull. 2019, 138, 464—473.
[CrossRef] [PubMed]

Kiessling, T.; Knickmeier, K.; Kruse, K.; Brennecke, D.; Nauendorf, A.; Thiel, M. Plastic pirates sample litter at rivers in
germany—Riverside litter and litter sources estimated by schoolchildren. Environ. Pollut. 2019, 245, 545-557. [CrossRef]
Abbott, BW.; Moatar, F.; Gauthier, O.; Fovet, O.; Antoine, V.; Ragueneau, O. Trends and seasonality of river nutrients in
agricultural catchments: 18years of weekly citizen science in france. Sci. Total Environ. 2018, 624, 845-858. [CrossRef] [PubMed]
Davis, E.; Sloan, T.; Aurelius, K.; Barbour, A.; Bodey, E.; Clark, B.; Dennis, C.; Drown, R.; Fleming, M.; Humbert, A.; et al.
Antibiotic discovery throughout the small world initiative: A molecular strategy to identify biosynthetic gene clusters involved
in antagonistic activity. Microbiologyopen 2017, 6, e00435. [CrossRef]

de Groot, PW.].; Fernandez-Pereira, J.; Sabariegos, R.; Clemente-Casares, P.; Parra-Martinez, J.; Cid, V.J.; Moreno, D.A. Optimizing
small world initiative service learning by focusing on antibiotics-producing actinomycetes from soil. FEMS Microbiol. Lett. 2019,
366, fnaa019. [CrossRef] [PubMed]

Riley, N.G.; Goller, C.C.; Leggett, Z.H.; Lewis, D.M.; Ciccone, K.; Dunn, R.R. Catalyzing rapid discovery of gold-precipitating
bacterial lineages with university students. Peer] 2020, 8, e8925. [CrossRef] [PubMed]

Abe, J.; Alop-Mabuti, A.; Burger, P.; Button, J.; Ellsberry, M.; Hitzeman, J.; Morgenstern, D.; Nunies, K.; Strother, M.; Darling-
Munson, ].; et al. Comparing the temporal colonization and microbial diversity of showerhead biofilms in Hawai’i and Colorado.
FEMS Microbiol. Lett. 2016, 363, fnw005. [CrossRef] [PubMed]

Akom, A.; Shah, A.; Nakai, A.; Cruz, T. Youth participatory action research (ypar) 2.0: How technological innovation and digital
organizing sparked a food revolution in east oakland. Int. . Qual. Stud. Educ. 2016, 29, 1287-1307. [CrossRef]

Walkinshaw, L.P.; Hecht, C.; Patel, A.; Podrabsky, M. Training high school student “citizen scientists” to document school water
access: A feasibility study. J. Sch. Health 2019, 89, 653—-661. [CrossRef]

Hyder, A.; May, A.A. Translational data analytics in exposure science and environmental health: A citizen science approach with
high school students. Environ. Health 2020, 19, 73. [CrossRef]

Quinlivan, L.; Chapman, D.V.; Sullivan, T. Applying citizen science to monitor for the sustainable development goal indicator
6.3.2: A review. Environ. Monit. Assess. 2020, 192, 218. [CrossRef]

Brestovitsky, A.; Ezer, D. A mass participatory experiment provides a rich temporal profile of temperature response in spring
onions. Plant. Direct 2019, 3, €00126. [CrossRef]


http://doi.org/10.1073/pnas.0601266103
http://doi.org/10.3201/eid1304.060828
http://doi.org/10.1017/S0950268810000579
http://doi.org/10.1890/11-1614.1
http://doi.org/10.1371/journal.pone.0186285
http://www.ncbi.nlm.nih.gov/pubmed/29091933
http://doi.org/10.1007/s13280-018-1122-z
http://doi.org/10.2987/18-6789.1
http://doi.org/10.1371/journal.pbio.1001471
http://doi.org/10.1371/journal.pone.0199015
http://www.ncbi.nlm.nih.gov/pubmed/30020927
http://doi.org/10.1371/journal.pone.0208604
http://doi.org/10.7717/peerj.7138
http://www.ncbi.nlm.nih.gov/pubmed/31231598
http://doi.org/10.1002/bmb.20971
http://doi.org/10.1016/j.marenvres.2013.02.015
http://doi.org/10.1016/j.marpolbul.2018.11.048
http://www.ncbi.nlm.nih.gov/pubmed/30660296
http://doi.org/10.1016/j.envpol.2018.11.025
http://doi.org/10.1016/j.scitotenv.2017.12.176
http://www.ncbi.nlm.nih.gov/pubmed/29274609
http://doi.org/10.1002/mbo3.435
http://doi.org/10.1093/femsle/fnaa019
http://www.ncbi.nlm.nih.gov/pubmed/31995181
http://doi.org/10.7717/peerj.8925
http://www.ncbi.nlm.nih.gov/pubmed/32322441
http://doi.org/10.1093/femsle/fnw005
http://www.ncbi.nlm.nih.gov/pubmed/26764424
http://doi.org/10.1080/09518398.2016.1201609
http://doi.org/10.1111/josh.12790
http://doi.org/10.1186/s12940-020-00627-5
http://doi.org/10.1007/s10661-020-8193-6
http://doi.org/10.1002/pld3.126

Int. J. Environ. Res. Public Health 2021, 18,7019 17 of 18

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Lewis, J.; Boudreau, C.R.; Patterson, J].W.; Bradet-Legris, ].; Lloyd, V.K. Citizen science and community engagement in tick
surveillance-a canadian case study. Healthcare 2018, 6, 22. [CrossRef]

Pernat, N.; Kampen, H.; Jeschke, ].M.; Werner, D. Citizen science versus professional data collection: Comparison of approaches
to mosquito monitoring in germany. J. Appl. Ecol. 2021, 58, 214-223. [CrossRef]

Parrish, J.K.; Burgess, H.; Weltzin, ].E; Fortson, L.; Wiggins, A.; Simmons, B. Exposing the science in citizen science: Fitness to
purpose and intentional design. Integr. Comp. Biol. 2018, 58, 150-160. [CrossRef] [PubMed]

Danielsen, F.; Jensen, PM.; Burgess, N.D.; Altamirano, R.; Alviola, P.A.; Andrianandrasana, H.; Brashares, ].S.; Burton, A.C.;
Coronado, I.; Corpuz, N. A multicountry assessment of tropical resource monitoring by local communities. BioScience 2014, 64,
236-251. [CrossRef]

Newman, G.; Wiggins, A.; Crall, A.; Graham, E.; Newman, S.; Crowston, K. The future of citizen science: Emerging technologies
and shifting paradigms. Front. Ecol. Environ. 2012, 10, 298-304. [CrossRef]

Brown, P. Integrating medical and environmental sociology with environmental health: Crossing boundaries and building
connections through advocacy. J. Health Soc. Behav. 2013, 54, 145-164. [CrossRef]

Brown, P. Popular epidemiology: Community response to toxic waste-induced disease in woburn, massachusetts. Sci. Technol.
Hum. Values 1987, 12, 78-85.

Bartumeus, F; Oltra, A.; Palmer, ].R.B. Citizen science: A gateway for innovation in disease-carrying mosquito management?
Trends Parasitol. 2018, 34, 727-729. [CrossRef]

Kampen, H.; Medlock, ].M.; Vaux, A.G.C.; Koenraadt, C.].M.; Van Vliet, A.].H.; Bartumeus, F.; Oltra, A.; Sousa, C.A.; Chouin, S.;
Werner, D. Approaches to passive mosquito surveillance in the eu. Parasites Vectors 2015, 8, 9. [CrossRef] [PubMed]

Ravindran, S. Smartphone science: Apps test and track infectious diseases. Nature 2021, 593, 302-303. [CrossRef]

Covid-19 Citizen Science Study. Available online: https:/ /www.lung.org/lung-health-diseases /lung-disease-lookup /covid-19
/action-initiative /covid-citizen-science-study (accessed on 8 June 2021).

Eagleman, D.M. Why public dissemination of science matters: A manifesto. J. Neurosci. 2013, 33, 12147-12149. [CrossRef]
Mheidly, N.; Fares, J. Leveraging media and health communication strategies to overcome the covid-19 infodemic. J. Public Health
Policy 2020, 41, 1-11. [CrossRef]

Ramirez-Andreotta, M.D.; Brusseau, M.L.; Artiola, J.; Maier, RM.; Gandolfi, A.J. Building a co-created citizen science program
with gardeners neighboring a superfund site: The gardenroots case study. Int. Public Health |. 2015, 7, 13.

Hochmair, H.H.; Scheffrahn, R.H.; Basille, M.; Boone, M. Evaluating the data quality of inaturalist termite records. PLoS ONE
2020, 15, e0226534. [CrossRef]

Fritz, S.; See, L.; Carlson, T.; Haklay, M.M.; Oliver, J.L.; Fraisl, D.; Mondardini, R.; Brocklehurst, M.; Shanley, L.A.; Schade, S.
Citizen science and the united nations sustainable development goals. Nat. Sustain. 2019, 2, 922-930. [CrossRef]

Autoridad Nacional del Agua. Guia de Monitoreo Participativo de la Calidad de AQua; Autoridad Nacional del Agua: Huancavelica,
Peru, 2018.

Reyes, C.M. Localizing the Sustainable Development Goals Using Cbms and Logod. Regional Knowledge Exchange, United
Nations Development Program. Available online: http:/ /www.asiapacific.undp.rg/content/dam/rbap/docs/meetTheSDGs/
Session%20VI%20A (accessed on 20 April 2021).

Diokno-Sicat, C.J.; Adaro, C.E.; Maddawin, R.B. The Community-Based Monitoring System (Cbms) As A Local Planning Tool: Results
from the Pids-Dilg Baseline Study on Policy and Governance Gaps for the Local Government Support Fund Assistance to Municipalities
(Lgsf-Am) Program; TTCSP: Philadelphia, PA, USA, 2020.

Weyhenmeyer, G.A.; Mackay, M.; Stockwell, J.D.; Thiery, W.; Grossart, H.P.; Augusto-Silva, P.B.; Baulch, H.M.; de Eyto, E.; Hejzlar,
J.; Kangur, K,; et al. Citizen science shows systematic changes in the temperature difference between air and inland waters with
global warming. Sci. Rep. 2017, 7, 43890. [CrossRef]

Shah, H.R.; Martinez, L.R. Current approaches in implementing citizen science in the classroom. J. Microbiol. Biol. Educ. 2016, 17,
17-22. [CrossRef] [PubMed]

Katapally, T.R. The smart framework: Integration of citizen science, community-based participatory research, and systems science
for population health science in the digital age. JMIR Mhealth. Uhealth. 2019, 7, €14056. [CrossRef]

Chrisinger, B.W.; Ramos, A.; Shaykis, F.; Martinez, T.; Banchoff, A.W.; Winter, S.J.; King, A.C. Leveraging citizen science for
healthier food environments: A pilot study to evaluate corner stores in camden, new jersey. Front. Public Health 2018, 6, 89.
[CrossRef]

Barrie, H.; Soebarto, V.; Lange, J.; Mc Corry-Breen, F.; Walker, L. Using citizen science to explore neighbourhood influences on
ageing well: Pilot project. Healthcare 2019, 7, 126. [CrossRef] [PubMed]

Kullenberg, C.; Kasperowski, D. What is citizen science?—A scientometric meta-analysis. PLoS ONE 2016, 11, €0147152. [CrossRef]
[PubMed]

Minkler, M. Using participatory action research to build healthy communities. Public Health Rep. 2000, 115, 191. [CrossRef]
[PubMed]

Wagemakers, A. Community Health Promotion: Facilitating and Evaluating Coordinated Action to Create Supportive Environments;
Wageningen University: Wageningen, The Netherlands, 2010.

Palmer, ].R.B.; Oltra, A.; Collantes, F; Delgado, ].A.; Lucientes, J.; Delacour, S.; Bengoa, M.; Eritja, R.; Bartumeus, F. Citizen science
provides a reliable and scalable tool to track disease-carrying mosquitoes. Nat. Commun. 2017, 8, 916. [CrossRef] [PubMed]


http://doi.org/10.3390/healthcare6010022
http://doi.org/10.1111/1365-2664.13767
http://doi.org/10.1093/icb/icy032
http://www.ncbi.nlm.nih.gov/pubmed/29790942
http://doi.org/10.1093/biosci/biu001
http://doi.org/10.1890/110294
http://doi.org/10.1177/0022146513484473
http://doi.org/10.1016/j.pt.2018.04.010
http://doi.org/10.1186/s13071-014-0604-5
http://www.ncbi.nlm.nih.gov/pubmed/25567671
http://doi.org/10.1038/d41586-021-01253-y
https://www.lung.org/lung-health-diseases/lung-disease-lookup/covid-19/action-initiative/covid-citizen-science-study
https://www.lung.org/lung-health-diseases/lung-disease-lookup/covid-19/action-initiative/covid-citizen-science-study
http://doi.org/10.1523/JNEUROSCI.2556-13.2013
http://doi.org/10.1057/s41271-020-00247-w
http://doi.org/10.1371/journal.pone.0226534
http://doi.org/10.1038/s41893-019-0390-3
http://www.asiapacific.undp.rg/content/dam/rbap/docs/meetTheSDGs/Session%20VI%20A
http://www.asiapacific.undp.rg/content/dam/rbap/docs/meetTheSDGs/Session%20VI%20A
http://doi.org/10.1038/srep43890
http://doi.org/10.1128/jmbe.v17i1.1032
http://www.ncbi.nlm.nih.gov/pubmed/27047583
http://doi.org/10.2196/14056
http://doi.org/10.3389/fpubh.2018.00089
http://doi.org/10.3390/healthcare7040126
http://www.ncbi.nlm.nih.gov/pubmed/31683757
http://doi.org/10.1371/journal.pone.0147152
http://www.ncbi.nlm.nih.gov/pubmed/26766577
http://doi.org/10.1093/phr/115.2.191
http://www.ncbi.nlm.nih.gov/pubmed/10968753
http://doi.org/10.1038/s41467-017-00914-9
http://www.ncbi.nlm.nih.gov/pubmed/29066710

Int. J. Environ. Res. Public Health 2021, 18,7019 18 of 18

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Braz Sousa, L.; Fricker, S.R.; Doherty, S.S.; Webb, C.E.; Baldock, K.L.; Williams, C.R. Citizen science and smartphone e-entomology
enables low-cost upscaling of mosquito surveillance. Sci. Total Environ. 2020, 704, 135349. [CrossRef] [PubMed]

Socientize Consortium. Green paper on citizen science, citizen science for Europe: Towards a better society of empowered citizens
and enhanced research. In The Socientize Consortium of the European Commission; Socientize Consortium: Brussels, Belgium, 2013.
Perreault, R. Public health systems under attack in canada: Evidence on public health system performance challenges arbitrary
reform. Can. |. Public Health 2016, 107, e326—e329.

World Health Organization; UNICEFE. Global Vector Control Response 2017-2030; World Health Organization Geneva Switzerland;
UNICEF: New York, NY, USA, 2017.

Von Konrat, M.; Campbell, T.; Carter, B.; Greif, M.; Bryson, M.; Larrain, J.; Trouille, L.; Cohen, S.; Gaus, E.; Qazi, A.; et al. Using
citizen science to bridge taxonomic discovery with education and outreach. Appl. Plant. Sci. 2018, 6, €1023. [CrossRef]

United Nations Development Programme. Human Development Report 2020; United Nations Development Programme: New
York, NY, USA, 2020.

Wilson, J.-].; Jisming-See, S.-W.; Brandon-Mong, G.-].; Lim, A.-H.; Lim, V.-C.; Lee, P--S.; Sing, K.-W. Citizen science: The first
peninsular malaysia butterfly count. Biodivers. Data J. 2015, 3, €7159. [CrossRef]

Larson, L.R.; Conway, A.L.; Hernandez, S.M.; Carroll, ].P. Human-wildlife conflict, conservation attitudes, and a potential role for
citizen science in Sierra Leone, Africa. Conserv. Soc. 2016, 14, 205-217. [CrossRef]

Pocock, M.J.O.; Roy, H.E.; August, T.; Kuria, A.; Barasa, F,; Bett, ].; Githiru, M.; Kairo, J.; Kimani, J.; Kinuthia, W. Developing
the global potential of citizen science: Assessing opportunities that benefit people, society and the environment in east Africa.
J. Appl. Ecol. 2019, 56, 274-281. [CrossRef]

Murindahabi, M.M.; Takken, W.; Misago, X.; Niyituma, E.; Umupfasoni, J.; Hakizimana, E.; van Vliet, A.J.H.; Poortvliet, PM.;
Mutesa, L.; Murindahabi, N.K.; et al. Monitoring mosquito nuisance for the development of a citizen science approach for malaria
vector surveillance in Rwanda. Malar. J. 2021, 20, 36. [CrossRef] [PubMed]


http://doi.org/10.1016/j.scitotenv.2019.135349
http://www.ncbi.nlm.nih.gov/pubmed/31837870
http://doi.org/10.1002/aps3.1023
http://doi.org/10.3897/BDJ.3.e7159
http://doi.org/10.4103/0972-4923.191159
http://doi.org/10.1111/1365-2664.13279
http://doi.org/10.1186/s12936-020-03579-w
http://www.ncbi.nlm.nih.gov/pubmed/33423679

	Introduction 
	The Current Dilemma of Infectious Diseases and the Need for Early Detection Strategies 
	Citizen Science as a Research Tool 
	Students as Citizen Scientists 
	Citizen Science as a Method for Infectious Disease Surveillance 

	Materials and Methods 
	Search Strategy 
	Inclusion and Exclusion Criteria 
	Outcome Measures 

	Results 
	Ecology 
	Genomics and Genetics 
	Biological Conservation 
	Microbiology 
	Public Health 
	Environmental Health 
	Botany 

	Discussion 
	Limitations and Gaps 
	Strategies to Implement Effective School CS Programs in Infectious Disease Surveillance 

	Conclusions 
	References

