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and ecological sciences
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Abstract | Citizen science is an increasingly acknowledged approach applied in many
scientific domains, and particularly within the environmental and ecological sciences,

in which non-professional participants contribute to data collection to advance scientific
research. We present contributory citizen science as a valuable method to scientists and
practitioners within the environmental and ecological sciences, focusing on the full life cycle
of citizen science practice, from design to implementation, evaluation and data management.
We highlight key issues in citizen science and how to address them, such as participant
engagement and retention, data quality assurance and bias correction, as well as ethical
considerations regarding data sharing. We also provide a range of examples to illustrate

the diversity of applications, from biodiversity research and land cover assessment to forest
health monitoring and marine pollution. The aspects of reproducibility and data sharing are
considered, placing citizen science within an encompassing open science perspective. Finally,
we discuss its limitations and challenges and present an outlook for the application of citizen

Participants

A participant is a person who
takes part in a citizen science
project in a non-professional
capacity, by helping to define
its focus, gather or analyse
data. Other terms used are
contributor, volunteer or
citizen scientist.

Lay knowledge

Lay knowledge comes from
personal experience or
tradition rather than formal
education or professional
research.

Indigenous knowledge
Understandings, skills and
worldviews developed by
societies with centuries to
millennia of interactions with
their natural surroundings,
and with potential to inform
decision-making about
fundamental aspects of
day-to-day life.
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science in multiple science domains.

Citizen science, broadly defined as public participa-
tion in scientific research and knowledge production,
is becoming an increasingly well developed and valued
approach with global reach and used in a wide range of
scientific domains'~. Much of this growth is driven by
the availability of information technology infrastructures
such as mobile phones and low-cost sensors for gather-
ing and reporting data, the internet for sharing data, and
cloud storage for hosting and storing data*’. Growing lit-
eracy levels and educational attainment in many parts of
the world also make it possible for many more people to
contribute to knowledge creation in a meaningful way®’.

Citizen science initiatives involve the public in the
research process to generate genuine scientific out-
comes®'!. These outcomes include discoveries, such
as in astrophysics'? and archaeology projects'’; new
insights, such as in epidemiology'* and socio-linguistics
projects'’; evidence-based policymaking, such as in
pollution-monitoring initiatives'®'¥; interventions such
as in public health research'’; and environmental gov-
ernance, including in ecology and biodiversity moni-
toring initiatives?’~*. Citizen science research can fill
important data gaps across both time and space”, which
might not otherwise be possible without the contribu-
tion of many participants, including people with local and
lay knowledge®** or Indigenous knowledge?*’.

The profile of citizen science is also growing as a key
pillar of open science, which encourages scientific col-
laborations that benefit both science and society, and
which opens up the processes of scientific knowledge
creation, evaluation and communication to societal
actors beyond the professional scientific community?.
The range of benefits that citizen science can deliver
beyond scientific outcomes include societal impacts
such as awareness of local issues and improved public
health, policy impacts such as more effective legislation,
political impacts including heightened civic participa-
tion, economic impacts such as higher-impact public
spending and also personal benefits to the participants
themselves, from the enjoyment of the activity itself, to
new subject-matter knowledge and stronger scientific
literacy more generally*-*2.

The field of citizen science is becoming more widely
represented worldwide, including well-established
regional networks, such as the European Citizen Science
Association, the Citizen Science Association in the USA,
the Australian Citizen Science Association and globally
via the Citizen Science Global Partnership. Some of the
key principles that underlie good practice have been
encapsulated by an international community of practi-
tioners in REF* and the different factors that make up the
unique aspects are described in REF.
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The range of disciplines within which citizen science
can be applied, as well as the diverse organizational and
cultural contexts of those practices, has resulted in a
wide range of terms that can all be captured under the
wider citizen science umbrella. Examples include com-
munity science, participatory mapping, participatory
science, community remote sensing, locally based moni-
.Itisalso
important to acknowledge ongoing contention regarding
inclusive terminology when referring to citizen science
participants in a way that recognizes the diverse exper-
tise they bring and does not trivialize their contribu-
tions or exclude certain demographics™”. For sake of
consistency, we use the term ‘participant’ throughout
this article. Additionally, seminal work in the field has
developed typologies to describe activities in a range
of ways, focusing, for example, on different models for
public participation in scientific research™®, the levels of
or the orientation and aims of the activ-
. Contributory citizen science, as presented in some
of these typologies, mainly involves participants in data
collection activities and is a prevalent approach used in

toring and community-based monitoring®***>

participation®*

ities*

the fields of environment and ecology*'.

Our focus in this Primer is on the application of cit-
izen science approaches within the environmental and
ecological sciences, where much of the recent growth in
the field has taken place. Our main objective is to intro-
duce contributory citizen science, as highlighted above,
to scientists and practitioners who are new to the field.
While we recognize the diversity of approaches and the
wide range of possible applications, we limit our scope
to contributory projects in the environmental and eco-
logical sciences because they can provide a manageable
entry point into citizen science practices, have a wealth
of examples to draw on, and thus allow us to provide
a more comprehensive overview and guidance on how
to design and implement a citizen science initiative for
the first time. We also intend the Primer to serve as a
useful review and general resource for those who are

Contributory citizen science
Citizen science programmes
designed by professional
scientists and involving
primarily non-credentialled
participants contributing

to data collection. experienced in the field.

Experimentation

In this section, we provide an overview of the different
design and implementation stages of contributory cit-
izen science projects in the field of ecology and envi-
ronmental sciences, some of which will be described in
more detail in subsequent sections. Various guidelines
exist for designing and implementing citizen science
projects, covering aspects from data management to
stakeholder engagement*~’. Examples of such guide-
lines are presented in TABLE 1. Here, we summarize some
of the most relevant issues and considerations from these
resources and offer additional insights. Each of the stages
presented in this section are interconnected and one step
does not necessarily need to end for another to begin
(FIG. 1). All stages and steps should be reviewed through-
out the project cycle to actively incorporate changing fac-
tors, lessons learned and participant feedback. It is also
essential to remember that there is no one-size-fits-all
approach in citizen science and that these stages need to
be adapted to the context of the project.

Stage 1

Stage 1 of the citizen science project life cycle is identi-
fying the need or the problem, in which the need or the
problem that the project is aiming to address is identi-
fied, and its boundaries are defined****. Depending on
the purpose and type of project, the problem or need
can be identified by scientists, participants, other stake-
holders or all of them together, based on the models of
public participation in scientific research® and the levels
of participation®*’.

At this stage, it is useful to think about the key stake-
holders and try to understand the problem from their
perspective — particularly stakeholders from target
groups. Possible solutions to the problem and their lim-
itations need to be considered, and research questions
and general objectives should be formulated with refer-
ence to those solutions and limitations. Acknowledging
that stakeholders may not have identified a specific
problem or research question, as is sometimes the case
in ecological and environmental studies, but instead may
have noted the need for baseline monitoring, can help to
guide the work.

Additionally, it is important to have an overview of
similar projects and available methods that could be use-
ful for the project. Within the rapidly growing citizen
science field and literature, it is likely that similar prob-
lems and needs have already been addressed through
other initiatives. Some early considerations on the eval-
uation and sustainability of the project are also helpful in
framing the overall project idea and establishing a sound
basis for the upcoming stages®.

Stage 2

It is important to recognize that not all research projects
can be addressed with the citizen science approach. This
stage is about ensuring that citizen science is the right
approach to address the problem and the research ques-
tions identified in the first stage®. The goal is to under-
stand whether involving citizen science participants will
help to achieve the desired results, while at the same
time benefiting participants by addressing their needs
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In situ

In situ refers to data that are
gathered on a site, an activity
that takes place locally, or an
observation made at a specific
location on the ground.

or fostering new skills and expertise™. If both those con-
ditions can be met, then citizen science approaches are
likely to be appropriate for the project®.

Deciding whether citizen science is the right approach
depends on various factors, such as the research ques-
tions, the spatial and temporal scale of the project, the
type and amount of data needed to obtain results, the level
of expertise required to collect the data, the training and
coordination efforts needed, or the target groups of the
project, such as the participants, policymakers, funders
and scientific and practitioner communities*. Funding
is a key consideration, and it is important to review the
resources available and requirements for project objec-
tives prior to starting’”. This includes considerations

related to human resources, including the skills that are
needed in the team and the tasks and responsibilities of
the project staff. Equipment, travel or training necessary
for data collection should also be considered.

Examples of projects that are suitable for citizen
science approaches are observing the natural environ-
ment, including wildlife and species; detecting changes
in land use and land cover through in situ monitoring,
where observations take place on site; classifying sat-
ellite images to identify deforestation; and monitoring
water or air quality, or disease threats, among many
others. Projects that may be unsuitable for citizen sci-
ence approaches could be those that require the use of
expensive or highly technical equipment, or projects that

Table 1 | Examples of guidelines available for citizen science project design and implementation

Title

Biodiversa citizen science toolkit
for biodiversity scientists’**

Citizen science: a developing tool
for expanding science knowledge
and scientific literacy*®

Citizen Science For All: A Guide
For Citizen Science Practitioners®’

Citizen science toolkit*®

Choosing and using citizen
science: a guide to when and
how to use citizen science to
monitor biodiversity and the
environment*

Communication in citizen
science’”’

Community-based Monitoring In
The Arctic*

Data management guide for
public participation in scientific
research®

Data management planning for
citizen science'®’

Guide to citizen science:
developing, implementing and
evaluating citizen science to study
biodiversity and the environment
in the UK*

Handbook Of Citizen Science In
Ecology And Conservation®’

Manaus Letter: recommendations
for the participatory monitoring of
biodiversity*

Stakeholder engagement
handbook?’**

WeObserve Cookbook?”*

Purpose

Aiming to improve the understanding of citizen
science practices and overcome potential barriers in
research projects

Describing a model for designing and implementing
citizen science projects

Providing guidance to those interested in initiating
and participating in citizen science projects

Providing basic processes for planning, designing and
implementing a citizen science project

Helping those who would like to design and
implement citizen science projects in the fields of
biodiversity and environment

Providing a practical guide to communication and
engagement in citizen science

Sharing good practices in sustaining programmes,
obtaining impacts, connecting with other approaches
and addressing the rights of Indigenous communities

Introducing a step-by-step guideline to the data
management life cycle for citizen science projects

Making specific and practical recommendations to
citizen science practitioners about the development
of data management plans for citizen science projects

Presenting guidance and a decision framework
for identifying whether citizen science is the right
approach for a project idea

Providing guidance for planning and implementing
citizen science programmes

Guiding organizers of citizen science programmes
about good practice in participatory monitoring of
biodiversity and natural resource use

Offering practical guidance to researchers to better
plan and engage with non-academic stakeholders,
including policymakers

Especially designed for leaders of citizen science
and citizen observatory projects, providing lessons
on best practice, guiding users through resources
such as tools, scientific papers, training materials
and networks

Related design and
implementation stages

Allstages

All stages

All stages
All stages

Stage 1: identifying the
need or the problem

Stage 2: determining
whether citizen science
is the right approach

Stage 4: building the
community

All stages

Stage 5: managing the
data

Stage 5: managing the
data

All stages

Allstages

All stages

Stage 4: building the
community

All stages
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Stage 1:
identifying the
need or the
problem
Stage 2:
Stage 6: determining if
evaluating the citizen science
project is the right
approach Take action
* Present results to
decision-makers
Steps of the data * Provide feedback
management stage to participants
¢ Planning Stage 5: Stage 3:
¢ Collecting managing designing
® Assuring the data the project
* Analysing
¢ Describing and
preserving
* Integrating Stage 4:
building the
community

Fig. 1| Stages of designing and implementing a citizen science project in ecology and environmental sciences.
Six iterative stages of designing and implementing a citizen science project from identifying the need or the problem
to evaluating the project, focusing on the fields of environmental sciences and ecology. Project teams should be
action-oriented while designing and implementing citizen science initiatives.

demand a great deal of time commitment such as col-
lecting detailed measurements every few hours or every
day over a season™.

Stage 3

In this design stage, the overall aims and objectives of the
project need to be clearly defined in close collaboration
with the prospective participants. For example, advocat-
ing for a policy change or collecting data to answer a
scientific question or a combination of both can be the
motivation for designing a citizen science project®. In
many cases, practitioners may want to achieve additional
outcomes that are beyond the intended results of the
project, such as social learning, behavioural change or
raised interest in science and community building; such
outcomes should also be determined**>*. Defining
the project objectives in detail will help to identify the
data needs and data collection tools and formats, which
could be a smartphone app or data sheets, among others.
How these data should be collected — individually or in
teams, with prior training or without — also depends on
the project aims and objectives*.

It is also important to identify whether similar data
collection formats and methods are available and if reuse
of existing data collection platforms is possible. TABLE 2
provides some examples of existing citizen science plat-
forms for reuse. Where and how to store the data and
for how long, and how to share them must also be con-
sidered in the design stage. These aspects are discussed
in more detail in the reproducibility and data deposition
section below.

Special consideration should be given to sampling
design and the anticipated methods of data analysis.

For example, depending on the project, participants
may collect data opportunistically, without standardized
sampling design, which may lead to oversampling of cer-
tain locations* and limited methods for data analyses.
However, strategies such as providing additional incen-
tives for visiting specific locations or areas, where no or
very few data are available, or performing appropriate
statistical analyses as part of the quality control process,
among other measures, can help to avoid or reduce the
impact of such problems***. Explicitly communicating
the potential sampling biases to the audience will help
to improve data quality and can increase the credibility
and reuse potential of data®"*°.

Deliberate training strategies should be developed,
considering online or on-site training and the hand-out
of required materials such as how-to manuals and vid-
eos, among others. Defining potential participants and
delineating a communication plan for participants
and stakeholders, including the means and tools of com-
munication, are also part of the design stage. Periodic
newsletters, social media, scientific papers, podcasts,
and a project website and forum are some examples of
often used means of communication**”’". Furthermore,
establishing partnerships with mass media such as news-
papers, television channels or radio stations has been
shown to be successful in increasing participation in
citizen science™.

Defining participant tasks in detail, identifying
benefits to participants, and addressing individual
safety issues related to data collection is also necessary.
Decisions should be made about what learning out-
comes or benefits for the participants will be provided,
and how safety and liability concerns will be addressed.
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For example, a project app can provide safety informa-
tion when downloaded and platforms can offer educa-
tional tools even before the data collection activity takes
place. Ideally, participant input should be considered
when shaping these tasks and addressing safety issues,
such that their needs can be continually assessed to allow
for diversity and inclusion.

Stage 4

The next stage is developing a community building
plan for the project. For successful community build-
ing, knowing the community and understanding their
motivations for contributing time and skills for the pro-
ject are important. Identifying the age groups, education
levels and interests of the community members, among
other information, helps in getting to know the com-
munity*’. Motivation for participation can vary across
community members and may include contributing to
science generally and helping the environment, getting
to know others with similar interests or gaining new
skills. There is a vast literature on what motivates partici-
pants to join a citizen science project, which can provide
insights and guidance™*.

At this stage, it is also important to consider ways
to engage the community. This may be done online or
through in-person workshops and meetings, depending
on the type of project and the number of participants.
In many cases, explicitly identifying the role of citizen sci-
ence enablers will also help to ensure success. Citizen
science enablers are facilitators or third parties who
often bring skills and expertise in facilitation and com-
munication, in public engagement or access to a commu-
nity or to funding. These enablers or facilitators of the
research may help to foster the relationships between all
those involved, creating a stronger collaboration®’. After
engaging a community, sustaining participation in the
project depends on how well the engagement strategies
are designed and implemented. Engagement can also
vary owing to factors outside the researcher’s control.

For example, studying environmental subjects or species
that are not very popular may attract less attention.

Deciding on how to acknowledge the contributions of
the community members to the project is also crucial*>®*
and should involve participants. This includes credit-
ing individuals for their contributions, for example, by
including them as co-authors in scientific publications
or providing a visualization tool on the project website
that shows participant contributions, which would have
implications for the privacy policy of the project®®.
It is also necessary to acknowledge the contributions of
partners and stakeholders to the project.

While creating a community building plan, it is
important to be inclusive. Efforts should be made to
ensure the participation of people with diverse back-
grounds, ethnicities, income and education levels, and
with varying access to and use of technology*. This is
important not only from a social and environmental jus-
tice perspective, but also from a scientific standpoint,
to prevent biases in data collection, to reach otherwise
inaccessible or remote areas, increase geographical cov-
erage and representation, as well as to address a broader
range of stakeholder perspectives and networks”-"*.

Stage 5

This stage highlights the processes and steps related
to data management, which may apply to any research
project. However, the aspects presented here reflect the
peculiarities of citizen science projects. These steps are
not necessarily taken in sequential order: some may
take place simultaneously, while others occur more
than once®. The steps related to planning, collecting
and assuring are presented in this section, whereas
steps involving analysing, describing, preserving and
integrating are discussed in subsequent sections.

Planning. In this step, a data management plan linked to
the project design stage should be prepared, consider-
ing requirements such as laws and regulations regarding

Table 2 | Examples of existing citizen science data collection platforms

Platform Description Link

CitSci.org A global citizen science support platform that provides tools to https://www.citsci.org/
support an entire research process

eBird A platform that provides free web and mobile tools to collectand  https://ebird.org/
interpret bird sightings

EpiCollect A mobile app for collecting generic form data https://five.epicollect.net/

GeoKey A web-based platform for participatory mapping https://geokey.org.uk/

iNaturalist A platform that allows professionals, citizen science participants  https://github.com/inaturalist/
and others to collaborate on research, data collection, and
monitoring and recording biodiversity observations

Indicia An open-source online recording toolkit that simplifies the https://indicia-docs.readthedocs.
building of biological recording websites and mobile applications  io/en/latest/contents.html

iRecord A site for managing and sharing wildlife records https://irecord.org.uk/

Sensor A contributor-driven global sensor network for open https://sensor.community/en/

Community environmental data

Zooniverse A platform that offers an infrastructure for analysing large https://www.zooniverse.org/
amounts of data with support from citizen science participants

PISUNA-net A searchable database of local observations and https://eloka-arctic.org/

recommendations on natural resource management
interventions, building on Indigenous and local knowledge

pisuna-net/en
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data privacy and ownership, and policies relevant to data
access and sharing. Additionally, it is critical to define
ethical project practices, such as how to attribute con-
tributions while at the same time ensuring privacy and
documenting them through a clear set of terms of use
and a privacy policy for the project, including which data
will be shared and how”. It is also important to con-
sider the sustainability of data management, to identify
the associated costs and to ensure that resources are
available to achieve successful data management.

In the planning step, it is also important to make
the final decision on the types of observations needed
to achieve the project aims and objectives. Examples
of observation types are images, videos, sounds, water
samples, sensor data (such as temperature and noise) or
humans-as-sensors (to detect odours, for example) and
interpretational data (such as identification and classi-
fication), among others®. While planning how to man-
age the data to ensure quality, the decisions made in the
design stage related to sampling, participant training and
evaluation should be reviewed and tailored according to
the evolving project needs.

As part of planning, it is important to be clear about
what data to collect and how to visualize these data, such
as through graphs, summary tables or maps, to facilitate
the interpretation of results. The project team should
monitor the findings throughout the project and share
these findings with participants and other target groups,
while at the same time encouraging them to support the
evaluation of these findings and communicating them to
diverse audiences, including decision-makers.

Collecting. The collection step refers to the type of
information needed to achieve the objectives of the pro-
ject. This could be project-related information, such as
observations of plants, trees and animals, as well as their
locations and numbers, or additional information, such
as the name, location and email address of the partici-
pants to ensure proper acknowledgement of participant
contributions or data quality. It is important to consider
the potential future use of data when deciding what type
of observations and additional information to collect.

In ecology and environmental projects of the contrib-
utory type, data are mainly gathered using sensors, spe-
cial equipment, standard protocols and opportunistically
(where no standards or sampling methods are used),
or through a combination of methods. While collect-
ing observations, using a smartphone app can increase
quality, since data such as location, date and time can be
recorded automatically. However, this method of data
collection may exclude those who do not have access
to such technologies®. To ensure inclusiveness, printed
data sheets and smartphones can be used in parallel to
involve participants with diverse backgrounds and possi-
bilities*. This step is also where training for data collec-
tion can be provided to ensure that the participants have
all the information that they need to help to generate the
required data.

Assuring. The assurance step involves ensuring the qual-
ity of data generated as part of the project. Data quality
is related to its fitness for purpose, which means that

the data are sound enough to be used for its intended
purpose’®. Data quality can be assured through qual-
ity assurance (QA) processes, which are implemented
before and during data collection, and quality control
(QC) processes, which take place after data collection.
For example, providing training to participants or devel-
oping standard protocols for data collection are part of
QA, and flagging outliers or checking photos submitted
by participants are examples of QC*”". These exam-
ples and additional ones are discussed in detail in the
results section.

QA and QC processes need to be defined accord-
ing to the aims and objectives of a project, but also its
scale. Checking the quality of submissions by experts
can be an option in a small-scale project but not on a
broader one with thousands of participants. The QA
and QC might bring in additional costs to the project,
so resource implications should be considered. Clearly
communicating the data quality, as well as the QA and
QC processes, increases trust in the data and improves
its reusability’®”.

Stage 6

Evaluation is an essential step in any project including
citizen science. There are various ways of evaluation,
such as front-end evaluation for gathering baseline
information, formative evaluation (conducted during
implementation) and summative evaluation (usually
implemented at the end of a project to identify its effec-
tiveness)*>*-%2, The best method of evaluation depends
on the project, but it is recommended to consider eval-
uation as an ongoing effort, allowing improvement at
any stage. In some cases, evaluation can be a funder
requirement, along with identifying the short-term and
long-term impacts of the project. Agreeing on metrics
for measuring success, and for emerging and future
potential impact, is key to a successful citizen science
project®*>*’. New approaches to evaluation in citizen
science projects are focusing on the individual-impact
dimensions (in collaboration with participants) and the
socioecological benefits, both worth considering when
designing the evaluation methodology®. One example
of this is the use of conservation management interven-
tions emanating from citizen science projects as a proxy
for their conservation impact®.

Results

In this section, we provide examples of QA and QC
approaches, including the training and testing of par-
ticipants, community-based quality review, automatic
control and statistical tools in contributory citizen sci-
ence. We also provide examples of tools and methods to
support data analysis in citizen science.

Training and testing participants constitutes one way
to improve data quality’”” and is considered good prac-
tice®*". Many projects offer online tools and training
materials to improve the quality of participant observa-
tions, such as species identification guides or videos®>*’.
Some projects also provide customized feedback
to participants based on expert validation as training to
provide higher-quality contributions®***. Additionally,
training can occur through community consensus of
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Table 3 | Common concerns regarding citizen science data quality and

common mitigation procedures

Concerns  Examples of issues and

related to  concerns related to data
quality

Skills of the  Inconsistent application

of the protocol, including
physical loss of data

participants

Inconsistent use of
technical tools

Identification and
translation mistakes

Observation, identification
or systematic sampling
bias (for example, cryptic
species surveys)

Habits of Unrepresentative sampling

Mitigation procedures

Training of participants before and
during the project’”%??%; adapted
guidelines®®; expert control and
filtering of data®; community-based

validation®**; automatic filtering and big
data approaches®'%'%; evaluation of

participants’ skills'"*

Specific participant training or testing®***;
targeted expert validation®*#*%

Structured protocols with prescribed

participants effort

Bias or lack of neutrality

Opportunistic data
Opportunistic data are
gathered by participants,
usually while being engaged
in another activity, such as
taking a walk. Data collection
does not follow a structured
sampling design and can
therefore be unevenly
distributed or contain biases.

Structured/semi-structured/
unstructured

Citizen science programmes
may be placed along a
spectrum from structured to
unstructured protocols. The
level of structure of a protocol
is defined both by the degree
of prescription in space and
time of the sampling effort and
by the degree of training and
experience of the participants.

sampling in space and time'**''; data
filtering and correction factors?*!?:11411;
model-based integration**’

Mutual checking by professional scientists
and participants on possible conflicts

of interest**"**%; triangulation across
communities, participants and methods®®

data, where data are cross-checked and validated by
other participants®.

Another approach to improving data quality involves
testing participants’ data collection and interpretation
skills before or during the project, through quizzes and
test-runs combined with tutorials, near-real-time expert
feedback or community-based cross-checks and valida-
tion”=*2. This can help in assessing data accuracy and
supporting the project team to filter or weight the data
on the basis of participant performance”*. These tests
can be complemented by asking participants to pro-
vide additional evidence related to their observations
such as images®. Testing can also specifically target
difficult-to-obtain data, including the identification of
cryptic or rare species to evaluate participant skills®.
Another approach is triangulation, in which multiple
observers, methods and data sources are used to improve
quality and overcome the biases that result from a single
method, a single observer and a single data source®.

Community-based data quality review, which may
be conducted by dedicated experts or participants, is
another approach to ensuring data quality. For exam-
ple, projects using the iNaturalist platform (see TABLE 2)
can designate experts as curators or managers, who can
review the shared observations®. In parallel, iNatu-
ralist allows observations to reach high reliability by
providing a research grade through community con-
sensus, which can also be an effective method of ensur-
ing data quality®*”>. Another approach is to designate
participant-experts based on the quality of past obser-
vations. Participant-experts are participants who oversee
the validation of observations recorded by other partic-
ipants. This designation can be performed, for example,
through an algorithm® or through self-designation of
participants”.

Data quality can also be improved through automatic
control and statistical tools. For example, automatic filtering

can help to flag observations that are outside the expected
patterns™. Several statistical techniques have been pro-
posed to ensure the quality of citizen science data?"'%.
These include inter-observer skill differences to correct
bias in species distribution models'*'*?, combining
opportunistic data with data collected through sampling
efforts'” or pooling survey and collection data for many
different species'*, among others. In some projects, auto-
matic filters are used to verify the internal consistency of
the datasets'®. Project teams decide to make these adjust-
ments on the basis of participant testing and the results
of methods that assess data accuracy.

More sophisticated data science methods have also
been used for improving quality in big data analyses™'*.
In other cases, bias corrections are already integrated
into the sampling tools and protocols. For example,
REF.'" collected anonymous geographical data to cor-
rect for biases caused by uneven sampling efforts from
participants in the mobile app of a disease-carrying
mosquito-monitoring project. TABLE 3 presents some of
the issues and concerns related to citizen science data
quality and frequently used methods of addressing them.

Analysing

Analysing the data generated by participants should be
planned ahead according to the project goals and data
needs. Various tools and methods exist to support
data analysis in citizen science that depend heavily on
the type of observations.

Spatio-temporal distribution of species and natural
resources. Many citizen science projects from environ-
mental and ecological sciences are designed to collect
spatio-temporal distribution data for species or natu-
ral resources™. Data in these projects are usually ana-
lysed using qualitative or quantitative approaches. For
example, qualitative methods are used in studies to
represent the presence or absence of a given species in
a certain area. Alternatively, spatio-temporal data can
also be quantitatively analysed to generate patterns of
abundance by counting the observed number of spe-
cies of a given group, or individuals of a given species.
Different types of analysis may be needed depending on
the experimental design, which can be structured with
prescribed sampling in space and time, semi-structured
with minimal guidelines but inclusion of supplementary
data added to each observation, or unstructured, provid-
ing opportunistic observations with no survey protocol
being implemented'®.

Each type of design structure has different bene-
fits and challenges that can be overcome with careful
analysis. In the case of structured data, citizen science
protocols may determine the spatial distribution and
resolution of the observation sites, as well as the fre-
quency of the observations®'”. These data may be used
to assess species abundance along a transect''’ or within
two-dimensional grids''"'"2. Structured data are com-
monly analysed using tools from environmental and
ecological sciences, such as species distribution models'"
or ecological indicator design'"". However, they are
often taxonomically and geographically limited. On the
other hand, unstructured data — such as opportunistic
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Community-led citizen
science

Citizen science programmes
involving members of the
public and communities

not only primarily as data
collectors but also in additional
stages of the research process
(including identifying the
question of interest, designing
methodologies, interpreting
data, and using data for
decision-making), although
professional scientists may
provide advice and training.

Data collection

1. Participant training

Analysis

2. Exclusion of
unreliable data

Visualization

Maps of species’
abundance

Structured observation ®e B

" [ J
* Grid or transect LAY [ | [
* Regular sampling effort % ° [ |

4. Data treatment 5. Model-based

Unstructured observation data integration
* Opportunistic data T B B B B 1
* Uneven site distribution ¢e ®. 3. Filtering and correction u EEN
* Regular sampling effort ® o %, PY [ N |
* Uneven sampling efforts e o © B [ B

L’ 2. Exclusion of

1. Participant training

unreliable data

6. Policy guidance

Fig. 2 | Stylized citizen science quality assurance process for quantitative measures of species abundance. After
participant training (1), data can be collected through structured or unstructured observations. Structured observations
are produced by protocols that determine the spatial distribution and resolution of the observation sites (for instance,
along a transect), and/or the frequency of the observations. Unstructured observations (mostly opportunistic biological
records) may need specific statistical tools to produce reliable abundance indices from individual observation efforts (3).
In both cases, data are filtered to eliminate unreliable values (2) and treated to calculate other indices such as local species
abundance or richness (4) and then modelled (5) for scientific research and visualized to guide conservation policies (6).

biological records — are generally collected in higher
quantities, but specific statistical tools may be needed
to render reliable abundance indices from individual
observation efforts''>''. In REF** a set of methods is pro-
posed, based on data filtering or correction factors, to
account for the variation in recorder activity and uneven
observation sites. Model-based data integration has also
emerged as a powerful way to combine heterogeneous
datasets'". FIGURE 2 illustrates a stylized workflow for
analysing quantitative measures of species abundance
based on structured and unstructured data collection as
part of citizen science projects monitoring biodiversity.

Dynamics of ecosystems. Citizen science data may
also be analysed to study more complex dynamics of
ecosystems, using statistical, computational or exper-
imental tools. For example, citizen science data about
insect abundances can be used to test spatial variations
in insect-flower affinities by taking the total number of
taxa recorded in the collections as a proxy for flower vis-
itor richness'**. Through the analysis of the occurrence
of insects from different families on flowers of different
morphologies, citizen science data can help to assess the
role of floral morphology in flower-feeding'".

Other citizen science data can be material sam-
ples, such as faecal pellets, leaves or soil samples'*.
These can be analysed following biological, chemical
or physical laboratory protocols such as using visual
interpretation keys, DNA extraction, amplification and
sequencing'*"'*. Projects collecting such samples may
blend the above-mentioned citizen science data analy-
ses with common analytical tools such as those used in
bioinformatics.

Data visualization is also key to initial understanding
and exploration of citizen science data'”’. This can be
done using open source software such as R or QGIS,
or their (proprietary) counterparts like Stata, SAS and
ArcGIS. These tools, as well as many others, such as
the Data Visualization Overlay from the SPOTTERON

citizen science platform, the Cesium]S open source
JavaScript library'** or the CWDAT open source tool'”
can be used to explore data, to formulate hypotheses
and guide future research, to relate one’s contributions
to the whole dataset of the project or to identify data
gaps'*. Data visualization also allows participants to
become more active in different steps of data collection
and analysis'”".

Applications

The application of citizen science as a practice in the
natural sciences dates to the beginnings of scientific
inquiry itself and today spreads across the globe, lead-
ing to some of the longest-running time-series datasets
in phenology, ornithology and meteorology'**'**. In this
section, we illustrate the diversity of applications of con-
tributory citizen science with examples from biodiversity
research, Earth observation and geography and climate
change research, where citizen science has an estab-
lished focus and can be considered a well-established
method®. We complement these examples with appli-
cations that fall within the environmental domain
but outside the box of contributory projects from the
Global South, highlighting the potential and intricacies
of community-led citizen science (BOX 1), as well as citizen
science at the interface of education and environmental
activism (BOX 2).

Biodiversity research

Biodiversity-related research is prevalent amongst cit-
izen science projects’. Citizen science projects, at the
same time, have become an important component of
biodiversity research, both historically"**"*' and now™.
For example, citizen science projects related to spe-
cies monitoring have contributed at least 50% of the
observations to international and global biodiversity
databases, such as GBIF'*>'%. Despite this contribution,
citizen science has at times remained unrecognized as a
substantial contribution to these efforts'**. One format
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Box 1| Community-led citizen science in ecology and environmental sciences

When non-residents started seeking bushmeat in Itagutwa Village Forest in Tanzania,
the inhabitants began monitoring the forest resources. “It shows them that this forest
belongs to us,” said a woman when asked why she kept track of the forest resources®.

When members of the public are concerned about the environment and status of
natural resources in an area, they sometimes want to lead and drive the research process
related to their concern. Community-led citizen science (CCS) programmes involve
members of the public in several stages of the research process beyond data collection,
while professional scientists may provide advice and training**.

CCS can be demanding in terms of the time and effort required of participants and
scientists, but the potential benefits to those involved are substantial. The full-participation
approach can provide time-specific and place-specific data at low cost that are trusted by
those concerned and involved”*. This approach can provide important natural resource
management inputs. The approach can function as a vehicle for continual engagement
between local communities and scientists, improving the communities’ scientific under-
standing and the feeling of being heard and acknowledged’*. Moreover, CCS can help
to generate transparency, accountability and local ownership of resource management
initiatives, empowering community members and prompting locally meaningful
actions®®#*",

CCS programmes require ecological and sound facilitation expertise from researchers,
careful consideration and long-term planning. The approach is used in the Global South**
and the Global North??, including the Arctic’®, in environmental justice’** and other
community-based initiatives. The Community-based Monitoring Library provides best-
practice examples from the Arctic and lessons learnt for practitioners. CCS is particularly
suitable where policy environments allow full or partial community control over resource
management®’. Programmes involving Indigenous communities may benefit from Indigenous
knowledge?, using Indigenous indicators** or scientific methods adapted to non-specialist
use”*. Triangulation across communities, community members and methods can optimize
sampling accuracy®’. Data management should protect sensitive personal data and respect
local data ownership and Indigenous knowledge sovereignty®.

Challenges sometimes faced by CCS programmes include the following: getting
authorities to respond to data and proposals and overcoming their reluctance to relin-
quish authority*’’; ensuring collective action and public participation'®, particularly
when programmes are driven by external research and not by the communities them-
selves’’®; or addressing perceptions of scientists that participant data are unreliable,
which can hinder the use of the results?*, despite demonstration across many ecosystems
and socio-political settings® that citizen science can provide reliable information and
results (for example, on the status of and trends in the abundance of species and informa-
tion on natural resources). Disturbingly, participants engaging in CCS and associated
advocacy are also being increasingly persecuted'®>”*’. Between 2002 and 2020, more
than 2,200 people have been reported killed, mostly in countries with authoritarian rule,
for defending their lands and the environment**; some were killed while monitoring the
environment and the status of the natural resources'®. Researchers engaging in CCS
must take such sensitivities, risks and challenges into account.

Comparison of community member and trained scientist observations®®*

40

I Community members

I Trained scientists T

Reduction over time 2007—2009

Birds Mammals Resource use

Error bars represent the standard error. Image reprinted from REF.®°, CC BY 4.0 (https://
creativecommons.org/licenses/by/4.0/).

for a biodiversity-focused, contributory citizen sci-
ence activity that has gained popularity and traction
in recent years is the BioBlitz. The Great Southern
BioBlitz includes more than 270 local and regional ini-
tiatives in the Southern Hemisphere contributing over
190,000 biodiversity observations across the Southern
Hemisphere in 2021. Citizen science presents vast
opportunities for applications in biodiversity research,
including improving undersampled taxa and regions
in the Arctic and the Global South™74%>*>1% making
extended use of secondary, image-based data to infer
relational ecological information or for automated
abundance modelling using regularly updated citizen
science data'”’. We illustrate the use of citizen science
for species diversity, abundance, distribution and habi-
tat research with three examples: MammalWeb, Spipoll
and the Participatory Guide of the Marine Species in the
Barcelona Metropolitan Area.

MammalWeb. MammalWeb began in 2015 in northeast
England, UK, and has expanded to engage participants
in many European countries. It applies a contributory
citizen science approach to wildlife monitoring to fill
data gaps in mammal biodiversity and distribution'*.
To join the project, participants provide their own
motion-triggered camera traps or borrow one from
MammalWeb and deploy these cameras for observa-
tions (Supplementary Fig. 1). Collected photos and
videos are uploaded with spatio-temporal metadata to
MammalWeb and classified by registered users. Images
of humans are removed from the classification pool
immediately after being flagged. Multiple classifica-
tions are obtained for each photo and video sequence,
and a subset of the data is classified by subject experts.
These two groups of classifications can be aggregated
into consensus classifications with confidence levels'*.
Timestamps from the camera trap observations enable
profiling of the daily and seasonal temporal patterns
of various species. Analyses of the spatial data have
improved understanding of the diversity and distribution
of wild mammals, revealing temporal patterns in animal
behaviour, and may aid future analyses and estimations
of population structure through occupancy modelling'*.
The dataset is also designed to train machine learning
algorithms for automated wildlife recognition'*.

Other conservation organizations are now hosting
camera trapping projects on MammalWeb. This expands
the geographical coverage, decentralizes the organiza-
tion of participants and reveals its potential to stimu-
late engagement through the novelty of new wildlife
observed. MammalWeb was also introduced to a local
secondary school where students designed and imple-
mented associated engagement activities'”” and led a
professionally produced documentary'*.

Over 270 participants across eight European coun-
tries have contributed data to MammalWeb. The network
includes more than 50 schools and 20 additional organ-
izations. Participants have contributed over 340 years
of cumulative observation time, collecting more than
620,000 photo/video sequences and approximately
2 million photos. Participants have helped to locate poten-

tially invasive species including raccoons and coati'*.
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Box 2 | Collaborative Creation of Scientific Knowledge

The Cientificos de la Basura (Litter Scientists) programme is a research alliance between
marine scientists, schoolteachers and schoolchildren from Chile and other Latin
American countries, investigating the extent and the causes of marine litter. Itis a
contributory citizen science programme with a strong focus on education and
environmental protection?*’. Each school year one research topic is identified, such as
type of macrolitter or microplastics on beaches, litter in rivers or interactions between
litter and organisms. Several learning modules introduce the aquatic environment,
ecological relationships, anthropogenic threats and the scientific method. Specifically
designed educational materials present the topic and motivate a specific research
question. Standardized sampling methods are carefully introduced”*? and applied by
schoolchildren who assume specific roles during the research activity and work in small
teams (Supplementary Fig. 4). In a follow-up classroom activity, they evaluate their own
data and interpret their findings. They are also encouraged to communicate their
findings within their community and implement small, local mitigation actions. The
schoolchildren know they are part of a wider scientific investigation on an important
environmental problem and this knowledge can be highly motivating to them”*.
However, participation in the citizen science activities had only limited effects on
science literacy and pro-environmental behaviour, and it is emphasized that these
activities should be part of wider and more integral programmes fostering scientific
learning and promoting environmental stewardship?****.

The schoolteachers are the principal allies in the programme; they are regularly trained
by the professional scientists and personal communication is maintained throughout the
programme’s activities. Teachers also submit the observations to the scientific team and
are first to receive the collective results, ideally in a timely fashion so that they can share

them with the schoolchildren who participated in the research. The scientific team also
evaluates the data to answer the scientific questions, interprets the findings, prepares
them for scientific publication and shares them with decision-makers and with the

public via media outlets

246-248

The data have contributed to formulating or improving national laws on waste
management’*. Data are validated and curated by the scientific team and are made
available upon request, as are also all the educational and scientific materials. The

approach of the Cientificos de la Basura programme has been replicated in Germany

250,251
)

where the sister programme — Plastic Pirates — is currently expanding to work with
schools from other European countries.

BioBlitz

A collective activity, most often
open to the public, to record
biodiversity observations within
a set time frame and within a
defined spatial area, often also
combined with expert talks and
hands-on activities.

Metadata

Metadata help to identify
basic information about data
regarding when, where and
how the data were gathered,
for what purpose, what
information they include
and how the data quality
was ensured, among others.

Engagement with nature through MammalWeb has
improved the mental health of student participants,
especially during the COVID-19 pandemic'*. Some
MammalWeb participants have independently initiated
multiple community-led spin-off projects including one
leading to the declaration of a local nature reserve'*.
Key insights for contributory citizen science include
increased recognition of the value of partnering with
organizations and schools to expand data coverage and
engagement, advanced understanding of statistical mod-
elling of human classifications to improve the accuracy
of the data obtained as well as the realization that the
most engaged participants are highly motivated and
move towards co-created citizen science, a development
that should be welcomed by scientists.

Spipoll. The Photographic Survey of Flower Visitors,
Spipoll, was launched in 2010 by the French National
Museum of Natural History (MNHN) and the Office for
Entomological Information (OPIE) to study the changes
in plant pollinator interactions in space and time across
France'”. Participants follow a standardized protocol,
which does not require any prior knowledge about
insects. Wherever participants find a flowering plant
— from dense urban centres to natural areas — they
photograph all invertebrates landing on its flowers dur-
ing a 20-minute period. After having identified insects
and plants using a dedicated online identification tool,

participants upload their photographs and associated
identifications, as well as the date, time and location
of observations and climatic conditions to the Spipoll
website. Quality control was originally exclusively made
by expert entomologists, who validated insect identifi-
cation; however, since 2019, a collaborative quality con-
trol system has been implemented, which now allows
participants to validate observations submitted by oth-
ers (Supplementary Fig. 2). Datasets are analysed to
quantify visiting insect communities, depending on the
flower family and environmental factors. These results
are then interpreted in terms of plant-insect interaction
characteristics as a function of time and environmental
factors, such as affinities with the urban and natural land
use of the frequent and infrequent taxa within several
insect orders''®'**,

To ensure the long-term engagement of participants,
yearly meetings are organized with researchers from
MNHN and community managers from OPIE. Weekly
news, scientific results and other information are shared
on the project website, and a monthly newsletter is sent
to participants providing information on overall pro-
gress. Additionally, participants can comment on obser-
vations from others on a dedicated website, leading to
the emergence of a social network, which promotes sci-
entific learning, increases data quality and contributes to
community building”.

Data from Spipoll have led to new scientific knowl-
edge on the effects of urbanization on community com-
position''®'"?, contrasted affinities of pollinators with
different land use'” and the role of domestic gardens as
favourable pollinator habitats'*. Datasets are available
under open access licenses. Spipoll’s online communi-
cation spaces for participants contribute greatly to the
constitution of a friendly learning community, assist
with long-term retention of participants and help to
improve data quality”’. As such, Spipoll illustrates the
key role of such online interaction and participant sup-
port tools in achieving the multiple goals of contributory
citizen science.

Participatory Guide of the Marine Species in the Barcelona
Metropolitan Area. Conserving biodiversity near urban
beaches is challenged by the increases in anthropo-
genic and climatic impacts. The Participatory Guide
of the Marine Species in the Barcelona Metropolitan
Area project (URBAMAR), a collaboration between an
academic institution, the Institute of Marine Sciences
(ICM) and a private company, Anellides Environmental
Services, engages participants to monitor and under-
stand the factors affecting biodiversity in beaches around
the Barcelona Metropolitan Area. Observations are col-
lected mainly during guided snorkelling tours offered
by Anellides Environmental Services, which provides
local knowledge and logistics support, such as masks
and underwater cameras. Photographs collected during
snorkelling events are then added to an online project
platform that allows participants to share the obser-
vations for comments, identification and collaborative
validation. The community-based validations are then
reviewed by the ICM data curator. Data are analysed
by the ICM researchers to identify differences in the
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Bottom-up
Self-organized, people-led
initiatives, often forming
around matters of local
concern or shared interest.

OpenStreetMap

The Wikipedia of maps —

a free and open digital map
of the world, created by
volunteers.

composition of ecological communities and to link those
to the anthropogenic impacts. The first estimation of
species richness'*’ was obtained with an approach based
on unique observations and the species list'*’.

The project has been promoted particularly through
the social channels of the Anellides Environmental
Services, exploiting the guided scientific snorkelling
tours as a market opportunity. Most of the participants
did not have prior knowledge of marine organisms.
Tours with guided specialists ensured the correct use
of equipment and safety conditions, as well as the most
suitable places to explore depending on the sea condi-
tions (Supplementary Fig. 1). In some cases, they also
provide innovative learning activities for schools'".

The project has led to the first Participatory Guide
of Marine Biodiversity in the Barcelona Metropolitan
area'” and helped to provide a baseline dataset for the
unknown extent of marine biodiversity in urban coastal
waters of Barcelona. The Barcelona City Council has
included part of the results as a new marine com-
ponent, a fish species layer, in its Atlas of Barcelona
Biodiversity. The project provides a successful example
of the Quintuple Helix innovation model applied in cit-
izen science with the participation of academia, indus-
try, government and civil society'”. The engagement of
different actors — and of volunteering participants in
particular — has facilitated a new societal perception of
the marine biodiversity in the urban environment which
may affect future policies of coastal management in the
city. This highlights the collective impact contributory
citizen science can have.

Earth observation and geography

In the areas of Earth observation and geography, the
practice of citizen science appears under different terms.
These include volunteered geographical information'*’,
crowdsourced geographical information'> and most
recently, geographical citizen science'*. In this area,
applications range from bottom-up projects, such as
OpenStreetMap, in which hundreds of thousands of par-
ticipants create a free and open map of the world'”’, to
projects led by scientists supporting extended networks
of seismographs in regions susceptible to landslides and
earthquakes but poorly covered by seismic stations'**.
We exemplify the application of citizen science in earth
observation and geography with the FotoQuest Go
project for research on land use and land cover change.

FotoQuest Go. FotoQuest Go aims to collect ground-
based observations on land use and land cover across
Europe. A specific aim was to identify whether citizen
science participants can collect observations as high
quality as those collected by professionals at a lower
cost and at higher temporal and spatial frequency, to
complement the Land Use/Cover Area frame Survey
(LUCAS), a professional survey conducted by EuroStat
on land use and land cover across the EU every three
years'. Participants are prompted to visit specific loca-
tions provided in the FotoQuest Go app, take photos
and answer questions about how the land is used at that
location. Additionally, the FotoQuest Go app collects
personal data such as name, age, gender, email and the

location, time and date of observations. When a par-
ticipant submits an observation, professional scientists
check the quality, comparing it to the LUCAS data using
the FotoQuest Go Near-real Time Feedback Tool”. The
tool allows scientists to send customized messages to
participants about the quality of their submission and
how it can be improved. Short training videos provide
information on how the app works, how the participants
can make and submit quality observations and how to
identify different crop types to further improve data
quality (Supplementary Fig. 1).

FotoQuest encourages each participant to visit sev-
eral locations. This implies that observations provided by
the same participant are not independent of each other.
Simultaneously, the closer the locations are to each
other, the higher the spatial autocorrelation. To acknowl-
edge the lack of independence of the data, generalized
linear mixed models were used, including random
effects for participant and location. The models were
employed to match the data collected in FotoQuest Go
to the reference data, LUCAS. All model assumptions
were checked on the residuals®™'®.

Social media is used intensively to engage with the
participants. The project website includes a forum to
enable communication between the scientists and par-
ticipants and among participants. Additionally, in the
2018 FotoQuest Go campaign, each successful submis-
sion was awarded a monetary compensation of €1-3,
based on the distance of the visited location to the near-
est road. The privacy policy of FotoQuest Go, accessible
via the project website and the mobile app, explicitly
states why personal and other information is collected,
how it is stored and used and how it can be retrieved.
Additionally, FotoQuest Go was designed to be com-
pliant with the EU General Data Protection Regulation
(GDPR), based on professional legal advice'®".

The 2018 FotoQuest Go campaign results showed
that FotoQuest can complement LUCAS by enabling
continuous collection of large amounts of high quality
and higher density in situ data at a much lower cost than
the official LUCAS data®, showcasing the economic as
well as scientific benefits that contributory citizen sci-
ence can have. Data from FotoQuest Go are open and
freely available in IIASAs Data Repository, and in the
form of an open access academic paper™. Furthermore,
FotoQuest Go illustrates how gamification elements, tar-
geted incentive schemes and direct expert feedback can
affect participant motivations and behaviour as well as
data quantity and quality.

Climate change research

Citizen science is also widely used in research on cli-
mate change mitigation'®>'*, adaptation'®"'®®, effects
and impacts'*®'””. Citizen science is being applied across
many topics, including — but not limited to — inves-
tigating soil moisture'*, groundwater'®, flood levels'®’,
sea ice'”’, snow depth’” and snow algae blooms and
observing changes in local phenological patterns'”’, bird
migration''’, cloud formation'”” or coral reef damage'”.
Data collection and analysis, as well as target audience
and engagement methods vary widely, depending on the
respective topic and research questions. We illustrate
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the use of citizen science in plant ecology for forest-
related climate change research where projects have
studied the effects of climate change through phenology
patterns'”, distribution shifts'”® and responses to novel
wildfire events'’*, among others.

Western Redcedar Dieback Map. The Western Redcedar
Dieback Map (WRDM) project was launched in
Washington State, USA, as the pilot project of the Forest
Health Watch program. It was designed to engage par-
ticipants to accelerate research and create shared under-
standing about the dieback of western redcedar trees.
The project was co-designed with researchers from
state and federal agencies to reveal the distribution of
unhealthy trees and the general patterns of dieback in
relation to climate change. It aims to identify impor-
tant environmental factors (like climate, soils and top-
ographical data) to classify trees as healthy or unhealthy.
WRDM was launched on iNaturalist because of its
accessibility and usability features (allowing any user to
export data), the stability and usability of the mobile
application, the built-in support for community agree-
ment as quality control for species identifications and
the robust existing user community. iNaturalist users
contribute to the project by sharing observations that
include photos for identifying the tree species, answers
to custom questions and GPS coordinates. These coor-
dinates were applied to collect additional environmental
data, such as climate data using the ClimateNA tool'”’
and soil data from the SSURGO database'”. Data shared
on iNaturalist are combined with ancillary environ-
mental data to explore the factors associated with the
health of the western redcedar using a random forest
classification algorithm. The collection of both healthy
and unhealthy tree observations helped to overcome a
common challenge of biodiversity studies, namely the
documentation of the absence of an organism with
confidence'”.

The Forest Health Watch programme recruited par-
ticipants through presentations and retained interest by
hosting monthly research updates to add transparency,
brainstorm project improvements and to discuss data
and updates about the project’s progress. Many partic-
ipants were first-time users on iNaturalist, joining the
platform out of interest in accelerating research about
the dieback of the western redcedar. Some participants
were recruited directly through iNaturalist by com-
menting on relevant observations outside the project.
Overall, the recruitment and retention activities were
time-intensive, and the dedication needed to engage
participants should not be underestimated.

Citizen science can provide valuable complemen-
tary data for climate change research, especially where
ancillary environmental data exist. The WRDM project
provides an example of an approach to combine envi-
ronmental data with empirical data collected via iNat-
uralist in a contributory citizen science project. As of
April 2022, more than 1,400 observations from almost
200 participants were collected for the WRDM project
(Supplementary Fig. 3). The tree health assessments by
citizen science participants were critical for identifying
environmental predictors of western redcedar dieback.

The approach used within this study can be implemented
in other contributory citizen science projects designed
to study the relationships between environmental factors
and organisms.

Reproducibility and data deposition

Describing and preserving data are essential for their
discovery, reproducibility and reuse. Here, we discuss
aspects related to reproducibility and reuse and provide
recommendations on how to preserve data. Additionally,
we discuss integrating data from contributory citizen
science with other sources of data to help tackle complex
societal issues.

Describing and preserving
Data and other outputs from citizen science should be
described, documented and shared with permissions to
ensure reuse and reproducibility’®, but it is important
to consider what data to share and how to share them'*.
For example, sharing the precise location of endangered
species might inadvertently aid illegal poaching. Sharing
of citizen science data also poses ethical issues regarding
the data privacy'® and the data sovereignty of individ-
ual participants, which means that the participants have
the right to take complete control over their own data®.
Solutions include lowering the resolution of coordi-
nates in spatial data or obscuring personally identifiable
information, both of which help data sharing to serve
multiple scientific and policy-related purposes while
maintaining participant privacy. These purposes include
characterizing the spatial change of natural resources
with global changes'" including in poorly sampled
regions of the world'*”, modelling species extinction'®,
assessing modifications of biological community com-
position''” and training machine learning algorithms'®’.
Additional outcomes of sharing data openly include
informing policies, such as in biodiversity conservation
by influencing the delimitation of conservation zones,
identifying illegal fishing or hunting practices'", assess-
ing the impact of conservation policies and participating
in official monitoring of natural resources™.
Describing the data — referred to as metadata — is
essential to facilitate data sharing and reuse. There are
various metadata standards that can be used in citizen
science. For example, Public Participation in Scientific
Research (PPSR) Core is a set of metadata standards
developed particularly for citizen science, and Darwin
Core is a standard that aims to facilitate biodiversity
information sharing'*. Using a known metadata stand-
ard can help to maximize the value of the data by offer-
ing a common format for data storing, description, and
interoperability and integration with other datasets. Rich
metadata and data practices also support FAIR (findable,
accessible, interoperable and reusable) data principles,
as well as the ECSA ten principles of citizen science and
ECSA’s characteristics of citizen science’**'®.
Protecting sensitive citizen data and respecting local
data ownership and Indigenous knowledge sovereignty
are important aspects of data management for citizen
science programmes®>”. The CARE principles (collec-
tive benefit, authority to control, responsibility and eth-
ics) for Indigenous data governance offer a framework
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Fig. 3| Best practice for publishing outputs from a citizen science project. The steps depicted fall within the describing
and preserving data step in Stage 5 of a citizen science project plan: gathering outputs, pre-publishing preparation, organiz-
ing and formatting outputs and publishing in long-term repositories. Input from participants should be sought when creating
and implementing the plan. GBIF logo reprinted with permission from GBIF (https://www.gbif.org). Dryad logo reprinted
with permission from Dryad (https://datadryad.org/stash). Zenodo logo reprinted with permission from Zenodo (https://
help.zenodo.org/). OSF logo reprinted from OSF, CCO0 1.0 Universal (https://creativecommons.org/publicdomain/zero/1.0/).

for supporting Indigenous data goals that complements
global efforts to advance open data'®. Additionally, it
is important to highlight that citizen science projects
inherently involve diverse participants and should
apply ethical publishing practices'*"'*'% It is also good
practice to involve participants when designing the data
management plan, such as in deciding how attribution
is given. FICURE 3 illustrates the process for publishing
outputs from a citizen science project.

Equally important are software and hardware outputs.
Reproducible code best practice should be followed, as
demonstrated by The Zooniverse and iNaturalist, which
publish the complete source code of their servers and
mobile applications on GitHub'*. The process is similar
for hardware designs'".

All outputs — such as data, software, hardware
and others — should be published in a dedicated data
repository. For environmental and ecological sciences,
this could be the GBIF or Dryad. Multidisciplinary
repositories such as OSF or Zenodo are also appro-
priate. These repositories provide a Digital Object
Identifier (DOI), which allows a dataset to have a per-
manent citable reference. The Registry of Research Data
Repositories provides a list of additional data reposito-
ries'®”. While software and hardware design often occur
on version control platforms such as GitLab or GitHub,
copies should be deposited in these repositories. The
Cos4Cloud project hosts various online services to aid
citizen science data interoperability and reproducibility
for uptake into the European Open Science Cloud.

Open licenses should apply to all outputs, which
formally grant users the permissions for reuse men-
tioned above. The website choosealicense.com provides
guidance for software, and the CERN Open Hardware
Licences apply to hardware designs. The Creative
Commons Attribution (CC BY), Attribution-ShareAlike
(CC BY-SA) licences or the public domain dedication
(CC0) are typically used for data and other publica-
tions, such as the educational material accompanying
the Snapshot Safari project'®. Citizen science projects

should ideally publish all their outputs in this way, not
just data.

Integrating

Data integration is about combining data from various
citizen science projects or combining citizen science
data with other sources of data for addressing com-
plex research questions and issues*. For example, the
Global Earth Challenge Marine Litter Data Integration
Platform harmonizes and publishes citizen science data
on beach and shoreline litter collected through three
citizen science initiatives, the National Oceanic and
Atmospheric Administration’s (NOAA) Marine Debris
Monitoring and Assessment Project’s Accumulation
Data, the European Environment Agency’s Marine
Litter Watch, and the Ocean Conservancy’s International
Coastal Cleanup (ICC) Trash Information and Data for
Education and Solutions (TIDES) database'®?. Picture
Pile, a web-based and mobile citizen science applica-
tion for ingesting imagery from satellites, orthophotos,
unmanned aerial vehicles or geotagged photographs that
can be rapidly classified by participants, combines Earth
observation and citizen science data for environmental
monitoring'”. Providing a detailed data description
using standard methodologies can support successful
data integration.

Limitations and optimizations

Citizen science has several limitations, including the
wide range of required skills outside the research subject,
sustaining engagement, biases related to data collection
and analysis, sensor calibration issues and varying data
privacy regulations around the world, among others. In
this section, we elaborate on some of these limitations
and give examples of potential solutions.

Designing and implementing citizen science projects
require a unique set of skills and knowledge outside the
research itself, such as communication planning and
execution, community building and participant man-
agement. Gathering these skills may require substantial
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Data minimization

The collection and processing
of only as much data as is
absolutely necessary for the
purposes specified.

investment depending on the project and the expecta-
tions of participants. Using free-of-charge or low-cost
software and establishing partnerships with other pro-
ject teams and stakeholders conducting similar activities
can help reduce some of these costs™.

Lack of participant engagement can be another
limitation. In some cases, this could be design-related,
which is within the control of the project team®. In
other cases, it can be out of the control of the project
team (such as when the intended research subject is
not interesting to the target audience). Additionally, in
some contexts with high social inequality, citizen sci-
ence may engage only certain parts of society, which may
potentially fail to include historically underrepresented
groups, less-affluent members of society and individuals
and communities from certain socioeconomic, racial and
ethnic groups. This raises concerns about the relevance of
citizen science to diverse communities and may affect the
quality of results by excluding important perspectives in
the projects”'**. It is important to understand participant
motivations at the design stage, to create tasks that appeal
to different motivations, to ensure that these tasks match
participant expectations, to facilitate participant feedback
and exchange throughout the project, as well as to inte-
grate co-design processes in the project depending on the
availability of time, resources and necessary skills®>'*>'%.

All scientific data — including data obtained using
citizen science — is subject to biases. It is important to be
aware of these biases and work to mitigate them through
attentive design and data analysis. A common bias in cit-
izen science is related to whether or not non-professional
participants can produce accurate datasets. As discussed
previously, there are various approaches that can ensure
data quality through iterative project design and imple-
mentation, and there is a growing literature demonstrat-
ing that citizen science projects can produce reliable data
that are comparable with those produced by professional
ScientiStSSS,77,7‘),83,197.

Another form of bias in citizen science relates to pop-
ulation density; areas with larger populations are likely
to be monitored more frequently'*. Road networks also
have an impact on which locations can be easily accessed
and monitored'”’. There are also temporal biases caused
by higher rates of monitoring during daytime hours and
weekends™**"**"!. Additionally, there are common biases
related to participant contributions, where a relatively
small number of participants provides a substantial
proportion of the data’. Participant demographics
— including education level, age and gender — can
influence the coverage and wider impact of a project*”.

When making sensor-based observations, citizen sci-
ence projects will mostly use low-cost sensors, frequently
those that are integrated into smartphones or that are
appropriated from other purposes (such as automotive
applications). The limitations and biases of these sensors
need to be addressed within the context of their purpose
in the study, such as raising awareness on a particular
issue within a community or contributing to policy-
making, among others™. Existing literature can help to
identify and solve these sources of bias.

Varying data protection laws in different countries
is another major limitation in the adoption of citizen

science. When deciding which data to collect and share
within a project, it is important to identify and comply
with the relevant laws and regulations of the country or
countries in which the project operates. Considering
what data are essential for the project at the design stage
of a project is recommended. For example, the European
Union General Data Protection Regulation prescribes
the data minimization principle, which means data col-
lection must be limited to what is necessary in relation
to the purposes for which they are processed and must
be kept as long as needed'®'.

Additionally, there may be limitations related to
designing and implementing citizen science projects
in remote and unsafe areas, where crime levels are
high and political risks exist, or where mobile network
coverage is poor, access to smartphones and electric-
ity is low and illiteracy levels among participants are
high. Co-design and community-based approaches
can address such challenges and ensure a high level of
participant engagement*” (BOX 1).

Finally, risks related to data collection can also be
a limitation in citizen science. For example, if the pro-
ject requires participants to visit specific locations to
make observations, the potential risks to the partici-
pants should be considered and clearly communicated
to them along with information on how to avoid these
risks. TABLE 4 provides a list of potential limitations of
citizen science and strategies to overcome them.

Outlook

The fields of application for citizen science methods
and approaches continue to broaden in terms of sub-
ject matter and deepen in terms of improved method-
ologies. More examples of citizen science research are
entering the mainstream scientific literature. The prin-
ciples described in this paper have been successfully
applied to a wide range of research domains, which in
turn contribute further to the development of both best
practice and novel approaches within the ecological and
environmental sciences™**"’.

Centralized training and knowledge sharing within
research performing organizations is helping to diffuse
citizen science practices across disciplines, such as at the
Citizen Science Center at the University of Zurich, open-
ing up new opportunities for transdisciplinary research.
Practitioner-oriented knowledge-sharing platforms such
as EU-Citizen.Science, CitSci.org, and the AfriAlliance
Knowledge Hub are facilitating knowledge exchange
across institutions and regions. Newly emerging citi-
zen science practitioner networks and associations at
the national, regional and global levels — especially
in the Global South, including the Citizen Science Africa
Association, CitizenScience.Asia and the Iberoamerican
Network of Participatory Science (RICAP) — are fur-
ther supporting the sharing of knowledge and skills, and
nurturing collaborations across disciplines and across
borders. Over the coming years, these associations will
probably continue to expand to under-represented coun-
tries and regions to connect grassroots practitioners with
the wider community of practice, introducing insights
from unique geographical contexts and diverse stake-
holder groups. This is of great importance, not only for
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Table 4 | Example limitations in citizen science and recommended solutions

Examples of limitations

Required wide range of skills outside the
research subject

Lack of participant engagement and lack of
diversity among participants

Bias related to the quality of non-professional
contributions, with subsequent risk of citizen

science not being recognized as a legitimate

source of knowledge in decision-making

Bias related to human population density

Temporal biases, such as the daytime and
weekend bias

Bias related to the extent of participant
contributions

Bias in the profile of participants
Quality of sensors used

Varying data protection laws in different
countries

Issues related to designing and implementing
projects in remote areas

Risks related to data collection, such as loss
of smartphones, visiting locations that are
remote or unsafe, political risks, and so on

social inclusiveness, but also in reaching out to those

Recommendations on how to overcome them

Establish partnerships with other project teams and
stakeholders conducting similar projects and activities; work
with participants who have expertise*

Understand participant motivations at the design stage; create
tasks that appeal to different motivations; integrate tasks

into the existing day-to-day activities of the participants®;
facilitate participant feedback and exchange throughout the
project®*****%; avoid dependency on resources not locally
available®; integrate co-designed processes depending

on the availability of time, resources and implementation
experience® 1%

Be aware of the potential loss of power and control on the part
of conventional-thinking scientists and decision-makers****

Examine the literature to identify potential biases and their
influence on the project, and take them into account during
design and analysis**'%¢-2¢

Consider what data are essential for the project at the design
stage of a project, keeping in mind, for example, the data
minimization principle of the European Union General Data
Protection Regulation'®

Account for potential issues while designing citizen science
projects under such circumstances; ensure high level of

participant engagement through co-designed approaches””

Clearly communicate the potential risks related to participation
along with information on how to avoid them®”

and societal value

having educational value™

211,212

Related design and
implementation stage

Stage 3: designing the project
Stage 4: building the community

Stage 4: building the community

Stage 3: designing the project

Stage 5: managing the data
(steps related to assuring and
analysing)

Stage 3: designing the project

Stage 5: managing the data
(steps related to assuring
and analysing)

Stage 3: designing the project

Stage 5: managing the data
(steps related to planning,
collecting, assuring, analysing,
describing and preserving)

Stage 3: designing the project
Stage 4: building the community

Stage 5: managing the data
(steps related to planning and
collecting)

Stage 3: designing the project

Stage 5: managing the data
(steps related to planning and
collecting)

0,38,42

, environmental value®>*

parts of the world where the greatest data gaps on envi-
ronmental knowledge exist. Achieving this requires sub-
stantial investment in citizen science, as well as suitable
guidance for establishing initiatives in such locations.
These connections, along with support for bottom-up
initiatives, are of particular importance. Although we
have focused on contributory citizen science projects in
this Primer, often initiated by institutional scientists to
crowdsource the collection or processing of data, many
high-impact examples originate from grassroots initia-
tives that challenge established paradigms of citizen sci-
ence””. For example, Public Lab*” and Safecast™’ were
formed by concerned citizens in response to the 2010
Deepwater Horizon oil spill and the 2011 Fukushima
Daiichi nuclear disaster. Without any linkage to aca-
demic or institutional actors, both initiatives have
grown into global citizen science networks empowering
communities to seek environmental and social justice.
We have similarly focused in this Primer on the scien-
tific value of citizen science approaches, but it is impor-
tant to note that citizen science is also recognized as

. For initiatives with an ecological
or environmental focus, six pathways have been identi-
fied through which citizen science approaches can have
a positive impact on the issues examined, namely, pro-
viding insights for better environmental management,
providing data evidence for policymaking, inspiring
behaviour change through raised awareness and empow-
ering social network championing, political advocacy
and community action®".

The volume and reach of these types of environmental-
impact projects is likely to grow over the coming years,
including those initiated by grassroots groups from the
bottom up and in collaborative multi-stakeholder part-
nerships from the outset. As pointed out by REF*'* in
advising against a too narrow definition of citizen sci-
ence, the application of citizen science approaches goes
beyond developing and testing hypotheses, and includes
activities related to environmental observations and
complex problem solving, among others.

Some of the barriers to citizen science becoming a
more mainstream research practice include low levels of
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Citizen observatories
Community-based
environmental monitoring
initiatives that gather citizen
science data for policymaking,
and environmental
management and governance.

awareness of the value and impact of citizen science, lack
of support and recognition for career researchers in pursu-
ing citizen science approaches, and low access to research
funding’’*. Recommendations from the European com-
munity of citizen observatories to address issues of aware-
ness, the acceptability of citizen science data and the
long-term sustainability of citizen science initiatives can
be summarized in five main areas. These are (i) develop-
ing effective multi-stakeholder alliances and communities
of practice for knowledge exchange, (ii) building robust
data value chains that are aligned with existing standards,
(iii) nurturing a sustainable growth market for citizen sci-
ence by addressing the data needs of local authorities and
policymakers, (iv) further developing open access tools
and technologies, and (v) integrating citizen science data
with official data frameworks and open data systems?'°.

Another powerful opportunity to mainstream citi-
zen science approaches within research and scientific
knowledge production is the global transition towards
open science, which embeds public engagement with
science alongside other key pillars of open science
such as open access, FAIR data and open education.
At the 40th session of UNESCO’s General Conference
in 2019, the 193 Member States unanimously adopted
the Recommendation on Open Science, which con-
tained specific proposals for improving societal access
to science by increasing collaborations between sci-
entists and societal actors, and making science more
participatory, inclusive and accessible to all mem-
bers of society through new ways of collaboration
such as crowdfunding, crowdsourcing and scientific
volunteering™.

In 1998, the Aarhus Convention®'” was adopted,
giving people in Europe the right to participate in envi-
ronmental decision-making. In 2021, two new legal
instruments within the Aarhus Convention were rati-
fied to support citizen science at the national govern-
ance level: namely, the recommendations on the more
effective use of electronic information tools**, which

explicitly promotes citizen science as a way to collect
environmental information; and the addendum to the
recommendations”'’, which describes the value of cit-
izen science and citizen observatories, and explicitly
recommends the PPSR-Core set of data and metadata
standards for citizen science initiatives and public
participation in scientific research.

Citizen science initiatives are also providing data
that inform policy and underpin decision-making at
local, national, regional and global scales, for example,
contributing directly to the monitoring of the United
Nations Sustainable Development Goals (SDGs), where
at least 33% of its 231 unique indicators can be sup-
ported through citizen science data'. Furthermore, citi-
zen science data can contribute towards imminent data
gaps such as 58% of the 93 environment-related SDG
indicators, which do not have enough data to assess
global progress®’. Best practice examples — such as in
Ghana, where citizen science data on beach litter have
been integrated into the official monitoring and report-
ing of the relevant SDG indicator — are now emerging
and illustrating the potential of citizen science for SDG
reporting in developing countries™".

Our aim within this Primer has been to provide
guidance, insights and examples for designing and
implementing contributory citizen science initiatives
within the environmental and ecological sciences.
Despite this narrow focus, we have hinted at the great
wealth of examples of citizen science across all domains
of research, with opportunities for participation across
the full research cycle and communities initiating their
own research in entirely self-led projects. We have thus
highlighted only one small segment of this rapidly
growing field, and we look forward to the innovations
and transdisciplinary collaborations that will be intro-
duced by researchers and project leaders in the years
to come.
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