Promoting scientific literacy in Evolution through citizen science
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Abstract 
Evolutionary understanding is central to biology as a whole. It is also an essential prerequisite to understanding issues in everyday life, such as advances in medicine and global challenges like climate change. Yet, evolution is generally poorly understood by civil society and many misconceptions exist. Citizen science, which has been increasing in popularity as a means to gather new data and promote scientific literacy, is one strategy through which people can learn about evolution. Despite the potential for citizen science to promote evolution learning opportunities, very few citizen science projects exist to improve scientific literacy in evolution. In this paper, we make the case for incorporating evolution education into citizen science, define key learning goals in the context of evolution, and suggest opportunities for designing and evaluating citizen science projects in order to promote scientific literacy in evolution. 

Introduction 
Evolutionary processes shape all aspects of the natural world (1). Many of the complex global challenges’ humanity is facing, such as human health, food security and biodiversity loss are based on evolutionary processes (2). For example, many adaptive processes occur too slowly for the current speed of global change, causing species’ extinction, decreased agricultural production, or pandemics of zoonotic diseases (3). Evolution is the link connecting such seemingly distinct problems (4), and impacts daily life, as evidenced by the growing field of “evolutionary medicine” (5). For these reasons, a basic grasp of evolutionary concepts is fundamental for understanding and addressing the most existential threats facing society today.

Evolution is generally poorly understood (6), even amongst university students (7). Moreover, evolution is not always accepted by the public (8), not least because some groups perceive it as contrary to their religious beliefs (9). Key to developing more informed decision-making regarding societal challenges, and in generating support for policies, is the promotion of scientific literacy in evolution. 

Scientific literacy comprises three main competencies: (i) to explain phenomena scientifically, (ii) to evaluate and design scientific enquiry, (iii) to interpret data and evidence scientifically (10). These require knowledge about the content of science (content knowledge), an understanding of scientific methods (procedural knowledge), insights into how scientific knowledge is created (epistemic knowledge) (11), and the ability to apply scientific thinking and knowledge to daily life decisions and discussions (12).

Citizen science (CS), defined here as participation of non-professional scientists in research, is a suitable tool for increasing science knowledge and literacy (13,14). CS projects represent a good context for learning: they are often rooted in real-life meaningful contexts, present cognitive challenges, and invite citizen scientists to participate in hands-on tasks. Furthermore, CS is a collaborative approach involving various stakeholders who jointly contribute to a common outcome. All of these aspects are generally acknowledged as being essential ingredients of active learning (15,16).

Therefore, CS has the potential to achieve educational impacts. However, its learning dimension is often underexplored (17), and evidence for learning outcomes is scant (13,18,19). This may partly be accounted for by a lack of scientifically robust project evaluations (18). 

Although evolution is a central concept in biology, very few biology CS projects put their activity in an evolutionary context. For example, of the 1587 projects on the CS platform SciStarter (20), 664 are in “ecology and environment”, while only 19 deal with the subject of evolution. To our knowledge, no studies evaluate the influence of CS on scientific literacy in evolution. However, since it has been shown that active learning promotes understanding of evolution (21–23), CS presents substantial opportunity to increase scientific literacy in evolution.

Here, we define different types of learning outcomes, describe challenges in promoting scientific literacy in evolution through CS, give recommendations on that will contribute to solving them, and provide guidelines for evaluating the outcomes of such projects.

Key learning goals for scientific literacy in evolution 
Including an educational dimension in a CS project requires being clear about its scientific goals and identifying possible learning outcomes e.g. perceptual and behavioural changes, concept comprehension. Right from the beginning, triangulation of these outcomes with project goals and educational opportunities in the design is essential (19). 

To increase scientific literacy, four key learning goals are crucial: (i) content knowledge, (ii) procedural knowledge, (iii) epistemic knowledge, and (iv) knowledge application (Table 1). For the many other worthwhile outcomes of CS projects, e.g. relating to behaviour, interest, self-efficacy, and motivation, we refer the reader to other frameworks for learning outcomes (23,24).

[Insert Table 1 here]

Content knowledge 
Developing a good understanding of evolution and using evolutionary knowledge to explain biological scenarios requires a grasp of key facts and concepts. This starts with knowing the correct definitions and uses of terms such as adaptation and variation, as well as words like “theory” or “fitness” whose use in science differs from their meaning in everyday life (see ‘Communication issues’). Deriving general principles and predicting future scenarios, e.g. relating to biodiversity, are only possible if grounded in key evolutionary ideas (25). Finally, knowledge of concepts such as phenotypic variation, heritability of traits, selective pressure or differential survival is necessary to develop a sound understanding of evolution and to structure the acquired knowledge (11,26–28).

Procedural knowledge 
Within CS projects, participants may be more familiar with certain types of procedural knowledge such as observation of biodiversity, whereas they may be less familiar with others, such as analysing data and discussing evidence (29). Procedural knowledge is important in the context of evolution because many evolutionary processes cannot be directly observed or subjected to experimentation, either because they took place in the past, and/or because they occur over large temporal and spatial scales. Including opportunities such as asking questions and defining problems, developing and using models, planning and carrying out investigations (12), will help to address this barrier.   

Epistemic knowledge 
Citizen science projects may also constitute a way to increase public knowledge about the nature of science, that is, the characteristics of scientific knowledge and the way it is produced (30). New research results are always initially uncertain, can be contradictory, and are often not definitive. In order to interpret and use research results appropriately, a differentiated view and classification of findings along the spectrum - from new, still uncertain findings to permanently accepted facts - is essential. This is especially pertinent with regard to evolution, as scientific debate over new results on evolutionary mechanisms is sometimes interpreted as disagreement within the scientific community on whether or not evolution happens (31). Indeed, it has been shown that understanding the nature of science increases student’s acceptance of evolution (32).

Knowledge application 
Scientific literacy in evolution is required for citizens to understand how the world works as a system, and inform decisions regarding global challenges (2,3). It is therefore important that citizens are able to transfer evolutionary knowledge learned in one project to other topics and apply it to everyday life discussions and decisions (33).  

Ideally, a project would meet all four learning goals; however, which learning goals can realistically be achieved depends on the specific topic, methodology and project set-up. We will elaborate on how to create learning opportunities on evolution, after considering some important barriers to learning about evolution.

Barriers to learning evolution 
Identifying barriers to learning evolution is important to facilitate understanding. Here we will specifically describe three types of barriers: misconceptions, conflicts with established culture and values, and communication issues. 

Misconceptions about evolution 
A key challenge for scientists trying to increase scientific literacy in evolution is that important details of evolution by natural selection are often misinterpreted. For example, many people are not aware that mutations are random and have a range of effects; that the potential for adaptability is not unbounded; nor that “survival of the fittest'” refers to how organisms compare to each other, rather than some absolute fitness metric (28). Indeed, misconceptions are frequent and widespread across different demographic groups, including young students, teachers, and the general public (34,35). 

Misconceptions can concern the biological context, such as variation, heredity, and selection (27). In evolution, concepts that are abstract or counterintuitive include: the difficulty to conceive of the spatial and temporal scales over which evolution occurs, probability, and randomness (36). Secondly, understanding evolution requires linking a number of complex concepts, and misconceptions about any one of them will impact the understanding of other concepts(22). Finally, people who believe that they understand the theory of evolution, when they actually do not, may be more susceptible to misinformation about evolution and fail to see how the evidence for evolution supports the theory (37). 

Such misunderstandings exist both among those that do and do not accept evolution (38) and are remarkably resilient to instruction (39). Interestingly, misconceptions and evolution understanding can be context dependent. For example, students may provide scientifically correct explanations for a scenario involving the gain of a trait in animals, but fail to do so when the scenario involves a trait loss or another organism (40).

Conflicting culture and values 
Educational approaches that focus on increasing knowledge about evolution might fail if they conflict with the culture and values of participants (41). As public attitudes towards evolution are sometimes negative (42) they should be considered a key factor when implementing projects on evolution. Probably the most widespread and persistent example for a conflict is that between religion and evolution. The issues are well described (43,44), and while many argue that religion and science need not be in conflict (45), strong opinions that one cannot both accept evolution and be religious persist (46).

Acceptance of evolution is also influenced by: total number of years spent in education (36), understanding of nature of science (47), attitudes towards science (48), knowledge/understanding of evolution (26), and gross domestic product per capita (49). Additionally, there is still a debate about the relationship between acceptance and actual understanding of evolution (32,35,46), with conflicting evidence for strong positive correlation (50), weak positive relationship (7,48), or no correlation at all (51). Culture and personal values can also cause conflicts that go beyond evolution and relate to overall willingness and ability to participate in CS. 

Communication issues 
Citizen science relies on effective communication to attract and motivate people to participate. Effective science communication is challenging as scientists are predominately trained to communicate following journal format, using specialised terminology. To add to the confusion, some of this terminology has different meanings within the scientific community [52]. For example, “evolution” is used colloquially to mean “change over time”, stripping it of the important scientific meaning [53]. Similarly, colloquially, theory is something unproven [54], and selection implies a conscious selector [55]. Finally, translation between different languages may introduce an additional layer of ambiguity and misdirection. In Roman languages, there is no word for “fit”, and in Serbian and French, fitness is often translated as “adaptive value” which could unintentionally imply an adaptationist view. 

Creating learning opportunities in CS projects with a focus on evolution 
Despite the huge potential for CS to achieve educational goals (13,14), its learning dimension is often underexploited (17) or, when it is considered, remains under-evaluated (18).  One indirect way of achieving learning is to raise the level of engagement that the project offers to participants [14], [56]. Unfortunately, the level of citizens’ participation in projects is related to their level of education [57]. Therefore, to achieve broader educational impacts, increasing the level of engagement will not suffice.

When CS project initiators decide to include a learning dimension, their efforts will yield better results if learning goals and opportunities are clearly defined from the outset (for general guidelines to enhance opportunities for learning in CS projects see Supplementary Table 1). Also, to be able to learn from experiences and build a knowledge base for the community, it is important to assess learning outcomes at the end of the project (13).
 
All projects can create learning opportunities. These are particularly explicit in curriculum-based projects (e.g. “Vigienature-école" (57), where teachers or other educators are involved to intentionally design and align materials to target specific learning goals of the science curricula which can then be delivered in classrooms (13).

To allow for successful learning, particular learning goals need to be identified and learning situations to address them designed. That is, the question “how can we create learning opportunities in projects?” needs to be preceded by “what do we want citizen scientists to learn in our project?”. Next, we consider how existing projects have designed learning opportunities in evolution, focusing on the learning dimensions defined above.
 
Creating learning opportunities for content and procedural knowledge 
Simply presenting concepts or theories, and describing the scientific methods applied to evolutionary research, cannot be assumed to automatically increase citizen scientists’ understanding of evolution (59). To foster content and procedural knowledge, projects must provide learning situations that actively involve participants, supported by educational resources adapted to misconceptions, cultures, and values of different groups. This occurred in “Evolution MegaLab” (60). The project website explained what evolution is and how changes in climate and the abundance of predatory birds might have caused an evolutionary change in the shell patterns of banded snails. It mobilized people to survey colour morphs of snails to map climate change effects, communication resources were adapted to different target audiences, and participants had immediate feedback on their results. As a result, it helped participants grasp the notion that evolution can be observed directly.

Likewise, in the “1000 Gardens” project (61), people participated in an artificial selection experiment that provided data on the performance of soybean genotypes at different locations and the identification of genotypes adapted to more northern latitudes. Other than information on the theoretical background, participants were presented with the entire experimental design, performed the experiment in their garden, and collected the data. At the end of the project, the results and conclusions of the experiment were shared with participants (62). 

The intense hands-on involvement offered by these and other CS projects also contributes to acquiring skills and methods relevant to studying evolution and science in general. For instance, “Melanogaster Catch the Fly” (63), aims to understand how organisms adapt to the environment using Drosophilas (fruit flies) as a model organism, and offers a multitude of hands-on activities to students and teachers that help increase their scientific, technological, and transferable skills such as collaboration, communication, creativity, and critical thinking.  

Creating learning opportunities for epistemic knowledge 
While participants may gain increased content and procedural knowledge, there is no consensus in the literature whether or not this leads to an increased understanding of the nature of science (64,65), or influences people’s acceptance of evolution (32). Participants more easily grasp major aspects of nature of science when they conduct experiments (66), however, this may not be enough (67), and activities/resources/information specifically designed to address distinct components of the nature of science are needed. The “Pieris project” (68), which examines how organisms respond to environmental change, provides information about the diversity of methods employed to infer the history of cabbage white butterfly populations, and the empirical evidence supporting their inferences on the history of invasion. Furthermore, it addresses the question of how to deal with uncertainty, illustrating that science is open to revision in the light of new evidence.

Creating learning opportunities to foster knowledge application 
Empowering learners to transfer acquired knowledge into new situations is a primary purpose of education. We pose that this should also be central in CS projects. Therefore, to achieve a larger impact in scientific literacy, projects with a focus on evolution should inform participants about the broader relevance of the knowledge, skills and competences they acquire and to encourage further engagement with other topics or communities. Several projects (e.g. “NOVA Labs - The Evolution Lab” (69)) include blogs, or are connected to social platforms, to foster a broad interaction with peers, researchers and media. This widens the perspectives beyond the main subject, supporting learning (70).  “Squirrel mapper” (71) examines rapid adaptation to a changing environment in eastern grey squirrels - goes further. It gives citizen scientists the opportunity to apply their acquired knowledge to another CS project by the NY City Parks Department regarding the management of grey squirrels in cities, promoting real engagement with other sectors of society. Such application of evolution to different contexts activates distinct representations that can affect people’s understanding (40). Therefore, it is important to explore evolution under diversified biological contexts whilst taking-into-account the issue of misconceptions.

The first step for dealing with misconceptions is to anticipate them (72). Extensive work has been done on misconceptions about evolution to identify common alternative frameworks. The KAEVO 2.0 instrument (36) can be valuable for CS projects, as it was conceived to assess knowledge and misconceptions about evolution in different scenarios and age groups. Once project initiators have identified the specific evolution misconceptions that can be addressed by their project, they should give participants the opportunity to test their conceptual frameworks (72). That is, projects need to provide situations in which participants can exert critical thinking as part of the scientific process, rather than simply communicate facts (32). In this context, hands-on activities as well as gamification may play important roles in building comprehension and internalisation of facts and complex concepts. 

[bookmark: _Hlk80482342]Moreover, social interaction is crucial in the process: conflicting viewpoints and communication among participants and between them and the project leaders should help participants progress to a shared response (15). Finally, and because misconceptions are tenacious, there is a need to revisit them as often as possible and constantly assess the validity of the participants’ understanding (including by self-assessment, e.g. through quizzes).

Given the benefits of social interaction for learning and for overcoming misconceptions(15), it is beneficial for initiators to implement an array of approaches to improve interaction and offer choices that accommodate participants’ differences (Table 2). This could also improve engagement and fidelity that reinforce learning (73). 

Last but not least, designing for learning is one thing, but getting participants to take full advantage of these opportunities is another matter. Participants will only use learning opportunities if these are at the right level, since both over-straining and demanding too little is  discouraging (74). Trying to convey complex topics such as evolutionary concepts will therefore require targeted efforts to present the content in a generally understandable way, without oversimplifying it. To find out which approaches are effective, we need to assess the learning outcomes achieved.

[Insert Table 2 here]

Evaluating learning outcomes in evolution in citizen science projects 
In order to reach the scientific and socio-ecological potential, evaluation of project outcomes is crucial (23,75). Although there are opportunities for learning in CS, the evidence of learning outcomes, especially with respect to scientific literacy, is sparse (18,19). This may be due to a lack of standardised tools to measure scientific literacy (18,24). Nevertheless, a number of methods and instruments are emerging across different projects and settings (22,56,76), as well as a shared framework to measure individual learning outcomes from participation (24). In order to successfully evaluate projects designed to promote scientific literacy in evolution, we need to use this framework and merge the fields of evolution education research and CS.


Most CS projects aiming to promote participants’ scientific literacy tend to measure an aspect of content knowledge (75), with far fewer investigating other dimensions (18). There are many instruments to study evolutionary content knowledge (36,77), sometimes in combination with acceptance of evolution (78). Procedural knowledge can be measured directly (e.g. by asking participants to design a sampling strategy) or indirectly (e.g. by measuring skill acquisition – as evidenced by data quality and repeatability - over time) (79). There are also tools available to measure epistemic knowledge (Table 3). Lastly, the ability to apply scientific thinking and knowledge to daily life decisions and discussions can be investigated via attitudes towards science, using or adapting existing measurement instruments (Table 3). 

[Insert Table 3 here]
Recommendations when choosing and designing evaluation instruments 
When selecting methods, we suggest starting with a literature review to find appropriate tools rather than creating new ones (Table 3).  Collaborating with education scientists will also be useful. 

When selecting evaluation instruments three key aspects need to be considered:
i) applicability to the sample population
Evaluation instruments are designed, applied and validated for particular study populations and therefore may not be directly applicable to your study population. The validity of the instrument needs to be ensured before being applied (80), so if no validation exists for your target population, we recommend running a small pilot before the project starts.

ii) clear communication of evaluation goals and time available for evaluation
Maintaining participant motivation is a common challenge. In educational CS research, evaluations of participant knowledge are usually required pre- and post- project. It is therefore necessary to explain the importance of these repeated measures to participants, keep the evaluation as short as possible, and prioritise which dimensions of scientific literacy your project primarily targets when designing the evaluation.

It is crucial that the goals are made clear from the start and that codes of ethics are followed (81,82). Co-evaluation, where project participants are involved in designing the project evaluation strategy, could also be a useful tool to overcome participation barriers (75). 

iii) depth and type of evaluation
Evaluations can be quantitative, issued as closed questionnaires (e.g. multiple choice or items on a Likert scale); or qualitative, performed as open written questionnaires or semi-structured interviews (80), ethnographic studies such as participant observation (83), focus groups, photo diaries, storytelling, gamification and the study of narratives (76). Other approaches include self-evaluation (84). The relative weight given to evaluating the educational outcomes are a balance between the scientific and education outcomes of a project.

The challenge of balancing research and education 
Including a learning dimension into a project on evolution might be a compromise to the primary interests of the project initiator to achieve scientific outcomes (85). Furthermore, they often lack time, knowledge, incentive and funding to design for learning (13). Indeed, they must make decisions on the allocation of resources between scientific outcomes and maximising participants’ learning outcomes. This incongruity could be partly resolved by the policies of allocation of financial resources and by institutional funding schemes to require learning opportunities as part of any eligible CS project.

Interdisciplinary approaches could resolve both the problem of limited resources and the trade-offs resulting from scientists having to divert energy to aspects that they might not see as focal. Hence, to complement the evolutionary biologists’ knowledge, a collaboration with science education, psychology or other social sciences researchers is suggested throughout the project duration. Where the project involves formal education, the participating teachers should also be involved.

Interdisciplinarity allows complementary knowledge to be used to design and implement the project parts for both scientific and learning outcomes (86). For education researchers it may be scientifically rewarding to implement learning opportunities and evaluate their outcome in this relatively new context. Interdisciplinary work deals with different theoretical frameworks, concepts, research methods, as well as different values, norms, tacit assumptions, habits and language. It requires open-mindedness, empathy, trust, transparency of the different stakeholders’ objectives, and an effort to develop mutual understanding (87). To bridge the interests of such different research communities, frequent reaffirmation of a common understanding of the project and its goals is needed (87).

Conclusions
In this paper we present opportunities to embed learning opportunities in evolution within CS projects. We argue that there is great potential for CS as a method for evolution education, since exploring the natural world offers rich terrain for inspiring enthusiasm and promoting creativity. However, CS is not fully exploited as a research tool by evolutionary biologists. In addition, we argue that a radical change is needed in how the scientific community sees CS, since it is still regarded mainly as a tool for gathering data. Many projects either have no explicit learning goals, or if they do, it is often assumed that learning will happen automatically when people take part in some kind of scientific activity. However, a positive effect on scientific literacy in evolution can only be achieved if projects are purposely designed and evaluated for learning outcomes. For this, we would like to encourage evolutionary biologists to actively engage with colleagues from education sciences, as well as with teachers who can contribute practical experience on how to effectively convey an understanding of evolution.   
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	Learning Goal
	Examples

	Content knowledge
A. Terms
B. Facts
C. Concepts
	
A. ‘Theory’, ‘fitness’, ‘adaptation’
B. Evolution by natural selection, structure of DNA, periods of deep time.
C. Phenotypic variation, heritability of traits, selective pressure, differential survival.

	Procedural knowledge
	· Observing variability within a population and/or recording changes in a certain trait over time.
· Aligning DNA sequences.
· Measuring morphological traits in museum specimens.

	Epistemic knowledge
	· Meaning of considering evolution as a ‘theory’.
· Understanding that the scientific knowledge base is constantly changing through the addition of new evidence.
· Understanding that science is embedded in society and influenced by cultural norms.

	Knowledge application
	Understand, be able to discuss and/or make informed decisions about issues such as:
· The emergence of new SARS-CoV-2 strains and the impact of COVID-19 vaccines;
· The importance of crop diversity for food security;
· The impact of invasive species on native flora and fauna.



Table 1. Examples of subject matter covered by the four learning goals.






	Opportunity
	Examples of how to implement in a project
	Considerations when implementing in context of an evolutionary project

	Data collection, data analysis
	· Provide training resources to underpin data collection, analysis and background context.
	· Combine teaching participants the skills they need to participate in the project with explaining the theoretical background and relevance of the method for studying evolution.

	Co-design of the project
	Involve participants in developing research questions and experimental design, and, if desired, data analysis and communication.
	· For participants to contribute meaningfully they need to have at least a basic understanding of the relevant evolutionary concepts. Consider implementing learning activities prior to or during the co-creating process. 

	Curriculum-based activities
	· Activities for school classes aligned with curriculum.
	· Align educational activities with official national curricula.
· Work with teachers and education researchers to identify classes knowledge and build on it. 

	Gamification
	· Implement different levels that participants move through as they gain experience.
· Implement methods (e.g. contests, quizzes) for participants to test their knowledge.
· Design games to teach participants about specific aspects of evolution.
	· Gamification is a useful method to attract individuals not normally intrinsically motivated to participate in educational opportunities about evolution. They can be traditional games with citizen science built in (e.g. Borderlands, Sea Hero Quest) or gamification of the participants’ participation (e.g. leader boards) 
· When including information about evolution be careful not to oversimplify, as this may generate misconceptions.

	Communicating with participants:

	Uni-directional:
· emails and social media
· Website/blogs
· brochures, field guides,
· videos, podcasts

Dialogue:
· Online (chat, forum, video conference).
· At formal meetings (e.g. workshops)
· At informal meetings (e.g. meet-ups)
	· Participants value sharing of data, results, and information on how the data they collected is used. Explain the significance of results in an evolutionary context. 
· Give participants sources of information that they can refer to, allowing learning to take place when the participant is able. Be aware that participants may not take up this information.
· Refer participants to other projects in evolution to keep them engaged.
· Explain evolutionary background relevant to your project. Use storytelling to make evolutionary content more accessible and retainable, but be mindful of misconceptions.
· Use clear language; if using terms that have different meanings colloquial than in evolution, explain them explicitly or specify context e.g. ‘scientific theory’ rather than ‘theory’.

	Promoting peer-to-peer participant communication

	· Narrative story-telling by participants (e.g. photo essays, research diaries) etc. 
· Blogs
· Online (e.g. social media, fora, chats) 
· Formal meetings (e.g. workshops)
· Informal meetings (e.g. meetups)
	· If feasible, monitor participant communication to avoid spread of misinterpretations and misconceptions, and encourage asking questions of researchers if confusion arises.
· Discuss important communication points with participants, including relevant background.
· Encourage participants to discuss both their experiences and the evolutionary background, construction of evolutionary knowledge, and significance of the empirical evidence.
· Be aware that participants with strong attitudes may influence others.



Table 2. Opportunities to promote learning on evolution in a CS project.

	Name of measurement instrument or method
	What is measured

	I. Evolutionary content knowledge*

	Assessing Contextual Reasoning about Nature Selection (88)
	Understanding of natural selection, adaptive change.

	Concept Inventory of Natural Selection (89)
	Natural selection

	KAEVO 2.0 (34,78)
	Several micro- and macro- evolutionary concepts.

	II. Procedural knowledge

	Methods
	Skill acquisition

	Experimental design
	Explain a scientific study, write a valid research plan and sampling design (90)

	Formal Reasoning Test (91)
	Scientific reasoning abilities: scoring well on this test further predicted conceptual learning of natural selection.

	Scientific Reasoning Scale (92)
	Abilities for evaluating scientific findings.

	Participant observation.
	Group observation and content analysis of the materials they produce (e.g. experimental plans they design).

	III. Epistemic knowledge

	Connotative Aspects of Epistemological Beliefs (93)
	Epistemological beliefs

	Views of Nature of Scientific Inquiry (94)
	Views of nature of scientific inquiry

	Student’s Understanding of Science and Scientific Inquiry (95)
	Understanding of science and scientific inquiry

	Views About Scientific Inquiry (96)
	Knowledge of scientific inquiry

	Views of Nature of Science (30)
	Views of nature of science

	IV. Visions II: Ability to apply scientific thinking to daily life decisions and discussions

	QuASSR-oe (97)
	Socio-scientific reasoning

	Ethnographic field work e.g. participant observation (83)
	Depending on the study 



Table 3. Summary of examples of measurement instruments and approaches that exist to evaluate dimensions of scientific literacy. This list is not exhaustive, but gives examples and references for future study.
*For a full review of instruments that measure evolution understanding see (36,77).
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	Three main principles:

	· Project leads need to be intentional about learning (either in design or by investigating the learning in a project).

	· Anyone who plays a role in the project should participate to the design process to ensure that the processes and activities of the project are attuned to learners’ motivations and interests and better able to engage their skills and experiences.

	· Leaders and developers of projects need to allow for iteration of the design with the stakeholders in multiple cycles of feedback and refinement.

	Additional guidelines:

	· Know the audience.

	· Adopt an asset-based perspective.

	· Intentional design for diversity.

	· Engage stakeholders in design.

	· Capitalize on unique learning opportunities associated with CS.

	· Support multiple kinds for participant engagement.

	· Encourage social interaction.

	· Build learning supports into the project.

	· Evaluate and refine.



Supplementary Table 1. Main principles and guidelines to enhance opportunities for learning in citizen science. Adapted from National Academies of Science, Engineering (2018).

