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Citizen science is often promoted as having the capacity to enable change–from increasing data provision and knowledge product development, via behavioral change of citizens, to problem-solving. Likewise, researchers increasingly emphasize the role of project design in initiating these changes through citizen science. However, respective claims are mostly based on single case studies and reviews, calling for a systematic comparative approach to understanding the effects of project design on change. Based on a survey of 85 water-related citizen science projects from 27 countries, we analyze the comparative effects of literature-based design principles on project impacts. Factor analysis first reveals three key impact factors which are ‘Data output’, ‘Citizen outcome’, and ‘Impact chain’. Regression analysis then shows that these impact factors are significantly influenced by several design factors, amongst which motivational factors are most prominent. The analysis also shows that design factors are most important for ‘Impact chain’, followed by ‘Citizen outcome’, and ‘Data output’. While design factors only partly explain the overall project effects, the regression results are rather stable and significant when including other potential influencing factors like project responsibility and funding. In sum, the results provide an empirically substantiated and differentiated understanding of citizen science impacts and how these are influenced by project design.
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1 INTRODUCTION


Human behavior and environmental change are inevitably interlinked in complex social-ecological systems: Humans influence the quantitative and qualitative status of environmental resources such as water, soil, and biodiversity. Likewise, environmental resources provide the boundaries for human action and wellbeing (Berkes et al., 2000; Steffen et al., 2015; Colding and Barthel, 2019). In the Anthropocene, these relationships between humanity and the environment are uniquely imbalanced, with detrimental effects of human actions on environmental resources, resulting in relatively poor quality of air, soils, and waters, as well as rapidly advancing biodiversity loss (Steffen et al., 2011; UN Environment, 2019). Hence, the international community calls upon modern societies to change their behavior towards more sustainable human-environmental interactions within its 2030 Agenda for Sustainable Development (A/RES/70/1, 2015; E/CN.3/2017/2, 2017).

While there are many ways to induce change, scholars and practitioners increasingly encourage citizens to provoke change through citizen science (Fritz et al., 2019; Fraisl et al., 2020; Shulla et al., 2020). There are various ways to define citizen science depending on the specific field of research. In the field of environmental sciences, citizen science is often defined as ‘(t)he collection and analysis of data relating to the natural world by members of the general public’ (Oxford Dictionary, 2020). Following this definition, citizen science may provoke change through environmental monitoring, in particular. Such monitoring processes likely increase the availability of environmental data and related products but may also trigger outcomes such as raising citizen’s awareness of environmental problems and, therefore, may also induce better management of the environment in support of the Sustainable Development Goals in their social, economic, and ecologically dimensions (Storey et al., 2016; Schröter et al., 2017; Church, et al., 2019; MfN, 2020; Turbé et al., 2020).

While visions aim high, scholars also emphasize that design affects success, and thus argue for analysing design factors of citizen science projects and how they influence projects’ aims to create change (e.g., Conrad and Hilchey, 2011; Buytaert et al., 2014; McKinley et al., 2017; Peter et al., 2021; Fraisl et al., 2022). Examples of such design factors are the actual knowledge of citizens, the training of citizens, or feedback loops, which may all improve socio-temporal data or increase citizen engagement (Kosmala et al., 2016; Jollymore et al., 2017; Zhou et al., 2020). But while individual design factors have been associated with specific types of effects in case studies and reviews, it is widely unclear how the different design factors influence project results from a comparative perspective. Are data outputs, societal outcomes, and political impacts influenced by the same design factors? Or are these different types of results also influenced by different design factors? Answers to these questions are crucial when discussing the role of citizen science in global environmental change since they show how change can be triggered through project design.

Taking freshwater-related citizen science projects as an example, this paper analyzes the comparative effects of various design principles on diverse project results. Based on a global survey amongst 85 citizen science projects in the field of water quality monitoring, we ask i) which impacts these projects have along the results chain including outputs, outcomes, and further impacts, ii) how these impacts can be traced back to specific design factors, and iii) how robust these relationships are under specific context conditions. To this end, this paper builds on a survey instrument on citizen-based water quality monitoring that was first introduced by Kirschke et al. (2022). This article presents as yet unpublished data on the impact of citizen science and links these to published data on project design to understand how these impacts may be influenced by design. Freshwater quality is a particularly interesting field for this analysis, given the increasing number of studies in the field which, however, lack a systematic comparative analysis of the effects of various design principles on different types of results (San Llorente Capdevila, 2020; Kirschke et al., 2022; Nath and Kirschke, 2023; Ramírez, 2023).

Section 2 introduces the conceptual framework for analyzing the effects of design factors on project results and provides literature-based guiding assumptions on the potential role of various design factors of citizen science projects for short-, medium-, and long-term impacts. Section 3 introduces the study field and the methodology of this research, including data collection through a global survey of water-related citizen science projects and the quantitative methods of descriptive and advanced statistics for analyzing the data. Section 4 presents the results of the descriptive analysis for 11 design variables, identifies three key impact factors based on factor analysis, and reveals the role of design factors for these impact factors based on regression analysis. Section 5 discusses the results in light of our guiding assumptions and Section 6 concludes on the role of citizen science design for inducing global environmental change.




2 THEORETICAL FRAMEWORK




2.1 Basic concepts


Citizen science research from different fields of practice has revealed various understandings of citizen science, numerous design principles of citizen science projects, and various results of these projects along a chain of effects from data outputs to real word problem-solving (Gharesifard et al., 2019a; Hecker et al., 2019; Hicks et al., 2019; Haklay et al., 2021; Skarlatidou and Haklay, 2021; Wehn et al., 2021). For this research, we follow the narrow monitoring-related definition of citizen science introduced above. Thus, the focus is on citizen science projects that involve citizens at least in the monitoring process, which have also been denoted as ‘distributed intelligence’ (Haklay, 2013) or ‘contributory citizen science’ (Ngo et al., 2023). In this study, this narrow definition of citizen science does, however, not exclude further involvements of citizens such as in the joint design of research with citizens as it would be the case in ‘extreme citizen science’ (Haklay, 2013) and ‘transdisciplinary research’ (Lang et al., 2012; Lawrence et al., 2022).

We further use a comprehensive categorization of citizen science design principles including citizen characteristics (e.g., gender, age), institutional characteristics (e.g., organizational responsibility), and process mechanisms (e.g., training) (San Llorente Capdevila et al., 2020; Kirschke et al., 2022). This framework is combined with three impact categories, representing a chain of effects, from ‘Outputs’ (e.g., data quantity) via ‘Outcomes’ (e.g., awareness raising) to further ‘Impacts’ (e.g., on problem-solving) (UNDG, 2011; Church et al., 2019; Turbé et al., 2020). Below, we have outlined these well-recognized categories of design principles (‘Citizens’, ‘Processes’, and ‘Institutions’) and impact types (‘Outputs’, ‘Outcomes’, and further ‘Impacts’) (see Figure 1).
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FIGURE 1 | 
Conceptual framework.



In terms of design principles, research in various fields of practice has come up with a multitude of design variables or principles that potentially influence project results (Chase and Levine, 2016; Wald et al., 2016; San Llorente Capdevila, 2020). Also, citizen science associations have formulated several principles for successful citizen science projects (ECSA, 2015; Haklay et al., 2020). Design variables that potentially influence results in the field of water resource monitoring have been condensed to key design factors related to citizen characteristics, institutional characteristics, and interaction forms (Kirschke et al., 2022).

In terms of ‘Citizens’, researchers emphasize that the citizen background is relevant, including age, education, and prior knowledge (Alender, 2016; Chase and Levin, 2016; Mac Domhnaill et al., 2020). Furthermore, citizen’s motivation has been discussed intensely, resulting in the identification of manifold motivational factors which have also been operationalized in various ways (Geoghegan et al., 2016; Wehn and Almomani, 2019; Larson et al., 2020; Lotfian et al., 2020; Land-Zandstraet al., 2021; West et al., 2021). Prominent examples of citizen’s motivations refer to i) intrinsic motivational factors such as environmental awareness, addressing specific local problems, or citizen’s interests in science, as well as ii) citizen’s extrinsic motivation such as financial compensation or the organization of social events (e.g., Alender, 2016; Larson et al., 2020; Mac Domhnaill et al., 2020; Land-Zandstra et al., 2021). These and additional motivational factors have further been related to different belief domains, including behavioral beliefs (and associated tangible and intangible outcomes as well as social outcomes), normative beliefs (perceived social pressure of referents), and control beliefs (including internal and external factors) of citizens (Wehn and Almomani, 2019).

With regard to ‘Institutions’, this analysis refers to academic entities, civil society organizations, or public bodies that are often involved in citizen science activities (Haklay et al., 2020; Kelly et al., 2020). Research has emphasized institution’s motivation to create both research outputs (e.g., high-quality data and knowledge products) and outcomes (e.g., awareness raising or network building), among others (e.g., Geoghegan et al., 2016; Chase and Levine, 2018; Wehn and Almomani, 2019; Haklay et al., 2020; MacPhail and Colla, 2020). Again, these and additional motivational factors have further been related to the three belief domains, including behavioral beliefs (different types of outcomes, including outcomes for the organization’s resources, activities, and strategic position, just as well as further societal outcomes), normative beliefs (perceived social pressure of referents), and control beliefs (including internal and external factors) of scientists and decision-makers as two example groups of involved institutions (Wehn and Almomani, 2019).

In terms of ‘Processes’, different exchange mechanisms for communication and feedback have been identified, amongst them direct exchange through emails and face-to-face, postal mail exchange, as well as digital exchange through websites, social media, and mobile apps (Le Coz et al., 2016; Ratniecks et al., 2016; Wald et al., 2016; Kelly et al., 2020; Aristeidou et al., 2021; Oliveira et al., 2021). Also, researchers emphasize training and support to collect and transfer data (Kosmala et al., 2016; Le Coz et al., 2016; Kelly et al., 2020; Zhou et al., 2020).

In terms of impacts, recent research in the field has argued for broad conceptualizations of impacts including a diversity of analytical categories including the five impact domains of ‘society, economy, environment, science and technology, and governance’ and specific guiding principles for consolidated impact assessment. This research also understands impact in a broad sense, covering all potential effects along the results chain from ‘outputs’ and ‘outcomes’ to further ‘impacts’. This understanding of impacts along the results chain allows for analyzing and interpreting specific results of projects rather than referencing back to broad impact categories. The following specific outputs, outcomes, and impacts have been detected in the water, environmental, and science of citizen science literature and thus also guided our empirical analysis in 2020. The identified outputs, outcomes, and impacts cover four out of five potential impact domains:


‘Outputs’ mostly relate to the domain of science and technology. Citizen science projects mostly emphasize data outputs, such as an increase in spatial and temporal data (Lottig et al., 2014; Breuer et al., 2015; Fraisl et al., 2022), good quality data (Crall et al., 2011; Kosmala et al., 2016; Quinlivan et al., 2020), and cost-effectiveness in data collection (Breuer et al., 2015). Furthermore, researchers highlight the generation of knowledge products based on the collected data. Research has shown, for instance, a relatively strong increase in citizen science-related research after 2010 in the field of biology and conservation (Kullenberg and Kasperowski, 2016).

Research further highlights ‘Outcomes’, which are here defined as the effects of citizen science projects on participating citizens. This category is thus closely related to the societal domain. Outcomes are, for instance, awareness raising (Chase and Levine, 2016; Brouwer et al., 2018; Peter et al., 2019), increased knowledge about science and nature (Church et al., 2019; Peter et al., 2019; Peter et al., 2021), engaging citizens in research or politics (McKinley et al., 2017; Peter et al., 2019), or building up a network (Johnson et al., 2014; Chase and Levine, 2016).

Finally, research also highlights further (potential) ‘Impacts’ on problem-solving, including the advancement of political decisions, and hence also actual solutions to sustainability problems (Muenich et al., 2016; McKinley et al., 2017; Carlson and Cohen, 2018; Pocock et al., 2019; Turbé et al., 2020; Schade et al., 2021; van Noordwijk et al., 2021). This category thus relates to the impact categories of ‘governance’ and ‘environment’ as highlighted by Wehn et al. (2021).




2.2 Guiding assumptions


How are the design factors of citizen science projects and the potential impacts of citizen science projects connected? Given the vast literature in the field, we assume that the mentioned design factors affect impacts along the results chain, but in various ways. Two main assumptions guide our analysis:

The first guiding assumption regards the type of relationship. We assume that different (groups of) design factors influence different (groups of) results. Put differently, results at the output, outcome, and further impact level are likely influenced by different types of design factors. There are several reasons for this: Research first indicates that outputs, particularly the quality and quantity of the data collected, are mostly influenced by specific citizen characteristics and process mechanisms. To give some examples, the educational background (Chase and Levine, 2016; Mac Domhnaill et al., 2020) and knowledge of citizens (Jollymore et al., 2017), together with training and technical supporting structures (Kosmala et al., 2016; Ratnieks et al., 2016) likely influences the quality of data. Also, simple tools for data transfer such as apps and text messaging are supposed to increase spatial and temporal data (Lowry and Fienen, 2013; LeCoz et al., 2016). Outcomes, such as awareness raising, increase in knowledge, and the engagement of citizens, may mostly go back to citizen characteristics, e.g., the actual knowledge and awareness when starting the activity (Buytaert et al., 2014; Jollymore et al., 2017), or citizen’s educational and professional background (Chase and Levine, 2016; Mac Domhnaill et al., 2020). Further impacts, such as advancements in political decisions or improving environmental conditions may go back to the institutions involved in projects and their motivation to advance political decisions (Schade et al., 2021; van Noordwijk et al., 2021).

The second guiding assumption regards the strength of relationships. We assume here that design factors influence outputs more rigorously than outcomes and further impacts. In fact, the results-based management literature dealing with global environmental change suggests that outputs can be influenced more directly than outcomes and further impacts (UNDG, 2011; Bester, 2016). The citizen science literature has substantiated this argument, highlighting challenges in measuring middle to long-term outcomes and impacts from citizen science projects (Skarlatidou and Haklay, 2021; Wehn et al., 2021; Somerwill and When, 2022). Consequently, the strengths of the relationship between influencing factors and results may be much stronger at the output than at the outcome and the further impact level. Project managers, for instance, may therefore be able to design projects in a way, that the quantity and quality of products can be increased, e.g., through providing respective training material. Affecting citizens themselves and political decisions, however, will require more engagement and is probably less controllable by project managers.





3 METHODS




3.1 Basic survey data


This research builds on data collected through a global online survey amongst citizen science projects in the field of water quality monitoring (see Annex 1) which was first introduced by Kirschke et al. (2022). The survey aimed at understanding the comparative effects of citizen science projects in water quality monitoring on a global scale. To this end, the survey was designed iteratively based on systematic literature reviews related to citizen-based water monitoring and interviews with eight experts in the field of citizen science, water monitoring, and survey design including distinct regional perspectives. The final survey included five parts on basic project data (part one), the design of citizen science projects (part two to four), and their results (part 5). Data on parts one to four of the survey have been published while data on the effects of projects have remained unpublished and are first presented in this study. Thus, this paper presents new data on the impacts of citizen science which have not been reported elsewhere. These data have also been linked to published data on project design to understand how these impacts may be influenced by design. As such, only a small part of the data has been used again to answer a new scientific question that has not been addressed elsewhere.

The survey was distributed to the coordinators of 237 mature citizen science projects, representing 495 activities in 97 countries. There were 85 coordinators in 27 countries who completed the survey between 10 August and 8 September 2020, resulting in a response rate of 35.86%. Of the survey respondents, the average length of the project was 4 years and 4 months at the time of the survey. The majority of projects were from North America (54% of the answers), but there were also responses from Europe (17%), Latin America and the Caribbean (12%), Asia (9%), Africa (6%), and Oceania (2%). The project coordinators also judged both the actual project design and the impact chain including data outputs, societal outcomes, and impacts on problem-solving to the best of their knowledge as critical nodes between project members, citizens, funding agencies, and further stakeholders such as political actors.

Regarding this article’s key research interest on the impact of citizen science projects, this research analyses the unpublished data on impact variables collected through the global survey described above. The survey asked the respondents to rank the factual success of project results on a one to five scale, with 1 indicating no success and 5 indicating high success. The success was to be assessed along 11 impact variables. These include data-specific outputs (‘Increase in spatial data’, ‘Increase in temporal data’, ‘High-quality data provision’, ‘Cost-effectiveness’, and ‘Knowledge production’), citizen-related outcomes (‘Awareness raising’, ‘Citizen’s engagement in research’, ‘Citizen’s engagement in politics’, and ‘Network building’), and middle-term project impacts (‘Political decisions advancement’, and ‘Freshwater quality improvement’). In addition to the one to five scale, the survey offered a ‘do not know’ option to increase the likelihood of valid answers to the survey questions.

Regarding design variables and design factors, this research builds on previously published data by Kirschke et al., 2022 (see Annex 2). Based on the analysis of 45 design variables in the 85 citizen science projects, this research identified 10 key design factors using factor analysis. These factors comprise institutional characteristics (‘Output motivation of institutions’, and ‘Outcome motivation of institutions’), citizen characteristics (‘Citizen background’, ‘Problem-orientation of citizens’, and ‘Extrinsic motivation of citizens’), and interaction forms (‘Digital exchange’, ‘Training and technical support’, ‘Digital exchange 2.0’, ‘Direct exchange’, and ‘Mail exchange’). Respective factor scores are fully accessible to the team of authors and free to use for this analysis.

Further, and in terms of potential third influencing factors, this research builds on data collected through the same global survey. These data are also available in Annex 2 Tables 3 and 4. The dataset includes data on both the projects’ responsibility and respective funding agencies. With regards to responsible institutions, the data set differentiates single responsibilities (‘Academic institution’, ‘Non-governmental organization (NGO)’, or ‘Other responsible institution’), or multiple responsibilities including at least two out of the three categories mentioned before. In terms of the funding agency, the data set includes individual funding (‘Public agency’, ‘Non-profit organization’, and ‘Other funding institution’), as well as multiple funding responsibilities including at least two out of the three categories mentioned before. The data is available as dummy (0/1) variables for our analysis.

The data set is particularly well-suited for this analysis since it provides information on impact variables, key design factors identified by factor analysis, as well as on further potential influencing factors originating from the same survey and respondents. The survey paid attention to crucial challenges in defining the impacts of citizen science projects. First, the survey addressed citizen science projects that have been well-documented online. Second, the survey asked for 11 specific impacts along the results chain, narrowing down the vast field of potential impact interpretations in various project contexts (see also conceptual framework section). Third, the survey design allowed for ‘do not know’ answers to increase the likelihood of valid answers. Fourth, the survey generally asked for actual design and effects rather than potential impacts, which increases the likelihood of answers based on facts rather than assumptions. The authors do acknowledge though that any measurements of impacts are subject to important uncertainties which we further discuss in the discussion section.




3.2 Data analysis–descriptive statistics and factor analysis on impact variables and factors


The data analysis of impact variables started with descriptive statistics on the 11 defined variables. We first calculated median values, minimum and maximum values, as well as lower and upper quartiles and visualized respective results by boxplots. For this purpose, we used all valid answers without ‘do not know’ answers (response rate = 89.6% over 11 variables). Data analysis then continued with the identification of impact factors within this data set. For this purpose, we conducted a principal component-based factor analysis, using SPSS (version 27) (see also Backhaus et al., 2018; Brosius, 2018). To this end, we used all valid cases (84 out of 85), and all 11 variables, replacing missing values with variable means. Results showed that this data set is highly suitable for factor analysis, given a Kaiser-Meyer-Olkin measure of .716 and a significant Bartlett test at the 1 percent level (.000). This analysis revealed three impact factors, showing an eigenvalue above 1, and explaining 61.1% percent of the variance between the variables. The corresponding factor scores have been used in the regression analysis (see below).




3.3 Data analysis–Regression analysis on project design and impacts


As a next step of the analysis, we addressed this paper’s key question of how the three identified impact factors are influenced by the 10 design factors comprising citizen characteristics, institutional characteristics, and interaction forms. To this end, we applied linear multiple regression analysis, using SPSS (version 27) (see also Backhaus et al., 2018; Brosius, 2018), based on all 84 cases, and analyzing each impact factor individually. Hence, we estimated three models, with the estimations being based on standardized factor scores (z-factors with mean = 0 and standard deviation = 1), related to the 84 cases. The results show the impact of the (exogenous) design factors on the respective (endogenous) impact factor. The estimated coefficients can directly be compared as beta coefficients (using standardized factor scores for the estimation) and the significance levels show whether the estimates are acceptable. This is the basis for the interpretation of the estimation results. We further calculated the corrected R squared (including significance level) to assess the overall explanatory power of the respective estimation model. The calculated Durban-Watson statistics on error autocorrelation are acceptable.




3.4 Data analysis extended–regression analysis on project design and impacts, including third influencing factors


We tested the stability of the estimation results and the relevance of the third influencing factor by integrating variables on project responsibility and funding agency into the regression model. We proceeded here step by step, to avoid multi-collinearity and to be able to assess the implications for the estimation. This approach yielded four additional estimations for each impact factor, summing up to 12 additional estimations. The analysis shows i) the potential implications on estimation results for the design factors, ii) the relevance of individual third influencing factors, and iii) the potential implications for the overall explanatory power of the estimation model.





4 RESULTS




4.1 Survey results for impact variables


The results of the survey indicate that the projects have been successful with regard to the impact variables, with a median of 4 or above for most variables. However, the results of the survey also reveal variations between the 11 variables. On the upper part of the spectrum, the variable ‘Cost-effectiveness’ has been rated very high (median = 5), which is closely followed by the variables ‘Increase in spatial data’ and ‘Awareness raising’ (both median = 4.5). Further, five variables have been rated as rather successful, including the variables ‘Increase in temporal data’, ‘High-quality data provision’, ‘Knowledge production’, ‘Citizen’s engagement in research’, and ‘Network building’ (all median = 4). On the lower part of the spectrum, three variables were rated moderately, including the variables ‘Citizen’s engagement in politics’, ‘Political decisions advancement’, and ‘Freshwater quality improvement’ (all median = 3). There is also considerable variation between the project answers, with minimum and maximum values ranging between 1 and 5 for all variables, and lower and upper quartiles ranging between 3 and 5 for most of the variables (see Figure 2 and Annex 3 Table 1).
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FIGURE 2 | 
Survey results for impact variables. Depicted are median, minimum, and maximum values, and lower and upper quartiles. Source: Own calculation based on survey data set and descriptive statistics analysis using Excel.






4.2 Identification of impact factors


Impact factors were calculated using factor analysis and were based on the eleven impact variables. The analysis revealed three impact factors, with an eigenvalue above 1, in sum explaining 61.1% of the variance. Impact factor 1 has been denoted as ‘Citizen outcome’, as the factor specifies ‘Outcomes’ according to the conceptual framework presented in Section 2. The factor mainly refers to the variables ‘Citizen’s engagement in research’, ‘Awareness raising’, ‘Citizen‘s engagement in politics’, ‘Advancement of political decisions’, and ‘Network building’. Factor 2 can be best described as ‘Impact chain’ (from data to action), as the factor relates to both ‘Outputs’ and further ‘Impacts’ according to the conceptual framework. This factor mainly refers to the variables ‘Freshwater quality improvement’‚ ‘High-quality data provision’, and ‘Knowledge production’. Correspondingly, factor 3 relates to ‘Data output’ and mainly includes the variables ‘Increase in spatial data’, ‘Increase in temporal data’, and ‘Cost-effectiveness’ (see Table 1 and rotated component matrix in Annex 3 Table 2).





TABLE 1 | 
Identification of impact factors based on factor analysis. Depicted are impact variables with a factor load >.45 in descending order. Source: Own calculation based on survey data set and factor analysis using SPSS.
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4.3 The role of design factors for project impacts


Regression analysis reveals that the design factors affect project results, but that their effects are rather specific and that the overall contribution to project success is limited. Many of the estimated coefficients are close to zero and only eight out of 30 coefficients are significant at a 5% level (with one more coefficient at the limit). The corrected R squared varies between .104 and .281 which is rather low, but significant at a 5% level, clearly indicating that project success will also (and probably more) depend on other variables beyond the design factors. The calculated Durban-Watson statistics on error autocorrelation are acceptable. Hence, the regression analysis does not produce exceptional results, but the estimates are statistically convincing and they provide important insights on the role of design factors on project impacts.

Interestingly, the three impact factors are in part explained by different design factors, with some factors being more prominent than others, and other factors showing no significant effects. Results indicate that the factors ‘Output motivation of institution’ and ‘Outcome motivation of institution’ are the most important design factors, followed by ‘Training and technical support’, ‘Citizen background’, and ‘Extrinsic motivation of citizens’. In contrast, most interaction forms (‘Digital exchange’, ‘Digital exchange 2.0’, ‘Direct exchange’, and ‘Mail exchange’) as well as ‘Problem orientation of citizens’ could not be confirmed as significant design factors. The estimation results are presented in Table 2.





TABLE 2 | 
Linear regression results on the role of design factors for project impacts. Depicted are regression coefficients, with significance levels in brackets (bold numbers indicate a 5% significance level). Source: Own calculations based on survey data set, factor analysis, and regression analysis using SPSS.

[image: Table 2]




4.3.1 Data output estimation


‘Data output’ is not influenced by the design factors, as most coefficients are close to zero and not significant. An exemption is the design factor ‘Output motivation of institutions’, showing a positive coefficient (.303) which is highly significant (.005). Another exemption is the factor ‘Problem orientation of citizens’, also showing a positive impact (.205) which is not significant at the 5% level (.052) but in a two-factor model (.207 (.049)). Taking all 10 factors together, the explained variance is rather low with about 10% (corrected R squared = .104), but also significant at the 5% level (.050).




4.3.2 Citizen outcome estimation


‘Citizen outcome’ is also not influenced by the design factors, as again most coefficients are close to zero and not significant. There are, however, two exemptions. First, and most importantly, the design factor ‘Outcome motivation of institutions’ shows a considerable positive coefficient (.432) which is highly significant (.000). Second, ‘Citizen outcome’ is slightly negatively influenced by ‘Citizen background’ (−.224), which is also significant (.025). Taking all 10 factors together, the explained variance of the impact factor ‘Citizen outcome’ is slightly higher than for ‘Data output’, with an explained variance of about 20% (corrected R squared = .205), which is also significant (.002).




4.3.3 Impact chain estimation


The third impact factor ‘Impact chain’ is slightly more influenced by the design factors, with five out of ten significant positive coefficients at the 5% level. The most important influencing factor is ‘Output motivation of institutions’ (.377 (.000)), followed by the design factors ‘Training and technical support’ (.266 (.006)), ‘Extrinsic motivation of citizens’ (.207 (.029)), ‘Citizen background’ (.204 (.032)), and ‘Outcome motivation of institution’ (.189 (.046)). Overall, the explained variance of the impact factor ‘Impact chain’ is higher than for ‘Data output’ and ‘Citizen outcome’, with an explained variance of about 28% (corrected R squared = .281), which is also significant at the 1% level (.000).





4.4 The role of design factors for project impacts, including third influencing factors


The regression analysis has shown that the impact factors are in part influenced by the exogenous design factors, but to a low degree only with an explained variance of 10%–28%. We, therefore, examine the relevance of third influencing factors, by analyzing i) the potential implications on estimation results for the design factors, ii) the relevance of individual third influencing factors, and iii) the potential implications for the overall explanatory power of the estimation model.

We focus on two potentially key third influencing factors: the responsible institutions and the funding agencies. Responsible institutions can include the individual actors ‘Academic institution’, ‘Non-governmental organization’, and ‘Other responsible institution’, or multiple actors including at least two out of the individual actors mentioned. Funding agencies can include individual funders such as ‘Public agency’, ‘Non-profit organization’, and ‘Other funding institution’, and again a combination of these, including at least two out of the individual institutions mentioned. The role of these third influencing factors has been analyzed following a stepwise approach, integrating responsible institutions and funding agencies separately into the regression model. Furthermore, to avoid multicollinearity, we formulated regression models for individual responsibilities and funding entities and for multiple responsibilities and funding entities, respectively. Hence, a total of 12 additional regression models have been estimated.

Regression analysis reveals that impact factors are only partly influenced by the potential third influencing factors, with only five out of 24 possible significant coefficients at a 5% level. Interestingly, four out of the five significant results refer to the role of funding agencies whereas only one refers to the responsible institutions, hinting at a more significant role of who funds rather than who leads a project. Surprisingly, the sign of several significant (and insignificant) coefficients is negative, suggesting that the impact of the corresponding responsible and/or funding institutions on project success is negative. However, the estimations show that the results concerning the 10 design factors are not strongly affected by the extended regression models. In most cases, the values of the estimated coefficients do not change a lot and the significant estimates are confirmed. This underlines that the estimation results concerning the design factors are robust and trustworthy. Overall, the extended regression models do not strongly contribute to the explanatory power of the model as compared to our analysis based on design factors only. Looking at the change in corrected R squared, an additional explanatory value due to extended modeling likely relates to funding agencies rather than to responsible institutions. These results are specified below as well as in Annex 3 Table 3a-c.



4.4.1 Data output estimation


‘Data output’ is not influenced by third variables, as seven out of 8 estimated coefficients are not significant at a 5% level. An exemption is the third influencing factor ‘Public agency’ [.574 (.034)]. In consequence, the explanatory value of the third influencing factor is only minimal, increasing the explanatory power of a corrected R squared of .104 to a maximum of .169, for the regression model including individual funding agencies. Turning to the role of the potential third variables for the influence of design factors on ‘Data output’, we find that the identified coefficients are further substantiated. In fact, the design factor ‘Output motivation of institutions’ shows a slight increase for most calculations. The design factor ‘Problem-orientation of citizens’ shows a similar pattern, though to a lesser degree.




4.4.2 Citizen outcome estimation


‘Citizen outcome’ is also not influenced by third variables, as seven out of eight coefficients are not significant at a 5% level. An exemption is the third influencing factor ‘Non-governmental organization’ as a responsible institution [−.592 (.029)]. Interestingly, the negative sign suggests a negative impact of this factor on ‘Citizen outcome’. Overall, the explanatory value of the third influencing factor is again minimal, with the analysis of individual responsible institutions increasing the explanatory value from a corrected R squared of .205 to a maximum of .235. Turning to the role of the potential third variables for the influence of design factors on ‘Citizen outcome’, we find that the identified coefficients are further substantiated.




4.4.3 Impact chain estimation


‘Impact chain’ is also not influenced by third variables, although the results are here more diverse. The third influencing factor related to funding shows three coefficients that are significant at the 5% level. Funding through ‘Public agency’ and ‘Non-profit organization’ is negatively associated (−.535 (.029) and −.547 (.040) respectively), whereas the involvement of multiple funding agencies receives a positive coefficient (.445 (.026)). Overall, the explanatory value of the model increased from a corrected R squared of .281 to a maximum of .320 while the involvement of the responsible institutions does not show any of such effects. Turning to the role of the potential third variables for the influence of design factors on ‘Impact chain’, we find again that the identified coefficients are mainly substantiated, with coefficients for design factors ‘Output motivation of institution’, ‘Training and technical support’, ‘Extrinsic motivation of citizens’, ‘Citizen background’, and ‘Output motivation of institution’ changing slightly but staying mostly significant at a 5% level.






5 DISCUSSION


Citizen science can have manifold impacts, triggered by the design of citizen science projects and additional influencing factors. But while many studies have analysed the design effects of citizen science projects, a systematic comparison of impacts and how these are influenced by design was lacking. Our comparative analysis of 85 citizen science projects in the field of water quality monitoring addresses this research gap and reveals specific impact patterns of citizen science projects.



5.1 Discussion of descriptive statistics and factor analysis


First, the results of the descriptive statistics suggest that citizen science projects in the field of water quality monitoring are successful in delivering impacts including data-related outputs, societal outcomes, and further impacts on problem-solving. However, the effects of citizen science projects differ as well, with some project results such as ‘Cost-effectiveness’ in data collection, the ‘Increase in spatial data’ and ‘Awareness raising’ being rated particularly positive, and other project results such as ‘Citizen’s engagement in politics’, ‘Advancement of political decisions’, and ‘Freshwater quality improvement’ being perceived less positively. These results substantiate the increasing body of literature which highlights that citizen science can increase spatial and temporal data and therefore is a valuable approach for addressing the existing lack of water quality and environmental data (Lottig et al., 2014; Breuer et al., 2015; Jollymore et al., 2017; Quinlivan et al., 2020). The results are also in line with citizen science evaluations highlighting the role of citizen science in raising awareness of environmental issues (Chase and Levine, 2016; Brouwer et al., 2018; Peter et al., 2019). The results, however, also question the probability of significant middle to long-term impacts of citizen science projects beyond ultimate data outputs (e.g., Fritz et al., 2019; Fraisl et al., 2020; Fritz et al., 2022; Sauermann et al., 2020).

In the next step, we analyzed how design influences the effects of these citizen science projects based on regression analysis using impact factors and design factors for the projects considered. To this end, we first identified impact factors underlying 11 impact variables for our data set in the field of water quality monitoring. As a result, factor analysis has revealed three impact factors denoted as ‘Data output’, ‘Citizen outcome’, and ‘Impact chain’. These three impact factors empirically substantiate our conceptual approach on impacts comprising ‘Outputs’, ‘Outcomes’, and further ‘Impacts’ as introduced in Section 2. The results are thus mostly in line with recent literature which differentiates impacts of citizen science projects along the chain of effects from more direct effects of data outputs to more indirect effects on citizens’ learning and network building up to political change (Skarlatidou and Haklay, 2021; Wehn et al., 2021). The results particularly substantiate the idea of change through knowledge product development based on citizen science data, since knowledge product development and political advancement are closely connected (Section 4.2). This, in turn, is in line with the environmental change literature, which highlights how citizen science can induce change at the policy level (Fritz et al., 2019; Fraisl et al., 2020; Fritz et al., 2022; Sauermann et al., 2020).




5.2 Discussion of regression analysis related to design effects


When it comes to the key question on the role of design effects for the impacts of water quality-related citizen science projects, we find that design has small but significant effects on impact factors. In terms of ‘Data output’, the identified positive effect of ‘Output motivation of institution’ is comprehensible, as high output motivation may encourage an institution to design the respective project in a way that increases data output. Also, a positive effect of ‘Problem orientation of citizens’ such as the awareness of potentially harmful environmental problems may incentivize citizens to collect data on the quality of water used for drinking or farming.

In terms of ‘Citizen outcome’, a positive effect of the ‘Outcome motivation of institution’ is again comprehensible, as high outcome motivation may encourage institutions to design the respective project in a way that also increases citizen change. The identified negative effect of ‘Citizen background’ (including the educational background) is not necessarily implausible as, e.g., citizens with higher educational levels may already have a certain level of knowledge, which may reduce learning in respective citizen science projects.

In terms of ‘Impact chain’, the identified positive effects of ‘Output motivation of institution’ and ‘Outcome motivation of institution’ fit the above-mentioned results and argumentation that the high motivation of institutions is a key factor for project design and success. The positive impacts of ‘Training and technical support’ as well as ‘Citizen background’ are also comprehensible, given that a high educational background paired with training may increase high-quality data that researchers can use for publications with a high impact on science and society (van der Wal, 2016). On the other hand, the positive effect of ‘Extrinsic motivation of citizens’ is surprising given the argument in the literature that intrinsic motivation is more relevant than extrinsic motivation for sustainable monitoring and public engagement (Lotfian et al., 2020).

Furthermore, the rather low overall role of exchange mechanisms for data transfer, communication, and feedback is surprising, as literature often argues for communication and feedback as well as for specific forms of interaction for inducing change (Le Coz et al., 2016; Ratniecks et al., 2016; Peter et al., 2021). One potential explanation is that different contexts, target groups, and research goals may require different forms of interaction, thus making the actual tools highly context-specific and less generalizable.




5.3 Discussion of regression analysis related to third influencing factors


With regards to the question of the third influencing factor, we found that the institutions responsible for the water quality-related projects or their funding may indeed affect results. Still, these third influencing factors do not contribute significantly to the explanatory power of the estimated model. Also, the results on the role of design factors on project impacts are widely confirmed by the extended analysis.

In terms of ‘Data output’, a positive effect of a ‘Public agency’ may be in line with literature highlighting the role of financial means in monitoring processes, as means to fund technical tools for data collection, human resources for accompanying the monitoring processes scientifically, continuous feedback, etc. (Pateman et al., 2021). One may argue that public authorities can best address these needs for sustainable funding to secure data outputs.

In terms of ‘Citizen outcome’ and change, the negative effect of ‘Non-governmental organization’ as a responsible institution is very surprising, as one may rather expect that NGOs are particularly interested in citizen change and also have the best means to achieve this goal. One potential explanation is that NGOs often implement citizen science projects in regions with high problem pressure, which again may result in a stronger focus on data outputs than on the actual learnings of citizens.

Finally, and with regards to the ‘Impact chain’, the identified negative effects of individual funding by either a ‘Public agency’ or a ‘Non-profit organization’ and the rather strong positive effect of ‘Multiple funding institutions’ suggest that combined funding supports and induces change through a joint and integrated data-to-action approach. Interestingly, project responsibility alone does not significantly affect the ‘Impact chain’, suggesting that either individual (e.g., academic or NGO) or multiple responsibilities (e.g., academic and NGO) can induce change as long as the funding agencies team up in their funding of projects. This slightly questions the argument for joint project governance of science and practice (Sauermann et al., 2020) and may require further research.




5.4 Implications for guiding assumptions on design impacts


The results have implications for the relevance of the two guiding assumptions of this article.

The first guiding assumption related to the type of relationship assumed that different (groups of) design factors influence different (groups of) results. Put differently, assumption one was that results at the output, outcome, and further impact level are influenced by different types of design factors. Based on the results described above, there is evidence to suggest that this assumption is confirmed: While we find relevant design factors (e.g., motivation of institutions) and others that are not relevant (e.g., specific forms of interactions), our analysis reveals significant variations on the role of specific design factors for the different impact factors. For instance, the design factor ‘Output motivation of institution’ influences ‘Data output’ whereas the design factor ‘Outcome motivation of institution’ influences ‘Citizen outcome’. These patterns are rather robust when additional influencing factors of responsible institutions and funding agencies are added to the analysis.

The second guiding assumption regarded the strength of relationships, in which we assumed that design factors influence outputs more rigorously than outcomes and further impacts. Based on our analysis, this guiding assumption has been rejected. While the descriptive analysis revealed higher impact values for outputs and outcomes than for further impact variables, regression analysis showed that design factors as such do not have a stronger effect on outputs than on outcomes and further impacts. In contrast, the explained variance of the impact factor ‘Impact chain’ is higher than for ‘Data output’ and ‘Citizen outcome’ and the regression yields the highest number of significant design factors. This is particularly interesting as it suggests that responsible institutions design projects according to their goals of creating outputs and outcomes, but may have to put additional effort into project design when it comes to creating impact along the impact chain from data to action. The identified role of multiple funding schemes including both non-profit organizations and public agencies as well as the significant design factors including training, citizen background, and diverse motivational aspects may be considered when designing citizen science for change in water monitoring.




5.5 Implications of findings considering potential caveats


Implications of findings considering potential caveats. There are important implications for further water quality-related research and practice. Above all, researchers and practitioners should consider that designing successful citizen science projects is complex and includes a diversity of potential impacts along the results chain and diverse design factors influencing these results. Those involved in project design should therefore allow for enough time to carefully design and discuss project design with those involved. Further, researchers and practitioners should carefully consider which impacts they aim for–from data outputs via societal outcomes to further impacts–as different design factors likely influence different types of impacts. Third, this research also suggests that water quality monitoring projects need to add additional effort to achieve further impacts beyond prominent data outputs and outcomes. Thus, researchers and practitioners who aim for long-term impacts of citizen science projects in the field of water quality monitoring should put special effort into the design phase of projects. To support this process, funding agencies should fund potentially time-intensive design phases in addition to the actual citizen science activity. Also, funding agencies may provide specific decision-support tools on how citizen science projects should be designed according to various goals and contexts to support projects in the environmental sciences. The funding of additional social science expertise in natural science-driven projects is key to designing and implementing impactful citizen science projects beyond the collection of data at a specific moment in time.

There are, however, a few caveats associated with our findings. First, the theoretical framework and the respective survey focused on the effects of specific design factors in the field of water quality monitoring. As such, the framework mainly builds on the respective literature of citizen science in the field of water quality monitoring, in particular, which was increasingly extended to the field of environmental sciences and the science of citizen science in the course of this research. As such, researchers having different foci or starting from different angles may involve alternative categories to define impact or design factors (e.g., Gharesifard et al., 2019a; Wehn and Almomani, 2019; Wehn et al., 2021). Consequently, any comparative analysis of the design effects of citizen science projects has to consider the respective purpose and angle the analysis stems from for drawing conclusions.

Second, the definition and selection of citizen science projects arguably affect the results as well as the transferability of results to other citizen science projects (Eitzel et al., 2017). Likewise, terminologies are constantly evolving and subject to ongoing discussion (Auerbach et al., 2019; Heigl et al., 2019; Haklay M. et al., 2021; Lin Hunter et al., 2023). This study focused on contributory citizen science projects in the field of water monitoring. As such, citizen science projects that are embedded in a more intensive transdisciplinary research process may have stronger effects on real-world problem-solving (Newig et al., 2019; Jahn et al., 2022). Likewise, an analysis of citizen science projects related to other environmental resources (e.g., soil or biodiversity), Sustainable Development Goals and targets (e.g., good ambient water quality vs. forest management), or including further impact domains (e.g., economy) may detect different effects due to alternative problem areas, citizen science practices, and analytical angles (Fraisl et al., 2020; Lee et al., 2020; Wehn et al., 2021).

Third, the background of respondents included in this survey obviously comes with potential biases in terms of the project settings (length of the projects) and regional perspectives (focus on Northern American focus). While these biases have to be considered with caution, we also find that this dataset provides a valuable snapshot of a certain moment in time. In addition, the levels of maturity of projects represented in this study as well as the existing patterns in regional distributions of citizen science projects are typical for water-related citizen science projects. Future studies will have to clarify if and how impact assessments change depending on the various moments in time and additional third influencing factors such as regional or cultural settings. Given frameworks for contextual analysis greatly support respective analyses (Gharesifard et al., 2019a; Gharesifard et al., 2019b). Closely related to this potential bias, the results build on project coordinators’ answers only and may be revised slightly by the involvement of additional perspectives such as the perspectives from other project members, the involved citizens, the funding agencies, or additional stakeholders such as political decision-makers. While including additional perspectives would have been desirable, we argue that project coordinators are best suited to answer design and impact questions based on their central position in complex networks of stakeholders, their role as principal investigators in citizen science projects, and their resulting knowledge about impacts and problems of impact assessments in their given project context (e.g., Sprinks et al., 2021). Also, our quantitative approach including 85 coordinators levels potential biases of individual coordinators.

Fourth, judging impact chains comes along with a substantial level of uncertainty, specifically when it comes to societal outcomes and further impacts. While data outputs in terms of quantity and quality can be judged based on clear criteria and test mechanisms, social outcomes cannot be measured directly but are usually based on surveys amongst participants, observations in projects, and feedback loops, and are thus subject to ongoing methodological discussions (Somerwill and Wehn, 2022). Further impacts are often delayed in time, crystallize far beyond short project durations, and are typically based on additional influencing factors such as interests of diverse actors, political majorities, or path dependencies, just to name a few (Lang et al., 2012; van Noordwijk et al., 2021; Lawrence, et al., 2022). Thus, any judgment of the political impacts of citizen science or other participatory research approaches has to be seen with caution and needs in-depth process tracing in individual cases. These potential uncertainties have always to be considered when judging impact-related research. Still, we argue that our quantitative approach provides robust complementary insights into the design effects of citizen science projects in a field that has been dominated by single case studies and study designs including different operationalizations of impacts and measurement approaches.





6 CONCLUSION


Research and practice often assume that carefully designed citizen science projects can enable change along the results chain–from actual data collection via behavioral change to actual problem-solving. We first substantiate this argument empirically, based on the designs and results of 85 water monitoring projects located in 27 countries around the globe. Our analysis first substantiates our basic assumption that the impact factors ‘Data output’, ‘Citizen outcome’, and ‘Impact chain’ are in part influenced by different types of design factors, amongst which motivational factors are most prominent. Our analysis, however, also questions our second guiding assumption by revealing that design mostly affects the ‘Impact chain’ while ‘Data output’ and ‘Citizen outcome’ are less affected. The inclusion of third variables on institutional responsibility and funding further substantiates these design effects, but also reveals that multiple funding agencies play a significant role in inducing change. In sum, results provide an empirically substantiated and differentiated understanding of citizen science’s impact on change and how this is influenced by design. We, therefore, suggest citizen science projects carefully consider the potential role of design and institutional funding when aiming for impactful citizen science projects as continuously claimed by the global community (A/RES/70/1; HLPF, 2018; UN Water, 2018). We suggest that researchers consider these findings in their water quality monitoring practice and also reflect how these findings apply in various contexts, including various regional settings and in a specific field of practice such as the monitoring of specific types of freshwater, marine water, soil, air, or biodiversity.
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