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Abstract
The field of coral gardening and active restoration has expanded rapidly over the past 2 decades in response to the rapid, global decline of coral reefs. Even with this expansion, the long-term success of coral restoration and ecosystem recovery will still depend on social action to mitigate the local and global stressors plaguing reefs. Rescue a Reef (RAR), a citizen science program, was designed to engage community members and catalyze action through hands-on, experiential opportunities as coral gardeners and restoration practitioners alongside trained scientists. While community-based coral restoration programs can be a powerful platform for education and increase project success, few programs utilize citizen science and even fewer measure and evaluate the long-term impacts of these activities. Here, we describe the benefits of citizen science for coral conservation identified through a mixed methods longitudinal evaluation of RAR after 8 years of citizen science programming. A survey was distributed to all program participants and responses were compared to historical pre-post survey responses of citizen scientists as well as to a control group. We found that despite the passing of time, citizen scientists largely retained their knowledge levels on coral reef-related topics and were significantly more knowledgeable on the topics than a control group. Additionally, RAR successfully developed a strong sense of community, coral stewardship, and program support among its participants. Most importantly, citizen science has the potential to act as a vehicle for positive social change with the majority of participants reporting changes in perceptions (70.5%) and behavior (60.1%) because of their participation in RAR. Thus, the untapped potential of citizen science as a tool for coral reef conservation, restoration, and stewardship must be realized. Furthermore, citizen science projects must embed evaluation in their activities to gather information and evidence on the effectiveness of their activities as well as potential areas for improvement.
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1 INTRODUCTION
Coral reefs are one of the most important ecosystems on our planet. They protect our coastlines, acting as a natural barrier that can mitigate erosion, storm surge, and hurricanes (Ferrario et al., 2014; Beck et al., 2018; Storlazzi et al., 2019). They support biodiversity, serving as refuge, feeding, and/or mating grounds to an estimated 30 percent of all marine species (Fisher et al., 2015). They sustain communities, providing a source of protein for over one billion individuals (Whittingham et al., 2003). Coral reefs also drive economies, supporting important sectors like tourism, recreation, research, and fisheries with the United States’ reefs alone estimated to provide $3.6 billion in goods and services annually (Brander and van Breukering, 2013).
However, coral reefs have experienced dramatic declines in the past 40 years due to both local and global stressors (Bruno and Selig, 2007; De’Ath et al., 2012; Jackson et al., 2014; Lester et al., 2020). Globally, rising ocean temperatures due to anthropogenic greenhouse gas emissions are causing mass coral bleaching events and die-offs with increasing frequency and severity (Manzello, 2015; Hughes et al., 2018). Additionally, these excess emissions are causing increases in ocean acidity, making it more difficult for corals to grow and reproduce (Muehllehner et al., 2016; Richmond et al., 2018; Morris et al., 2022). Locally, coral reefs are being impacted by a combination of pollution, coastal development, overfishing, and disease (Precht et al., 2016; Cunning et al., 2019; Lapointe et al., 2019; Hayes et al., 2022). To address these declines, the field of coral gardening and reef restoration has expanded rapidly in the past 2 decades. There are now hundreds of coral restoration programs that have restored thousands of square meters of degraded reef habitat around the world (Boström-Einarsson et al., 2020).
The field of active coral reef restoration is constantly improving as scientists develop and implement innovative coral restoration tools, techniques, and strategies (Goergen et al., 2020). Recent advances have led to: 1) increased outplanting efficiency and effectiveness (Schopmeyer et al., 2017; Bayraktarov et al., 2020; Unsworth et al., 2021), 2) new species being integrated into gardening and active restoration (Forsman et al., 2015; Page et al., 2018; Rivas et al., 2021), 3) increased success with in- and ex-situ sexual reproduction as a tool to establish gene banks, bolster nursery stocks, and increase genetic diversity of restored populations (Petersen et al., 2006; Hagedorn et al., 2021; Henry et al., 2021; O’Neil et al., 2021), and 4) the identification of more resistant and resilient coral populations, species, and genotypes as well as methods to “harden” individuals to stressors like high light intensity and water temperatures for use in reef restoration (Silverstein et al., 2012; Cunning et al., 2021; Kaufman et al., 2021; DeMerlis et al., 2022). Coral restoration has been shown to significantly increase coral cover and structural complexity of reef restoration sites compared to unrestored sites (Hein et al., 2020). Staghorn coral has been shown to significantly enhance the wave-reducing capacity of a reef for coastal protection benefits (Ghiasian et al., 2021). Restoration has also been shown to significantly increase fish abundance and species richness post-outplanting (Opel et al., 2017). Despite these advancements, the long-term success of coral restoration and reef recovery will depend on social action to mitigate local and global stressors (Hoegh-Guldberg et al., 2019; Boström-Einarsson et al., 2020; Ferse et al., 2021; Kleypas et al., 2021; Suggett et al., 2023). While scientists have been calling for action on these stressors for decades, traditional methods of informing and educating individuals has not translated to meaningful social change (Moser, 2010).
Therefore, in 2015, we developed Rescue a Reef (RAR), a citizen science coral restoration program designed to act as a vehicle for public engagement, education, and social action. Led by coral researchers from the University of Miami, the RAR program hosts field expeditions that provide an educational, experiential opportunity for recreational SCUBA divers and snorkelers to participate directly in coral gardening and reef restoration efforts. Members of the public (“citizen scientists”) work alongside coral scientists helping to maintain nursery structures, collect coral fragments, and outplant colonies to local reef restoration sites while learning about the importance and impact of the activities.
Citizen science is as it sounds: everyday citizens contributing to science. Public participants or volunteers work in collaboration with trained scientists to carry out research, data collection, and/or analysis for a scientific project (Bhattacharjee, 2005; Bonney et al., 2009). Citizen science projects are designed to be symbiotic, providing benefits to both scientists and citizens. Citizen science allows the scientists to advance their projects beyond their own capabilities, and it helps engage the public in science to promote literacy, knowledge, and stewardship (Brossard et al., 2005; Jordan et al., 2011; Crall et al., 2013). Citizen science projects are an ideal fit for scientific endeavors with important environmental and social implications, like coral conservation, because they can directly engage local stakeholders and help foster a sense of identity and connection with the project community over time (Dickinson et al., 2012; Jackson et al., 2015; Bela et al., 2016). This sense of community is critical as social change requires the empowerment of individuals and a shared mission that includes the voices of those impacted (Gruber and Trickett, 1987; Kloos et al., 2012; Bond et al., 2016; Dosemagen and Parker, 2019). Citizens in communities with community-based monitoring tend to be more engaged in local issues, community development, and civic duties (Conrad and Hilchey, 2011). The social impacts of citizen science are not exclusive to the citizens either. A review by Bela et al. (2016) of 14 case studies of citizen science initiatives found that more interactive, hands-on projects were able to facilitate a mutual exchange of knowledge between both the citizens and the scientists. This same review found that citizen science activities also allow scientists to acquire and improve their collaborations skills, a critical development with the growing need for interdisciplinary research to solve today’s complex environmental issues.
Coral restoration has the potential to be a powerful platform for education, stewardship, and conservation strategies (Hein et al., 2019). Community-based participation in coral restoration can promote knowledge gains and strengthen decision-making of participants, and increase the success of overall project activities (Hernández-Delgado et al., 2014; Goergen et al., 2020; Suggett et al., 2023). A review by Hein et al. (2017) of 83 published studies on coral restoration identified six primary objectives, one of which was to “promote coral reef conservation stewardship” as practitioners recognized the need for community education and empowerment. After 2 years of programming, an evaluation of RAR citizen science activities showed that there was no significant difference in the survivorship of corals outplanted by participants compared to corals outplanted by experienced scientists (Hesley et al., 2017). Additionally, retrospective pre-post survey results showed that participants reported a significant increase in coral reef ecology and restoration knowledge following participation in an expedition. However, citizen science practitioners recognize that additional resources must be put into data-driven, measurable projects to assess potential long-term impacts of the activities (Brossard et al., 2005; Bonney et al., 2009; Posavac, 2011; Crall et al., 2013; Bela et al., 2016).
That is what this program evaluation sought out to do. As a community-based program, we have a responsibility to ourselves and the communities we serve to formally evaluate our activities and ensure we are reaching desired outcomes and realizing impact (Bela et al., 2016). Community-based program evaluation is a critical process that involves assessing the effectiveness, efficiency, and impact of the activities that the program is designed to address (O’Leary, 2005; Frechtling, 2007; Gill, 2010; Posavac, 2011). The RAR program was designed to raise awareness, develop a sense of community, and foster coral stewardship among its participants. After 8 years of citizen science activities, we launched a mixed-methods longitudinal evaluation using quantitative and qualitative data to better understand RAR’s progress and the potential long-term impacts and benefits of the program.
To guide our evaluation, we used our RAR program’s Logic Model (Supplementary Figure S1) as a framework. A Logic Model is a tool that describes an organization’s theory of change underlying an intervention and outlines a project through four basic components: 1) inputs, or the resources that are brought to the project, 2) activities, or the actions that are undertaken by the project to bring about desired outcomes, 3) outputs, or the immediate results of an action, and 4) outcomes, or the changes that occur showing progress toward achieving the ultimate objectives and goals of the program (Frechtling, 2007). Logic Models can provide the scaffolding for a program evaluation by helping define and clarify what should be measured and when.
The RAR program’s Logic Model helped establish the following guiding questions:
1) Have we fostered a sense of community and stewardship among participants?
2) Have knowledge levels changed over time?
3) Have perceptions and/or behaviors changed over time?
4) Was the evaluation process beneficial?
In 2017, an evaluation of the RAR program established that citizen science benefits coral reef restoration activities (Hesley et al., 2017). Despite this, few coral restoration projects integrate citizen science into their activities and even fewer evaluate the long-term benefits. With these things in mind, we launched another evaluation to understand the potential latent social impacts on individuals in relation to our RAR citizen science activities. Our priority was to self-reflect, assess, and adapt in hopes of improving our activities and communicating the lessons that we have learned. Here, we describe our RAR program’s outcomes, effectiveness, and impact.
2 MATERIALS AND METHODS
To formally assess the potential educational and behavioral impacts of our citizen science program, a mixed methods longitudinal evaluation of RAR was carried out. This included a within-group evaluation (i.e., reviewing retrospective pre-post surveys of the RAR program participants immediately following an expedition and again 1+ years later) and a between-group evaluation (i.e., establishing a control group to act as a baseline for comparison). As a community-based program, RAR’s participants are one of the most inexpensive, accessible, and accurate data sources available and were therefore a priority of the evaluation (Posavac, 2011). There are limitations to only evaluating within-group information (e.g., sampling bias, reactive measures) so this assessment was anonymous and included multiple measures (i.e., a control group, mixed methods) to improve the validity of the evaluation.
The longitudinal evaluation was completed using a survey instrument developed in alignment with the NOAA Coral Reef Restoration Monitoring Guide sociocultural performance metrics (Goergen et al., 2020) (Supplementary Figure S2). The survey instrument was designed using Qualtrics and distributed via email to every individual who had previously participated in an RAR citizen science coral restoration expedition. The survey link was also shared on RAR’s social media platform in case past participants no longer used or monitored their email. The timing of survey distribution (August 2021) gave us a unique opportunity to evaluate the long-term impacts of the citizen science activities as around a year had passed since RAR last hosted an expedition due to the COVID-19 pandemic. Hereafter we therefore refer to this group of individuals as “latent-expedition” or simply “latent” citizen scientists because of the time that had passed and the potential for enduring impacts.
This new longitudinal evaluation survey instrument was structured to mirror the standard survey that is distributed to participants immediately after the completion of each RAR citizen science expedition. Rescue a Reef expeditions feature a 30-min educational lecture and tutorial as well as hands-on coral husbandry and reef restoration activities within Miami-Dade County, Florida as described by Hesley et al. (2017). The standard survey shared after these expeditions has a retrospective pre-post format and consists of questions to assess Likert scale knowledge levels for both before (pre-) and immediately after (post-) restoration expeditions. Historical survey responses collected from individuals following participation in an expeditions between 2015–2020 were used for analyses here when applicable. This group contained both “pre-expedition” and “post-expedition” data due to the nature of the retrospective pre-post survey instrument, despite this survey only being distributed to individuals after participation in an expedition.
To establish a “control” group and create baselines for comparison, the latent-expedition citizen science survey instrument was modified slightly and distributed to individuals who had never interacted with our RAR program before (Supplementary Figure S3). This survey instrument was distributed by Qualtrics to a stratified random sample of Florida residents 18 years of age or older. Both the latent group and control group surveys were distributed in August 2021. All groups were informed that the surveys were voluntary and anonymous, and were designed solely for the purpose of evaluating the potential impacts of our activities as well as areas for improvement. For these reasons, the University of Miami determined that this project evaluation did not constitute human subject research requiring IRB review.
2.1 Survey design
The surveys consisted of multiple choice, Likert scale, rank order, and open-ended questions, dependent on what was being assessed (Supplementary Figure S2, S3). In brief, the questionnaires were designed to capture information on 1) demographics, 2) knowledge levels (perceived and realized), 3) program support, and 4) reported changes in perceptions and/or behavior, to empirically evaluate the sociocultural impacts associated with coral restoration projects (Goergen et al., 2020).
The demographics portion of the survey captured age, residency, education, level of engagement with RAR, among other things. The second section assessed their perceived knowledge levels on coral reefs, threats they face, and tools available for conservation as well as their confidence in communicating these topics to others via Likert scale and rank order questions. The third section sought to evaluate overall program belongingness and support. The fourth section aimed to determine their realized knowledge levels on the aforementioned topics via open-ended questions which can create rich opportunities for discovery of new concepts (Gioia et al., 2013). The final section aimed to assess reported changes in respondents’ perceptions of coral reefs and/or behavior changes resulting from interacting with RAR as well as suggestions for improving our program.
2.2 Survey analysis
For each data set we removed individuals who completed less than 70% of the survey questions. We also removed individuals who we confirmed used online searches to populate their open-ended question responses (i.e., “cheated”). For the latent-expedition survey, we removed 39 individuals who indicated that they had not participated in an RAR expedition, likely a result of misunderstanding the instructions, as we were specifically assessing the impact of those who participated in the citizen science activities. We also removed those whose first expedition took place within a year of the latent survey distribution as they are more comparable to the retrospective post-expedition group than the rest of the latent-expedition group. For the control survey, Qualtrics quality checked the data to filter out bots and duplicates, and flagged responses that appeared insincere due to quick survey completion time/rushed responses or responses not based on the question or topic at hand. We reviewed these flagged individuals and agreed with the Qualtrics consensus, deleting them in addition to a few other low-quality responses.
All statistical analyses were conducted in R Studio Version 1.3.959. Shapiro tests were used to determine if the Likert-scale self-reported knowledge levels on coral reef-related topics were normally distributed across groups, and all mean comparison analyses required nonparametric tests. We did not use single 3-way means comparisons to compare knowledge levels between the control, post-expedition, and latent-expedition groups, as the post- and latent-expedition groups are more related from being drawn from the same population of RAR citizen scientists. We instead used separate Mann-Whitney U tests to compare 1) control to pre-expedition, 2) control to post-expedition, 3) control to latent-expedition, and 4) post- to latent-expedition separately. Histograms were used to assess if the shape of the knowledge level distributions were similar enough between groups to allow for interpretation of results as [non]significant differences between mean ranks. Knowledge level distributions were only similar enough across groups for survey questions about reef status and reef threats to warrant the interpretation of results as significant differences in mean ranks. Due to the variable distributions of Likert knowledge levels of reef ecology and conservation tools, we interpret these significant differences as stochastic dominance. Changes between pre-expedition and post-expedition Likert-scale responses were not statistically analyzed as these were the primary focus of a past evaluation (Hesley et al., 2017).
We also used Mann-Whitney U tests to compare the Likert-scale confidence communicating about coral reefs, comfort contacting “key coral reef organizations” (control) or “Rescue a Reef” (latent-expedition), and likelihood of supporting “coral conservation” (control) or “Rescue a Reef” (latent-expedition) in additional ways between 1) latent and control groups and 2) total number of RAR trips, as Shapiro tests and visualizations indicated distributions were significantly different from normal. Total number of RAR expeditions were pooled into groups representing 1 or 2+ expeditions due to small sample sizes. Questions about comfort communicating, contacting, and supporting RAR in additional ways were not asked in the retrospective pre-post survey and therefore these analyses did not include the immediate post-expedition group. The distributions of the results were similar enough between total RAR trip groups for all three questions and were similar enough for communication confidence between latent and control surveys, to warrant interpretation of results as a significant difference between mean ranks. The other comparisons must be interpreted as stochastic dominance.
We used chi-square tests to explore the influence of survey group on the ranking of coral reef conservation activities between control and latent groups, but not the post-expedition group as this question was not asked in the retrospective pre-post survey. We first did a frequency analysis of the top ranked item between groups, excluding fisheries management as a solution due to low expected frequency. Then for addressing climate change, coral reef restoration, and managing land-based pollution, we compared the frequency of respondents who assigned these actions the highest rank of 1, versus any lower rank (2+), between control and latent groups.
For the open-ended question responses, a blended approach of inductive and deductive coding was used to ensure we both gave voice to the respondents and stayed attuned to existing theories, respectively (Gioia et al., 2013; Elliott, 2018; Skjott Linneberg and Korsgaard, 2019). Three cycles of qualitative analysis to translate the various responses into specific codes were completed. The first-order analysis is meant to adhere to the phrases or terms used by the respondents themselves and can produce anywhere from 10 to 100 first-order categories. The categories that emerged were then reviewed and distilled into a more manageable number of themes reflective of the literature for second-order analysis. Completing the second cycle of coding with the second-order themes helped solidify the final codes to be used for analysis. The third and final cycle of analysis determined the response code as well as the total number of coded responses provided by each individual. Each unique response was only included in the single, most relevant theme. The open-ended question themes, codes, and code acronyms can be viewed in Table 1.
TABLE 1 | Resultant codes and themes produced from coding of open-ended question survey responses to (A) “What are the largest issues facing coral reefs?”, (B) “What ecosystem services to coral reefs provide?”, and (C) “Can you please describe what behavior/action(s) have changed (because of your interaction(s) with Rescue a Reef)?”.
[image: Table 1]Chi-square tests were used to determine if there were significant associations between survey groups and frequency of the coded responses provided for both the ecosystem services and largest issues facing coral reefs. These analyses were run separately between 1) control and post-expedition, 2) control and latent-expedition, and 3) post- and latent-expedition, rather than running 3-way comparisons among the survey groups, as post- and latent-expedition groups are more related. McNemar tests could not be used to compare post and latent groups as this data is not paired due to the voluntary and anonymous nature of the surveys. Ecosystem services were only compared between control and latent groups as that question was not asked in the retrospective pre-post survey. Analyses were run separately for each service and threat category to avoid violating the assumption of mutual exclusivity, as several respondents listed more than one threat and/or service. We ran these analyses for the four most common threat categories (Pollution, Climate change, Ocean warming, and Humans) and all ecosystem services except for Medicine to avoid violating the assumption of expected values exceeding 5 in at least 80% of the cells.
We were also interested in comparing the total number of coral reef services and threats listed by survey respondents between surveys. To do so, Shapiro tests were used to determine if the number of coral reef services and threats listed were normally distributed across groups, and all mean comparison analyses required nonparametric tests. A Mann-Whitney U test was used to compare the number of ecosystem services listed between control and latent groups, but not the immediate post-expedition group as this question was not asked in the retrospective pre-post survey. The knowledge of threats question was asked in all three surveys, but as in the knowledge-level analyses, we did not use a single 3-way means comparison of number of threats listed between the control, post-expedition, and latent-expedition groups, because the post- and latent-expedition groups are more related. Therefore, we again used separate Mann-Whitney U tests to compare the number of threats listed between 1) control to post-expedition, 2) control to latent-expedition, and 3) post-to latent-expedition. Again, variance tests and histograms were used to assess if the shape of the distributions of number of threats and number of services listed were similar enough across groups to allow interpretation of results as [non]significant differences between mean ranks. We also used this same procedure to compare number of threats and services listed between individuals who had been on one RAR trip versus two or more trips. The variances of the number of services and the number threats listed between 1 RAR trip and 2+ RAR trips, and the number of threats listed between post- and latent-expedition groups were similar allowing interpretation as [non]significant differences in mean ranks for these comparisons. Finally, we used a chi-square analysis to determine if total number of RAR expeditions influenced whether an individual changed (i.e., binary Yes/No response) their perceptions and behaviors because of their interactions with RAR.
3 RESULTS
We received 159 responses from the latent-expedition survey, 239 responses from the control survey, and had 263 responses available from the historical retrospective pre-post surveys (meaning we had 263 paired pre-expedition and post-expedition responses). After accounting for inconsistencies described previously, the final data set used for evaluation consisted of 95 latent-expedition responses, 209 control responses, and 253 pre-post expedition responses. However, not all questions received a response from every respondent as the entire survey was voluntary, and thus these samples sizes varied by question. Power analyses conducted in RStudio package “pwr” using a significance threshold of 0.05, power of 0.9, and effect sizes based on the data from Hesley et al. (2017) indicated that our sample sizes were sufficient for statistical analyses.
3.1 Demographics
Education levels between our latent citizen scientists and control population differed, but both groups’ age range and occupation were similar. Only 1.1% of our latent citizen scientists reported “High school graduate, diploma, or equivalent” as their highest level of education whereas this constituted 28.7% of our control respondents (Supplementary Table S1). The largest proportion (41.1%) of latent citizen scientists were >45 years old with 25–34 years old comprising the next largest proportion (28.4%). Our control respondents’ ages were very comparable, with most (45.7%) being >45 years old and 25–34 years old as the next largest proportion (24.3%). When asked “Is your schooling and/or job directly related to environmental research, conservation, education, advocacy, policy, or similar?” the majority of latent citizen scientists (64.2%) and control respondents (82.3%) answered “No”. When asked if they were a current resident of South Florida., 82.1% of citizen scientists answered “Yes”. We did not ask this question to our control respondents as being a Florida resident was a requirement for survey eligibility. Similarly, all latent citizen scientists had participated in RAR so, control respondents were asked “Have you participated in an environmental citizen science project before?” and 12.0% answered “Yes”. The majority of the control group were not SCUBA divers (89.5%), and most latent citizen scientists had been on more than 50 dives (42.7%), with having logged 1–10 dives comprising the next largest proportion (29.3%).
Looking specifically at our latent citizen scientist audience, we asked how long it had been since they first interacted with our RAR program. There was a tie, with most respondents reporting that it had been either 2 or 3 years (both 35.8%) (Supplementary Table S2). We also asked “How have you interacted with Rescue a Reef?” (i.e., social media, public event, citizen science expedition) and prompted them to check all that apply. Excluding participation in an expedition (as this audience was specific to past participation), the largest proportion of additional program interaction was through social media (42.1%) followed by being an email subscriber (30.5%), presentation attendee (24.2%), donor (22.1%), and public event attendee (18.9%). We also asked how long it had been since their last RAR expedition, and most respondents (48.4%) indicated 2 years. When asked how they participated during their RAR expedition(s), majority (81.1%) of latent citizen scientists answered “SCUBA diver”. When asked how many expeditions they have participated in total, majority (65.3%) answered that they had participated in one, 18.9% in two, 10.5% in three, and 5.3% in four or more. When asked if they were interested in participating in future RAR expeditions, majority (94.7%) answered “Yes”.
3.2 Perceived knowledge levels
To assess how perceived knowledge levels on coral reef status, ecology, threats, and tools for conservation may have varied depending on group identity and time point, we compared survey scores between control, pre- and post-expedition, and latent-expedition respondents (Figure 1). There was no significant difference in perceived coral reef status between post- and latent-expedition respondents (mean = 2.4 ± 0.9, mean = 2.2 ± 0.7, respectively), but pre-, post-, and latent-expedition means were significantly lower than control response means (mean = 2.7 ± 0.9) (Mann-Whitney U, p < 0.001) (Supplementary Table S3). Pre-, post-, and latent-expedition respondents reported having significantly higher knowledge levels on coral reef ecology (mean = 3.0 ± 1.2, mean = 3.8 ± 0.9, mean = 3.2 ± 1.1, respectively) when compared to the control group means (mean = 2.3 ± 1.1) (Mann-Whitney U, p < 0.001). However, latent-expedition perceived knowledge levels of status were significantly lower than post-expedition respondents (Mann-Whitney U, p < 0.001). There was no significant difference in perceived knowledge levels of threats to coral reefs between control and pre-expedition citizen scientists (mean = 2.8 ± 1.2, mean = 2.7 ± 1.2, respectively) nor between post- and latent-expedition citizen scientists (mean = 3.6 ± 0.9, mean = 3.7 ± 0.9, respectively), but both post and latent groups again had significantly higher means than control response means (mean = 2.8 ± 1.2) (Mann-Whitney U, p < 0.001). Lastly, pre-, post-, and latent-expedition respondents reported having significantly higher knowledge levels on tools available for coral conservation (mean = 4.4 ± 0.9, mean = 4.7 ± 0.6, mean = 3.1 ± 0.9, respectively) when compared to the control group means (mean = 2.4 ± 1.1) (Mann-Whitney U, p < 0.001). However, latent-expedition perceived knowledge levels were again significantly lower than post-expedition respondents (Mann-Whitney U, p < 0.001). While the means of the control group and pre-expedition group were significantly different for coral reef status, ecology, and tools for conservation, the groups compared similarly as both identified reef status as below average (mean ≤3) and identified themselves as average-below average in coral ecology (mean ≤3). Additionally, their means for knowledge on threats facing coral reefs were not significantly different.
[image: Figure 1]FIGURE 1 | Averages (±S.D.) of Likert-scale responses to survey questions assessing perceived knowledge levels on coral reef (A) status, (B) ecology, (C) threats, and (D) conservation tools across groups/time points (i.e., pre-expedition, post-expedition, latent-expedition).
To assess perceptions on coral conservation actions, we asked both our control group and latent citizen scientists to rank a set of solutions adapted from Kleypas et al. (2021) in order of importance (1 = most important, 6 = least important) (Figure 2). There were six solutions presented to the respondents: land-based pollution reduction, coral reef restoration, addressing climate change, marine protected areas, public education and stewardship, and fisheries management. The top ranked coral conservation action was significantly dependent upon survey group (Chi-square, χ2 = 49.45, p < 0.001) (Supplementary Table S4A). Addressing climate change was ranked as the most important action by the majority (55.8%) of latent citizen scientists and was significantly more likely to be assigned a rank of 1 versus any lower value (2+) by the latent group (Chi-square, χ2 = 34.306, p < 0.001), whereas it was the third most important action according to the control population (mean = 3.3 ± 1.7). Land-based pollution reduction was the second most important action according to latent citizen scientists (mean = 2.8 ± 1.3). Most control respondents (30.1%) ranked land-based pollution reduction as the most important action and were significantly more likely to assign pollution reduction the highest rank of 1 versus any lower value (2+) (Chi-square, χ2 = 9.763, p < 0.05) (Supplementary Table S4B). The control group was also significantly more likely to assign reef restoration a rank of 1 versus any lower value (2+) (Chi-square, χ2 = 11.635, p = 0.001). When considering the mean rank values, coral reef restoration was the top priority for control respondents (mean = 2.5 ± 1.3) and land-based pollution was second (mean = 2.6 ± 1.5). Latent citizen scientists ranked coral reef restoration third (mean = 3.5 ± 1.5), public education and stewardship fourth (mean = 3.7 ± 1.8), marine protected areas fifth (mean = 3.9 ± 1.3), and fisheries management sixth (mean = 4.9 ± 1.4). Control respondents also ranked fisheries management sixth but re-prioritized fourth and fifth.
[image: Figure 2]FIGURE 2 | Proportion of survey respondents that ranked various coral conservation activities in order of importance from 1 (most important) to 6 (least important), compared between the control and latent citizen scientist group.
3.3 Knowledge levels
To assess knowledge levels on the issues facing coral reefs as well as the ecosystem services they provide, we asked both our control group and latent citizen scientists to provide specific examples through open-ended questions. We were also able to source survey responses from post-expedition citizen scientists on the topic of coral reef threats but not services.
When asked “What ecosystem services do coral reefs provide?“, the greatest proportion of both the control group and latent-expedition respondents answered habitat (HOM) (26.3% and 46.3%, respectively) (Figure 3A). A high proportion (45.3%) of latent-expedition respondents also answered coastal protection (PRO), followed by supporting food webs (FF) (20.0%) and providing food for humans (EAT) (16.8%). No other response was above 15%, and 25.3% could not produce an answer. After habitat for marine organisms, the control group said coral reefs support biodiversity (BIO) in the next highest proportion (18.2%). No other response was above 15%, and 22.0% could not produce an answer. Comparing between groups, the frequency of a service being listed by latent citizen scientists was significantly higher for habitat, coastal protection, human food source, economic driver (DOL), and nursery (NUR) (Figure 3A) (Chi-square, χ2 = 11.896, p < 0.001, Chi-square, χ2 = 66.251, p < 0.001, Chi-square, χ2 = 8.54, p < 0.05, Chi-square, χ2 = 14.96, p < 0.001, Chi-square, χ2 = 16.99, p < 0.001, respectively) (Supplementary Table S5A). The frequency of a service being listed by the control group was significantly higher for biodiversity and oxygen (OXY) as well as for wrong answers (WR) (Chi-square, χ2 = 3.79, p = 0.05, Chi-square, χ2 = 4.698, p < 0.05, Chi-square, χ2 = 5.41, p < 0.05, respectively). The frequency of food webs and water filtration (CLN) being listed as well as the frequency of no services listed (NR) was independent of survey group (Chi-square, χ2 = 3.41, p > 0.05, Chi-square, χ2 = 0.33, p > 0.05, Chi-square, χ2 = 0.39, p > 0.05, respectively). Our retrospective pre-post expedition survey does not include this question so their knowledge levels on this topic could not be assessed.
[image: Figure 3]FIGURE 3 | (A) Proportion of survey responses across groups/time points mentioning each theme to open-ended questions on ecosystem services provided by coral reefs: 1) HOM = habitat, 2) PRO = coastal protection, 3) NR = no response, 4) FF = food webs, 5) BIO = biodiversity, 6) EAT = human food source, 7) CLN = water quality, 8) DOL = economic driver, 9) WR = wrong, 10) NUR = nursery, 11) OXY = oxygen, 12) MED = medicine. Single asterisks (*) indicate a significant relationship between frequency of the category listed and survey group (control versus latent) per Chi-square analyses. (B) Proportion of survey responses across groups/time points mentioning each theme to open-ended questions on largest issues facing coral reefs: 1) POL = pollution, 2) CC = climate change, 3) OW = ocean warming, 4) HUM = humans, 5) NR = no response, 6) OA = ocean acidification, 7) DIS = disease, 8) OF = overfishing, 9) LOE = lack of education, 10) POP = population scarcity. Single asterisks (*) indicate a significant relationship between frequency of the threat listed and control versus post-expedition groups, and double asterisks (**) indicate a significant relationship between the threat listed and both 1) control versus post-expedition groups and 2) control versus latent-expedition groups. “NA” labels indicate that expected values were too small to run Chi-square analyses.
When asked “What are the largest issues facing coral reefs?”, majority (55.6%) of post-expedition respondents answered pollution (POL) whereas most (48.4%) of the latent-expedition citizen scientists said ocean warming (OW) specifically (Figure 3B). The greatest proportion (40.2%) of the control group also felt pollution was one of the largest threats facing reefs. Post-expedition respondents then answered climate change (CC) in the second highest proportion (41.7%) followed by ocean warming (36.1%) more specifically and then humans (HUM) (29.2%). No other response was above 20%, and 16.7% could not produce an answer. After ocean warming, latent-expedition answered climate change (45.3%), pollution (42.1%), humans (29.5%), and ocean acidification (OA) (22.1%) in the highest proportions. No other response was above 20%, and 17.9% could not produce an answer. After pollution, the control group said humans were the largest issue facing coral reefs (30.1%). No other response was above 20%, and 15.8% could not produce an answer. Comparing between control and post-expedition respondents, the frequency of a threat being listed by post citizen scientists was significantly higher for pollution, climate change, and ocean warming (Chi-square, χ2 = 5.127, p < 0.05, Chi-square, χ2 = 31.427, p < 0.001, Chi-square, χ2 = 32.340, p < 0.001, respectively) but not for humans (Chi-square, χ2 = 0.024, p > 0.05) (Supplementary Table S5B). Comparing between control and latent-expedition groups, the frequency of a threat being listed by latent citizen scientists was significantly higher for climate change and ocean warming (Chi-square, χ2 = 43.375, p < 0.001, Chi-square, χ2 = 64.523, p < 0.001, respectively), but not for pollution nor humans (Chi-square, χ2 = 0.09905, p > 0.05, Chi-square, χ2 = 0.014, p > 0.05, respectively) (Supplementary Table S5C). The frequency of no threats listed (NR) was independent of survey group (Chi-square between control and post, χ2 = 0.03, p > 0.05, control and latent, χ2 = 0.21, p > 0.05, post and latent, χ2 = 0.04, p > 0.05). Comparing threat frequencies between post- and latent-citizen science groups did not produce significant results (Supplementary Table S5D).
Counting the total number of responses provided allowed us to assess the breadth as well as the depth of their knowledge levels. When asked about the ecological services coral reef provide, latent citizen scientists were able to provide significantly more answers than the control group (mean = 1.9 ± 1.5, mean = 1.1 ± 0.8, respectively) (Mann-Whitney U test, p < 0.001) (Supplementary Table S6A). While majority (57.9%) of latent-expedition citizen scientists produced two or more answers, only 23.4% of the control group was able to (Figure 4A). Majority (55.0%) of the control group produced one answer. The total number of services listed was not significantly dependent upon how many RAR expeditions (one versus 2+) an individual had participated in (Mann-Whitney U test, p > 0.05) (Supplementary Table S6A).
[image: Figure 4]FIGURE 4 | Proportion of the total number of accurate responses provided by survey respondents to open-ended questions on both (A) ecosystem services provided by coral reefs and (B) largest issues facing coral reefs compared between survey groups/time points.
When asked about the issues facing coral reefs, both post- and latent-expedition citizen scientists were able to provide significantly more answers (mean = 2.2 ± 1.4, mean = 2.4 ± 1.8, respectively) than the control group (mean = 1.1 ± 0.7) (Mann-Whitney U test, p < 0.001) (Supplementary Table S6B). The greatest proportion of both the post-expedition (34.7%) and latent-expedition (24.2%) citizen scientists produced three threats facing coral reefs whereas majority (58.9%) of the control group only produced one answer (Figure 4B). Furthermore, majority of both post-expedition (70.8%) and latent-expedition (68.4%) respondents produced two or more answers, while only 25.4% of control respondents were able to. The total number of RAR expeditions an individual participated in (one versus 2+) did not significantly impact the number of issues listed by latent citizen scientists (Mann-Whitney U test, p > 0.05) (Supplementary Table S6B).
3.4 Social change
When asked how confident participants are in their ability to communicate coral reef-related topics to others on a scale of 1 = Not very to 5 = Very, latent citizen scientists were significantly more confident than the control group (mean = 3.3 ± 1.1, mean = 2.6 ± 1.3) (Mann-Whitney U test, p < 0.001) (Supplementary Table S7A). Nearly half (42.7%) of latent citizen scientists felt confident in their communication skills compared to only 24.9% of the control group (Figure 5A). Furthermore, only 2.2% of the latent group said they were “not very” confident in their abilities whereas 23.9% of the control group felt this way. Interestingly, individuals who had been on 2 or more RAR expeditions were significantly more confident in their ability to communicate on coral reef-related topics compared to individuals who had only been on one trip (Mann-Whitney U test, p < 0.05) (Supplementary Table S7B).
[image: Figure 5]FIGURE 5 | Averages (±S.D.) of Likert-scale surveys response across (A) groups and (B) total number of Rescue a Reef expeditions participated in for (i) comfort communicating coral reef-related topics to others, (ii) comfort reaching out to Rescue a Reef/coral conservation organizations, and (iii) likelihood of supporting Rescue a Reef/coral conservation organizations in additional ways. Letter annotations indicate a significant relationship between survey groups/number of RAR expeditions and Likert-scale responses per Mann-Whitney U tests.
When asked how comfortable they feel reaching out to “key coral reef organizations” (control) or “Rescue a Reef” (latent-expedition) if they have a question, latent citizen scientists were significantly more comfortable than the control group (mean = 4.1 ± 1.0, mean = 3.2 ± 1.3) (Mann-Whitney U test, p < 0.001) (Supplementary Table S7A). Majority (70.5%) of latent citizen scientists felt comfortable contacting RAR with 46.3% saying they were “very” comfortable, whereas 41.6% of the control group felt they could reach out to another similar coral conservation organization with only 19.6% saying they were “very” comfortable (Figure 5A). Conversely, only 1.1% of latent citizen scientists said they were “not very” comfortable reaching out to RAR. Notably, individuals who had been on 2 or more RAR expeditions were significantly more comfortable reaching out compared to individuals who had only been on one (Mann-Whitney U test, p < 0.05) (Figure 5B) (Supplementary Table S7B).
When asked how likely they are to support “coral conservation” (control) or “Rescue a Reef” (latent-expedition) in additional ways (i.e., volunteering, donating, advocating), latent citizen scientists were again significantly more likely to compared to the control group (mean = 4.2 ± 0.9, mean = 3.3 ± 1.2) (Mann-Whitney U test, p < 0.001) (Supplementary Table S7Aa). Majority (75.5%) of latent citizen scientists said they were likely to support RAR in additional ways with over half (52.1%) saying they were “very” likely to, whereas only 20.1% of the control group said they were “very” likely to support a coral conservation organization (Figure 5A). Zero percent of latent citizen scientists said that they were “not very” likely to support RAR again, and only 3.2% said they were unlikely to. Likelihood of supporting RAR in additional ways was not significantly impacted by number of RAR expeditions (Mann-Whitney U test, p > 0.05) (Figure 5B) (Supplementary Table S7B).
To determine our program’s impact on citizen scientists 1+ years after they participated in our coral restoration expedition, we asked them to candidly reflect on if and how their perceptions and behaviors changed because of RAR. When asked “Have your perceptions of coral reefs changed because of your interaction(s) with Rescue a Reef?”, majority (70.5%) of latent citizen scientists answered “Yes” and 26.3% answered “No” (3.2% did not answer). Those who answered yes were asked to describe what perception(s) have changed. A few common themes emerged such as a realization of the importance of corals:
“When you are able to hands-on interact with coral you begin to understand how the coral is extra special/unique and when placed within its ecosystem how it serves the piece of the larger picture,”
“I have an even greater appreciation for our reefs than I had before and I want to help make a difference,”
“Made me more aware of importance of reefs as well as impact from global warming on reefs (and thus I did more research) … Participating in reef restoration made me feel more connected and protective of reef ecosystems,”
“Increased appreciation for the importance of a healthy reef system and our ability to restore and grow reefs in affected areas,”
The need for action to through advocacy and stewardship:
“[My perceptions] changed in a way that we must continue to strongly advocate for our oceans the same way we do for other issues that exist in our society,”
“I’ve realized the reefs need more attention than I was aware of, and that we can all make changes that will help,”
“How important we humans are to protect the coral reefs,”
And a newfound hope for their future:
“Prior to participating, I had very little knowledge of coral restoration–I now feel more hopeful about our collective ability to help restore reef ecosystems,”
“I better understand how coral reefs support not only life in the ocean, but how they also support life on land by providing habitat for our food and protection of our coastlines. Rescue a Reef taught me tangible ways to help and support reef health and provides hope for the future,”
“I have more hope for the future of coral reef health and conservation.”
When asked “Have your behaviors/actions changed because of your interaction(s) with Rescue a Reef?”, the majority (61.1%) of latent citizen scientists answered “Yes” and 34.7% answered “No” (4.2% did not answer). Those who answered yes were asked to describe what behavior/action(s) have changed. Most (35.2%) responded that they were better advocates for coral reefs (COMM) following their experience with RAR (Figure 6). This included increased communication, advocacy, and knowledge-sharing with others. The next most common behavioral change was living an eco-friendlier lifestyle (ECO) with 18.5% of respondents. This included answers related to lowering their carbon footprint, choosing more eco-friendly products and brands, and increased conscientiousness on sustainability. Latent-expedition citizen scientists also reported volunteering (VOL) (16.7%), reducing, reusing, and recycling (RRR) (13.0%), and reef-safe sunscreens (SUN) (16.7%) as new behaviors taken up because of interacting with RAR. It should be noted that roughly one-fifth (20.4%) of those who reported a behavior/action change did not provide a response (NRL), negatively skewing the other categories’ proportions. Nonetheless, of those who reported a behavior/action change, 31% listed two or more changes.
[image: Figure 6]FIGURE 6 | Proportion of latent citizen scientist survey responses mentioning each behavioral theme that changed because of their interaction(s) with Rescue a Reef: 1) COMM = advocacy, NRL = no response listed, ECO = eco-friendly life choices, SUN = reef-safe sunscreens, VOL = volunteering, DIVE = responsible diving habits, RRR = reduce/reuse/recycle, FISH = responsible fishing/boating habits.
The total number of RAR expeditions had a significant influence on perception change, with individuals who had participated in 2 or more excursions indicating that their perceptions had changed as a result of interacting with RAR (Chi-square, χ2 = 5.89, p < 0.05) (Figure 7A). There was no significant association between reported behavior change (Yes/No) and total number of RAR expeditions one had participated in (Chi-square, χ2 = 0.796, p > 0.05) (Figure 7B).
[image: Figure 7]FIGURE 7 | Proportion of survey respondents that indicated if they changed their (A) perceptions and (B) behaviors/actions because of their interactions with Rescue a Reef. Letter annotations indicate a significant relationship between number of Rescue a Reef expeditions and change (Yes/No) per Chi-square analysis.
4 DISCUSSION
This longitudinal evaluation of the RAR citizen science coral restoration program serves as an important first attempt to assess the long-term impacts of the activities. While community-based restoration programs can be a powerful platform for education and stewardship as well as increase project capabilities and success, few programs utilize citizen science and even fewer evaluate the impacts (Hernández-Delgado et al., 2014; Hein et al., 2019; Goergen et al., 2020; Suggett et al., 2023). Here, we attempt to model how nature-based citizen science activities can benefit coral reefs and community members alike.
First, our evaluation revealed a strong sense of community and coral stewardship among our RAR latent citizen science participants, with the majority of individuals having engaged the program for three or more years. Additionally, majority were comfortable contacting us if needed and reported that they were very likely to support RAR in additional ways (i.e., volunteering, donating, advocating) (Figure 5A). Importantly, the high likelihood to continue contributing to RAR in additional ways was not significantly affected by number of RAR expeditions they participated in which suggests strong support for the program and its mission after only one interaction. This was further emphasized by the vast majority (94.7%) responding that they were interested in participating in a future RAR citizen science expedition. In addition to joining us on an expedition, most also follow RAR on social media with many also having subscribed to the email list, attended public presentations, and/or donated to RAR. Latent citizen scientists have also become strong stewards with most reporting that they were better advocates for coral reefs following their interactions with RAR and feeling significantly more confident in their ability to communicate coral reef-related topics when compared to the control group. The high retention rates, sense of community, and increased stewardship observed here among participants are all essential metrics of success for building capacity within a community-based coral restoration program (Goergen et al., 2020).
Second, we demonstrated that our latent citizen scientists largely retained their knowledge levels on coral reef-related topics despite the passing of time. Hesley et al. (2017) established that there were perceived knowledge gains by citizen scientists following participation in a RAR coral restoration expedition so it was important to assess if these gains were sustained over time. The latent citizen scientists had significantly higher self-reported knowledge levels on coral reef ecology, threats, and tools available for conservation when compared to the control group. The same was true when comparing post-expedition citizen scientists to the control group. This would suggest that our citizen scientists maintained above-average knowledge levels (mean ≥3) on these topics even though 1–6 years had passed. Conversely, our control group reported below-average knowledge levels (mean ≤3) on coral reef ecology, threats, and tools available for conservation suggesting a need for more community engagement with the general public through citizen science activities like RAR. Importantly, our post- and latent-citizen scientists also better understood the degraded status of coral reefs compared to the control group, who assigned them a significantly higher health score. When asked about the ecological services coral reefs provide, latent citizen scientist respondents were able to provide significantly more correct answers than the control group. In fact, majority were able to produce two or more and accurately identified habitat, coastal protection, human food source, economic driver, and nursery as ecological services at a significantly higher frequency than the control group. This was also observed when asked about the threats facing coral reefs, with latent respondents providing significantly more correct answers and listing climate change and ocean warming at a significantly higher frequency than the control group. Again, a majority of the latent citizen scientists produced two or more responses while only 25.4% of the control group did so. Conversely, there was no significant difference between the frequency of responses provided by post- and latent-expedition citizen scientists when answering threats facing coral reefs suggesting that knowledge was largely retained.
Third, our evaluation illustrated the potential of citizen science to act as a vehicle for social change, positively reshaping participant perceptions and behaviors. The majority of our latent citizen scientists reported that they have had changes in perceptions because of their interactions with RAR. This included, but was not limited to, their understanding of coral reefs, emotional connection to the cause, and hope for the future. This is important as how messaging and citizen science experiences elicit emotion and make people feel plays a critical role in fostering future environmental engagement (Moser, 2010; Dean et al., 2018). Our evaluation suggests RAR activities are promoting this engagement among participants as a majority of latent respondents reported that they have changed their behavior because of their interactions with the program. When asked what behaviors/actions changed, most responded that they were better advocates for coral reefs through increased communication, advocacy, and knowledge-sharing with others. They also reported changes in their lifestyle and sustainability choices, volunteer contributions, and reduce, reuse, recycle habits. While these actions may seem insignificant, individuals can feel overwhelmed and/or helpless when confronted with climate change and the issues it causes so meeting them where they are is an important first step (Moser, 2010; Gifford, 2011).
4.1 Fostering community and stewardship
Citizen science and community-based organizations like RAR exist to serve the needs of the community. But building a sense of community and stewardship does not happen overnight, it requires time and community buy-in (Kloos et al., 2012). When individuals feel a sense of belonging within these organizations, they become more invested in its goals, influential in its direction, emotionally connected to the cause, and responsible for its success (Arnstein, 1969; McMillan and Chavis, 1986; Kloos et al., 2012; Bela et al., 2016; Goergen et al., 2020). Community members are more likely to change their perspectives and actions if they are able to understand and reflect on their relevant behaviors and roles in the organization (Bonney et al., 2016).
However, the historical focus of restoration practitioners on the short-term ecological benefits of coral restoration has limited the potential for socio-ecological benefits through public engagement, participation, and collaboration (Suggett et al., 2023). While many coral restoration practitioners emphasize the need to consider social, economic, and cultural factors in the evaluation of restoration projects, few actually do in praxis (Hein et al., 2017; Ferse et al., 2021). This represents a juxtaposition as key-informant interviews with coral restoration project stakeholders identified “socio-cultural benefits” as the most frequently mentioned product of coral restoration programs (Hein et al., 2019). Furthermore, the stakeholders directly involved in those restoration activities reported significantly higher project appreciation and positive experiences, highlighting the potential impacts of hands-on participation. Conversely, the same study identified “disconnect with local community” as the second-most frequently mentioned problem with coral restoration projects. And while a survey by Ferse et al. (2021) of 50 coral transplantation projects found that over half included some form of education and public awareness, the level of community engagement was unclear and not ubiquitous leading the authors to suggest it be made an integral part of any coral restoration project. As observed here, addressing this disconnect presents a unique opportunity for restoration practitioners to realize additional socio-ecological benefits and reach critical coral conservation goals.
An important factor of citizen science is the transition from casual contributors to sustained community members. Jackson et al. (2015) described an arc of participation, beginning with knowledge acquisition, then knowledge dissemination, and finally increased participation, ultimately leading to program success and impact. Evidence suggested that many participants first volunteered for the citizen science project to develop a sense of identity and connect with the project community. As the participant continued to engage with the project community their self-efficacy improved leading to additional engagement. The authors noted that participants gradually start to identify with the underlying project ideology and begin to feel part of the community. Our evaluation supports this as latent citizen scientists who had participated in two or more expeditions were significantly more comfortable reaching out to RAR and significantly more confident in their ability to communicate coral reef-related topics than those who had only participated in one. Furthermore, latent respondents who had participated in two or more expeditions were significantly more likely to report that their perceptions had changed as a result of interacting with RAR. This suggests that sustained engagement and participation in RAR citizen science activities can foster community, confidence, and social change.
While Hein et al. (2019) found that a majority of coral restoration project volunteers and interns in their study were visiting tourists, a majority (82.1%) of our latent citizen scientists were Florida residents. This is important as community-based restoration projects can heighten community awareness and foster stewardship for local reef resources (Kittinger et al., 2016). This was observed in our evaluation too as latent citizen scientists were significantly more confident in their ability to communicate coral reef-related topics than the control group. Furthermore, increased communication and advocacy for coral reefs was the most common behavioral change reported by citizen scientists. Our results suggest their role as communicators could have meaningful, positive impacts on the greater community too as latent citizen scientists were able to provide significantly more correct open-ended responses overall and in higher frequencies on the importance of coral reefs and the issues they face when compared to the control group. Citizen science is capable of fostering a community of “opinion leaders” or individuals who are motivated to address issue-specific concerns by taking concrete action and advocating on the issues (Johnson et al., 2014). This form of communication and dissemination can be “contagious” too, leading to higher overall community awareness. Scientists have been sounding the alarm on climate change for decades under the assumption that informing and educating the public would lead to action but the unique nature of the climate problem (i.e., invisible causes, distant impacts) has defied this assumption (Moser, 2010). Instead, scientists must work to address these problems through relevant communication and supporting mechanisms, which we demonstrate here through direct community engagement and citizen science. By building community and confidence among citizen scientists, there is the potential to mobilize individuals in a more far-reaching and impactful way.
A common criticism of citizen science is that volunteers tend to be self-selected and may not well represent the entire population (Jordan et al., 2011; Crall et al., 2013). Therefore, if a project seeks to improve attitudes and/or behavior it must engage new audiences who are not as knowledgeable on the subject and reframe it from a volunteer effort to a community-led effort (Brossard et al., 2005; Bela et al., 2016). Our evaluation suggests RAR had some success on this front as majority of latent citizen scientists said that their schooling or job was not related to environmental research, conservation, education, or otherwise. This was in part due to a concerted effort by RAR to engage non-environmental community groups and stakeholders like the veterans of The Mission Continues, Royal Caribbean Group of the cruise line industry, private sector entrepreneurs at WeWork, among others. Rescue a Reef also strives to increase the accessibility of its citizen science opportunities by significantly subsidizing the typical costs associated with snorkel or SCUBA dive excursions through external sponsors and by collaborating with groups working to build diversity and dismantle barriers in marine science like Black in Marine Science. Collaborating with both diverse and local communities is critical to addressing inequalities and inefficiencies in both coral and citizen science (Bela et al., 2016; Suggett et al., 2023). One of the most valuable components of citizen science programs is the relationship between the practitioners, the citizens, and the process of their work (Bond et al., 2016). The work itself creates a dialogue through which important issues are identified and addressed collaboratively, much like symbiotic relationships in nature (Bela et al., 2016). By integrating research with action, our citizen science-based work is better able to understand and enhance the quality of life for individuals, communities, and societies we serve.
4.2 Knowledge gaps
The majority of latent citizen scientists ranked addressing climate change as the most important action for coral conservation, the frequency they answered climate change as a threat to coral reefs was significantly higher than the control group, and they were significantly more likely to rank it as the most important action versus any lower value (i.e., 2+). However, this was third most important action according to the control group. Instead, most control respondents considered land-based pollution reduction the most important thing to address and were significantly more likely to rank it as the top priority over other coral conservation actions. The fact latent citizen scientists identified addressing climate change as the most important tool is significant, as expert consensus maintains that mitigating greenhouse gas emissions is both essential to coral reef survival and the most wide-reaching, effective, and achievable action (Kleypas et al., 2021). Furthermore, it addresses a common criticism among the broader coral scientist community that coral restoration practitioners frame their activities as the most important action for coral recovery. However, our latent citizen scientists importantly identified the need to act on both local and global stressors in conjunction with reef restoration. We prioritize this messaging both during and following our expeditions as studies have shown procedural learning is strongly associated with increased support for marine conservation and new behavioral intentions (Dean et al., 2018). This was borne out through the open-ended questions too, with most (48.4%) latent citizen scientists answering that ocean warming specifically is the largest issue facing coral reefs, followed by climate change (45.3%) more broadly, pollution (42.1%), direct human impact (29.5%), and ocean acidification (22.1%) in the next highest proportions. This presents an important shift in priorities as majority of post-expedition citizen scientists answered that land-based pollution was the largest issue facing reefs, not climate change, suggesting latent citizen scientists are now in better alignment with coral expert consensus (Hoegh-Guldberg et al., 2019; Boström-Einarsson et al., 2020; Ferse et al., 2021; Kleypas et al., 2021; Suggett et al., 2023).
There was no significant difference in the perceived status of coral reefs between post-expedition respondents and latent citizen scientists, with both groups identifying coral reefs as “degraded”. However, both post- and latent-expedition means were significantly lower than the control group’s mean, suggesting there is a slight disconnect between our RAR community members and Florida residents. Nonetheless, this evaluation and previous literature indicate that Floridians have a fair understanding of the degraded state of coral reefs (Hesley et al., 2017; Allen et al., 2021). This would suggest that coral scientists, managers, restoration practitioners, etc., should refocus their communication strategies to the specific threats facing reefs and associated tools available for conservation and recovery through “ocean optimism” messaging rather than doom and gloom (Knowlton, 2021). This is further emphasized in our findings that latent citizen scientists reported significantly lower knowledge levels on tools available for coral conservation than the post-expedition respondents, suggesting they felt less certain over time about what they could do to address coral reef degradation. But by completing this evaluation and identifying this disconnect, we can work to adapt and improve our communication strategies and conservation toolkits.
Another disconnect we observed between the latent citizen scientist and control responses was how they viewed and valued coral reefs. Many (45.3%) latent respondents said that coral reefs are important for coastal protection whereas only 6.2% of the control respondents produced that answer. Furthermore, latent citizen scientists listed habitat, coastal protection, human food source, economic driver, and nursery at significantly higher frequencies than the control group. This could suggest a need for improved educational strategies like citizen science to convey the roles and value of Florida’s Coral Reef to residents. The U.S. ranks within the top 10 of countries in the number of people that may receive risk reduction benefits from reefs with an estimated 3 million individuals (Ferrario et al., 2014). Furthermore, the annual value of flood risk reduction provided by U.S. coral reefs is more than 18,000 lives and $1.8 billion dollars (Storlazzi et al., 2019). There is a need to broaden public discourse to include our growing understanding of ecosystem services’ role in the safety and wellbeing of communities if we hope to see a shift perceptions and values (Costanza et al., 2017). The practical portion of our program (i.e., coral gardening and reef restoration) is aimed at providing community members with the opportunity to actively help mitigate impacts and recover depleted resources which has been shown to develop ownership of said resources and the empowerment of learners, a critical component of social change (Phillips et al., 2019).
4.3 Need for evaluation
It is not enough to assume a service is achieving intended benefits and/or changes are realized. There is a clear need for citizen scientist practitioners to better understand the importance and implications of addressing social issues through research and action (Brossard et al., 2005; Bonney et al., 2009; Crall et al., 2013). Program evaluation can consume time and resources but can also help validate the services provided as well as the intended outcomes (Gill, 2010; Posavac, 2011; Bela et al., 2016). Without evidence of a project’s outcomes, practitioners are left with a critical gap in understanding the effectiveness and potential impact of the activities (Gill, 2010; Posavac, 2011; Bela et al., 2016). Over a decades-worth of coral restoration data has proven the process effective (Schopmeyer et al., 2017). Then, Hesley et al. (2017) demonstrated the ecological contributions citizen scientists can have when working in collaboration with trained restoration practitioners. Here, the sociocultural impacts observed create a more comprehensive evaluation of the effectiveness of citizen science for coral conservation and restoration in social-ecological dimensions (Hein et al., 2017; Goergen et al., 2020).
Coral reef restoration activities must consider the relationship between stakeholders, goods and services, and the environment itself when measuring success (Goergen et al., 2020; Suggett et al., 2023), something that is only achievable when communicating and collaborating with community members through avenues like citizen science. Continued investment into coral restoration activities requires evidence of its benefits and value, not least of which are the social impacts as described here. These long-term benefits of integrating citizen science coral restoration activities make a strong argument for additional investment by local governments and stakeholders alike (Ferse et al., 2021; Suggett et al., 2023). Citizen science can also act as an important vehicle for closing funding gaps through other direct (i.e., volunteers, donations) and indirect (i.e., in-kind contributions, media ad equivalency) sources of support (Hesley et al., 2017; Bayraktarov et al., 2020; Ferse et al., 2021). This evaluation helps highlight the numerous strengths and benefits of RAR’s community-based programming as well as the justification for increased and sustained support.
Between 2015–2017, community members who participated in a RAR citizen science expedition reported significant improvements in coral reef ecology and restoration knowledge post-expedition (Hesley et al., 2017). Additionally, corals outplanted by citizen scientists showed the same survivorship as those outplanted by trained coral restoration practitioners. Both are important metrics of success for building capacity and stewardship through education and outreach within a community-based coral restoration program (Goergen et al., 2020). To date, RAR has hosted >100 citizen science expeditions with >1,000 community members having helped restore >10,000 coral colonies onto Florida’s Coral Reef. What is not considered in this evaluation of RAR’s citizen science activities is the thousands more individuals regularly engaged through their education, outreach, and online activities like classroom presentations, laboratory tours, and social media campaign. Through these activities in combination with their citizen science expeditions, the RAR program has successfully fostered a broad community of coral reef champions. It is difficult to formally assess the value or worth of this, but one can easily recognize its potential as a powerful platform for raising awareness and promoting action for the conservation and restoration of our oceans. We hope the information and impact observed through this program evaluation will motivate more individuals, organizations, and institutions to incorporate community engagement and citizen science into their activities to advance their own mission and goals.
4.4 Moving forward
Globally, we are seeing environmental and ecological collapse due to our changing climate. This is a humanitarian crisis as the planet’s ecosystems, environments, and biodiversity are essential to the sustainability of our species. The biodiversity of tropical rainforests and coral reefs provide critical support for drug discovery and the availability of life-saving medicines (Mendelsohn and Balick, 1995). Mounting evidence indicates that high biodiversity and ecosystem function frequently prevent disease transmission among humans, animals, and plants (Keesing et al., 2010). Maintaining both species and genetic diversity increases commercial crop yields, fodder yields, and fisheries stability, providing food for billions (Cardinale et al., 2012). Plant species diversity has been shown to increase aboveground carbon sequestration, oxygen production, and nutrient mineralization; all essential to planetary sustainability (Cardinale et al., 2011). Natural environments and species biodiversity has a significant, positive effect on leisure, culture, mental health, and aesthetic value for communities and human wellbeing (Tribot et al., 2016). And natural resources, environmental services, and biodiversity play an important role in reducing disaster risk and in post-disaster relief and recovery (Storlazzi et al., 2019). Without immediate, drastic action to reduce our reliance on fossil fuels and the associated carbon emissions, the future of our species and planet is in peril. To solve an issue of this magnitude will take individual, community, public-, and private-sector action. There must be a significant increase in engagement, support, and action for climate solutions and policy.
Our hope is that researchers realize traditional modes of science dissemination will not be sufficient to solve these environmental issues. By better marrying science and society through community engagement and citizen science, practitioners can both further their research and findings while simultaneously empowering communities to act as champions on the subject (Brossard et al., 2005; Jordan et al., 2011; Crall et al., 2013). Research is conducted to produce knowledge and enact change, but that change is not feasible unless there is measurable public support, participation, and action. The sciences are becoming increasingly isolated from the general public creating a disconnect and even a distrust, but citizen science can act as a powerful tool to build trust and democratize science (Bela et al., 2016). To bring science and society closer is creating a “scientific citizenship” where individuals are more engaged in environmental issues leading to decision-making, ownership, and action (Conrad and Hilchey, 2011; Dickinson et al., 2012; Jackson et al., 2015). Scientists can no longer rely on knowledge discovery and dissemination alone to create change. They must roll up their sleeves and co-create change with the communities who have an equal amount at stake. Rescue a Reef was designed to do just that: advance coral conservation, restoration, and stewardship through community education, outreach, and citizen science activities.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. Written informed consent from the participants was not required to participate in this study in accordance with the national legislation and the institutional requirements.
AUTHOR CONTRIBUTIONS
DH, MK, and DL contributed to the conception and design of the study. DH and MK organized the database. MK performed the statistical analysis and created the visualizations. DH wrote the first draft of the manuscript. All authors contributed to the article and approved the submitted version.
FUNDING
This work was supported in part by the University of Miami Citizens Board, Canon U.S.A., Inc., Carolan Foundation, National Fish and Wildlife Foundation, Royal Caribbean Group, private donors, RAR program volunteers, and Florida Department of Environmental Protection. Funding sources had no role in the study conception, design, investigation, analysis and interpretation of data, nor in the decision to write and submit the manuscript for publication. The views and conclusions contained in this document are those of the authors and should not be interpreted as representing the opinions or policies of the U.S. Government or the National Fish and Wildlife Foundation and its funding sources.
ACKNOWLEDGMENTS
We are incredibly grateful to the RAR volunteers, students, staff, and citizen scientists who have supported the program over the years. Thank you to Ashley Joos, Juliana Grilo, Ashmeet Oberoi, Scotney Evans, Keene Haywood, Elizabeth Babcock, and Manoj Shivlani for their direction and support. An additional thank you to the Diver’s Paradise, Deco Divers, and Tarpoon Lagoon staff for running our expeditions safely.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fenvs.2023.1250464/full#supplementary-material
REFERENCES
 Allen, M., Fleming, C., Zito, B., Gonyo, S., Regan, S., and Towle, E. (2021). National coral reef monitoring program socioeconomic monitoring component: Summary findings for South Florida, 2019. doi:10.25923/W6PA-HV50
 Arnstein, S. R. (1969). A ladder of citizen participation. J. Am. Plan. Assoc. 35, 216–224. doi:10.1080/01944366908977225
 Bayraktarov, E., Banaszak, A. T., Maya, P. M., Kleypas, J., Arias-Gonzalez, J. E., Blanco, M., et al. (2020). Coral reef restoration efforts in Latin American countries and territories. PLoS One 15, e0228477. doi:10.1371/journal.pone.0228477
 Beck, M. W., Losada, I. J., Menéndez, P., Reguero, B. G., Díaz-Simal, P., and Fernández, F. (2018). The global flood protection savings provided by coral reefs. Nat. Commun. 9, 2186. doi:10.1038/s41467-018-04568-z
 Bela, G., Peltola, T., Young, J. C., Balázs, B., Arpin, I., Pataki, G., et al. (2016). Learning and the transformative potential of citizen science. Conserv. Biol. 30, 990–999. doi:10.1111/cobi.12762
 Bhattacharjee, Y. (2005). Citizen scientists supplement work of Cornell researchers. Science 308, 1402–1403. doi:10.1126/science.308.5727.1402
 Bond, M. A., Serrano-García, I., and Keys, C. B. (2016). Community psychology for the 21st century. APA Handb. community Psychol. Theor. Found. core concepts, Emerg. challenges 1, 3–20. doi:10.1037/14953-001
 Bonney, R., Cooper, C. B., Dickinson, J., Kelling, S., Phillips, T., Rosenberg, K. V., et al. (2009). Citizen science: A developing tool for expanding science knowledge and scientific literacy. Bioscience 59, 977–984. doi:10.1525/bio.2009.59.11.9
 Bonney, R., Phillips, T. B., Ballard, H. L., and Enck, J. W. (2016). Can citizen science enhance public understanding of science?Public Underst. Sci. 25, 2–16. doi:10.1177/0963662515607406
 Boström-Einarsson, L., Babcock, R. C., Bayraktarov, E., Ceccarelli, D., Cook, N., Ferse, S. C. A., et al. (2020). Coral restoration – a systematic review of current methods, successes, failures and future directions. PLoS One 15, e0226631. doi:10.1371/journal.pone.0226631
 Brander, L., and van Breukering, P. (2013). The total economic value of U.S. Coral reefs. Available at: https://repository.library.noaa.gov/view/noaa/8951 (Accessed June 24, 2023). 
 Brossard, D., Lewenstein, B., and Bonney, R. (2005). Scientific knowledge and attitude change: The impact of a citizen science project. Int. J. Sci. Educ. 27, 1099–1121. doi:10.1080/09500690500069483
 Bruno, J. F., and Selig, E. R. (2007). Regional decline of coral cover in the Indo-Pacific: Timing, extent, and subregional comparisons. PLoS One 2, e711. doi:10.1371/journal.pone.0000711
 Cardinale, B. J., Duffy, J. E., Gonzalez, A., Hooper, D. U., Perrings, C., Venail, P., et al. (2012). Biodiversity loss and its impact on humanity. Nature 486, 59–67. doi:10.1038/nature11148
 Cardinale, B. J., Matulich, K. L., Hooper, D. U., Byrnes, J. E., Duffy, E., Gamfeldt, L., et al. (2011). The functional role of producer diversity in ecosystems. Am. J. Bot. 98, 572–592. doi:10.3732/ajb.1000364
 Conrad, C. C., and Hilchey, K. G. (2011). A review of citizen science and community-based environmental monitoring: Issues and opportunities. Environ. Monit. Assess. 176, 273–291. doi:10.1007/s10661-010-1582-5
 Costanza, R., de Groot, R., Braat, L., Kubiszewski, I., Fioramonti, L., Sutton, P., et al. (2017). Twenty years of ecosystem services: How far have we come and how far do we still need to go?Ecosyst. Serv. 28, 1–16. doi:10.1016/j.ecoser.2017.09.008
 Crall, A. W., Jordan, R., Holfelder, K., Newman, G. J., Graham, J., and Waller, D. M. (2013). The impacts of an invasive species citizen science training program on participant attitudes, behavior, and science literacy. Public Underst. Sci. 22, 745–764. doi:10.1177/0963662511434894
 Cunning, R., Parker, K. E., Johnson-Sapp, K., Karp, R. F., Wen, A. D., Williamson, O. M., et al. (2021). Census of heat tolerance among Florida’s threatened staghorn corals finds resilient individuals throughout existing nursery populations. Proc. R. Soc. B Biol. Sci. 288, 20211613. doi:10.1098/rspb.2021.1613
 Cunning, R., Silverstein, R. N., Barnes, B. B., and Baker, A. C. (2019). Extensive coral mortality and critical habitat loss following dredging and their association with remotely-sensed sediment plumes. Mar. Pollut. Bull. 145, 185–199. doi:10.1016/j.marpolbul.2019.05.027
 Dean, A. J., Church, E. K., Loder, J., Fielding, K. S., and Wilson, K. A. (2018). How do marine and coastal citizen science experiences foster environmental engagement?J. Environ. Manage. 213, 409–416. doi:10.1016/j.jenvman.2018.02.080
 De’Ath, G., Fabricius, K. E., Sweatman, H., and Puotinen, M. (2012). The 27-year decline of coral cover on the Great Barrier Reef and its causes. Proc. Natl. Acad. Sci. U. S. A. 109, 17995–17999. doi:10.1073/pnas.1208909109
 DeMerlis, A., Kirkland, A., Kaufman, M. L., Mayfield, A. B., Formel, N., Kolodziej, G., et al. (2022). Pre-exposure to a variable temperature treatment improves the response of Acropora cervicornis to acute thermal stress. Coral Reefs 41, 435–445. doi:10.1007/s00338-022-02232-z
 Dickinson, J. L., Shirk, J., Bonter, D., Bonney, R., Crain, R. L., Martin, J., et al. (2012). The current state of citizen science as a tool for ecological research and public engagement. Front. Ecol. Environ. 10, 291–297. doi:10.1890/110236
 Dosemagen, S., and Parker, A. J. (2019). Citizen science across a spectrum: Broadening the impact of citizen science and community science. Sci. Technol. Stud. 32, 24–33. 
 Elliott, V. (2018). Thinking about the coding process in qualitative data analysis. Qual. Rep. 23, 2850–2861. doi:10.46743/2160-3715/2018.3560
 Ferrario, F., Beck, M. W., Storlazzi, C. D., Micheli, F., Shepard, C. C., and Airoldi, L. (2014). The effectiveness of coral reefs for coastal hazard risk reduction and adaptation. Nat. Commun. 5, 3794–3799. doi:10.1038/ncomms4794
 Ferse, S. C. A., Hein, M. Y., and Rölfer, L. (2021). A survey of current trends and suggested future directions in coral transplantation for reef restoration. PLoS One 16, 02499666–e250021. doi:10.1371/journal.pone.0249966
 Fisher, R., O’Leary, R. A., Low-Choy, S., Mengersen, K., Knowlton, N., Brainard, R. E., et al. (2015). Species richness on coral reefs and the pursuit of convergent global estimates. Curr. Biol. 25, 500–505. doi:10.1016/j.cub.2014.12.022
 Forsman, Z. H., Page, C. A., Toonen, R. J., and Vaughan, D. (2015). Growing coral larger and faster: Micro-colony-fusion as a strategy for accelerating coral cover. PeerJ 3, e1313. doi:10.7717/peerj.1313
 Frechtling, J. (2007). Logic modeling methods in program evaluation. 1st ed. San Francisco: Jossey-Bass. 
 Ghiasian, M., Carrick, J., Bisson, C., Haus, B. K., Baker, A. C., Lirman, D., et al. (2021). Laboratory quantification of the relative contribution of staghorn coral skeletons to the total wave-energy dissipation provided by an artificial coral reef. J. Mar. Sci. Eng. 9, 1007. doi:10.3390/jmse9091007
 Gifford, R. (2011). The dragons of inaction: Psychological barriers that limit climate change mitigation and adaptation. Am. Psychol. 66, 290–302. doi:10.1037/a0023566
 Gill, S. (2010). Developing a learning culture in nonprofit organizations. doi:10.4135/9781452272030
 Gioia, D. A., Corley, K. G., and Hamilton, A. L. (2013). Seeking qualitative rigor in inductive research: Notes on the gioia methodology. Organ. Res. Methods 16, 15–31. doi:10.1177/1094428112452151
 Goergen, E. A., Schopmeyer, S., Moulding, A. L., Moura, A., Kramer, P., and Viehman, T. S. (2020). “Coral reef restoration monitoring guide: Methods to evaluate restoration success from local to ecosystem scales,” in NOAA technical memorandum NOS NCCOS 279. Silver spring, MD. 145 . doi:10.25923/xndz-h538
 Gruber, J., and Trickett, E. J. (1987). Can we empower others? The paradox of empowerment in the governing of an alternative public school. Am. J. Community Psychol. 15, 353–371. doi:10.1007/BF00922703
 Hagedorn, M., Page, C. A., O’Neil, K. L., Flores, D. M., Tichy, L., Conn, T., et al. (2021). Assisted gene flow using cryopreserved sperm in critically endangered coral. Proc. Natl. Acad. Sci. U. S. A. 118, e2110559118. doi:10.1073/pnas.2110559118
 Hayes, N. K., Walton, C. J., and Gilliam, D. S. (2022). Tissue loss disease outbreak significantly alters the Southeast Florida stony coral assemblage. Front. Mar. Sci. 9, 1633. doi:10.3389/fmars.2022.975894
 Hein, M. Y., Beeden, R., Birtles, A., Gardiner, N. M., Le Berre, T., Levy, J., et al. (2020). Coral restoration effectiveness: Multiregional snapshots of the long-term responses of coral assemblages to restoration. Diversity 12, 153. doi:10.3390/D12040153
 Hein, M. Y., Birtles, A., Willis, B. L., Gardiner, N., Beeden, R., and Marshall, N. A. (2019). Coral restoration: Socio-ecological perspectives of benefits and limitations. Biol. Conserv. 229, 14–25. doi:10.1016/j.biocon.2018.11.014
 Hein, M. Y., Willis, B. L., Beeden, R., and Birtles, A. (2017). The need for broader ecological and socioeconomic tools to evaluate the effectiveness of coral restoration programs. Restor. Ecol. 25, 873–883. doi:10.1111/rec.12580
 Henry, J. A., O’Neil, K. L., Pilnick, A. R., and Patterson, J. T. (2021). Strategies for integrating sexually propagated corals into caribbean reef restoration: Experimental results and considerations. Coral Reefs 40, 1667–1677. doi:10.1007/s00338-021-02154-2
 Hernández-Delgado, E. A., Mercado-Molina, A. E., Alejandro-Camis, P. J., Candelas-Sánchez, F., Fonseca-Miranda, J. S., González-Ramos, C. M., et al. (2014). Community-based coral reef rehabilitation in a changing climate: Lessons learned from hurricanes, extreme rainfall, and changing land use impacts. Open J. Ecol. 04, 918–944. doi:10.4236/oje.2014.414077
 Hesley, D., Burdeno, D., Drury, C., Schopmeyer, S., and Lirman, D. (2017). Citizen science benefits coral reef restoration activities. J. Nat. Conserv. 40, 94–99. doi:10.1016/j.jnc.2017.09.001
 Hoegh-Guldberg, O., Jacob, D., Taylor, M., Guillén Bolaños, T., Bindi, M., Brown, S., et al. (2019). The human imperative of stabilizing global climate change at 1.5°C. Science 80, eaaw6974. doi:10.1126/science.aaw6974
 Hughes, T. P., Anderson, K. D., Connolly, S. R., Heron, S. F., Kerry, J. T., Lough, J. M., et al. (2018). Spatial and temporal patterns of mass bleaching of corals in the Anthropocene. Science 359, 80–83. doi:10.1126/science.aan8048
 Jackson, C. B., Østerlund, C., Mugar, G., De Vries Hassman, K., and Crowston, K. (2015). “Motivations for sustained participation in crowdsourcing: Case studies of citizen science on the role of talk,” in Proc. Annu. Hawaii int. Conf. Syst. Sci. 2015-March , 1624–1634. doi:10.1109/HICSS.2015.196
 Jackson, J. B. C., Donovan, M. K., Cramer, K. L., Lam, V., and Lam, W. (2014). Status and trends of caribbean coral reefs: 1970-2012. Glob. Coral Reef. Monit. Netw. IUCN, Gland. Switz . 
 Johnson, M. F., Hannah, C., Acton, L., Popovici, R., Karanth, K. K., and Weinthal, E. (2014). Network environmentalism: Citizen scientists as agents for environmental advocacy. Glob. Environ. Chang. 29, 235–245. doi:10.1016/j.gloenvcha.2014.10.006
 Jordan, R. C., Gray, S. A., Howe, D. V., Brooks, W. R., and Ehrenfeld, J. G. (2011). Knowledge gain and behavioral change in citizen-science programs. Conserv. Biol. 25, 1148–1154. doi:10.1111/j.1523-1739.2011.01745.x
 Kaufman, M. L., D’Alessandro, M., Langdon, C., and Lirman, D. (2021). Influences of genotype, phenotypes, and size characteristics on lesion recovery in Caribbean staghorn coral. Mar. Ecol. Prog. Ser. 679, 213–218. doi:10.3354/meps13908
 Keesing, F., Belden, L. K., Daszak, P., Dobson, A., Harvell, C. D., Holt, R. D., et al. (2010). Impacts of biodiversity on the emergence and transmission of infectious diseases. Nature 468, 647–652. doi:10.1038/nature09575
 Kittinger, J. N., Bambico, T. M., Minton, D., Miller, A., Mejia, M., Kalei, N., et al. (2016). Restoring ecosystems, restoring community: Socioeconomic and cultural dimensions of a community-based coral reef restoration project. Reg. Environ. Chang. 16, 301–313. doi:10.1007/s10113-013-0572-x
 Kleypas, J., Allemand, D., Anthony, K., Baker, A. C., Beck, M. W., Hale, L. Z., et al. (2021). Designing a blueprint for coral reef survival. Biol. Conserv. 257, 109107. doi:10.1016/j.biocon.2021.109107
 Kloos, B., Hill, J., Thomas, E., Wandersman, A., Elias, M., and Dalton, J. (2012). Community psychology: Linking individuals and communities. Third. Belmont, CA: Wadsworth, Cengage Learning. 
 Knowlton, N. (2021). Ocean optimism: Moving beyond the obituaries in marine conservation. Ann. Rev. Mar. Sci. 13, 479–499. doi:10.1146/annurev-marine-040220-101608
 Lapointe, B. E., Brewton, R. A., Herren, L. W., Porter, J. W., and Hu, C. (2019). Nitrogen enrichment, altered stoichiometry, and coral reef decline at looe key, Florida keys, USA: A 3-decade study. Mar. Biol. 166, 108–131. doi:10.1007/s00227-019-3538-9
 Lester, S. E., Rassweiler, A., McCoy, S. J., Dubel, A. K., Donovan, M. K., Miller, M. W., et al. (2020). Caribbean reefs of the Anthropocene: Variance in ecosystem metrics indicates bright spots on coral depauperate reefs. Glob. Chang. Biol. 26, 4785–4799. doi:10.1111/gcb.15253
 Manzello, D. P. (2015). Rapid recent warming of coral reefs in the Florida keys. Sci. Rep. 5, 16762. doi:10.1038/srep16762
 McMillan, D. W., and Chavis, D. M. (1986). Sense of community: A definition and theory. J. Community Psychol. 14, 6–23. doi:10.1002/1520-6629(198601)14:1<6:AID-JCOP2290140103>3.0.CO;2-I
 Mendelsohn, R., and Balick, M. J. (1995). The value of undiscovered pharmaceuticals in tropical forests. Econ. Bot. 49, 223–228. doi:10.1007/BF02862929
 Morris, J. T., Enochs, I. C., Besemer, N., Viehman, T. S., Groves, S. H., Blondeau, J., et al. (2022). Low net carbonate accretion characterizes Florida’s coral reef. Sci. Rep. 12, 19582. doi:10.1038/s41598-022-23394-4
 Moser, S. C. (2010). Communicating climate change: History, challenges, process and future directions. Wiley Interdiscip. Rev. Clim. Chang. 1, 31–53. doi:10.1002/wcc.11
 Muehllehner, N., Langdon, C., Venti, A., and Kadko, D. (2016). Dynamics of carbonate chemistry, production, and calcification of the Florida Reef Tract (2009–2010): Evidence for seasonal dissolution. Glob. Biogeochem. Cycles 30, 661–688. doi:10.1002/2015GB005327
 O’Leary, Z. (2005). Researching real-world problems; a guide to methods of inquiry. London: Sage Publications, Inc. 
 O’Neil, K. L., Serafin, R. M., Patterson, J. T., and Craggs, J. R. K. (2021). Repeated ex situ spawning in two highly disease susceptible corals in the family meandrinidae. Front. Mar. Sci. 8. doi:10.3389/fmars.2021.669976
 Opel, A. H., Cavanaugh, C. M., Rotjan, R. D., and Nelson, J. P. (2017). The effect of coral restoration on Caribbean reef fish communities. Mar. Biol. 164, 221. doi:10.1007/s00227-017-3248-0
 Page, C. A., Muller, E. M., and Vaughan, D. E. (2018). Microfragmenting for the successful restoration of slow growing massive corals. Ecol. Eng. 123, 86–94. doi:10.1016/j.ecoleng.2018.08.017
 Petersen, D., Laterveer, M., Van Bergen, D., Hatta, M., Hebbinghaus, R., Janse, M., et al. (2006). The application of sexual coral recruits for the sustainable management of ex situ populations in public aquariums to promote coral reef conservation - SECORE Project. Aquat. Conserv. Mar. Freshw. Ecosyst. 16, 167–179. doi:10.1002/aqc.716
 Phillips, T. B., Ballard, H. L., Lewenstein, B. V., and Bonney, R. (2019). Engagement in science through citizen science: Moving beyond data collection. Sci. Educ. 103, 665–690. doi:10.1002/sce.21501
 Posavac, E. (2011). Program evaluation: Methods and case studies. 8th ed. Upper Saddle Riverk: Prentice Hall. 
 Precht, W. F., Gintert, B. E., Robbart, M. L., Fura, R., and Van Woesik, R. (2016). Unprecedented disease-related coral mortality in southeastern Florida. Sci. Rep. 6, 31374–31411. doi:10.1038/srep31374
 Richmond, R. H., Tisthammer, K. H., and Spies, N. P. (2018). The effects of anthropogenic stressors on reproduction and recruitment of corals and reef organisms. Front. Mar. Sci. 5, 226. doi:10.3389/fmars.2018.00226
 Rivas, N., Hesley, D., Kaufman, M., Unsworth, J., D’Alessandro, M., and Lirman, D. (2021). Developing best practices for the restoration of massive corals and the mitigation of predation impacts: Influences of physical protection, colony size, and genotype on outplant mortality. Coral Reefs 40, 1227–1241. doi:10.1007/s00338-021-02127-5
 Schopmeyer, S. A., Lirman, D., Bartels, E., Gilliam, D. S., Goergen, E. A., Griffin, S. P., et al. (2017). Regional restoration benchmarks for Acropora cervicornis. Coral Reefs 36, 1047–1057. doi:10.1007/s00338-017-1596-3
 Silverstein, R. N., Correa, A. M. S., and Baker, A. C. (2012). Specificity is rarely absolute in coral–algal symbiosis: Implications for coral response to climate change. Proc. R. Soc. B Biol. Sci. 279, 2609–2618. doi:10.1098/rspb.2012.0055
 Skjott Linneberg, M., and Korsgaard, S. (2019). Coding qualitative data: A synthesis guiding the novice. Qual. Res. J. 19, 259–270. doi:10.1108/QRJ-12-2018-0012
 Storlazzi, C. D., Reguero, B. G., Cole, A. D., Lowe, E., Shope, J. B., Gibbs, A. E., et al. (2019). Rigorously valuing the role of U. S. Coral reefs in coastal hazard risk reduction. USGS Open-File Rep. 1027, 42.
 Suggett, D. J., Edwards, M., Cotton, D., Hein, M., and Camp, E. F. (2023). An integrative framework for sustainable coral reef restoration. One Earth 6, 666–681. doi:10.1016/J.ONEEAR.2023.05.007
 Tribot, A. S., Mouquet, N., Villéger, S., Raymond, M., Hoff, F., Boissery, P., et al. (2016). Taxonomic and functional diversity increase the aesthetic value of coralligenous reefs. Sci. Rep. 6, 34229–34312. doi:10.1038/srep34229
 Unsworth, J. D., Hesley, D., D’Alessandro, M., and Lirman, D. (2021). Outplanting optimized: Developing a more efficient coral attachment technique using portland cement. Restor. Ecol. 29, 1–10. doi:10.1111/rec.13299
 Whittingham, E., Campbell, J., and Townsley, P. (2003). Poverty and reefs. Volume 1: A global overview. Available at: https://www.sciencebase.gov/catalog/item/50579810e4b01ad7e0284def (Accessed June 24, 2023). 
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Hesley, Kaufman and Lirman. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fenvs-11-1250464-g005.gif





OPS/images/fenvs-11-1250464-g006.gif
gl"_ﬂ“l





OPS/images/fenvs-11-1250464-g003.gif





OPS/images/fenvs-11-1250464-g004.gif





OPS/images/fenvs-11-1250464-g007.gif





OPS/images/fenvs-11-1250464-t001.jpg
Code category

A

Open-ended response themes

Pollution (POL)
Climate change (CC)

Ocean warming (OW)

Pollution (not marine debris), water quality, nutrient levels
Climate change, global warming, sea level rise, extreme weather events

Increasing ocean temperatures, coral bleaching

Humans (HUM)

Ocean acidification (OA)
Disease (DIS)
Overfishing (OF)

Lack of education (LOE)

Population scarcity (POP)

Human-induced impacts at a local scale-marine debris, coastal development, sunscreen, irresponsible boating
Ocean acidification, accelerated erosion

Coral diseases

Destructive fishing practices, poor fisheries management

Lack of education, awareness, and stewardship

Low coral populations, habitat fragmentation

No response (NR)

B

Habitat (HOM)

Coastal protection (PRO)
Food webs (FF)
Biodiversity (BIO)
Human food source (EAT)
Water quality (CLN)
Economic driver (DOL)
Nursery (NUR)

Oxygen (OXY)

Medicine (MED)

Wrong (WR)

No response (NR)

C

Left question blank, “I do not know,” unrelated/incorrect response

Home, habitat, shelter for marine organisms
Coastal protection, defense, wave attenuation

Supporting food webs, source of food for marine life

Hotspot for marine lfe, supporting ocean health/ecosystem function
Food source for local and global communities

Water filtration, water cleansing

Economy, tourism, recreation, fisheries, jobs, intrinsic value
Breeding grounds and nursery for marine life

Oxygen production

Medicine, pharmaceuticals

Unrelated or incorrect response

Left question blank, “I do not know”

Advocacy (COMM)

Eco-friendly choices (ECO)
Reduce/reuse/recycle (RRR)
Reef-safe sunscreens (SUN)
Volunteering (VOL)

Responsible diving (DIVE)
Responsible fishing (FISH)

No response listed (NRL)

Increased advocacy, communication, and education of others
Lowering carbon footprint, choosing more eco-friendly products conscientiousness about sustainability
Reducing materialistic consumption, avoiding single-use plastics recycling more

Using sunscreens without chemicals that harm coral reefs

Volunteering, citizen science, donating to environmental organizations

Proper buoyancy, avoiding spreading sand, not touching the reef

More sustainable recreational fishing, safer boating practices
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