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Abstract

:

Climate change is increasingly threatening coastal communities around the world. This article reviews the literature on climate change impacts and adaptation in the Chesapeake Bay region (USA). We reviewed both climate impacts and adaptation literature (n = 283) published in the period 2007–2018 to answer the questions: (i) how are indicators of climate impacts measured and reported by different types of authors (e.g., scientists, government, and NGOs), document types (e.g., academic articles or reports), and geographic focus (e.g., State, region, county, or municipal level)? (ii) what are the current approaches for measuring the most pressing climate impacts in the Chesapeake Bay? We found that scientists produce the most amount of data but are increasingly shifting towards engaging with practitioners through reports and online resources. Most indicators focus on the Chesapeake Bay scale, but data is most needed at the local level where adaptive policies are implemented. Our analysis shows emerging approaches to monitoring climate hazards and areas where synergies between types of authors are likely to increase resilience in the 21st century. This review expands the understanding of the information network in the Chesapeake Bay and explores the institutional landscape of stakeholders involved in the production and consumption of environmental and social change data. The analysis and insights of this review may be extended to similar regions around the planet experiencing or anticipating similar climate hazards to the Chesapeake Bay.
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1. Introduction


Anthropogenic climate change is a threat to the livelihood of humans and the sustainability of our civilization into the future [1]. Climate-related risks to human and natural systems have already been observed, and changes in the ocean and land ecosystems and the services they provide have already changed due to global warming [2]. Climate changes affect different regions of the planet in different ways, which demand national and sub-national governments to design adaptation and mitigation actions to address the relevant concerns of their society and geography [3,4]. In the United States, climate change is predicted to have cascading effects in the social, economic, and ecological systems, and it is estimated that climate-related impacts on the U.S. economy may results in a 10% shrinkage by the year 2100 [5]. Even within the United States, climate change will have varying impacts; for example, coastal areas are particularly susceptible to the effects of sea-level rise (SLR) and arid areas of the southwest prone to drought and wildfires [1]. Developing adaptation policies and strategies based on scientific and local knowledge mixed with the use of modern technologies have the potential to reduce the risk of climate change to human lives and natural ecosystems and strengthen our economic and social systems in anticipation to projected impacts [6]. However, the processes that enable successful adaptation to climate change, those that support democratic stakeholder participation and consensus-building, are yet to take hold of mainstream local environmental politics.



Adapting to the climate’s imminent threats is still an ongoing challenge and largely a geographic-specific issue. The multi-scale governance—the dynamic vertical structure of communication and power that may scale from a municipal boundary to the government of a state or nation—of a place that is vulnerable to climate impacts must transform itself into an efficient system. Scientific literature suggests that the adaptive capacity of vulnerable populations, cities, and counties largely depends on governance structure [7,8], local and scientific knowledge integration [9,10], and establishing strong social networks [11]. Indeed, there has been an increase in the scientific and management information on climate change in the last decade but progress in the adaptation space remains a challenge for many communities and local governments [12]. The vastness of information often leaves stakeholders overwhelmed and unsure how to understand their community’s resilience. Thus, this report reviews the literature on climate adaptation indicators from 2007–2018 with a geographic focus of the Chesapeake Bay (Maryland) in the United States.



This article focuses on the Chesapeake Bay because it is a region already experiencing major climate-related impacts of sea-level rise, more hurricanes and tropical storms, and is projected to get worse throughout the 21st century. Adequately responding to climate hazards and increasing local resilience requires the active participation of stakeholders across multiple levels of the state of Maryland’s government [13] and engagement of the local, scientific, and non-profit communities. Adaptation is more challenging when the institutional landscape of actors is made up of many universities, research institutes, civil organizations, government agencies, and community organizations. Thus, an important challenge in adaptation science is the compilation and synthesis of all available information, distinguishing the nuanced differences between author types, document types, and geographic scale.



Following the conclusions by the Maryland Commission on Climate Change (MCCC), we agree there is a need for a cohesive research agenda for the state of Maryland and the Chesapeake Bay that communicates the science needed to support state and local decision-making [14]. We reviewed the available literature by multiple author types (local, county, state government, non-governmental research and outreach organizations, as well as scientific journal publications) in order to contribute to the understanding of climate adaptation science and practice to this date. We do so by asking the following questions: (i) how are indicators of climate impacts measured and reported by different types of authors, document types, and geographic focus? (ii) what are the current approaches for measuring the most pressing climate impacts in Maryland and the Chesapeake Bay? We close with research and practitioner-focus recommendations on emerging indicators of climate adaptation and outlook. The findings and conclusions of this review article are meant to advance the understanding of climate adaptation and resilience in the State of Maryland and add to the development of a holistic framework for climate resilience measurement across multiple regions.




2. Materials and Methods


A qualitative review analysis was employed on scientific and non-academic literature to evaluate existing data on the use of indicators and metrics to track the trends of climate change impacts within the state of Maryland. This section describes the study area, the methodology used to make the final determination of the article sample, data collection, and the qualitative approach used to analyze and synthesize the data.



2.1. Climate Change in Maryland, USA


Coastal areas in the United States are at risk of drought and flooding, shoreline erosion, salt-water intrusion, and other climate-related hazards [15]. The Chesapeake Bay is the largest estuary in the United States and one of the most diverse. Maryland’s over 4000-miles of shoreline, and its network of tidal rivers and the Atlantic coast, makes the state particularly susceptible to flooding and erosion brought on by tides, storms, and increasingly SLR [16]. These climate hazards are already impacting coastal communities in Maryland and are expected to worsen [4,17,18,19]. Nuisance flooding (also referred to as sunny-day flooding or high tide flooding) is projected to increase in frequency due to global SLR, and by 2100 high tide flooding will occur ‘every other day’ or more often [20]. Scenarios for CO2 emissions suggest the region is likely to experience significant changes in climatic conditions in the 21st century, including increasing CO2 concentrations by 50 to 160 percent, increasing water temperature by 2 to 6 °C, and fluctuating precipitation patterns [16].



Maryland has historically been at the forefront of states acting to address drivers and consequences of climate change. The policy record of Maryland shows that the state has directed agencies at all levels of government, academic, and private institutions to understand and respond to environmental conditions like sea-level rise, clean air, and land conservation [14]. In 2013, Maryland passed into state law the Maryland Commission on Climate Change (MCCC), initially formed in 2007 by Executive Decree (01.01.2007.07) to provide objective legislative advice and research support. The creation of the MCCC signaled the level of concern and urgency felt by Marylanders, many who have inhabited the Chesapeake Bay for many generations and who increasingly consider climate change among the major threats to the state [21]. However, the growing dangers of anthropogenic climate change to the state has fueled a surge of efforts to combat climate hazards with robust science and policies that incorporate the participation of multiple stakeholders [17].



We chose to focus on the state of Maryland because of its historical track record of adopting policy and promoting collaborations to combat climate change, its wealth of information on climate-related hazards, and because it exemplifies specific challenges faced by large coastal regions impacted by coastal-specific climate hazards (e.g., SLR, coastal ecosystem changes, and stormwater management in a mostly agricultural watershed).




2.2. Document Selection


We collected reports and articles from scientific and non-academic literature. Scientific articles published in peer-reviewed journals were collected from the Web of Science using the following code: “TS = ((“Maryland” OR “Chesapeake Bay”) AND (Climat* OR Indicator*) AND (Resilience OR Hazard OR Exposure OR Impact OR Susceptibility OR Adaptation OR Coping OR Capacity OR Mitigation)),” and the search was restricted to include only articles published between 2007–2018; the period since the creation of the MCCC. Non-academic literature was searched using the same keywords in the Google search engine, following the approach by Godin et al. [22]. The title, abstract, and keywords for each search result—scientific and non-academic literature—were scanned for geographic and topic relevance following the procedure described in Supplementary Material Document S1. From the initial sample, excluding duplicates, 717 documents were screened full-text to determine if they contained data and indicators. A final sample of 283 articles was reviewed and included for qualitative coding (Figure 1).




2.3. Qualitative Coding and Analysis


Drawing from the methodology of Saldaña [23], we identified the broader trends and themes in the literature concerning the aspects of climate hazards and adaptation efforts in Maryland. Using the qualitative coding software NVivo 12.3 [24], each document was first coded for its source information (the type of author, type of document, and geographic focus). Then every instance in a document where an indicator or dataset was identified was coded based on six aspects: (1) what aspect of climate change is being measured, (2) the geographic scale of that indicator, (3) type of information included, (4) type of indicator (i.e., lagging, coincident, or leading), (5) which aspect of the resilience framework it addresses, and (6) if it pertained to social characteristics or demographics. Additionally, optional codes were used to capture the instances where a clear methodology for an indicator was provided. In sum, a total of 139 unique thematic codes made the coding schema applied in this review (Supplementary Material Document S2).



After all included documents were coded, we carried out a qualitative analysis following the methodology developed by Petticrew and Roberts [25], which follows three steps: First, all documents were organized into cases based on the type of author, geographic focus, and whether the document was a scientific or non-academic publication. Second, we analyzed the information found within each case to help identify emerging themes within each case (e.g., the focus on climate adaptation by different types of authors). The third step involved analyzing the information across cases to understand the cross-cutting themes throughout the document database. The combined process provides a comprehensive qualitative analysis of the literature on climate change resilience and adaptation in Maryland.





3. Results


3.1. Dataset Overview


The final sample of documents that met the inclusion criteria resulted in 283 files. Visualized using a Sankey diagram, it is clear that several large clusters are present (Figure 2). In terms of geographic focus, the Chesapeake Bay is the geographic focus of about one-third of the documents. Of these, almost all are written by academic scientists, with about one-third of the Chesapeake Bay documents being scientific articles and another third being reports. As a group, the output of academic scientists is overwhelmingly focused on the Chesapeake Bay.



About one-third of the documents focus on the state level. These are predominantly written in report form by state and national governments. The remaining third of the documents are spread among the municipal, country, regional, national, and global levels, with the majority of documents addressing the municipal and county levels. These are almost all in report form and authored mostly by county and municipal governments and NGOs.



The distribution of author types within our sample and the means of communicating information to the wider public show the complex institutional landscape of climate adaptation in the Chesapeake Bay. The largest author type within our sample are scientists (42%), who author almost the same number of scientific articles and non-academic reports. When looking at document types, the dominant form of climate adaptation and resilience literature in Maryland are reports, covering 64% of the sample. It may be worth mentioning that almost all documents authored by County-level authors were in report form and the remaining sliver were presentations.



When exploring our sample based on the year of publication, the amount of the documents shows an upward trend with a larger number of documents being published in the latter part of the sampling period (Figure 3). Most of the increase after 2014 originates in academic articles about the Chesapeake Bay. An outlier in the trend is the year 2008, in which a large number of documents were published. Most of the reports were authored by the state government and scientists with a state-wide geographic focus. This increase may be explained by the creation of the Maryland Commission on Climate Change in 2007, which marked the beginning of scientific and political attention to climate change impacts in Maryland and the Chesapeake Bay.




3.2. Focus on Indicators and Data


Within every document we found data, metrics, or indicators that captured quantitative information about climate change impacts and responses. There are well known reviews of the climate impacts affecting the Chesapeake Bay [16] and the United States [26]. Therefore, we do not claim this section provides new information in general. However, the contribution of our review in this section should be considered with a lens of available quantitative measures/metrics. These data may be used in the development of better climate resilience and adaptation indicator systems. It is not always possible to collect data on climate hazards and impacts that are qualitatively well known to the local communities and resource managers in the Chesapeake Bay. An example of this is the finding that County-authored documents often described the vulnerability and risk of increasing river discharge flows, but it was the scientific-authored documents that provide quantitative data and analysis of those impacts. Therefore, in this section we elaborate on the information of climate change and impacts within our sample limited to those that met the substantive data/indicators criteria.



Communities around the Chesapeake Bay already experience tangible impacts to their infrastructure, social life, and economy due to climate hazards [17]. The low-lying coastal geography of Maryland makes the region particularly vulnerable to mean sea-level rise (SLR) [20,27,28]. Moreover, current and projected changes in precipitation patterns in Maryland and the Chesapeake Bay watershed are expected to add pressure to stormwater systems and increase agricultural runoff [29,30,31]. In turn, changes in the water quality and temperature in the bay pose considerable risks to the health of marine ecosystems, which are likely to have adverse economic and social impacts on coastal communities [32,33,34,35]. The economic underline of many climate impact data is not surprising, given that the Chesapeake Bay has long been an economically productive source of income; fish, shellfish, and oysters provided the State of Maryland with a $63 million in 2013 [14]. Another focus on climate impact data, albeit not very prominent within our sample, is the association between climate change (e.g., rising temperature and more frequent hurricanes/storms) and aspects of human health (e.g., hospitalization rates and incidence of water-borne diseases). Taken together, the concert of interconnected impacts in the Chesapeake Bay pose significant challenges to researchers and practitioners in developing adequate responses to climate change.



3.2.1. Sea-Level Rise (Aquatic-Type Indicators)


Indicators focused on aquatic climate impacts are found in most documents (Figure 4). Aquatic indicators include coastal and river flooding, marine species health and abundance, SLR, stream flows, water quality among others. In the Chesapeake Bay, SLR and related impacts are the dominant theme in the Aquatic type datasets and indicators. SLR in the Chesapeake Bay is projected to reach between 2–6 ft. in this century, which is higher than the global mean SLR [14,20,28]. According to the Maryland Commission on Climate Change [27], even the most optimistic SLR scenarios are projected to have considerable impacts on the Bay communities. Indicators and data within the Aquatic theme, specifically SLR and coastal/river flooding indicators were dominant across all types of authors (i.e., government, NGO, and academic authors), and at all geographic levels (i.e., municipal, county, state). Most of these indicators were found in reports.



When looking at the format of SLR data and indicators available, many documents focus on the economic effects SLR will have on the future based on different climate projections [36,37,38,39]. Flooding of coastal areas and floodplains, either by increased precipitation [40,41], chronic sea-level rise [17,27,28], or storm surges [42], will damage private and public infrastructure and cause large economic loss. The risk and impacts of SLR are commonly measured with detailed flood projection maps based on different climate scenarios, and a spatial assessment of the number of buildings and infrastructure that would be affected [36,37,42]. Methods employed to measure the projected spatial risk of SLR include several of the Federal Emergency Management Administration (FEMA)’s flooding and hazard assessment tools like HAZUS-MH. These types of analyses are useful for identifying and prioritizing the most vulnerable areas to SLR and flooding from storms and hurricanes across multiple locations and estimating the cost of damage to infrastructure [43,44,45]. As a result, increasing flood protection and adapting building codes in response to projected SLR-driven impacts in 2050 and 2100 are relevant considerations for some coastal counties in Maryland [36,46,47,48]. Improving the resolution of these map-based analyses will likely empower local-level resource managers and community members to take, and measure, adaptive actions.



The Chesapeake Bay is a large estuarine system with wetlands and marshlands. As such, several documents provide in-depth analyses of the effects SLR is projected to have on coastal habitats [32,49,50,51,52,53], some of which are projected to lose between 58% to 69% of their habitat by 2100 [32]. Even though major changes in the composition of coastal ecosystems can be expected, the implications of those changes for humans or marine life are not yet fully understood [54]. Understanding the changes of coastal habitats in relation to how they affect humans can facilitate the development of adaptive strategies that enable the adaptive potential of those habitats [54,55].




3.2.2. Precipitation and Nutrient Loading in Watershed Hydrology


Predictions of precipitation changes in the Chesapeake Bay watershed in this century are less understood than temperature projections [16]. However, data found in the reviewed documents show an increase in precipitation compared to current conditions [41,56,57]. Renkenberger et al. [41] estimate changes in precipitation to increase between 25%–30% by the end of the century. Other sources show more conservative predictions: Hawkins [57] predicts a smaller increase of 5.2% to 15.2%, and Pyke et al. [16] predicted 3% to 8%. In general, precipitation is likely to increase during winter (less as snow) and decrease during summer and fall [57,58]. In Maryland, and the Chesapeake Bay, increasing precipitation contributes to inland flooding [42], higher non-point source sediment and nutrient pollution into the Chesapeake Bay watershed [30,41,56], higher soil erosion [59], impacts on agricultural yields [60,61], increases pressure on rain and wastewater management systems [16,31], increases in the risk of dam failures [62], and contributes to growth of water-borne diseases [60,63]. Moreover, the seasonal variability of projected precipitation may increase droughts in the summer months [61].



When comparing data between scientific journal publications and non-academic reports, particular distinctions emerge. Hydrological models, like the Soil Water Assessment Tool (SWAT), is more common in scientific literature [30,41,56,64]. In contrast, non-academic publications from government, NGOs, or research institutions, are less specific on the future impacts of precipitation changes but they recognize the potential vulnerabilities and emphasize resilience-building approaches [16,60,61].



Some scientific studies show an association between increasing precipitation and human health [63,65,66,67,68]. Soneja et al. [63,65] studies the relationship between changes in precipitation and temperature and increased risk of hospitalization for asthma and water-borne diseases. They show that an increase in the frequency of extreme heat and precipitation events will have a significant impact on public health, especially asthma during summertime extreme precipitation events. It is essential to mention that this association is rare within our sample, and more research in this subject is needed to develop adaptive policies.



The predicted increases in precipitation pose serious management challenges to control nutrient pollution in the Bay and achieve the goals of the Chesapeake Bay Watershed Agreement [69]. Among our sample of documents, data suggests that the water quality in the Bay will undergo biochemical changes that will affect aquatic life. Most notably, the exacerbation of hypoxia—zones of low levels of oxygen that cannot support fish—will have detrimental effects on marine organisms and ecosystems [60,70,71,72,73]. Although seasonal hypoxia is a natural feature of estuaries, indicators show that these “dead zones” are becoming more frequent in many parts of the world due to human impact on the ecosystem [16,74]. Moreover, changes in the water quality and chemistry, as well as higher water temperatures [33,75,76] and acidification [35], pose serious threats to aquatic life. These changes can affect aquatic life that is economically and ecologically important to the Chesapeake Bay; such as the blue crab [33,75] softshell clam [34,35], striped bass [77], algae [60,73], and marine grasses [77]. The Eco Health Report Card has been a consistent indicator of the Chesapeake Bay’s water quality since 1986 [77]. In 2017, the latest reporting period at the time of this writing, the Eco Health Score was showing a trend of slow improvement. With increasing precipitation and streamflow, it is more likely that maintaining the improvement trend will become harder through this century, and perhaps impossible without aggressive nutrient and pollution reduction management strategies [72].





3.3. Emerging Themes in Climate Change Adaptation


Adaptation researchers and professionals may find available studies and reports on data on the projected impacts of more precipitation in the Bay. Conceptually, nothing new is provided by this knowledge. However, societies tend to measure things that matter to them [78]. In this case, available data and indicators on aspects of precipitation and their relationship with agricultural productivity, flooding, and water quality are central to increasing resilience. Certainly, more attention is needed on measuring aspects that reduce risk and increase resilience and incorporate those aspects in existing restoration and management efforts. On a qualitative note, multiple types of authors in our sample recognize that there is still much to be done in developing climate adaptation indicators and metrics that can be applied across the Chesapeake Bay watershed in a coordinated fashion to allow for timely implementation of adaptation strategies. The following adaptation themes refer to aspects the authors found to be significant in the development of holistic adaptation measures in the Chesapeake Bay.



3.3.1. Adapting to Sea-Level Rise


Responding and adapting to SLR is a multi-faceted problem. First, improving the quality of data on SLR by upgrading the network of water sensors and real-time flood data will help to improve the predictions of street-level flooding [79]. The development of new datasets can and will facilitate the identification of flood risk areas in coastal communities and support the selection of priority shoreline areas for conservation and/or restoration. Moreover, collaborative decision-driven scientific tools have the potential to support the design of targeted adaptation strategies with known risk-reduction potential [80,81].



Developing and deploying the capabilities to identify shoreline areas of significant value and risk-reduction potential becomes relevant at the local level, where county and municipal governments dictate the land-use zoning codes. Empowering county and local-level managers and conservation professionals with tools to identify and monitor coastal habitat changes in real time will likely improve conservation and restoration efforts at the local level. At the state level, managing agencies can facilitate investment for land acquisition programs. In areas where inland migration of wetlands is difficult or impossible, other adaptation options, like green/blue infrastructure, have already been employed. For example, adding sediment to marshes, building oyster reefs, and living shorelines [82] have positive, albeit limited, benefits [83]. It may also be useful to promote the evaluation of uncommon adaptation measures and practices [84].




3.3.2. Adapting to Increases in Precipitation


Overall, the focus of adaptation to projected increases in precipitation relates to (i) the ability to improve our estimates of precipitation patterns into the future and (ii) the ability to upgrade stormwater management systems to meet the projected increase in precipitation. Adapting to precipitation changes will likely reduce flooding, ensure urban water quality, and control and reduce the associated runoff and nutrient loading into the Chesapeake Bay. Many documents reviewed in this report discuss the role of stormwater management as an adaptation focus in the wake of a projected increase of precipitation [16,29,31]. The stormwater infrastructure that is not intended to handle increased amounts of precipitation will have an increased likelihood of failure [17]. Communicating the limitations and vulnerabilities of water management systems to local governments will likely encourage the necessary upgrades given the substantial power local government has over stormwater management systems [31,85].



Impervious cover due to increasing urbanization prevents stormwater from infiltrating into the soil [29]. Therefore, employing green infrastructure and reducing impervious cover in flood-prone areas will increase the ground’s capacity to absorb heavy precipitation [86]. Policy changes that encourage resilient building codes and practices are likely to reduce risk, as well as direct new development and investment to less flood-prone areas [17]. Adaptation-focused documents recommend increasing freeboard standards, the required elevation of the first floors of structures, to account for future SLR and change from a 100-year flood plain management strategy to a 500-year flood plain management strategy [17,79]. Upgrading zoning policies in floodplains to incorporate climate risks can both protect existing buildings and strengthen new and substantially improved buildings [86] (p. 204).



The predicted increase in precipitation in Maryland will result in an increase in agricultural runoff [59,64], which is likely to forestall progress by management actions without redoubled efforts [73]. As such, expanding the adoption of best management practices (BMPs) in riparian zones to minimize agricultural runoff, sediment transport, and nutrient loading will become increasingly necessary to address the impacts of climate change related to Bay’s water quality. However, it is important for local managers to be able to identify the effectiveness of BMPs. It is recommended that BMPs effectiveness be measured by their GHG-reduction potential; as some research has shown [87]. Measuring the performance of BMPs in removing pollutants at different climate scenarios remains an ongoing challenge [29]. In the Chesapeake Bay, BMPs are implemented through watershed implementation plans (WIPs), defined by states and districts to ensure the water standard is not compromised. Thus, facilitating knowledge on BMP effectiveness into WIPs would likely accelerate the adoption rates.




3.3.3. Stakeholder Participation


A growing number of documents recognize and recommend the use of collaborative approaches in managing climate adaptation in social-ecological systems [12,16,85]. Planning for adaptation to SLR and other climate hazard requires regional partnerships and collaborative strategies, especially when climate and environmental hazards transcend municipal and county boundaries [79]. Climate adaptation is an interdisciplinary effort that requires the involvement of actors in social, economic, and environmental aspects of a community and region that harness knowledge that is pertinent to effective adaptation [16]. Measuring the extent to which stakeholder participation delivers measurable improvement and risk-reduction remains a challenge. However, the benefits of collaboration include the ability to create and harmonize data on climate change (e.g., SLR impacts), as it would be difficult for individual communities to collect the data and expertise necessary to address their climate vulnerabilities comprehensively.




3.3.4. Perceptions as Measuring Tools


Finally, a small but distinguishable number of documents focused on measuring perceptions from the public and adaptation professionals related to climate change and impacts. These studies and reports capture different types of perceptions from different types of respondents in different geographic locations. A unifying factor between them is their emphasis on the role perceptions may play in effective coastal climate adaptation planning, implementation, and monitoring. Many documents focused on studying perceptions of risk (i.e., ‘feeling at risk of climate impacts’) and investigated different variables that may be associated with increasing/reducing risk perceptions among stakeholders [88,89]. Perceptions of climate change may relate to the level of knowledge about climate change, the degree of trust in the responsible agencies, and/or the proximity to climate hazards. Perceptions can function as proxy measures of knowledge and awareness people have about aspects of climate change impacts and adaptation, which may help identify communication gaps among stakeholders [88,90]. Improving communication between administrators and local residents may greatly increase the effective implementation of adaptation policies. Akerlof et al. [91] showed that most residents were uncertain when SLR was going to significantly impact the county. In a survey of residents of Baltimore City and Prince George’s County (MD), residents reported a low level of understanding of the climate impacts and their scientific projections [92]. Having limited knowledge of the facts of climate change has been linked to having a lower perception of risk of climate impacts [92]. Akerlof et al., [91] showed how information-driven collaborative events could have a positive effect on increasing people’s awareness of climate risks while aligning their expectations of climate change to that of scientific knowledge. These studies show that such information may have a significant influence on the formation of individual perceptions and public opinion [93,94]; information that may be helpful in climate change adaptation efforts.





3.4. Limitations


Our review is not without its limitations. First, the impacts discussed in this review are the most dominant and urgent aspects of climate change in the Chesapeake Bay, but they are not the only ones. By accounting for the data/indicators that currently are predominant in the literature, we may have neglected important, yet covert, aspects of the social-ecological system that may play silent roles in exacerbating or constraining climate impacts. Second, our review lightly touches on the relation between climate change and human health, which is a subject of interest particularly to state and county governments. Even though we found inconclusive information on this subject we recognize that others have done more focused reviews on this [95]. Finally, we recognize that the lengthy process of coding data on the sampled documents is performed by humans who may commit unintended mistakes. To reduce human error, we employed extensive quality control processes, but it is impossible to rule out mis-coding as a possibility.




3.5. Practical Implications


This review article is intended to provide wide-reaching practical implications for tracking climate change impacts and adaptation to those impacts. One of the most important contributions of this review is the description of how climate change data is produced, analyzed, and hosted by different types of authors in different formats. The knowledge network in place in the Chesapeake Bay is complex and includes different stakeholders. Scientists still play an important and growing role in the collection of environmental data, but it is now a noticeable trend how scientists are increasingly diversifying the way in which their studies are communicated to the wider public and policy-makers. More online resources are becoming available, which may present a challenge for local and municipal authorities to identify legitimate and useful sources of science-based information. Taken together, it is possible to say that the web of knowledge on climate change impacts and adaptation is more complex and diverse than it was in 2007, when the Maryland Commission on Climate Change was established. Therefore, reviews like this one are important in assessing the information landscape in a way that may empower stakeholders and decision-makers at all levels of governance to find the right type of information and make informed decisions that support resilience-building and adaptation.





4. Conclusions


Anthropogenic climate change is already affecting the livelihood of humans around the world by driving changes to the ocean and land ecosystems we depend on [2]. As such, governments at different levels (country, state, county, and municipality), academia, and civil society have shown greater interest in tracking the availability and effectiveness of climate change adaptation indicators. The systematic review presented in this article centers in the State of Maryland, USA, home of the Chesapeake Bay, and answered the questions (i) how are indicators of climate impacts measured and reported by different types of authors, document types, and geographic focus? (ii) what are the current approaches for measuring the most pressing climate impacts in Maryland and the Chesapeake Bay? Concerning how climate impacts are measured and reported, we found that most documents in our sample were authored by scientists, followed by state government, NGOs, national, county and municipal governments. The majority of documents were in report form, followed by academic journal articles and online resources. The geographic focus of documents was evenly split with some documents focusing on the State of Maryland and others on the Chesapeake Bay region. A smaller number of documents focused on regional, county, and municipal aspects of climate change adaptation.



We have presented a qualitative and quantitative analysis of the information landscape in this region and have highlighted the synergies that exist between authors researching and working in similar regions and on similar climate-related problems. For example, how scientists and county managers have shared interests in testing the effectiveness of stormwater management systems in the context of increasing precipitation in the 21st century. At the same time, we have highlighted on some areas where science can meet the needs of practitioners. For example, scientific research can play an important role in identifying shorelines vulnerable to SLR using advance technologies like satellite imagery. As such, the characterization of how quantitative data is produced and reported by different types of authors, document types, and geographic focus is intended to facilitate knowledge exchange between scientists, government, NGOs, and adaptation managers at the county and municipal level in ways that expedite the capacity of adaptation to climate change.



Concerning the current and emerging approaches for the measurement of climate impacts in Maryland and the Chesapeake Bay, we found that most indicators and datasets within our sample are related to SLR and coastal and river flooding. This overwhelming attention to SLR and flooding was not a surprise, given that Maryland’s 4000-miles of shoreline, and its network of tidal rivers and the Atlantic coast, makes the state particularly susceptible to flooding and erosion brought on by tides, storms, and increasingly SLR. Our review presented some recommendations on areas where emerging scientific research overlaps with government’s interest and communities’ needs. Specifically, we believe that improving real-time data collection of SLR, identifying vulnerable areas, and enabling the state to acquire and/or maintain endangered coastal ecosystems will advance the science and the adaptation to SLR in the region. Changes in precipitation patterns are certain to happen; however, improving the accuracy of precipitation projections is of utmost importance for those concern about agricultural pollution through runoff into the Bay and the saturation of stormwater management systems in growing urban areas. Furthermore, authorities and the general public are concerned about the efficacy of adaptation measures (e.g., agricultural BMPs, green infrastructure, and socio-economic policies). As such, we identified a growing trend in participatory research being employed as an approach to engage a wider range of stakeholders and solicit information that may lead to better adaptive and collaborative management. These approaches are conducive to the co-creation of knowledge and may achieve the interactions needed between scientists, government, and civil society that may enhance the adaptive capacity to climate change [96]. In this respect, we believe that the climate change adaptation community may benefit from knowledge in sustainability science, which overlap in their efforts to understand co-creation of knowledge through transdisciplinary methods [97,98]. Moreover, a trend on perception-based research suggests that climate change adaptation performance may be measured, to some extent, by soliciting perceptions of stakeholders about the process and outcomes of collaborative decision-making [99].



Considering the challenges presented by climate change and the deficiencies of adaptation systems, it is important to develop frameworks and tools that can support climate adaption at different levels of governance. Creating holistic indicators of climate change adaptation is still in early stages of development. Based on our review, we can say that improving the data collection capabilities of environmental changes at different geographic scales and providing collaborative opportunities for stakeholders will likely empower decision-makers and managers with important information. Moreover, social indicators like social capital, stakeholder engagement, and perceptions of risk and awareness are essential for adaptation development and implementation but have not yet evolved into measurable indicators. Even though this review is focused on Maryland and the Chesapeake Bay, we believe these insights can be extend to other coastal areas around the planet that share similar climate-related risks as well as management challenges. Overall, climate adaptation requires the participation of stakeholders and the sharing of information at all geographic and governance levels. This means that experts and practitioners can standardize their engagement with vulnerable local communities and that local communities can increase their exposure to scientific knowledge. It remains a considerable challenge to measure the extent to which scientific knowledge is integrated into local knowledge in a way that translates to effective adaptation management. Nonetheless, we believe that reviews like ours may help stakeholders better understand the complex information network of climate change impacts and adaptation, which in turn may help them navigate it.
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Figure 1. Document selection process for systematic review. 
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Figure 2. Descriptive distribution of: (a) type of author, (b) type of document (i.e., Science article, report, presentation, or online resource), and (c) geographic focus of the document. 
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Figure 3. Year of publication of sampled documents by (a) type of author, (b) type of document, and (c) geographic focus of document. 
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Figure 4. Number of documents that contained different climate change impact indicators. 
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