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The socio-ecological systems (SESs) framework provides cross-disciplinary insight into complex environmental problems. Numerous studies have applied the SES framework to coastal and marine environments over the last two decades. We review and analyze 98 of those studies to (i) describe how SES concepts were examined and measured, (ii) describe how the studies included feedbacks and thresholds, and (iii) identify and analyze elements unique to coastal and marine SES frameworks. We find that progress has been made in understanding key SES properties in coastal and marine ecosystems, which include resilience, adaptive capacity, vulnerability, and governance. A variety of methods has been developed and applied to analyze these features qualitatively and quantitatively. We also find that recent studies have incorporated land-based stressors in their analyses of coastal issues related to nutrient runoff, bacterial pollution, and management of anadromous species to represent explicit links in land-to-sea continuums. However, the literature has yet to identify methods and data that can be used to provide causal evidence of non-linearities and thresholds within SES. In addition, our findings suggest that greater alignment and consistency are needed in models with regard to metrics and spatial boundaries between ecological and social systems to take full advantage of the SES framework and improve coastal and marine management.
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INTRODUCTION

Coastal areas have supported human communities for centuries (Gari et al., 2015), and the environmental health of coastal areas depends on inter-connections between human social systems and ecological systems (Charles, 2012). In the past 60 years, however, coastal environments have been subjected to dramatic changes associated with human activities. Rapid population growth has had severe negative consequences for coastal landscapes in many parts of the world (Li et al., 2018). The damage primarily results from excessive nutrients deposited in coastal waters from wastewater discharges, stormwater runoff, and intensive agricultural activities such as plowing and fertilization. These contaminants lead to hypoxia (reduced dissolved oxygen in the water) that kills animals and plants and associated social side effects such as beach closures (Committee on Environment and Natural Resources, 2010). Other types of damage include historic overfishing of coastal resources around the world, resulting in the collapse of stocks of numerous species of fish (Myers and Worm, 2003; Perry et al., 2010). Marine creatures from plankton to whales are ingesting debris (particularly plastic waste) (Jambeck et al., 2015). When governments, coastal communities, and individuals react to these ecological changes and adapt their behaviors, there are almost certainly feedback effects on coastal and marine ecosystems, but it has been empirically challenging to study these relationships at relevant scales (Ferraro et al., 2019).

This study provides a review of the growing scientific literature on the environmental health of coastal and marine socio-ecological systems (SESs). We describe how four key concepts—resilience, vulnerability, adaptive capacity, and governance—have been examined and measured in studies of coastal and marine SESs, describe how the studies incorporated non-linear feedback and threshold processes to understand SES complexities, and identify and analyze elements unique to marine and coastal SESs. Resilience, vulnerability, and adaptive capacity are inter-related concepts from the natural sciences that have been adapted to applications in various contexts in the social sciences (Adger, 2006; Gallopin, 2006) and are commonly used to measure the quality of SESs (Adger, 2006; Liu et al., 2007; Charles, 2012; Li et al., 2018; Resilience Alliance – Resilience). After a systematic review of applications of these concepts in coastal and marine SESs, we identify areas where future work is needed.


Critical Elements of Social and Ecological Systems

Resilience, vulnerability, and adaptive capacity are three main concepts applied to understanding how SESs respond to change (Gallopin, 2006; Kaplan-Hallam et al., 2017). These concepts originally stem from different fields but have been widely used as lenses through which to analyze the linkages within and between social and ecological systems. Gallopin (2006) argues that despite “nontrivial” linkages between resilience, vulnerability, and adaptive capacity, there are no commonly accepted definitions of these terms across the social and natural sciences. Moreover, we find that only a handful of studies in our sample have comprehensively integrated the social and ecological components to study such coupled systems. These two observations drive our decision to treat resilience, vulnerability, and adaptive capacity as overlapping, yet distinct concepts in our review. Definitions within the coastal and marine SES as well as examples of each term are provided below. For a detailed review on the conceptual relationship and distinctions between these concepts, see Gallopin (2006).

For coastal and marine SESs, resilience refers to an internal property of a system and specifically its capacity to maintain the status quo in the face of a change, disturbance, or shock (Berkes and Seixas, 2005; Lebel et al., 2006; Renaud et al., 2010; Burkhard and Gee, 2012). Disturbance includes biophysical, social, economic, institutional, and political factors that affect human communities and their environment (Lozoya et al., 2015). A resilient system does not cross a threshold, keeps itself in the same stable state (Manuel-Navarrete et al., 2007; Larsen et al., 2011), and retains its essential functions, structure, identity, and feedbacks as the system recovers (Walker et al., 2004; Lozoya et al., 2015). A less resilient system is unable to maintain its identity, and disturbances instead lead to larger scale “regime change” radically altering the system (Scheffer et al., 2001). In biological, engineering, and decision-sciences this is sometimes also referred to as robustness (e.g., Mens et al., 2011). Often the term robustness is employed instead of resilience when an engineered component plays a crucial role in an SES such as polders (Ishtiaque et al., 2017). Resilience in the ecological system reflects how components respond to environmental changes, such as species' sensitivity to pollutants or changes in temperature, the number of links in an ecosystem's food web, or a marine environments' carbon storing capacity. The resilience of a social system depends on system members' ability to self-organize, learn and adapt (Folke et al., 2002; Berkes, 2017), and utilize social bonds or formal community planning to persist in the face of disturbances such as flooding or declining fish stocks (Trosper, 2003; Mens et al., 2011). Moreover, resilience of a socio-ecological system is increasingly understood to be a complex and dynamic concept. A resilient system is one that can respond to a range of probable as well as plausible or deep uncertainties and adapt toward transformative change (Polasky et al., 2011; Berkes, 2017).

A related but distinct concept is vulnerability, a composite property of the system consisting of three elements: exposure to disturbances, sensitivity to these disturbances, and capacity to adapt to the disturbances (Adger, 2006). While resilience and vulnerability are related, there is some debate about whether they are opposite concepts (Hu et al., 2018). Resilience is a property of the internal strength of a system while vulnerability partly relies on external factors such as exposure to disturbances (Adger, 2006; Gallopin, 2006). As such, vulnerability assessments gauge the impact of one or more disturbance events on ecological and/or social systems and potentially synergistic impacts multiple disturbances (Murphy, 2015). In both social and ecological systems, exposure to disturbances can vary in number, severity, or duration. In ecological systems, sensitivity characteristics could include, for instance, the temperature range at which a particular species of plant or animal can survive, or water flow which regulates an ecosystem. Similarly, sensitivity in a social system could refer to water availability which can support drinking water or livelihoods such as farming, or market shocks that affect income and asset values. Social and ecological systems can be exposed to common disturbances which can cause both systems to collapse (Barrett et al., 2011).

We treat adaptive capacity as its own concept rather than just as the third property of vulnerability since it is commonly investigated independently. Adaptive capacity denotes characteristics that determine whether and the degree to which a system can adjust to survive (Manuel-Navarrete et al., 2007). In ecological systems, adaptive capacity refers to species' capacity to persist despite changes in conditions (Whitney et al., 2017) and is strengthened by genetic, biological, or landscape diversity (Resilience Alliance—Resilience). Adaptive capacity may include whether organisms can withstand extreme weather events or reproduce rapidly enough to evolve to survive in a drier or wetter climate because of climate change (Lozoya et al., 2015). In contrast, studies can also address the effects of new system configurations, such as ecological system changes brought on by adaptive responses of coastal communities to reduce the negative effects of climate change (Charles, 2012). In social systems, it refers to characteristics that enable the system to respond effectively to changes in ecological systems and maintain the existing quality of life (Tiller et al., 2016), such as political structures that can enact large-scale infrastructure projects or formal and informal risk management strategies. For instance, coastal communities may be able to overcome their dependence on traditional species and take advantage of the availability of new biological resources due to climate change (Charles, 2012). In this way, adaptive capacity differs from resilience since a system with high adaptive capacity may still change significantly, but the assessment is more about the well-being of the social and ecological elements rather than about avoiding large changes to the system.

Another important concept that helps explain how coastal and marine SESs respond to or prevent changes is governance, the formal and informal arrangements that regulate both residents and resources. Governance is a broad concept that encompasses politics, policies, mutual trust, social knowledge (Barclay Frey and Berkes, 2014), stages of uncertainty about future outcomes (Walker et al., 2013), and voluntary actions that allow individuals to self-organize (Ban et al., 2017). The effectiveness of authorities' policies can strengthen or weaken the resilience, vulnerability, and adaptive capacity of SESs (Adger, 2006; Berkes, 2011; Barnett and Anderies, 2014). Governance of coastal and marine resources and communities must use a robust framework to integrate social, economic, and environmental dimensions (McClanahan et al., 2009) and manage the systems to address uncertainty and disturbances (Glaser et al., 2012).

Coastal governance is especially challenging in the face of deep uncertainty and evolving vulnerabilities from “cross-scalar,” multi-dimensional and inter-temporal impacts of global changes in climate, land use, biodiversity, technology, socio-economic conditions, and politics on coastal SES (Polasky et al., 2011; Walker et al., 2013; Maier et al., 2016; Gladstone-Gallagher et al., 2019; Groves et al., 2019; Naylor et al., 2019). Uncertainties can vary between the bounds of probable outcomes to multiple plausibly distinct scenarios (Maier et al., 2016). Walker et al. (2013) specifically outline five transitions in stages of uncertainty in decision-making ranging from complete certainty to ignorance. Deep uncertainty is reached in the last two stages when multiple plausible futures can either not be ranked or imagined. Governance of coastal SESs must therefore also evolve to embrace more adaptive decision-making strategies with the objective of strengthening system resilience to “surprises” (Berkes, 2017; Gladstone-Gallagher et al., 2019; Elsawah et al., 2020)1.

Non-linear feedback and threshold processes are also critical for understanding SES complexities. Feedback is an important mutual effect within or between elements of systems and covers long-term timeframes (Engie and Quiroga, 2014). It depicts the effect of an element A on B and vice versa, where A and B can be parts of the same system (both ecological or both social) or different systems (one ecological and one social). Feedback can stabilize a system by reducing unwanted changes or promote positive adaptive changes such as biotic interactions to reduce “undesirable” species of macroalgal blooms contributing to loss of coral reefs (Nyström et al., 2012; Engie and Quiroga, 2014; Kaplan-Hallam et al., 2017). Feedback can also amplify the consequences of undesirable changes making it difficult to break free from a destructive cycle, such as when new markets or technology increase the intensity of fishing efforts for a limited stock (Kittinger et al., 2012). Neglecting these types of feedback in a system can exacerbate existing problems and result in ineffective policy interventions (Perry et al., 2010). Some studies (Engie and Quiroga, 2014; Gladstone-Gallagher et al., 2019) have criticized the lack of attention paid to feedback and robust planning to incorporate multiple uncertain scenarios, such as climate and fisheries related collapse of coastal food webs around the world (Nyström et al., 2012), particularly when evaluating social systems.

Thresholds (also called tipping points) denote points at which changes push a system from one state to another, often irreversibly (Broderstad and Eythórsson, 2014; Hossain and Szabo, 2017). Biophysical or ecological thresholds are defined by physical, chemical, and biological characteristics of ecological systems (Renaud et al., 2010) while social thresholds are defined by the limits of an individual's and society's ability to learn and adapt (Renaud et al., 2010; Kaplan-Hallam et al., 2017). Thresholds are often treated as stable boundaries and/or as a maximum level of disturbance tolerated by a system while still able to maintain its original configuration. When the loss of a system's given function is too great, the system configuration changes (Renaud et al., 2010; Broderstad and Eythórsson, 2014; Bigagli, 2015). The threshold process in SESs has been characterized by Hossain and Szabo (2017) as beginning with a change in a system characteristic that exceeds the system's threshold and transitions to another state by positive feedback and lack of a governance response to the change early on.

We review each of these critical elements and methods devised to analyze them in studies of SESs published between 2003 and 2018.




METHODS

In May 2018, we used two comprehensive databases of peer-reviewed research, BIOSIS on the Web of Science and Scopus, to identify studies of coastal and marine SESs from all years, all languages, and all document types. The search query used a set of wildcards to identify studies in which the title contained the phrases “socio-ecological system,” “socioecological,” or “human-environment system” and the title, abstract, and/or keywords contained the words coastal, ocean, marine, or sea.2 The query generated a list of 132 unique publications. We discarded 34 of the publications during the screening process because they did not include a coastal or marine SES, were only introduction or conclusion sections of the publications, or could not be retrieved (see Figure 1).


[image: Figure 1]
FIGURE 1. Screening process of the literature sample on coastal and marine socio-ecological systems.


We coded the 98 publications remaining in the final dataset by date of publication and geographical location (country and/or region) in which the study was conducted. Studies conducted in one country were coded as single. Studies conducted in more than one country or that included countries and regions at the same time were coded as multiple. Similarly, we recorded the regions in which studies were conducted with broader geographic designations such as ocean or portion of a continent. If no specific countries or region were identified, the study was coded as unspecified.

We next coded the studies using four criteria adapted from Binder et al. (2013) regarding inclusion of SESs: (1) inclusion of a clear description of its SES components (yes/no); (2) relative emphasis placed on the social and ecological systems (emphasized social, emphasized ecological, and equal emphasis); (3) inclusion of a coherent SES conceptual framework that introduced or advanced a new concept (yes/no); (4) and inclusion of an empirical analysis (case studies) in which the SESs were applied to a specific context (yes/no).

Finally, the publications were coded to identify whether the studies' keywords included any of the four key SES properties (resilience, vulnerability, adaptive capacity, and governance) and the two key processes (feedbacks and thresholds). The content of each publication was further reviewed qualitatively to establish how clearly the SES properties and complementary concepts were defined, the methodologies employed to study them, and the main findings (see Supplementary Table 1).



RESULTS

Table 1 summarizes the characteristics identified for each of the 98 studies reviewed in terms of temporal and geographic coverage, criteria compliance, and incorporation of the four properties and two processes of particular interest in this review.


Table 1. Description of the literature sample on coastal and marine SESs (n = 98).
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Changes in Temporal and Geographic Coverage

As shown in Figure 2, we find that the annual number of coastal and marine SES studies increased gradually. It increased from an average of 1.0 study per year between 2003 and 2006 to 3.9 for 2007 and 2013. Then, in 2014, the number of studies published nearly doubled to 17 and averaged 14.8 between 2014 and 2017 (As of May, there were nine in 2018). This rapid increase in research on SESs likely reflects both growing interest in the topic and advances in analytical methods and greater availability of data.


[image: Figure 2]
FIGURE 2. Number of publications per year. The figure shows the total number of hits classified according to the year of publication. Publications included journal articles and book chapters on coastal or marine SESs from 2003 to 5/14/2018.


The reviewed studies cover diverse geographical locations (Figure 3). Nearly two-thirds (62%) focused on a single country and almost one-fifth (21%) addressed systems in multiple countries. A small percentage addressed SESs on wider regional scales (9%). Only 7% of the studies did not specify a geographic location. The three most-studied countries are the United States (15), Canada (12), and Brazil (9), potentially reflecting relative greater availability of sufficient data about SESs in those countries.


[image: Figure 3]
FIGURE 3. SES studies per geographic context. The figure shows the percentage of studies on coastal or marine SESs that took place in a single country (single), in more than one country (multiple countries), in a broader geographic area regardless of the country (regional), and in unspecified locations (unspecified).




Inclusion of Socio-Ecological System Components

Our review shows that 92% of the publications in the sample included clear descriptions of the SES components, though the balance of attention paid to social and ecological systems was sometimes uneven. We found that 67% incorporated both systems relatively equally, 31% almost exclusively emphasized social systems (e.g., Murray et al., 2008; Reenberg et al., 2008; Ferrol-Schulte et al., 2013; Roebeling et al., 2014; Villamor et al., 2014; Benham, 2017), and 2% strongly emphasized ecological systems (Ban et al., 2017; Hagenlocher et al., 2018). Among studies that analyzed both systems relatively equally, we found that Berkes (2011), Broderstad and Eythórsson (2014), Cullen-Unsworth et al. (2014), Engie and Quiroga (2014) analyzed the mutual influences of both systems, which can strengthen SES modeling (Davies et al., 2016; Melbourne-Thomas et al., 2017). Others (Glaser et al., 2012; Perry and Masson, 2013; Guillotreau et al., 2017; Hu et al., 2018; Li et al., 2018; Peña-Alonso et al., 2018) used indicators that integrated variables representing the social and ecological systems. For instance, Perry and Masson (2013) constructed indicators identifying changes in large-scale temporal patterns of variability in the Strait of Georgia. They applied multivariate statistical analysis to 37 variables related to ecological and social (human) systems, including the Oceanic Niño Index, spring phytoplankton blooms, and commercial herring hatchings, that were scaled to a unit variance. Guillotreau et al. (2017) normalized variables with different metrics by classifying natural, social, and governing resilience as low, medium, and high, and then scored all of them between one and three to calculate a multidimensional resilience index.

Approximately 21% of the studies that provided clear conceptual frameworks also advanced existing frameworks (e.g., Partelow and Boda, 2015; Crépin et al., 2017). Several made theoretical contributions (Berkes and Seixas, 2005; Whitney et al., 2017; Hagenlocher et al., 2018), introduced or reviewed new concepts (Berkes, 2011; Loring, 2016), and advanced an existing concept (Murphy, 2015). The vast majority of the literature sample (95%) included an empirical analysis based on case studies (e.g., Burbano et al., 2014; Chalcobsky et al., 2017).



Key Properties and Processes

Figure 4 briefly summarizes the studies' inclusion of each of the four key properties of SESs (resilience, vulnerability, adaptive capacity, and governance) and two key processes (feedbacks and thresholds). In general, we find that resilience and governance were frequently addressed, and that feedback and thresholds were rarely addressed. In the following sections, we explain how the SES properties and processes were defined and assessed in greater detail, review the primary findings, and discuss(Fuller et al., 2017)areas for future research.


[image: Figure 4]
FIGURE 4. Analysis by properties and processes. The figure shows the number of publications on coastal or marine SESs that dealt with resilience, vulnerability, adaptive capacity, governance, feedbacks, and thresholds in this review.



Resilience

Using a variety of qualitative and quantitative research methods, SES studies have identified several factors that contribute to resilience of coastal and marine systems. Studies have indicated that resilient SES systems integrate multiple types and forms of knowledge (e.g., Berkes and Seixas, 2005; Faulkner et al., 2018). In one case, users' local knowledge of the coastal region led Bedouin breeders to reduce the size of their herds at the household level and migrate with them when facing drought, strengthening their resilience to ecosystem change (Daoud et al., 2016). Willingness to change has also been found to be a characteristic of resilient coastal and marine SES. Some communities prepare for change by diversifying livelihoods (Berkes and Seixas, 2005). For instance, along the US west coast, vessels capable of participating in multiple fisheries were able to reallocate effort to different fisheries in the face of disturbance (Fuller et al., 2017). In contrast, communities that are not willing to adjust practices in response to change can have weakened socio-ecological resilience. For example, immigrants who applied practices that they had used in their original localities to a different environment (ecological illiteracy) broke the link between their society's evolution and the environment's, reducing their resilience (Glaser et al., 2010). Attachments to place and cultural identities have also been found to strengthen social resilience in coastal and marine SES (González et al., 2008; Faulkner et al., 2018). In fact, place attachment served as the foundation for all other features of SES resilience in two coastal communities in the UK (Faulkner et al., 2018). Other studies have found that resilient SESs have institutional diversity where cross-scale linkages are encouraged (Berkes and Seixas, 2005), ability to self-organize and manage conflict (Berkes and Seixas, 2005), and capacity to implement short- and long-term interventions (Guillotreau et al., 2017). Modeling studies in Jiangsu Province, China that examined relationships between SES resilience and individual social, economic, and environmental factors highlighted the complex interactions among these factors and the dynamic nature of resilience (e.g., Hu et al., 2018; Li et al., 2018). Some factors affecting resilience that emerged in these studies included the capacity to make economic and policy re-investments in the region, implementation of environmental protection strategies, and participation in sustainable use practices (Hu et al., 2018; Li et al., 2018). All of the reviewed studies on coastal and marine SESs provide valuable insights into features associated with resilient systems and highlight the dynamic, multi-scalar, multi-dimensional, and complex nature of resilience.



Vulnerability

Both qualitative and quantitative methods to assess vulnerability were represented in the reviewed studies. Among the studies using qualitative methods, several compared multiple case studies to construct an SES framework and understand how and why coastal regions are more vulnerable than other regions (Manuel-Navarrete et al., 2007; Murphy, 2015). Manuel-Navarrete et al. (2007) identified three causal loops involving 13 symptoms of vulnerability, including lack of urban planning, occupation of hazardous areas, and ecosystem degradation. Their results are consistent with two other reviewed studies (Murphy, 2015; Rothenberger et al., 2018) that found that coastal regions are more vulnerable than other types of regions to the effects of climate change and hurricanes because coastal areas tend to (a) be densely populated; (b) be occupied by numerous wastewater treatment and landfill facilities, (c) lack naturally protective land functions, and (d) have poorly managed natural resources. Another qualitative approach found in the reviewed studies on vulnerability of a coastal SES is stakeholder participation. Wawo (2017) utilized community participation—by those who depend on the coastal ecosystem services and, in return, whose activities affect the ecosystem—to identify the vulnerability of coastal communities' livelihoods.

Vulnerability indices have been the most preferred quantitative method. For instance, Metcalf et al. (2015) measured coastal communities' socioeconomic vulnerability to climate change, using a set of indicators for climate exposure, species exposure, ecological vulnerability, resource dependence, and adaptive capacity. They found that climate exposure increases socioeconomic vulnerability, while diversity in employment opportunities and the restoration of local seafood markets are some of the factors reducing vulnerability. Hagenlocher et al. (2018) introduced the Global Delta Risk Index, which interacts hazard exposure and socio-ecological vulnerability to measure the risk of deltaic SESs to multiple hazards. This study identified that deltaic ecosystems are a SES component facing risk, and at the same time, an asset for risk reduction and adaptation. Other studies using indices have treated vulnerability and resilience as interrelated concepts (Renaud et al., 2010). For example, Hu et al. (2018) nested the vulnerability index in the social, economic, and ecological system resilience indices.

Other quantitative studies considered social vulnerability as a property of fishery connectivity networks. Fuller et al. (2017) estimated the social vulnerability of fishing communities using network-level metrics such as edge density, the universal resilience function, and network modularity Q. Edge density is inversely related to sensitivity and indicates how flexible fishers are to switch between fisheries to obtain income when they face a perturbation. The universal resilience function shows how sensitive human communities are to disturbances. Network modularity measures how connected a node is. A modular fishery has a reduced adaptive capacity. Overall, they found that a shrinking portfolio of species increases fishers' sensitivity to disturbances.



Adaptive Capacity

The reviewed studies of adaptive capacity vary in terms of the scale of the SESs addressed. Some focus on one scale alone, for example, focusing on how the social and ecological systems of small-scale pelagic fisheries respond to disturbances (Jarre et al., 2013). Others focus on multiple scales, for example, measuring adaptive capacity in ecological systems at the ocean basin, ecosystem, species, and population scales and in social systems at the international, national, community, and individual scale (Whitney et al., 2017).

We find that the most common method used to assess adaptive capacity over the last two decades is the adaptive cycle (e.g., González et al., 2008; Burkhard and Gee, 2012; Li et al., 2018), which comprises four phases: exploitation, conservation, release, and reorganization. The adaptive cycle method closely links adaptive capacity and resilience. Li et al. (2018), for example, showed that exploitation was the most appropriate phase in which to implement novel management measures designed to build resilience, the release phase was susceptible to loss of resilience, and that policy interventions were required in the exploitation and conservation phases for the systems to be efficient. Adaptive cycles can also be studied historically over time. For example, González et al. (2008) showed that Galapagos has gone through three adaptive cycles since the arrival of humans in 1,535 and was experiencing the beginning of a new renewal phase triggered by enactment of the Galapagos Special Law, the creation of the Galapagos Marine Reserve and associated tourism. Tourism facilitated entry of exotic species (leading to loss of biodiversity) and altered aspects of the economic system (fisheries, agriculture, and commerce). The adaptive cycle methodology has proven useful in both longitudinal and cross-sectional studies of adaptive capacity.

Adaptive capacity is also examined with the fuzzy cognitive mapping method, which analyzes causal feedbacks iteratively. For example, Tiller et al. (2016) analysis of different scenarios in Norway involving sea surface temperatures over 50 years demonstrated how the social system's response to changes in the ecological system can generate new types of feedbacks. The sustainable livelihood approach has also been used to examine adaptation of vulnerable or low-income communities in particular. Metcalf et al. (2015) utilized this method to assess the health of coastal communities finding that high levels of exposure to changes in rainfall due to climate change along with high resource dependency were a perilous combination that hindered adaptation to climate shocks. Fuzzy cognitive mapping is increasingly used in different socio-ecological contexts and shows promise for broad applications in future studies of adaptive capacity.



Governance

Several of the reviewed studies evaluated the relationships between human well-being and stakeholder preferences and the governance of coastal and marine SESs. Involving stakeholders can mitigate the tension between scientists and resource managers because it is possible to establish, for instance, the connection between human well-being and the marine food web (Levin et al., 2016). Participatory marine governance links community members' values and perceptions to the effect that the SESs have on their well-being, even though the outcomes are highly variable and context-specific (Murray et al., 2016). Likewise, a handful of studies (e.g., Villamor et al., 2014; Levin et al., 2015; Van Putten et al., 2016) found that incorporating stakeholder preferences and perceptions into the governance process improves their ability to establish conservation plans and management goals for SESs. Although participatory marine governance can bring consensus between parties by setting measurable conservation targets (Levin et al., 2015), it does not necessarily guarantee ecosystem services' optimal provision.

Several of the governance studies focused on identifying attributes of good governance and how those attributes influence resilience. Lebel et al. (2006) found that participation, representation, deliberation, social justice, and other attributes related to the role of actors characterized effective governance and built resilience. Larsen et al. (2011) showed that informal stakeholder arrangements can partially replace weak formal government institutions and effectively stimulate informal collective action that contributes to building resilience following an environmental shock. Moreover, two studies of ancient indigenous communities in Europe revealed that a flexible worldview (Forbes, 2013), solid stewardship (Forbes, 2013), and robust political representation (Lebel et al., 2006) facilitate effective management of natural resources and survival of community livelihoods and build social resilience in the face of ecological and governance-induced changes.

Other studies diagnosed factors that led to ineffective governance. Studies have identified a few of most critical drivers of poor governance outcomes such as the mismatch between ecological and administrative boundaries (Leslie et al., 2015) and of defined spatial resource boundaries (Barnett and Anderies, 2014; Bigagli, 2015). Bigagli (2015) noted that overlapping borders between systems, such as adjacent marine and freshwater environments, bring additional problems. Directly applying legislation aimed at continental lands to marine environments neglects unique characteristics of saltwater ecosystems. Two studies found that traditional top-down governance, which overlooks the role of customary institutions, discourages users from supporting the resulting policies (Charles, 2012; Barnett and Anderies, 2014). For example, fishers' perceptions of involvement in the decision-making process as having a high cost and providing little benefit made fisheries in Port Lameron, Nova Scotia, more vulnerable to social-ecological changes (Barnett and Anderies, 2014). Likewise, a case study of the Paraty fishery in Brazil (Begossi et al., 2012) identified interruption of feedback between local ecological knowledge and formal government institutions as the primary problem negatively affecting management of the fishery. Users' heterogeneous preferences have also caused conflicts and undermined trust between users (Fleischman et al., 2014), frustrating community-based resource management efforts. They found that better results could be obtained by establishing polycentric governance that involved all stakeholders and addressed all the economic activities within a resource system.

Few coastal and marine SES studies have addressed the complex influence of governance in large-scale environments, an issue that is important when addressing SESs that cross political boundaries (e.g., transboundary marine fisheries). One exception is Fleischman et al. (2014); their study applied Ostrom's design principles, which have typically been used for local studies, to large-scale SESs such as Great Barrier Reef Marine Park, the Rhine watershed, and the International Commission for Conservation of Atlantic Tunas (ICAAT). Overall, they found that successful governance cases for large SESs were characterized by common pool resources with well-defined biophysical and administrative boundaries and monitoring of ecological conditions and user behavior. Other design principles, such as monitoring related to accountability of the monitors to users, collective-choice arrangements, and recognition of rights of resource users to self-organize, did not prove to be successful in large-scale SESs. For example, management of Atlantic bluefin tuna by ICAAT has consistently failed to control overexploitation, primarily because the significant mobility of the fish resources has prevented ICAAT from developing government institutions that can regulate the large scale of the fishery.

Another area of research that is still largely absent in the reviewed literature is the connection between SES governance and uncertainty, especially in the context of coastal and marine management. Cascading stages of uncertainty from probability driven outcomes to higher stages of unrankable or even unimagined unknowns requires flexible governing principles that can adapt with evolving global stressors that can nonetheless unfold at local, regional and temporal scales (Walker et al., 2013; Berkes, 2017; Elsawah et al., 2020). Supplementing cause and effect quantitative modeling with a more holistic exploratory perspective helps multiple stakeholders consider, participate, collaborate and prepare for a robust response to unanticipated shocks (Berkes, 2017).



Non-linear Processes: Feedback and Thresholds

Though many SES studies have documented inter-connections within and between systems, few have incorporated measures of thresholds and feedback loops. Melbourne-Thomas et al. (2017), which addressed marine SESs in Australia, criticized prior studies for failing to include bio-geo-chemical and physical processes and higher trophic levels, oversimplifying social systems, and incorporating only limited representations of human-ecological interaction (primarily through fish catches) in modeling. This lack is likely partially explained by insufficient knowledge about many species' biological and social organizations, limiting researchers' ability to identify suitable connections to test (Martone et al., 2017). In this way, modeling feedback between social and ecological systems is more difficult and increasingly challenging when the SES faces a constant change (Engie and Quiroga, 2014).

Some of the reviewed studies used qualitative methods to describe and represent feedback loops. For example, Kittinger et al. (2012) introduced a heuristic conceptual framework for coral reefs that identified (i) environmental feedbacks in which an ecosystem responds to human activities and that response affects humans' social perceptions and (ii) institutional feedback in which governance responses to social or ecological stimuli alter individuals' interactions with the environment. Several studies examine how various social factors pressure fishers to increase their fishing efforts, creating a feedback loop (Jarre et al., 2013; Kaplan-Hallam et al., 2017). As more fish are caught, the more efforts must intensify leading fishers to expand their portfolios, work for longer periods, or adopt risky practices. These loops can increase the risk of resource collapse (Jarre et al., 2013) or of poaching and interpersonal violence (Kaplan-Hallam et al., 2017). Alternately, other researchers consider “missing feedbacks” a phenomenon in which a weak relationship between fishers and the government hinders the fishers' ability to self-regulate fishing practices in shared resources (Barnett and Anderies, 2014).

Several frameworks have been used in the reviewed studies to represent feedback loops graphically. Crépin et al. (2017) employed integrated ecosystem-based management in two scenarios—a decrease in availability of two zooplankton species and an increase in the population of invasive red king crabs—to represent strong, large-scale socio-ecological interactions that could lead to management failures. Though the framework cannot produce quantitative predictions of future outcomes, it has the advantage of providing a holistic view of an SES and uses well-grounded scientific information supporting the linkages despite scarce data. Vugteveen et al. (2015) used group model building and data visualization to explain the most critical feedback loops and their impacts to stakeholders involved in a participatory process to construct an SES framework of mussel fisheries and tourism. Manuel-Navarrete et al. (2007) also identified and represented causal loops associated with vulnerability to natural disasters using syndrome analysis. They found that ecosystem degradations and land conversions increased soil erosion, which, in turn, increased and intensified occurrences of meteorological phenomena that caused disasters. Subsequent economic losses increased the number of people in poverty, which exerted pressure on the ecosystems, completing the cycle.

Thresholds in marine SESs have not been fully studied despite being essential to understanding such systems, largely because of their complexity. Renaud et al. (2010) and Broderstad and Eythórsson (2014) contribute early efforts to identifying, modeling, and quantifying tipping points in coastal and marine SESs. Other studies addressed biophysical thresholds of biodiversity. Hossain and Szabo (2017), for example, analyzed biodiversity in the southwest coast of the Ganges-Brahmaputra Delta in Bangladesh and identified feedback in which shrimp farming increased the water's salinity to the point that the biodiversity threshold was exceeded and other species could not survive. The resulting loss of biodiversity was a benefit for shrimp producers.

Several reviewed studies addressed the relationship between social thresholds and ecological thresholds. Broderstad and Eythórsson (2014) showed how a series of ecological changes in Arctic Norway allowed invasive red king crabs to become a dominant species. This change in dominant species could have caused small fisheries there to collapse, but effective government interventions allowed fishers to harvest the red king crabs commercially while providing a complementary source of income to traditional cod fishers, preventing the ecological change in species from pushing fishing communities over the survivability threshold. In a qualitative study, Renaud et al. (2010) described how natural hazards such as tsunamis affected thresholds related to coastal community water supplies. Based on secondary information, they determined that the original quality of groundwater is not fully recovered after such natural disasters. In their case study, the water quality threshold was exceeded but the social threshold of the communities was not. The effect on the social threshold was more difficult to identify because of interventions by the national government and international community, which provided alternative sources of water that allowed the local communities to maintain their livelihoods.




Emerging Concept: Incorporating Land-Based Stressors

Our review of 98 coastal and marine SES studies reveals that land-based stressors associated with watersheds and watershed management are emerging as influential factors. Coastal systems are unique because of the interaction of land and sea environments, and human societies have been drawn to coastal resources in general and estuaries in particular and have extracted their resources for thousands of years (Gari et al., 2015). Zaucha et al. (2016), for example, found that the resilience of coastal systems benefits from cross-disciplinary land-to-sea watershed approaches to complex governance problems. To succeed, interventions must involve multiple stakeholders and address scale and temporal effects.

Several of the reviewed studies have noted that disturbances of coastal watersheds affect ocean resources to various extents. Several make tangential references to land-sea interactions to highlight the impacts of nutrient runoff caused by human activities (Lebel et al., 2006), the importance of freshwater environments to rural human societies (Forbes, 2013), connections between species coexistence and human resource allocations (Loring, 2016), and how human harvesting and recreational activities vary based on the flow of water between land and oceans (Berkes and Seixas, 2005). Other reviewed studies more fully incorporated land-based elements into their SES models. They found that freshwater scarcity stands out as a critical driver of ecosystem susceptibility (Hagenlocher et al., 2018) and that saline intrusion is a growing problem in coastal environments (Chapin et al., 2013). Ishtiaque et al. (2017), in a study of coastal Bangladesh, found that saline intrusions are severely affecting natural fish stocks and, consequently, human activities that rely on balanced watershed, marine, and estuarine ecosystems.

Zaucha et al. (2016) is by far the most comprehensive study of land-based stressors among studies reviewed in our synthesis. They acknowledged that land-sea interfaces involve particular characteristics, such as complex governance structures and high levels of uncertainty and were able to connect ecosystem services to the resilience of land-sea interfaces. They thus provide a way to integrate social and ecological processes into coastal management.

The studies of SESs in which land and sea systems interact have tended to focus on migrating species such as salmonids. Anadromous species require suitable marine and freshwater environments throughout their lives. Consequently, Hammer (2009), for example, found that restoring upstream habitats after severe incidents of pollution and large-scale land-use changes benefits these species and sport fisheries that rely on harvesting wild game fish.

Several of the reviewed studies highlight the challenges associated with governance at the land-sea interface since terrestrial and aquatic environments are typically covered by different authorities. This finding is congruent with Partelow et al. (2020), who criticized the traditional separation in land-sea regulation as well as the use of theories and applications grounded on some natural resources and specific sectors (see Partelow et al., 2020 for further information on governance theories applied to coastal environments). Bigagli (2016) described two global policies that address the unique characteristics of the land-sea interface: the Global Programme of Action for Protection of the Marine Environment from Land-based Activities (commonly referred to as the GPA) and the Water Framework Directive. Both take the connections between freshwater and coastal waters into account when developing sustainable management policies for coastal and marine systems. Two studies (Hammer, 2009; Vinueza et al., 2014) examined how ecosystem approaches, which address perturbations originating from both humans and the environment, were applied as a strategy to manage the terrestrial and marine interfaces. Likewise, Zaucha et al. (2016) proposed use of ecosystem services to establish links between environments and to ease decision-making processes in complex SESs. They showed that ecosystem services connect ecological systems to human welfare, providing long-term perspectives and collaboration by multiple stakeholders.




DISCUSSION

Policymakers worldwide, in their efforts to address effects of human impacts on the environment, including species losses, water pollution and the effects of climate change, need reliable scientific information about the complex interactions between human social systems and ecological systems underlying coastal and marine resources. Policymakers are charged both with protecting and preserving healthy SESs and with establishing programs to remediate damaged systems. In this review of 98 studies of coastal and marine SESs spanning from 2003 through 2018, we analyze applications of four central properties of those systems—resilience, vulnerability, adaptive capacity, and governance—and non-linear processes of feedback and thresholds. Our purpose is to evaluate the progress of research into these critical, complex, and often compromised systems and to note areas that most need further study. In the process, we identified a fifth property, land-based stressors, increasingly used by researchers to assess coastal and marine systems and develop effective governance policies.

First, we find that methods must be developed to fully integrate social and ecological systems. Almost one-third of the sampled studies emphasized only one system (Table 1, C2). Only a small number focused more or less equally on the social and ecological systems and addressed them cohesively (e.g., Gordon, 2007; Manuel-Navarrete et al., 2007; Hu et al., 2018). Additional cohesive studies are required for development of a comprehensive understanding of coastal and marine SESs. However, our findings are limited to studies within the SES or human-environment literature. Other sets of related literature, such as work on integrated ecosystem assessment or decision making under deep uncertainty, may emphasize systems differently.

Second, we find that progress has been made in developing and applying qualitative and quantitative methods of analyzing resilience, vulnerability, adaptive capacity, and governance. The qualitative methods used in the reviewed studies include applying frameworks established to study other kinds of SESs, analyses of case studies, and heuristic models that can identify characteristics that weaken and strengthen socio-ecological properties in coastal and marine environments. Development of quantitative methods of measuring SES properties has been hampered by challenges associated with coupling variables from systems involving different metrics. Several of the reviewed studies addressed this difficulty by standardizing indicator values for each system to make them additive (Metcalf et al., 2015; Guillotreau et al., 2017; Li et al., 2018). Future studies are encouraged to develop improved methods with consistent metrics and spatial boundaries between ecological and social systems to take full advantage of the SES framework to improve coastal and marine management.

Several reviewed studies built on the knowledge that the key SES properties are interrelated and that estimating one SES property required evaluation of another SES property. For instance, Hu et al. (2018) used vulnerability and systems' adaptive capacity to measure socio-ecological resilience in coastal and marine SESs in mainland China. Fuller et al. (2017) computed the resilience of nodes of connectivity in fisheries and used those values as an input in a model measuring the sensitivity of human communities to disturbances such as the elimination of a fishery or a diminishing participation in a network because of ecological or management changes.

The results of several of the studies suggest that effective governance and policy and program interventions can blunt and even protect against adverse effects of natural disasters and disturbed ecosystems on coastal communities. For instance, Broderstad and Eythórsson (2014) showed in a study conducted in Norway that proliferation of red king crabs, an invasive species, pushed the ecosystems across a threshold, reducing the diversity of species in those waters. However, effective government interventions allowed fishers to harvest the red king crabs commercially while providing a complementary source of income to traditional cod fishers.

Conventional methods of governing and managing socio-ecological systems may work best when uncertainty is low, and management decisions can be largely about solving static optimization problems of sustaining fish stock or controlling point-source pollution to control nutrient run-off for example. Looking forward, defining and quantifying higher levels of deep uncertainties as states of multiple plausible futures is increasingly necessary as ever more vulnerable coastal SESs adapt to large global changes that have multiscalar and spatio-temporal impacts (Walker et al., 2013; Maier et al., 2016; Naylor et al., 2019; Elsawah et al., 2020). More research into integrating and explicitly characterizing the multi-dimensional nature of uncertainty in SES modeling is needed to inform the knowledge base and guide practice in the field (Elsawah et al., 2020). An emerging line of SES research, for example on managing watersheds (Carpenter et al., 2015) and marine ecosystems (Thrush et al., 2016) have begun to discuss pathways for integrating deep uncertainties into modeling resilient socio-ecological systems.

Third, we find that few of the studies identified and tested non-linear processes such as thresholds and feedback loops and the studies that did address these coupled systems mostly determine only the direction of changes and not the magnitude or the shape of the relationship in case of nonlinear response. Qualitative approaches used to identify feedbacks included using primary data to describe how elements interact (Kaplan-Hallam et al., 2017) and a literature review (e.g., Manuel-Navarrete et al., 2007). Two of the studies used loop analysis (Martone et al., 2017) and fuzzy cognitive mapping (Tiller et al., 2016) as semi-quantitative methods to identify feedbacks. Fuzzy cognitive mapping is useful for making consistent comparisons of different scenarios and concurrent disturbances because it considers only the initial states of critical variables involved in the feedback mechanisms. Loop analysis, on the other hand, circumvents the initial-state requirement by using only the effect one variable has on the rate of change of the other. Both methods represent biological and socio-economic variables mathematically, allowing one to define the qualitative effect of one variable on another. The disadvantage of these methods is that they can only determine the direction of the change—positive, negative, or neutral—but not the magnitude or the shape of the relationship. Thus, these studies have identified and described some feedback within and between social and ecological systems, but techniques are needed to measure the magnitude of such changes and thus how feedback loops change when additional variables are introduced.

Furthermore, we find that coastal and marine SES studies are progressively using quantitative methods to examine feedback and thresholds. However, similar to Ferraro et al. (2019), we also find that studies would greatly benefit from development of quantitative methods that can identify both the causality and the magnitude of the effects. Studies that incorporate methods that can examine bidirectional and non-linear effects through mathematical or computational simulation modeling can more reliably simulate the effects of policies and predict the direction of the effects of interventions on interacting elements of SESs.

Fourth and lastly, we identify a contextual gap in many coastal and marine SES studies: the effects of land-based stressors on coupled human social and ocean ecological systems. Though land-sea interactions have been integrated into coastal management regimes (e.g., Portman et al., 2015), few coastal SES studies reviewed here have explicitly taken the influence of watersheds and watershed management into account. Nutrient runoff, bacterial pollution, and management of anadromous species are likely to affect the resilience, vulnerability, and adaptive capacity of coastal systems and should be considered in future SES studies. This research can benefit from integrating the insights from the “decision-making under deep uncertainty” literature, which has created adaptive models with such linkages with the goal of preparing policy-makers for surprises and enabling more informed, robust decisions (e.g., Thrush et al., 2016; Gladstone-Gallagher et al., 2019; Groves et al., 2019).
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FOOTNOTES

1See Gladstone-Gallagher et al. (2019) for an example of adaptive decision-making under intermediate to deep uncertainty applied to coastal eutrophication.

2There are some limitations to this search query. First, socio-ecological and human-environment systems are often described by a variety of terms; as a consequence, studies that do not explicitly characterize their systems as social-ecological, socioecological, or human-environment systems may not have been captured by the query. For instance, the literature in decision making under deep uncertainty and integrated ecosystem assessment both deal with SESs but may not use these terms explicitly. Also, we initially conducted a broader search using, for instance, (“soci* ecolog*” system*) and (coast* or ocean* or marin* or sea*) in the titles, abstracts, and keywords, and after excluding unrelated subject areas (Medicine, arts and humanities, nursing, immunology and microbiology, pharmacology, toxicology and pharmaceutics, chemical engineering, physics and astronomy, chemistry, health professions, neuroscience, veterinary, engineering, and biochemistry, genetics and molecular biology), we obtained 873 hits. However, a random check of the hits showed that many did not describe SES frameworks and their components. We therefore narrowed the search by limiting the search of the phrases to the title.
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