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Restoration activities commonly aim to reverse the impacts of environmental degradation and return a system back to an original, “pre-disturbance” condition. Is this realistic, achievable, or reflective of an unconscious bias in the Anthropocene, the current geological epoch where human disturbances dominate ecosystems? Billions of dollars are invested into river restoration globally each year, but there are limited empirical data to evaluate river recovery after these activities. Current response models, typically based on concepts of equilibrium and stability, assume rivers return to pre-disturbance conditions by removing or ameliorating a disturbance or stressor. Conceptual frameworks are useful tools to order phenomena and material, and understand patterns and processes in data-limited situations. A framework for the recovery of rivers in the Anthropocene is presented. The framework includes components of resilience thinking, landscape ecology, and river science. It is proposed that rivers in the Anthropocene have metamorphosed to a different basin of attraction (regime/state) displaying alternative functions, structures, and interactions. Resilience thinking suggests that once a river moves beyond the Anthropocene tipping point, recovery to its original state is not possible. If a river system cannot be returned to its original state, it must be repaired to something else. Using principles of landscape ecology for restoring structural and functional heterogeneity the capacity of Anthropocene rivers to withstand current and future disturbances would be enhanced. River science recognizes the significance of physical heterogeneity at multiple scales, resulting in differences in sensitivities to disturbance and associated recovery trajectories. All of these should guide the selection of river restoration activity types at given locations within a river network.
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1 INTRODUCTION
There is substantial and unequivocal evidence that human activities have degraded river ecosystems (Van Cappellen and Maavara, 2016; Best, 2019; Grill et al., 2019) and compromised the ecosystem services rivers provide to society (Vorosmarty et al., 2010; Auerbach et al., 2014). Aspirations to reverse the impact of human activities on river ecosystems drive investment in river restoration and repair, and support the current United Nations’ Decade of Ecosystem Restoration (Palmer and Stewart, 2020). Every year, billions of dollars are spent on restoration (Palmer et al., 2005; Brooks and Lake, 2007), with an estimated USD$ 6–7.3 billion between 1990 and 2003 in the United States (Bernhardt et al., 2005), and AUD$ 750 million in Australia between 1995 and 2007 (Price et al., 2009). River restoration activities aim to improve habitat and water quality, increase biodiversity, enhance fisheries yield, reduce flood severity, manage bank erosion, reinstate channel form and features, reinstate flow regimes, and improve biophysical connectivity and process interactions (Bernhardt et al., 2005; Lake et al., 2007; Wheaton et al., 2008; Palmer and Stewart, 2020; Beechie et al., 2021).
The Anthropocene has been proposed as the current geological epoch, extending back to the mid-1700s to incorporate the industrial revolution, and is characterized by the human domination of ecosystems (Crutzen, 2006; Steffen, 2015). Anthropocene rivers are proposed to have metamorphosed into systems that are less biophysically complex (Thoms and Fuller, 2023), have a reduced capacity to resist disturbances (DeBoer et al., 2020; Wohl, 2020), and display novel traits (Hobbs et al., 2009; DeBoer et al., 2019; Thoms and Fuller, 2023) because of the influence of persistent, pervasive, and multiple human stressors (Ormerod et al., 2010; Sabater et al., 2019). These stressors act as press (persistent and pervasive) and ramp (increase in severity over time) disturbances (Lake et al., 2007). Press and ramp disturbances have become dominant in the Anthropocene (Ellis, 2015; Steffen et al., 2018) and can disrupt natural disturbance regimes and exacerbate pulse (episodic, large, and infrequent events) disturbances (Stanley et al., 2010; Death, 2023). Despite an increased understanding of Anthropocene rivers (Kelly et al., 2018), the science and practice of river restoration remains tied to traditional approaches of linear response, succession, stability, and pulse disturbance that seek to return rivers to a pre-Anthropocene state (Lake et al., 2007; Palmer et al., 2014b). This is reflective of an unconscious bias in river restoration that disconnects restoration planning from what is possible in a metamorphosed Anthropocene river. The characteristics of state change and persistent ramp and press disturbance in the Anthropocene suggest that river restoration cannot, or will not, result in recovery to the pre-disturbance state for many rivers. Thus, there is a need to understand the boundary conditions of river restoration in the Anthropocene, given the level of investment in restoration activities and the value rivers have in society.
Frameworks are heuristic tools useful for proposing new areas of endeavor (Delong and Thoms, 2016). Built on theory, frameworks logically narrate, order, and organize foundational ideas to support the proposed area of endeavor. This paper outlines a conceptual framework for the study and practice of river restoration and repair in the Anthropocene. The framework starts with the idea of river metamorphosis framed by resilience thinking: rivers have change state in the Anthropocene and cannot be returned to their prior state by restoration. Resilience thinking questions the current system state, the potential for alternative states, and the movement between states; it also recognizes that a river cannot return to a prior state once a tipping point has been crossed. Knowing the status of the state change is a fulcrum from which to envisage if river restoration is viable or whether a new approach—which we term river repair—is more appropriate. River repair does not attempt to move, i.e., restore, a system back to a pre-Anthropocene state but rather uses principles of landscape ecology and river science to enhance adaptive capacity to prevent further metamorphosis, thereby reducing the likelihood of compromising ecosystem services associated with a current state. Within the river repair framework, landscape ecology characterizes river systems as multiple biophysical patches, where heterogeneity is associated with increases in biodiversity and the ability to resist and absorb disturbances (Stanley et al., 2010). Finally, river science recognizes the hierarchical and scaled organization of river landscapes and varying sensitivities to disturbance and recovery trajectories of landscape components at different scales. Landscape ecology and river science are the concepts guiding river repair in the Anthropocene and the context from which models and programs can be designed. Integration of these three concepts guides a paradigm shift in the way Anthropocene rivers are studied, managed, and repaired.
2 BUILDING BLOCKS OF AN APPROACH TO REPAIRING RIVERS IN THE ANTHROPOCENE
This manuscript presents a conceptual framework for planning, implementing, assessing, and evaluating river restoration and repair in the Anthropocene. The framework consists of three key building blocks (Figure 1) that are currently not adequately considered within river restoration activities. It is not the intent of this framework to provide practice guidance for river repair. The framework proposes a new approach to considering what is possible in Anthropocene rivers at the outset of a planned restoration investment or study.
[image: Figure 1]FIGURE 1 | Framework for the repair of rivers in the Anthropocene. The framework is based on sequential components of resilience thinking, landscape ecology, and river science. Each component has a series of tenets relevant to river restoration in the Anthropocene.
2.1 Resilience thinking
Resilience thinking has developed as a foundational concept focused on coupled human and natural systems, and is a way to view naturally dynamic systems, such as Anthropocene rivers, that have metamorphosed into a new state. The resilience alliance defines resilience in terms of system change, where “resilience is the amount of change a system can undergo (its capacity to absorb disturbance) and remain within the same regime that essentially retains the same function, structure, and feedback” (Holling, 1973; Carpenter et al., 2001; Walker and Salt, 2006; Cumming, 2011; Hodgson et al., 2015). Characteristics of resilience, including diversity, redundancy, connectivity, feedback, and transformability, enhance the adaptive capacity of systems to absorb disturbance without changing the state (Folke, 2006; Biggs et al., 2012). Resilience has gained traction in various disciplines (Parsons and Thoms, 2018). From an engineering perspective, focus is placed on how quickly a system returns to a steady state, following disturbance, while ecological resilience recognizes alternative stable states, and the potential for systems to breach thresholds and flip into an alternative stable state (Gunderson and Holling, 2002). Resilience is often visualized by the ‘ball and cup model’ (Figure 2), where the range of conditions in which the system (ball) operates is represented by the cup (basin of attraction), and the movement of the ball (by disturbance or other forces) represents the dynamics of the system. Ecosystems can flip into a new basin of attraction upon breaching a major threshold or tipping point.
[image: Figure 2]FIGURE 2 | Ball and cup model of river system repair in the Anthropocene. Resilience thinking visualizes the transition of a system (represented by the ball) from one state (cup) to another because of disturbance (arrows). A system operates within a particular state (A) but may cross a tipping point (threshold) to operate within a new state (B) from which recovery back to the original state is difficult. In this new state, the system is governed by different conditions, feedback, functions, and processes. Typically, restoration (represented by the purple arrow) aims to restore the affected system (the white ball) back to its original state. Under resilience thinking, this cannot occur. Instead, there are two potential trajectories: the system remains in the new alternative state, or the system breaches another tipping point. However, given the inherent complexity and unpredictable response trajectories of rivers, it is unclear what a new alternative state may look like and what ecosystem services would be associated, as visualized by (C) and (D).
Disturbance regimes are an inherent aspect of ecosystems. Disturbance can be defined as an event of a particular severity, intensity, and frequency that is uncharacteristic of a system’s predictable range, and which disrupts or changes the structure of ecosystems and their communities or associated resources and environment (Pickett and White, 1985; Resh et al., 1998). Disturbance results in abrupt or slow changes that move systems away from near-equilibrium conditions (Sousa, 1984). Some disturbances result in variable responses within the same basin of attraction; others can result in a breach of threshold conditions, whereby the system is pushed into a new state and is subsequently characterized by different functions, feedback, and structure (Walker et al., 2004). Recovery back to an original state is difficult or potentially unachievable (Walker and Salt, 2006). The precariousness–locality of a system’s state in proximity to a threshold–of a system influences response to disturbance. For example, a basin of attraction may become shallower after repeated disturbances, which implies a reduction in system resilience and an increased likelihood of tipping into an alternative state (Walker and Salt, 2006).
There are significant implications of resilience thinking for rivers; rivers are complex adaptive systems, and resilience thinking recognizes the potential for alternative stable states (basin of attraction) at different scales and the nature of continuous change in river systems (Beisner et al., 2003; Scheffer and Carpenter, 2003; Parsons et al., 2009). Restoration, the dominant paradigm under which rivers are managed, can be defined as returning a system to a pre-disturbance state. Resilience thinking determines if a system is in a natural or anthropogenic state and, in turn, determines if restoration is potentially achievable or if repair activities would be appropriate. Principles of resilience thinking suggest ‘restoration’ is no longer an appropriate aim for many rivers in the Anthropocene—the new regime within which many rivers operate—and that focus should be placed on river repair. Rivers have been extensively modified in the Anthropocene and have often metamorphosed into an alternative stable state (Schumm, 1969; Best, 2019). As such, an Anthropocene river is categorized by a different set of structures, functions, feedback, and identity. Under resilience thinking and the expected continuation of human activity acting as press and ramp disturbances in the Anthropocene (Palmer et al., 2014a; Wohl et al., 2015; Death, 2023), restoration to a previous state is unachievable (Figure 3). Conversely, repair aims to enhance the adaptive capacity of a river ecosystem to prevent further flips and acknowledges the likely continuation of anthropogenic disturbance(s).
[image: Figure 3]FIGURE 3 | Types of river disturbance regimes, as distinguished by the strength of the disturbing force over time (after Lake, 2000). (A) Pulse disturbance, (B) press disturbance, (C) ramp disturbance, and (D) anthropogenic disturbance, which are primarily press or ramp disturbances with compounded pulse disturbances. Restoration activities typically have a pulsed disturbance focus (a and b); they are often localized, high-magnitude, and low-frequency events that do not consider the ongoing anthropogenic impact. These repair activities will likely not result in long-term remediation of ecological degradation.
If returning a system to a previous state is not possible in the Anthropocene, then we must ask, ‘what are we repairing our rivers for in the Anthropocene?’ Under resilience thinking, there are two possible trajectories of river response to repair (Figure 2). Repair activities might improve river conditions but keep a system operating in the new basin of attraction, thus retaining and ideally enhancing associated ecosystem services. Alternatively, repair might push the river into another basin of attraction. Regime shifts from one stable state to another can occur at multiple scales (Gordon et al., 2008). Uncontrolled shifts into another state result in the loss of associated ecosystem services upon which society relies (Leuven and Poudevigne, 2002). Valuable ecosystem services include the provision of freshwater, flood control, nutrient cycling, recreation, and spiritual practice. From a social perspective, various stakeholders will place greater or lesser value on different ecosystem services, highlighting that river management is inherently value-laden and trade-offs will always occur. From a biophysical perspective, this framework suggests the repair of Anthropocene rivers should focus on increasing adaptive capacity—the characteristics that enhance the capacity of the system to absorb disturbance—so that the system is better equipped to withstand or respond to current and future stress or disturbance. Increased adaptive capacity would help prevent further threshold breaches, thereby retaining and preventing the loss of valuable ecosystem services associated with the river in its current state.
2.2 Landscape ecology
After using resilience thinking to determine if Anthropocene rivers have metamorphosed, principles of landscape ecology can be used to guide river repair. Landscape ecology is an interdisciplinary approach to the study of entire ecosystems (Wiens, 2002), focusing on how processes, patterns, scale, hierarchy, and connectivity all interact to shape relationships between the system structure and function (Poole, 2002; Wiens, 2002). Landscape ecology can be understood through the hierarchical patch dynamics (HPD) perspective, which views fluvial ecosystems as a discontinuum and as multiscale nested hierarchies of interactive terrestrial and aquatic elements or patches (Poole, 2002). Patches are dynamic as their characteristics change over various temporal and spatial scales naturally and in response to disturbances (Figure 4). Through the lens of HPD, ecological responses to disturbances vary depending on location. Therefore, the nature or heterogeneity of the community of patches plays a role in the response to disturbance.
[image: Figure 4]FIGURE 4 | Relevance of landscape ecology to river repair. Important components of landscape ecology highlight the causes and mechanisms of patchiness, both physical and biological, within ecological systems at various temporal and spatial scales. Physical patchiness (heterogeneity) has implications in the context of river repair as a diverse physical template provides the basis on which biological diversity may develop.
Heterogeneity is a foundational tenet of landscape ecology (Turner, 1987) and is significant for river repair activities. A heterogeneous landscape is made up of patches that differ from each other (Art, 1993) or has a non-uniform structure or composition (Lincoln et al., 1998). There are four different types of heterogeneity: patterned, compositional, locational, and spatial variance (Wiens, 1999). Functional heterogeneity is typically evaluated by understanding environmental patterns and the response of organisms to these patterns at multiple scales (Wiens, 1999). However, it also incorporates variations in the time and scale of landscape functions like connectivity, biodiversity, and system fluxes (Hobbs et al., 2009). In river systems, the physical environment provides a template upon which evolution forges characteristic life history strategies (Southwood, 1977; 1988). Accordingly, the physical or structural heterogeneity of a river’s physical template influences the type, abundance, and arrangement of biological assemblages and ecological functions within these landscapes. Interactions between structural and functional components generate distinct patterns within riverine landscapes that have been observed at multiple scales (Thoms et al., 2017).
Heterogeneity is an inherent part of rivers, maintained by natural disturbances (Stewart et al., 1999). The positive association between heterogeneity, redundancy, and the ability to absorb disturbances has been shown across many different ecosystems (Wellnitz and Poff, 2001; Rosenfeld, 2002; Kotschy et al., 2015; Lawson et al., 2015; Van Looy et al., 2019). Heterogeneous ecosystems have been homogenized, simplified, and fragmented as a result of human activities in the Anthropocene (Wiens, 1999; Brierley et al., 2022; Death, 2023). Simplification results in a loss of redundancy through decreases in habitat heterogeneity and associated patterns of species abundance, and community development and assemblage (Lindenmayer and Fischer, 2006; DeBoer et al., 2020). Homogenization decreases biodiversity, reduces resilience, and often increases system sensitivity to disturbance (Oliver et al., 2015; Frainer et al., 2017; Zhang et al., 2021). Moreover, simplification can occur as a result of river management activities like channelization and engineered structures that restrict natural river dynamics. Simplification and fragmentation of river ecosystems can result in more severe and frequent disturbances, which challenges the efficacy of natural river resilience (Death, 2023). As rivers in the Anthropocene have been subject to continuous press or ramp disturbances through human activity, it is important to recognize that heterogeneity enhances the adaptive capacity of ecosystems to withstand current and future disturbances.
There are numerous benefits to enhancing structural and functional heterogeneity across degraded riverscapes in repair efforts. Habitat heterogeneity strengthens the capacity of systems to withstand and recover from disturbance, thus building adaptive capacity. It also increases resource and habitat diversity through varied physical refugia and greater surface area, thereby supporting species diversity (Palmer et al., 2009; Landis, 2017). Increased heterogeneity is associated with greater species redundancy and connectivity, as well as genetic variability and adaptive phenotypic plasticity, all of which increase biodiversity and system resilience (Levin et al., 1998; Lake et al., 2007; Colloff and Baldwin, 2010; Oliver et al., 2015). Resilience is increased through species redundancy as various species within an ecosystem may carry out similar functional roles and allow a system to retain distinctive functions or processes through disturbances despite various responses to disturbance (Walker, 1995). The modification and homogenization of landscapes because of anthropogenic activities have largely ameliorated ‘pristine’ or ‘natural’ conditions, this suggests using ‘original’ reference sites is no longer the most suitable guide for a desired endpoint of successful restoration (Palmer et al., 2005). Instead, this framework proposes that restoration in the Anthropocene should be guided by an increase in heterogeneity.
If an ecosystem is repaired through the re-establishment of heterogeneity, concepts of fluvial landscape ecology can help inform best practice and increase an understanding of potential indicators of success. Heterogeneity must be an “operational term” (Wiens, 1999). It must be measurable or quantifiable and allow comparison among or between sites. Measurable features include mosaic diversity or connectivity at a landscape level. Evidence to support the success of restoring heterogeneity, largely found on the field of dreams approach (“if you build it, they will come”), is limited (Palmer et al., 1997). Restoration activities focused on increasing heterogeneity, such as channel reconfiguration or the construction of additional in-stream geomorphic units, may not always result in a statistically significant increase in biodiversity due to a mismatch between cause and effect at an appropriate scale, or a lack of consideration for factors such as legacy effects, deteriorated water quality, or invasive species (Palmer et al., 2009). These factors may limit an increase in biodiversity if structural heterogeneity is the only focus (Palmer et al., 2009). In addition, heterogeneity imposed by anthropogenic restoration may have severe consequences for the persistence of some species with high habitat specificity or restricted dispersal mechanisms (Stewart et al., 1999). The heterogeneity of riverine landscape incorporates the diversity of aspects such as flow, patches, water quality, floral and faunal biodiversity, connectivity, and functions. This framework suggests that the repair of Anthropocene rivers should focus on increasing physical heterogeneity across riverscapes to enhance species redundancy and biodiversity, and subsequently increase system resilience to current and future disturbances. However, heterogeneity can only be effective when river repair activities are aware of the hierarchy theory, scale, and the nature of various sensitivities across river networks within the concept of river science.
2.3 River science
The repair of metamorphosed and homogenized Anthropocene rivers must be cognizant of scale, location in the river network, and varying sensitivities to disturbance and restorative efforts, all of which are understood through the lens of river science. River science has rapidly emerged as an interdisciplinary field of study focusing on interactions between the physical, chemical, and biological components within riverine landscapes (Dollar et al., 2007; Gilvear et al., 2016; Thoms et al., 2016; Pingram et al., 2019) and how they influence and are influenced by human activities. These interactions are studied at multiple scales within both the riverscape (river channels, partially isolated backwaters, and riparian zones) and adjacent floodscape (isolated oxbows, floodplain lakes, wetlands, and periodically inundated flat lands). Its integrative nature facilitates an understanding of complex natural phenomena and their application to the management of riverine landscapes (Thoms, 2006).
With key tenets related to scale, hierarchy theory, and interdisciplinarity, river science allows an understanding of river system organization at multiple scales, and the identification of different sensitivities to disturbance and recovery pathways across a river network. Rivers are complex at multiple scales, and patches are differentiated by particular dominant processes or functions, recognition of which could enhance the success of river repair efforts (Poole, 2002). Different sensitivities of patches within the river network mean that different parts of the river channel, floodplain, or wider network will respond to the same disturbance event in different ways. Rivers operating in the Anthropocene (a new basin of attraction) are typically sensitive in different ways or to different disturbances. The sensitivity of a system can reflect its ability or capacity to adjust or its relationship to a threshold condition (Fryirs and Brierley, 2013). Highly sensitive rivers adjust more readily to perturbations over shorter timeframes when compared with more resilient systems (Fryirs and Brierley, 2013). As restoration is a type of disturbance that aims to “move an ecosystem into a different, preferred state” (Stanley et al., 2010; 77) and rivers are dynamic, disturbance-driven systems (sensu Levin, 1998), disturbance theory must be understood and incorporated into river repair activities.
To enhance an understanding of the implications of different sensitivities to disturbance (therefore repair) and recovery trajectories across river networks, aspects of river science such as interdisciplinarity, hierarchy theory, and scale must be considered. Various disciplines, including ecology, hydrology, geomorphology, and engineering, all aim to understand, describe, explain, and manage rivers (Thoms and Parsons, 2002; Delong and Thoms, 2016). River science recognizes the inherent complexity of river systems and dynamic interactions of various ecological, geological, and hydrological processes at different temporal and spatial scales; interdisciplinarity is, therefore, intrinsically linked with hierarchy theory and scale (Thoms and Parsons, 2002). Rivers are hierarchical systems (O’Neill et al., 1989; Poole, 2002), which have a series of organizational levels (Figure 5) governed by levels above them and represent emergent properties of lower levels (Dollar et al., 2007; Fryirs and Brierley, 2013). Hierarchy influences community development and assemblage as regional species pools dictate dispersal, habitat, and subsequent biotic constraints, which finally affect local assemblage patterns and processes (Lake et al., 2007). Scale, an integral part of hierarchical systems, refers to the physical dimensions or units of measurement of an object (Quinn and Keough, 2002) and determines what units of measurement are most appropriate for each organizational level (Dollar et al., 2007). At the broadest scale, river catchments are systems “containing different sized spatial and temporal scales nested within one another” (Wissmar and Beschta, 1998: 572), where a network of channels link one overarching fluvial system (Fryirs and Brierley, 2013).
[image: Figure 5]FIGURE 5 | River characterization scheme that visualizes rivers as hierarchical systems from a river basin, river system, functional process zone, river reach, functional channel set, functional unit, to a macro-habitat. Each organizational level is governed by levels above (top–down constraint) and represents the heterogeneity of emergent properties of lower levels (bottom–up influence). Sensitivity to, and recovery time following, a disturbance varies depending on the scale of an impacted holon or its place within the river network. Different organizational levels of a river will, therefore, respond to the same type of restoration (a disturbance) in different ways.
Understanding rivers as hierarchical systems is essential for effective river repair; activities must be suitable for their location within the river network, and problems driving the need for repair must be matched to processes at the right scale (Thoms and Parsons, 2002). At all hierarchical scales, river characteristics are determined by imposed and flux boundary conditions and connectivity. Valley confinement and slope, bedrock, or low relief topography all dictate imposed boundary conditions, while flux boundary conditions are more dynamic as they are set by changing and fluid interactions between water, vegetation, and sediment (Fryirs and Brierley, 2013). In the context of river repair, it must be understood that spatial scales (e.g., a site, habitat, or landscape) at which environmental heterogeneity can occur and the associated responses of organisms are all scale-dependent (Stewart et al., 1999; Wiens, 1999). River repair activities with a structured focus will only improve the local site or reach scale conditions (Wohl et al., 2015), meaning that repair activities should occur across an entire riverscape and not just within a river channel (Gilvear et al., 2016). Reversing undesirable regime shifts through restoration increases in difficulty and occurs over a longer timeframe with the increase of spatial scale (Figure 5; Parsons et al., 2009). River repair activities must, therefore, be cognizant of hierarchy theory, scale, and the place within a network. Hierarchy theory and landscape sensitivity stress the importance of understanding how heterogeneity and HPD in the river network influence system response to repair activities. Alongside principles of resilience thinking and landscape ecology, the key tenets of river science presented in this paper call for a paradigm shift in the way river repair efforts are viewed and practiced in the Anthropocene. This paradigm shift toward a focus on repair arises from the identification of an unconscious bias in river restoration, where current methods do not often consider the implications of irreversibility in the Anthropocene or alternative stable states and frequently ignore dynamic landscape sensitivities.
3 MOVING AWAY FROM THE UNCONSCIOUS BIAS OF A RESTORATION PARADIGM
Unconscious bias occurs when attitudes, beliefs, and stereotypes unconsciously influence thinking and decision-making (Pinter et al., 2019). This may promote oversimplified and incorrect views on concepts and paradigms that underpin management strategies. In river restoration, unconscious bias may promote certain approaches and strategies being favored over others even when they may not be effective for river ecosystems (cf. Kondolf et al., 2006). This can occur at multiple scales, from sites to river networks. Examples include the preference for engineering solutions to mimic historical conditions rather than working with the river and its unique hydrological, geomorphological, and ecological conditions (Palmer et al., 2005; Brierley et al., 2022). River restoration decision-making needs to be aware of, and minimize, unconscious bias; this can be achieved by expanding interdisciplinary perspectives and engaging in continuous reflection to improve approaches to and strategies for managing river ecosystems in the Anthropocene.
3.1 The current state of restoration
To advance the science and practice of river repair in the Anthropocene, the current state of river restoration must be understood. Stakeholders are driven to improve river conditions because of concerns about water quality, erosion, biodiversity loss, deforestation, alteration of flow or processes, climate change, flood control, or loss of ecosystem services (Bernhardt et al., 2007; Cumming, 2011; Feld et al., 2011; Palmer et al., 2014a). Commonly, restoration aims to remove a stressor so that pre-disturbance conditions can prevail. Ecological degradation is one of the main drivers for restoration projects (Bernhardt et al., 2007; Beechie et al., 2010). Habitat simplification and physical instability are strongly associated with degraded river systems (Chessman et al., 2006); this often results from river modification, pollution, and flow alteration associated with urbanization and agricultural development (Feld et al., 2011).
River restoration was traditionally focused on engineering-based solutions until the mid-1990s when a shift to more holistic process-based restoration emphasized natural ecosystem processes and functionality (Palmer et al., 2005; Kondolf et al., 2006; Wohl et al., 2015). Engineering-based approaches are often active and involve hard structures or physical manipulation of river channels (Raven et al., 2000; Brierley and Fryirs, 2009), such as channel realignment or the construction of log and rock weirs (Brierley and Fryirs, 2009; Palmer et al., 2014a). Conversely, passive approaches to restoration encourage the river to perform the work through actions such as revegetation, implementation of buffer strips, management of nonpoint sources of pollution, or reducing intensive agricultural activities and grazing near waterways (Wissmar and Beschta, 1998; Wheaton et al., 2008; Brierley and Fryirs, 2009; Knouft et al., 2021). In theory, reasons for restoration influence the selection of the most suitable activity type based on the site and associated values. Reasons for river restoration also dictate project objectives and guide selection for appropriate monitoring or measurements of success. In practice, however, monitored variables are often inappropriate for the site or with respect to the project objectives and do not allow for evaluation of restoration success or expected response trajectories (Bernhardt et al., 2005).
Despite increased engagement and investment in river restoration, activities often have a pulse-disturbance focus and ignore the implications of press and ramp disturbances that are dominant in the Anthropocene. Disturbance is a critical component of all three building blocks presented in this framework. As a key aspect of resilience thinking, the duration, magnitude, and frequency of disturbance events influence how a system (the ball, Figure 2) moves within and between states (the cup). A previously highly resilient system subject to a range of anthropogenic disturbances in addition to a natural disturbance regime is likely to become more sensitive to smaller disturbances and more readily tip over into a new state (Walker and Salt, 2006). Landscape ecology suggests that natural disturbance regimes (typically pulse disturbances) generate heterogeneity, while anthropogenic disturbances that predominantly act as press and ramp disturbances homogenize systems. River science considers that varying parts of river networks have differing sensitivities and associated response trajectories to the same disturbance event, stressing the importance of implementing repair activities that are specific to each part of a network. For river repair efforts to be successful in the Anthropocene, human activity and associated stressors on natural ecosystems must be viewed as press or ramp disturbances. However, this is currently not a consideration in the five common river restoration methods.
3.2 Current methods guiding river restoration
There are five main groups of river restoration methods: carbon copy, field of dreams, fast-forwarding, cookbook, and command-and-control (Hilderbrand et al., 2005). Building on Clements’ (1936) belief that ecosystems follow a predictable trajectory toward a specific endpoint, the carbon copy method assumes that a replica of a historic or ideal state can be created (Hilderbrand et al., 2005). However, in the current Anthropocene, endpoints that replicate historic conditions may be unachievable due to different climatic regimes, vegetation composition, or land use pressures (Hilderbrand et al., 2005; Brierley and Fryirs, 2009; Nardini and Conte, 2021). Based either on historic photographs and maps or the locality of old river courses (Soar and Thorne, 2001), carbon copy methods frequently involve engineered solutions, where principles of command-and-control dominate. Command-and-control methods involve active, physical manipulation of river systems, which reduces system resilience and adaptive capacity (Gunderson, 2000) and focuses more on the symptoms rather than the causes of ecosystem degradation (Hilderbrand et al., 2005). Field of dreams is based on the assumption that ‘if you build it, they will come’ (Palmer et al., 1997); this ignores natural river complexity, ongoing natural and anthropogenic disturbance regimes, and unpredictable response trajectories (Kondolf, 1995). Despite the lack of evidential success, fast-forwarding is a type of restoration whereby people assume that successional processes may be accelerated to achieve a specific desired outcome or response trajectory (Hilderbrand et al., 2005). The cookbook method assumes systems that have similar physical or ecological characteristics should have similar responses to the same restoration activities. This assumption has led to the continuous use of unsuccessful but published restoration methods common in engineering-based techniques (Hilderbrand et al., 2005). Cookbook methods rarely result in successful outcomes as they oversimplify the natural variability of complex river systems that have diverse traits, sensitivities, and responses (Fryirs and Brierley, 2009).
Aiming to determine the suitability of current restoration methods for the repair of Anthropocene rivers, we evaluated 44 river restoration methods for their alignment with the tenets of resilience thinking, landscape ecology, and river science (Figure 6).
[image: Figure 6]FIGURE 6 | Evaluation of river restoration activities. The heat map distinguishes restoration activities that do not (gray) consider or incorporate principles of resilience thinking, landscape ecology, or river science from those that partially (striped) or fully (white) consider the evaluated variables. Principles of resilience thinking are infrequently considered or incorporated within evaluated river restoration activities, particularly those governed by command-and-control, carbon copy, fast-forwarding, or cookbook methodology. Principles of landscape ecology and river science are more adequately incorporated within river restoration activities, yet partial consideration is typically the more dominant outcome. River restoration activities are grouped according to the categories of command-and-control, carbon copy, fast-forwarding, cookbook, and field of dreams.
Principles of resilience thinking are infrequently considered in current river restoration methods. Most (98%) river restoration projects do not fully incorporate irreversibility or the nature of alternative stable states. This implies that restoration activities operate with an unconscious bias under a restoration or ‘natural’ paradigm with the belief that activities can restore rivers to natural or pre-disturbance conditions. In addition, 34% of methods partially or fully considered adaptive capacity, which focuses on building resilience. However, several evaluated studies focused primarily on building adaptive capacity in the context of flood resilience. Overall, 4.5% of all evaluated methods fully incorporated a principle of resilience thinking, and no method fully incorporated all three principles. Only three of the 44 evaluated methods involved partial or full consideration of two or all three principles of resilience thinking.
Principles of landscape ecology are more adequately considered in current river restoration methods, with the dominant outcome of this evaluation across all methods and principles being 50% full incorporation or consideration. Of these methods, 66% fully consider the implications of human activity homogenizing previously heterogeneous landscapes, but only 34% of evaluated activities recognize the relationship between physical heterogeneity, biodiversity, and resilience. A total of 10 of the 44 methods (23%) fully consider all three variables of landscape ecology, nine of which are categorized by a ‘field of dreams’ approach. In contrast to resilience thinking, only three methods do not consider any principles of landscape ecology.
The incorporation of river science was dominated by interdisciplinarity; 91% of methods partially or fully considered the need for an interdisciplinary approach to river restoration. Although principles of hierarchy and scale and landscape sensitivity were often partially considered, this remains a critical gap. A total of 25% of methods fully incorporated principles of hierarchy and scale, while just 7% fully considered landscape sensitivity. The latter principle refers to patch sensitivities and associated differences in the recovery or response following a disturbance across river networks. One type of restoration activity will, therefore, result in variable responses in different parts of the river network. As 61% of methods did not consider landscape sensitivity, a majority of activities are unlikely to be cognizant of place or sympathetic to the natural processes occurring within a given patch. Only 2 of the 44 methods fully consider all three principles of river science, which suggests there is significant scope for growth in this field to increase the suitability of methods in the context of repairing Anthropocene rivers.
Of the five main river restoration categories, activities that have a command-and-control or cookbook approach are the most unsuitable for successful repair of rivers as they lack adequate incorporation of resilience thinking, landscape ecology, and river science. Carbon copy and fast-forwarding activities tend to be aware of natural heterogeneity across landscapes, while command-and-control or cookbook methods often disregard this key tenet of landscape ecology. For both command-and-control and cookbook methods, 67% had no or only partial consideration for principles of landscape ecology. Of the three methods that do not consider any tenets of this framework, two were driven by command-and-control practices, and one was categorized by a cookbook approach. Activities with a reliance on engineered structures often do not recognize the implications of simplification and homogenization through anthropogenic activity. Of all five methods, a disregard for resilience thinking was the dominant outcome of this assessment. Of these methods, 100% that were categorized by a command-and-control, carbon copy, cookbook, or fast-forwarding approach either entirely disregard or only partially consider tenets of resilience thinking. Full consideration of an aspect of resilience thinking was only seen in 8% of activities driven by a field of dreams approach.
Of the 44 evaluated activities, the field of dreams approach was the most dominant method guiding river restoration. The field of dreams approach to river restoration had a greater proportion of activities that fully considered or incorporated principles of landscape ecology (67%) and river science (49%). Nine methods with a field of dreams approach in this evaluation fully consider all three aspects of landscape ecology, while only three methods in this category involve full incorporation of the tenets related to river science. A majority, 83%, of river restoration methods undertaken based on the field of dreams hypothesis are aware of the need to increase habitat heterogeneity in response to anthropogenic homogenization. The potential of successful outcomes from a field of dreams approach is reduced by several key principles: 46% of methods ignore principles of landscape sensitivity, 96% do not consider the implications of alternative stable states, 75% disregard principles of irreversibility, and 50% of evaluated activities do not consider adaptive capacity.
According to this evaluation, current river restoration methods are not fully aware of the key tenets of resilience thinking, landscape ecology, and river science. We argue that this contributes to a low likelihood of successful outcomes, following efforts to improve, restore, or rehabilitate rivers in the Anthropocene. Principles of resilience thinking are frequently absent in current river restoration methods, indicating that many activities operate under the paradigm of an unconscious bias of restoration, with the assumption that a return to an ‘original’ condition may be achievable (Figure 7). Without greater incorporation of the key principles discussed in this framework, unsuitable investment in river restoration will likely continue. This evaluation highlights the need for this framework, which involves a conscious effort and choice toward the development of a new generation of river repair methods more suited to the metamorphosed rivers of the Anthropocene and based on resilience thinking, landscape ecology, and river science.
[image: Figure 7]FIGURE 7 | Looking to the future with river repair. Anthropocene rivers operate within a basin of attraction, governed by different interactions, functions, and feedbacks. Restoration activities currently have an unconscious bias, which assumes recovery to “natural.” Resilience thinking implies Anthropocene rivers cannot be returned to an original state, so we must repair rivers in the Anthropocene to something else. This would involve conscious effort or choice. Repair activities must focus on increasing physical heterogeneity while being aware of place in the river network and differing sensitivities to disturbance. Response trajectories of rivers, following restoration as a disturbance, are currently unknown; rivers have complex and unpredictable response patterns, which suggest multiple possible paths forward to a desired state.
Current river assessment and restoration methods look backward as they operate under a ‘natural’ paradigm (Figure 7). Activities are implemented, and the underlying framework or guiding principles are retrofitted. This manuscript argues that restoration is no longer appropriate in the Anthropocene, which is characterized by metamorphosed rivers, and we must look forward to river repair. In response to the current lack of suitable methods, approaches, or guidelines, this framework—built on resilience thinking, landscape ecology, and river science—provides the concepts and context for river repair in the Anthropocene, from which models and subsequent strategies may be developed.
4 CONCLUSION
This manuscript presents a framework for the repair of rivers in the Anthropocene with three building blocks. Resilience thinking recognizes the potential for alternative stable states in ecosystems and that the Anthropocene acts as a new regime, within which rivers are metamorphosed. They are characterized by different structures, interactions, processes, functions, and feedback. An outcome of resilience thinking suggests that restoration may not result in recovery back to an original condition when a river has already changed state. For such rivers, the focus should be on repair to enhance adaptive capacity and prevent further uncontrolled flips and associated loss of ecosystem services. Principles of landscape ecology emphasize that riverscapes are naturally heterogeneous and that a focus on building heterogeneity at multiple scales would increase biodiversity, species redundancy, and system resilience and, thereby, adaptive capacity. In river science, it is understood that river landscapes are arranged hierarchically. Thus, different parts of a river network will have various sensitivities to disturbance and associated recovery trajectories. Current river restoration methods based on principles of command-and-control, carbon copy, fast-forwarding, cookbook, or field of dreams are unsuitable and often assume that a return to an original condition is possible. Anthropocene rivers have changed fundamentally, and with this knowledge, the unconscious bias of restoration must also change to one of acknowledging what is possible within an Anthropocene river. Will we continue to aim for an unrealistic goal of ‘natural’, or can we look to the future with river repair?
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