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Abstract

:

Damming and water regulation creates highly modified rivers with limited ecosystem integrity and resilience. This, coupled with an ongoing global biodiversity crisis, makes river restoration a priority, which requires water reallocation. Coupled human–natural systems research provides a suitable lens for integrated systems’ analysis but offers limited insight into the governance processes of water reallocation. Therefore, we propose an analytical framework, which combines insight from social–hydrological resilience and water reallocation research, and identifies the adaptive capacity in highly modified rivers as the capacity for water reallocation. We test the framework by conducting an analysis of Sweden, pre- and post-2019, a critical juncture in the governance of the country’s hydropower producing rivers. We identify a relative increase in adaptive capacity post- 2019 since water reallocation is set to occur in smaller rivers and tributaries, while leaving large-scaled rivers to enjoy limited water reallocation, or even increased allocation to hydropower. We contend that the proposed framework is broad enough to be of general interest, yet sufficiently specific to contribute to the construction of middle-range theories, which could further our understanding of why and how governance processes function, change, and lead to outcomes in terms of modified natural resource management and resilience shifts.






Keywords:


social–hydrological resilience; water resilience; socio-hydrology; adaptive governance; hydropower; riverine ecosystem; electric system; Sweden












1. Introduction


Dams, and their resulting water regulation, represent one of the most significant human modifications of the biosphere [1]. Damming and water regulation creates highly modified rivers, as water is allocated to human use, including industrial and urban water requirements, irrigation, hydropower production, shipping, and mining [2]. The required engineering works and water abstraction negatively impact river connectivity—i.e., the movement and exchange of water, energy, material, and species within the river system and surrounding landscapes—compared to free flowing rivers [3,4]. The most significant global driver of river connectivity loss is the up- and downstream propagation of fragmentation and artificial flow regulation, caused by the construction and functioning of dams [2].



Reduction in river connectivity negatively impacts riverine ecosystem integrity and biodiversity [4,5,6,7], which in turn impacts ecosystem resilience [8,9,10,11]. Riverine biodiversity loss is currently occurring on alarming scale and rate [5], which suggests a significant loss of riverine ecosystem resilience. In order to halt biodiversity loss, the safeguarding and restoration of freshwater connectivity is a top political priority that requires significant measures, such as limiting the construction of new dams, implementing environmental flow in existing dams, and removing dams [12,13,14]. The last two options require a reallocation of water from one type of actor and use to another [15,16,17].



Water reallocation is a societal challenge that involves difficult political, policy, and regulatory tradeoffs, because the initial water allocation can provide significant benefits to society. For example, the Lule River in Sweden is a highly modified river, which generates 10% of Sweden’s total electricity demand through hydropower production [18]. Significant reallocation of water in the Lule River, to increase river connectivity, would decrease both electricity generation and balancing capacity, which could affect the electrical system negatively [19]. Thus, water reallocation requires a careful exploration of the tradeoffs and uncertainties that arise across hydrological, ecological, and societal systems and processes.



Social–hydrological resilience (SHR) provides a suitable lens for such integrated hydrological, ecological, and societal systems’ analysis. SHR research forms part of an expanding field of research into coupled human–natural systems, with its principal focus on water systems, including research into water resilience [20,21] and socio-hydrology [22,23,24]. In this paper, we draw on the concept of SHR, by focusing on two resilience capacities: absorptive and adaptive capacity, which have been previously formulated in the literature [23].



The modeling and analysis of human–natural systems can provide significant insights into the tradeoffs and uncertainties of water reallocation [22,25,26,27,28]. However, the majority of modeling research lacks any clear relationship—or even critical reflection on—how the insight gained from modeling influences the governance and decision-making processes of water reallocation [29]. Existing water rights can be virtually impossible to modify if they go against the wishes of the rights’ owners [30]. This means that, even in cases where more equitable, efficient, and resilient outcomes can be identified, there is a range of barriers, which can prevent societally desirable water reallocation from occurring [31,32]. We therefore hypothesize that research into highly modified rivers will benefit by combining SHR and water reallocation research in a new analytical framework.



A framework combining insight from these two research fields is a useful innovation since it focuses attention on hydrological and ecosystem processes in river basins but also provides the tools and understanding to analyze the social processes, with distinct actor interests and institutional settings, that play out and shape the shifts in resilience in those basins [24].



In this paper, we give a brief overview of the research into social–hydrological resilience and water reallocation which we combine into an analytical framework in order to analyze highly modified river basins. We test the framework by analyzing recent legislative and policy developments related to river restoration and hydropower production in Sweden, the EU’s most significant hydropower-producing member state [33]. We believe that our approach and framework is appropriate for analyzing highly modified river basins, where there is a societal preference for restoring riverine ecosystem integrity and resilience through increasing river connectivity.




2. Theoretical Foundation for the Framework


2.1. Social–Hydrological Resilience


We understand social–hydrological systems’ research to form part of the broader literature on coupled human–natural systems, which are focused on water and the hydrological cycle [20,22]. Earlier work on coupled human–natural systems explored resilience in terms of absorptive, adaptive, and transformative capacities [23]. However, most of this work featured a normative stance regarding how to achieve the desired goals of system functioning and change [20,34]. The field has been criticized as having a functionalist, simplistic logic of governance, focusing on how it ought to change, which does little to further our understanding of why and how governance works and evolves [35,36].



In this paper, we employ a more analytical stance. We identify two resilience capacities—absorptive and adaptive—as being of particular importance for understanding the options and tradeoffs that face those who are responsible for the governance of highly modified river basins. Absorptive capacity refers to the underlying ability of a system to absorb disturbance, while retaining its essential structures and stability [37]. Adaptive capacity, or adaptability, was defined earlier; as “the capacity of actors in a system to influence resilience” [34]. In order to distinguish between absorptive and adaptive capacities, as two separate resilience functions, we define adaptive capacity as the ability of actors to adjust functions and processes that modify a system’s underlying absorptive capacity.



In the literature on resilience and coupled human–natural systems, adaptive capacity has been increasingly fused with the concept of adaptive governance [38]. In adaptive governance literature, adaptive capacity tends to be emphasized as a desired goal of governance and is influenced by politics, policy, and the law, as well as other processes; such as collaboration, knowledge, and learning [39,40,41,42,43]. However, the literature on adaptive governance offers limited guidance on how to understand and influence complicated and contextually-dependent, real-life governance situations [44]. Searches for, and evidence of, links between key adaptive governance processes, such as social learning, and modifications in natural resource management and resilience are also sparse [45,46].



In this paper, we establish a clear link between governance processes and modifications to natural resource use by identifying the capacity for water reallocation as adaptive capacity related to highly modified river systems. Water reallocation is a concrete management option in a river that potentially modifies the absorptive capacity of the different sub-systems in the river basin. Our exploration focuses on the riverine ecosystem and electric system that are sub-systems in, and connected to, rivers that have been heavily modified by hydropower production.



The absorptive capacity of an electric system can be understood as its capacity to sustain a power balance over all timescales, by resisting and recovering (in a timely manner) from low-impact, high-probability events and high-impact, low-probability events [47,48]. Large-scale dam hydropower increases the absorptive capacity of the electric system because of its high flexibility, which comes from cost-effective and efficient frequency control, energy storage, and black start and island running capacities [49].



The absorptive capacity of the riverine ecosystem can be understood as the ecosystem’s inherent ability to maintain its characteristic patterns and rates of processes, in response to disturbances, including the inherent variability of its climate regimes [11] as well as to climate change effects [50]. Although some critics have called it a simplification [25,51], the available evidence indicates that a robust connection exists between river connectivity and riverine ecosystem integrity [4,6,52]. Ecosystem integrity can in turn be used as a proxy for the riverine ecosystem’s absorptive capacity [8,9]. Thus, hydropower production decreases the absorptive capacity of the riverine ecosystem because of decreased river connectivity, which is caused by the fragmentation and artificial flows that come from the construction and functioning of dams [2,4,6,11].




2.2. Governance Challenges of Water Reallocation


Water reallocation concerns the redistribution of water, claimed for other purposes; such as irrigation or hydropower production [16]. Water reallocation can be divided into two forms: non-voluntary and voluntary [53]. In non-voluntary reallocation, the original water-user is forced to give up part or all of the water against their will, through administrative reallocation [54], or unilateral water diversions in transnational river basins. In voluntary reallocation the water-user is persuaded to give up their usage and right to water, through negotiation or monetary means.



Water reallocation research often involves case studies, which focus on real-life challenges of reallocating water between different users. The research has identified various barriers to water reallocation that include sociocultural, scientific, infrastructural, and governance challenges [16,31,55]. As our focus is on governance, we distilled the range of identified, governance variables in the literature into three key challenges. These will be briefly elaborated in this section. They are (1) gaining an overview of existing water use and rights, (2) creating and maintaining cost effective and flexible mechanisms for water reallocation, and (3) monitoring and enforcing compliance of water use in accordance with granted rights.



Gaining an overview of existing water use and rights is an initial requirement for water reallocation [16]. In many countries, water is a public resource, but a range of actors can possess water rights; such as, concessions and more informal rights that emerge from practice [55]. Contested and unclear initial water allocation in a basin can significantly hamper any efforts towards water reallocation [56].



Overarching goals of water reallocation can be identified as to create and maintain cost effective and flexible mechanisms [16,57]. Cost effectiveness is determined by the number and variety of resources, required to facilitate desirable water reallocation; i.e., the transaction costs that arise from the modification of water rights [31]. Flexibility refers to the ability to reallocate water in line with changing societal preferences [58], and to adjust to the inherent uncertainties in the hydrological and climatic developments that affect the water resources, as well as riverine ecosystem response [43].



It is also vitally important to monitor and enforce compliance of water use, in accordance with the granted rights, given that an estimated 30–50% of global water supply is stolen [59]. However, the monitoring required, to ensure abidance to established water rights and to detect unauthorized use, is significant and can require capacities and infrastructure that are not always sufficiently developed, even in industrialized nations [60]. Thus, even the best planned and most cost-effective water reallocation system can be undermined, by water theft, if insufficient monitoring exists and if no dissuasive penal systems are in place.



The governance challenges of water reallocation have political and normative dimensions interwoven into more technical and design questions [57]. The EU Water Framework Directive, for example, sets significant environmental goals, which require water reallocation to be met; but, currently, it has had a limited implementation because of a lack of political will [61]. Water reallocation is also guided by normative principles; such as, efficiency, equity, and sustainability, which—at times—can be in conflict with each other [62]. For example, water reallocation can have the potential for efficiency gains in terms of overall net benefit to society but can simultaneously pose significant equity problems because the negatively affected actors are poor [63].




2.3. Justifying and Presenting a SHR-WR Framework for Highly Modified River Basins


As highlighted in the previous sections, research on human–natural systems and the related adaptive governance research, provides limited guidance for understanding and influencing complicated and context-dependent real-life governance situations [36,44]. The field also provides sparse direct links between governance processes and modifications in natural resource use [45,46]. Many of the existing frameworks are furthermore meant to cater for all water governance situations [64,65] or all natural resource governance situations [66]. This, despite calls from researchers that frameworks need to find a balance between abstract design principles, which are insensitive to the setting, and an overemphasis on the empirical context, which limits the possibilities of drawing more generic conclusions [44,66].



In response to the above challenges, our suggested framework, Figure 1, is a fitting innovation since it builds on SHR research and incorporates insight from water reallocation scholarship to complement our understanding of the governance of highly modified river basins. It furthermore establishes a clear link between governance processes and modified natural resource use and resilience shifts since the adaptive capacity of the social–hydrological system is defined as the capacity to reallocate water. The framework thus focuses on water reallocation as a key management option, which shifts absorptive capacity between the sub-systems in, or strongly related to, the river basin—in our case the electric system and riverine ecosystem. Our framework specifically identifies the absorptive capacity of the electric system as being dependent on flexibility and that of the riverine ecosystem as being dependent on connectivity. Finally, our proposed framework is specific to highly modified rivers and, thus, focus on a type of social–hydrological system that exists world-wide [2]. Consequently, it is of general interest, yet sufficiently specific to contribute to the construction of causal middle-range theories, and contextual generalizations that apply to a delimited set of cases [36,67,68,69].





3. Testing the Framework with a Focus on Sweden


Throughout the 20th century, Swedish rivers underwent significant modification, to expand hydropower production. Sweden is the biggest hydropower producer in the EU, with an average yearly production of 65 terawatt-hours (TWh) [33]. Roughly 2000 hydropower projects in Sweden satisfy around 40% of Sweden’s total electricity demand [70]. In many ways, Sweden’s water law, of 1918, favored the rapid expansion of hydropower production in the country, and formed the backbone of the Swedish judicial and administrative system, regulating hydropower, until 2019 [71]. The vast majority, roughly 90%, of water allocation permits for hydropower production in Sweden was implemented under the 1918 water law [72]. A new water law came into force in 1983, and the Environmental Code introduced various new environmental considerations, in 1999; however, neither had any direct retroactive effect on existing hydropower permits. In fact, it was not until 2019, that legislation introduced by the Swedish Parliament came into effect, which set up a National Plan for Hydropower (NPH) permit review, in order to ensure that all existing hydropower projects possess permits with “modern environmental provision” [73]. Furthermore, the new legislation requires, as a general rule, that an operator carries out a permit review every 40 years, in order to ensure the continuous updating of environmental provisions.



We view the legislative changes of 2019 as a critical juncture point [74] in the governance of highly modified river basins in Sweden. We will therefore, in this section, undertake a structured analysis of the capacity for water reallocation, pre- and post-2019, in order to understand how changes in the Swedish governance system relate to highly modified rivers. The section starts with detailing how hydropower expansion in Sweden has affected the absorptive capacity of the electric system and various riverine ecosystems.



3.1. Absorptive Capacity of the Riverine Eco- and Electric Systems in Sweden


Seven out of eight large river systems, and nine out of 12 medium river systems, in Sweden suffer significant loss of connectivity. The main reasons for this are the river channel fragmentation and flow regulation that are caused by hydropower production [2,75]. Thus, connectivity loss—caused by hydropower expansion—significantly limits the absorptive capacity of a majority of riverine ecosystems in Sweden. At the same time, the high level of river modification, for hydropower production, gives the Swedish electric system significant flexibility [76]. Figure 2, below, shows how hydropower provides virtually all of the flexibility in the Swedish electric system, on an instantaneous and daily scale, as well as more than half of the flexibility on a yearly scale. Thus, the flexibility provided by hydropower production gives the Swedish electric system significant absorptive capacity over all timescales.




3.2. Water Reallocation until 2019


Only a limited overview is available of water abstraction and rights in Sweden, related to small hydropower production. In 2009, the Swedish County Administrative Boards (CAB) reported that there were 1552 hydropower stations in Sweden, whereas an energy trade organization reported 1800 and a small hydropower trade organization 2101 [72]. This large discrepancy in the number of identified hydropower stations reflects a situation where only parts of existing hydropower projects possess permits for their operations. In particular, small-scale hydropower projects claim historic rights as the basis for their water allocation. Moreover, a complete registry of historic rights holders does not exist in Sweden and the validity, scope, and limits of such rights for hydropower production is contested [77].



Until 2019, existing reallocation mechanisms worked to preserve the initial allocation of water for hydropower production. The operating conditions that were stipulated in a hydropower permit, including the allocation of water flow into turbines for energy production, were granted without time limits and held legal force against all parties [78]. If a public agency initiated a permit review, the burden of proof was on them to provide the technical studies and documentation to persuade a court that any proposed water reallocation was technically feasible, reasonable, and did not impose conditions that significantly interfered with hydropower production. In addition, the responsible public authority was required to provide monetary compensation to the producer for losses, caused by water reallocation, which exceeded 5% of the station’s production value [79]. The result of such restrictive water reallocation mechanisms is demonstrated by the calculation that, between 1990 and 2010, the reallocation of water from hydropower to river restoration amounted to a mere 0.02% of the average yearly hydropower production [80].



The monitoring and enforcement of hydropower production is also limited by the fact that the conditions contained in most hydropower permits are difficult to interpret, and a significant number of hydropower stations lack permits altogether, since they claim historic rights as the basis for their original water allocation [81].




3.3. Water Reallocation from 2019


The overview of water abstraction and rights has been improved by the new legislation, as all existing hydropower installations are now required either to apply for a new permit or to sign up to the NPH [82]. The NPH was created by national agencies to organize and coordinate the permit review process on a national scale, over 20 years [76]. Hydropower installations that have valid claims to time-immemorial rights, as the basis for their operations, and that sign up to the NPH are treated as operators in possession of a permit for hydropower production [73]. The NPH introduces various new water reallocation mechanisms. When they sign up to the NPH, hydropower operators are required to apply for a permit review by a specific date that is established in the plan. The first hydropower permit review will be sent to the Swedish Land and Environmental Court by February 2022. Thereafter, the burden of proof, in the permit review process, falls on the hydropower operator and the prohibition against imposing conditions that significantly interfere with hydropower production no longer applies. The requirement for the public to provide compensation for losses exceeding 5% of the production value of the hydropower project is also phased out [73]. Once there is a firm ruling from the court, actual work begins at the concerned hydropower stations to reallocate water for river restoration, in line with the modern environmental provisions of the new permit, or to remove the installation and restore the river stretch if the hydropower permit is withdrawn. However, hydropower operators become eligible to receive compensation, which covers roughly 90% of all costs associated with the process. This includes administrative and construction costs as well as any loss in hydropower production caused by water reallocation [83]. The funding comes from a private fund, financed by eight of the biggest hydropower producers in Sweden. The fund designates EUR 50 million a year, during a 20-year period, for these measures. The creation of this fund was incentivized by a general tax reduction on hydropower installations worth EUR 190 million a year [84]. As guidance for the NPH, the Swedish Agency for Marine and Water Management (SwAM) and the Swedish Energy Agency (SEA) established a national strategy, which includes a planning limit on how great a loss water reallocation, for river restoration measures, should be allowed to cause. This amounts to a 2.3% loss of average annual hydropower production, equal to 1.5 TWh/year [85]. At medium-scale installations, fish-passage facilities are envisioned, where water should be reallocated to provide 5% of the average river flow. It is estimated that the measures will reduce hydropower production by approximately 0.8 TWh/year. It is envisioned that fish passages, with monthly low flows (MLQ), should be installed in all (approximately) 1700 small-scale hydropower installations (<10 megawatt (MW) capacity). Complete water reallocation, i.e., the removal of hydropower installations altogether is also envisioned as a possibility for these installations. It is calculated that the water reallocation of small hydropower stations could lead to a loss of approximately 0.7 TWh/year of hydropower production.



The NPH sets out how the largest installations in Sweden, approximately 140 in number and which produce roughly 65% of the country’s total hydropower production, are intended to be exempt from water reallocation measures. These large hydropower stations divert water, causing dry riverbeds for distances exceeding 500 m and/or have dams that are higher than 50 m in height. The NPH’s stated focus is to increase these stations’ contribution to the overall flexibility of the electric system. Estimates suggest that an increase of 3900 MW in hydropower’s overall effect is achievable, by strategically increasing the capacity of specific hydropower stations, in order to remove bottlenecks in the cascading hydropower systems [86]. The NPH foresees that new permits for such capacity increasing measures will be examined and decided in parallel with the permit reviews.



The monitoring and enforcement of hydropower operations continue to suffer from the existence of gaps in the available data concerning water abstraction in Sweden [87]. However, requiring all existing hydropower stations either to apply for a permit review or to sign up to the NPH will increase the amount of basic data available, which in turn could improve overview, monitoring, and enforcement. Additionally, by granting time-immemorial rights the same legal status as a permit for hydropower production, monitoring and enforcement should be furthermore streamlined, because this goes some way towards resolving the questions concerning the validity of time-immemorial rights in hydropower production [77].




3.4. Resilience Implications of Swedish Governance Modifications


Sweden’s large-scale hydropower expansion during the last century means that hydropower gives the electric system high flexibility and absorptive capacity, while significantly decreasing river connectivity and the absorptive capacity of riverine ecosystems in most rivers. Until 2019, the Swedish governance system exhibited a limited adaptive capacity as concerns highly modified rivers; as, essentially, it worked to maintain the status quo of hydropower production. Water allocation for hydropower production was granted through permits that had no time limit and which placed exceedingly high requirements on the public to justify water reallocation, to increase river connectivity.



The legislative and administrative changes of 2019 considerably increased the adaptive capacity of the governance system, by requiring operators to initiate a review every 40 years, to update the environmental provisions in the permit, and by modifying Swedish water reallocation mechanisms. However, in the current round of permit reviews, the increase in adaptive capacity mainly exists in small- and medium-sized hydropower stations, where the real scope for water reallocation has been created. The highest adaptive capacity exists for small hydropower stations, where there is even room for complete water reallocation, through dam removal. As Sweden’s small hydropower stations are situated on small rivers and tributaries, it can be expected that these will exhibit the most significant increase in river connectivity in the coming years. Thus, important potential exists to increase the absorptive capacity of riverine ecosystems of small rivers and tributaries in Sweden, through water reallocation together with additional restoration measures [88]. Any negative impact on the absorptive capacity of the Swedish electric system, from such water reallocation will be limited. Small hydropower stations are run-of-river stations that constitute less than 1% of the installed capacity of hydropower production and which provide even less flexibility to the electric grid [89].



The governance modifications provide limited scope for water reallocation, to increase connectivity and the absorptive capacity of riverine ecosystems, in large Swedish river systems, with large hydropower stations. The modifications are intended to increase water allocation for hydropower production, by increasing hydropeaking, in order to increase the flexibility of hydropower production [76], thereby increasing the absorptive capacity of the electric system. Increased hydropeaking has documented negative effects on river connectivity [90] and can be expected to further decrease the absorptive capacity of the affected large riverine ecosystems.





4. Discussion


The proposed framework provides a means to compare Sweden’s river governance, pre- and post-2019. Our initial analysis highlights how administrative and legal changes, implemented in 2019 and after, significantly modified existing water reallocation mechanisms and increased the Swedish governance system’s adaptive capacity as concerns small and medium-sized, highly modified rivers. It also highlights the tradeoffs in the political bargaining process in Sweden, which underlies these governance modifications. Whereas water reallocation is facilitated for small-scale hydropower, to increase river connectivity and absorptive capacity in small rivers and tributaries, additional water allocation for large-scale hydropower is encouraged in larger rivers, to increase flexibility and the absorptive capacity of the electric system. The flexibility provided by large hydropower production is thus deemed so valuable by policymakers that it is meant not to decrease, and even increase, which practically eliminates the scope for improvement of river connectivity in large highly modified rivers in Sweden.



An application of the framework should provide similar clarity of analysis and a possibility for the cross-case analysis of various other countries, which have a large number of highly modified rivers from hydropower production; including, China, Brazil, the USA, and Norway. This could also be of special relevance to an analysis of the EU’s top hydropower producing countries (e.g., France, Austria, Spain, and Italy), which are subject to the same overarching EU legislation that requires improvements in freshwater connectivity, to improve riverine ecosystem functioning and resilience [61]. In all these countries, the framework directs us towards scrutinizing the extent to which water has been reallocated, to increase river connectivity.



As a second step, and in order to explain any possible differences between the countries, the framework provides a basis for explaining the extent of water reallocation through exploring causal mechanisms focused on governance [36,67]. The different countries’ water reallocation mechanisms could be analyzed and compared, to understand why more or less water is reallocated to increase river connectivity. In the case of Sweden, the pre- and post-2019 comparative analysis provides a strong causal narrative, which supports the significant role that legislation plays in providing adaptive capacity to allow for water reallocation. Comparative analysis between Sweden and the USA provides further evidence to support this conclusion [80]. This insight is, furthermore, in line with research on adaptive water governance in the USA, which highlights the role of legal, procedural requirements in creating flexibility and adaptive capacity in water governance [91,92]. Understanding why the legislation looks the way it does, and why it occasionally undergoes significant modifications—as in Sweden, in 2019—provides opportunities for yet another layer of causal analysis. In such analysis, institutions can be conceptualized as expressions of power to protect the interests of certain groups, and legislation, as the formally sanctioned rules to regulate conflict in situations in which interests cannot be harmonized [93]. Theories of the policy process, such as the Advocacy Coalition Framework, could then be used to analyze why and how legislation directing water governance undergoes important modification or remains unchanged [94].



Since we do not have a clear opinion about how SHR and its governance ought to change, we have not made transformation part of our framework, although this concept forms an integral part of resilience thinking [34]. However, we can discuss transformation and river basins, based on earlier political intentions and ongoing changes in societal preferences. The process of creating a highly modified river basin constitutes a transformation of the SH system, which—in the case of hydropower production—transforms river basins, from ecosystems to electric production systems. In Sweden, politicians actively supported this transformation, over the past decade, as significantly increased hydropower production was deemed positive and necessary for the development of the country [71]. With increasing attention being put on the biodiversity crisis, there is a normative shift, towards protecting and restoring aquatic biodiversity [12,13,14].



As concerns Sweden, we can already see clear signs that water reallocation will occur in smaller rivers and tributaries, whereas large-scaled rivers will enjoy limited water reallocation, or even increased water allocation to hydropower. Will this lead to a transformation of highly modified river basins and hydropower towards sustainability? We believe that a more suitable concept, to describe the ongoing changes in Sweden, is that of reconciliation: changes designed to help undo the negative ecological effects of regime shifts [95]. Although heavily modified rivers in Sweden will undergo restoration efforts, and in some smaller rivers and tributaries the water reallocation will be significant; overall, the majority of Swedish river flow is set to continue to function for the electric production system, with limited improvements in connectivity.



Water abstraction for irrigation is the main focus of water reallocation research [31]. A weakness of our proposed framework is that it focuses on ‘blue’ water: the water present in streams and lakes, with limited attention given to ‘green’ water: soil moisture [65]. This makes our framework less suitable for analyzing rivers that have been highly modified, primarily for water abstraction for irrigation. Agriculture also represents an activity where system boundaries are more challenging to establish, because of the virtual flows of water embedded in the international food trade [96]. Thus, this paper’s systemic approach, which was applied to analyzing water reallocation and resilience, will need modification to capture the main variables and processes relevant to highly modified river basins, where agricultural irrigation is the key challenge.




5. Conclusions


This article built on insights from social hydrological resilience and water reallocation research to create a framework for analyzing highly modified rivers. This framework established a clear link between governance processes, modified natural resource management and resilience shifts. Three governance variables were identified from the literature as crucial in determining capacity for water reallocation: having an overview of existing water use and rights, creating/maintaining cost effective and flexible mechanisms for water reallocation, and monitoring and enforcing the compliance of water use. We tested the framework using Sweden, a country with many heavily modified rivers due to hydropower production. Large-scaled dam hydropower increases the absorptive capacity of the electric system, because of its efficient frequency control that creates flexibility, while simultaneously decreasing river connectivity by causing fragmentation and artificial flows.



We conducted a structured analysis pre- and post- 2019, a critical year in Swedish river basin governance, because of legislative and administrative changes. We found these changes considerably increased the governance system’s adaptive capacity, by requiring operators to initiate a review, every 40 years and due to modified water reallocation mechanisms. However, we determined the increase in adaptive capacity was relative, as the real scope for water reallocation existed only in small- and medium-sized hydropower stations and rivers. In large hydropower rivers, governance modifications are intended to increase the flexibility of hydropower production, thereby increasing the absorptive capacity of the electric system.



A further application of the framework should provide similar clarity of analysis and offer a possibility for cross-case analysis of various countries, with highly modified hydropower producing rivers. We believe our framework could contribute to the construction of middle-range theories to assist our understanding of why and how governance processes function, change, and use adaptive capacity to reallocate more or less water in highly modified rivers, with ensuing resilience shifts.
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Figure 1. A framework of water reallocation and resilience in highly modified rivers. 
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Figure 2. Hydropower’s share of balancing services to the Swedish electric grid during the years 2008–2016, data source [76]. 
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