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Abstract: In this study, we examined the extent to which global warming management is currently
integrated into the European Water Framework Directive (WFD), the central legal framework for
water management in the EU. We focused on the Elbe River Basin District and how global warming
is addressed in its water management. We used the social–ecological systems (SES) approach as our
theoretical framework, representing an eminent analytical frame of biosphere-based sustainability
science. In our study, we analysed core characteristics of SES in the context of global warming to
evaluate the effectiveness of current water management in the Elbe River basin concerning long-
term changing climate conditions. To determine to what extent each SES feature is considered in
the Elbe water management, we applied a scale of 1 to 5. Our results show that the SES feature
“scale and openness” is best addressed (score 4.0) by the Elbe River basin management, followed
by “context dependency” (score 3.9); however, “non-linearity, uncertainty, unpredictability” (score
3.2), “self-organisation and adaptability” (score 3.1), and “dynamics” (score 3.0) have only moderate
impacts. SES features can only be considered comprehensively if global warming is accounted
for in an integrated way at a European level. In order to ensure effective implementation, explicit
regulations and legally binding obligations are most likely required.

Keywords: social–ecological systems approach; EU Water Framework Directive; global warming;
Elbe River; climate change adaptation; water management; river basin management; adaptive water
resource management; European water governance

1. Introduction

Due to the current state of global warming, it is critical, and more important than ever,
to take steps to reduce the rate of climate change in order to secure a “safe operating space
for humanity” [1]. In Europe, the fifth IPCC Assessment Report indicates a temperature
increase throughout all climate regions of Europe if the current warming rate continues [2],
likely reaching a 1.5 ◦C increase compared to pre-industrial levels between 2030 and
2052 [3]. To make projections on anthropogenic greenhouse gas (GHG) emissions, the IPCC
adopted four Representative Concentration Pathways (RCPs), which describe different
emission scenarios for the 21st century. RCP2.6 outlines a stringent mitigation pathway,
requiring GHG emissions to start declining by 2020 [4]. RCP4.5 and RCP6 represent two
intermediate pathways, and RCP8.5, the most pessimistic scenario, represents the worst-
case climate change scenario, including very high GHG emissions [5]. Depending on the
scenario, the global mean temperature will rise by at least 0.3 ◦C (RCP2.6) to 4.8 ◦C (RCP8.5)
by the end of the 21st century due to increasing GHG emissions [4]. Projections show
significant increases in high-temperature extremes and the frequency and intensity of heat
waves, drought periods, and heavy precipitation events, subjecting water management to
a broad range of changes [6].
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New approaches for sustainable development in consonance with planetary bound-
aries are urgently needed [7]. In this context, biosphere-based sustainability science has
emerged as a new research field, providing new analytical concepts, such as the social–
ecological systems (SES) framework [8]. The SES approach has evolved into an eminent
analytical frame to address pressing questions of future development, resilience, and
long-term sustainability [9].

To protect and manage European water resources, EU policy has established the
Directive 2000/60/EC, the European Water Framework Directive (WFD), in 2000 [10].
It aims to reconcile the national water policies of EU Member States and establish a
coherent legal framework at a European level [11]. River Basin Districts (RBD) following
natural geographical river basins and related River Basin Management Plans (RBMP)
were drawn up to effectively meet water management needs at smaller scales [12]. The
WFD is regarded as the most ambitious and significant piece of European environmental
legislation [13]. It requires promoting sustainable water use, minimising pressures on water
bodies, preventing further pollution, and mitigating floods and droughts [10]. A WFD
Fitness Check Evaluation, carried out in 2019, highlights that the directive has successfully
prevented water body deterioration but has not fully achieved its ecological and chemical
objectives [12]. Assuming that water use and protection conflicts originate from natural
or technical obstacles and have political, social, and cultural dimensions, the integrated
water resources management paradigm is thus firmly established in the WFD [14,15]. The
river basin approach, which allows comprehensive and transboundary water management
at the river basin level, was a new concept introduced into EU policy [12]. As RBDs are
responsible for implementing the WFD, significant differences concerning the application
of integrated water resources management still exist.

When the WFD was adopted and entered into force in 2000, global warming and
its consequences had not been put on the main agenda as potential threats to European
water bodies—this highlights the missing awareness of climate-change-related threats at
the end of the 1990s [12,16]. In context of the WFD Common Implementation Strategy
(CIS), Guidance Document No. 24 “River Basin Management in a Changing Climate” was
published in 2009. The intention behind the document was to guide the EU Member States
in integrating global warming and climate variability into water policy [17]. Since the
second river basin management cycle started in 2015, European Member States agreed
that “climate-related threats and adaptation planning should be incorporated in their
RBMPs” [18] (p. 271). Although only a recommendation, this indicates a shift in problem
awareness, showing that global warming threats have gained more attention in recent
years [12]. To quantify and visualise global warming-induced changes, especially on a
smaller scale, regional climate models and sets of climate models are increasingly being
used [19,20]. Due to their high resolution, regional climate models can capture complex
physiographical features and spatial variability [19]. Although uncertainties regarding
the prediction accuracy still exist, for example, concerning the ability to represent the
temporal variability of precipitation time series [21], regional climate models represent
an efficient tool to conduct hydrological analyses on a river basin scale, such as future
precipitation, runoff scenarios, or flood risk assessments [19,20]. According to the WFD
Fitness Check Evaluation, the WFD generally contributes to managing global warming
challenges in the EU by restoring water bodies, regularly reviewing measures and progress,
and implementing natural retention measures [12]. Although the WFD is considered
legally able to deal with emerging issues such as climate change due to its flexible nature,
the WFD Fitness Check states that this is not sufficient for counteracting the effects in
total [12]. In the evaluation report, the authors argue that concerns about global warming
do not necessarily result in practical action, and mitigation and adaptation planning are
not yet covered in a completely integrated way. Furthermore, the authors state that the
reference conditions of the WFD do not sufficiently consider global warming effects, as
they are not explicitly mentioned as a threat or defined as an objective. Additionally,
water scarcity remains poorly covered, as indirect measures are often ineffective, and



Sustainability 2021, 13, 9111 3 of 20

monitoring is considered insufficient [12]. Regarding coherence, the WFD Fitness Check
concludes that stakeholders see climate change as the least-coherent subject within WFD
legislation [12]. Although most Member States have successfully carried out a “climate-
proofing” of the Programme of Measures by applying the CIS Guidance Document No.
24, climate change adaptation cannot be fully pursued due to a failure to integrate global
warming effects into WFD evaluations [12]. According to the European Overview of
River Basin Management Plans, most RBDs consider flood risk management, assess direct
and indirect climate pressures, and address drought management and water scarcity [18].
Nevertheless, drought management plans do not always correspond to the actual drought
risk faced in practice [18]. In summary, the report positively evaluates the WFD’s high
flexibility in combatting global warming effects. Nonetheless, it cannot address climate
change sufficiently, especially when it comes to practical action, coherence with other
objectives, and drought management [18].

The aim of this review study was to assess the effectiveness of global warming manage-
ment within the WFD. To this end, we applied the SES approach to the Elbe RBD following
the conceptual “typology of six organising principles” by Preiser et al. [22]. We applied six
distinctive SES features to this study: 1. “scale and openness”; 2. “context dependency”;
3. “self-organisation and adaptability”; 4. “non-linearity, uncertainty, unpredictability”;
5. “dynamics”; and 6. “constituted relationally”. To evaluate the extent to which each SES
feature is considered in the water management of the Elbe River basin, we will address the
following research question: With regard to global warming, to what extent does water
management in the Elbe River Basin District take features of social–ecological systems into
consideration?

2. Theoretical Framework

Social–ecological researchers investigate the dynamic interactions between humans
and the environment using both social and natural sciences and are interested in the in-
terface between science, politics, the economy, and the public [23]. As human activity is
an increasing pressure on ecosystems and has major impacts on their functioning, a clear
distinction between social and natural systems is arbitrary [24]. The SES approach em-
phasises this intertwined character and supports that environmental preconditions shape
social dimensions (economy, politics, technology, culture, etc.). Vice versa, natural systems
(terrestrial and aquatic ecosystems) are impacted by human activities [8]; therefore, mutual
interaction on different spatial and temporal scales is the consequence (Figure 1) [25].
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The SES approach evolved from biosphere-based sustainability science, which marks
the stability and resilience of the biosphere as a crucial precondition for human wellbe-
ing [8]. The SES approach emerged as a prominent “conceptual and analytical framing with
which to understand the connections and feedbacks between social and environmental
interactions” [9] (p. 1). It emphasises human dependency on ecosystems, supports cross-
disciplinary collaboration, and allows researchers to understand systems [7,26]. Finally,
increased system knowledge contributes to an acceptable way of managing resources
towards resilience and long-term sustainability [27].

Our study orientates at the “typology of six organising principles” accounting for key
features of SES, according to the heuristic SES framework established by Preiser et al. [22].
To apply this conceptual typology to the Elbe River basin case study, we adjusted and
harmonised the types, or the name of the types, for our research purposes; however, the
overall structure is preserved. As such, the six relevant characteristic features of SES for
this study are 1. “scale and openness”; 2. “context dependency”; 3. “self-organisation
and adaptability”; 4. “non-linearity, uncertainty, unpredictability”; 5. “dynamics”; and 6.
“constituted relationally”. Properties and requirements associated with specific features
are explained in detail in Section 5, at the beginning of each feature’s section.

3. Methodological Approach

We reviewed key publications to determine how the WFD in general, and the Elbe
RBD in particular, address global warming. We focused on publications of the European
Commission and the Elbe River Basin Cooperation, including the WFD [10], the Overview
on River Basin Management Plans [18], the WFD Fitness Check Evaluation [12], the River
Basin Management Plan for the German part of the river basin [28], the German Pro-
gramme of Measures [29], and the German background document on climate change
effects [30]. Finally, we considered the International River Basin Management Plan for the
Elbe RBD [31].

In order to gain further insights into the interface between SES theory and WFD
in the context of global warming, we conducted four guided expert interviews [32–35].
Bernd Klauer is deputy head of the Department of Economics at the Helmholtz-Centre for
Environmental Research (UFZ, Leipzig, Germany). For many years he has been engaged in
social–ecological approaches in environmental and resource economics concerning sustain-
ability and the valuation of nature [36–38]. Moritz Reese is deputy head of the Department
of Environmental and Planning Law at the Helmholtz-Centre for Environmental Research
(UFZ, Leipzig, Germany). His research focuses on European environmental law, water
law, and climate change and adaptation [16,37,39–41]. Laura Herzog is a political scientist
working at the Institute of Environmental Systems Research at Osnabrück University. She
works on the dynamics of SES and the influence of climate change and land use on aquatic
ecosystem services [42,43]. Finally, Christine Wolf is a former member of the Department
of Economics and the Department of Environmental Politics at the Helmholtz-Centre for
Environmental Research (UFZ, Leipzig, Germany). In her doctoral thesis, she analysed
water bodies as SES, integrating the effects of global warming to improve the methods used
to evaluate the ecological status of water bodies [44–48]. The interviews were conducted
via video call and were recorded and transcribed afterwards (clean verbatim).

To evaluate SES features in Elbe River basin management, we conducted a semi-
quantitative assessment for each feature in table form; therefore, we applied a rating
scale of 1–5 with a score of 5 indicating full consideration of feature properties, and a
score of 1 displaying very limited consideration. We derived the feature properties in the
table from Preiser et al. [22], De Vos et al. [9], Berkes et al. [7], and the expert interviews
conducted [32–35].

4. The Elbe River Basin District

Since practical management of global warming impacts occurs in RBDs, the analysis of
SES features must also occur in RBDs; therefore, we selected one RBD to assess the features.
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The choice fell on the Elbe RBD, because it is one of the largest European river basins
crossing national borders and representing a transport route of significant international
importance. Moreover, the effects of global warming are diverse due to the significant
variability between areas along the river’s course, including sub-basins with high flood
risk and sub-basins with low annual precipitation, potentially facing enhanced drought
risk (Figure 2).
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Furthermore, the GLOWA Elbe research project, which started in 2000, investigated
global change effects on the environment and society in the Elbe RBD [32]. Due to the long
project duration, and the “pioneering” character concerning global change impacts, the
Elbe River basin features a significant projection and modelling database—this provides a
favourable starting point for us to assess SES features in the Elbe RBD.

The Elbe is located 1386 m above sea level, rises in the Krkonoše mountains (Czech
Republic), and flows for 1094 km, near Cuxhaven (Germany) into the North Sea (Figure 2).
The Elbe River basin is part of the temperate climate (Koeppen: Cfb). It is located in the
transition zone from the humid oceanic climate of Western Europe and the dry continental
climate of Central and Eastern Europe [28]. The river has peak discharges in spring.
Furthermore, heavy summer precipitation events can pose a major flood risk, as observed
during the Elbe floods of 2002 and 2013 [28]. The river basin covers 148,000 km2, where
65.54% is located in Germany, 33.68% in the Czech Republic, and two smaller shares are
located in Austria (0.62%) and Poland (0.16%). About 25 million people live in the Elbe
RBD [31].

In the Elbe River basin, the effects of global warming will be marked by an increase in
annual mean air temperature, more frequent and intensified extreme weather events, and
changes in seasonal precipitation, i.e., minor increases in winter precipitation (less than
10% by 2050) and medium decreases in summer precipitation [30]. These changes will most
likely affect water supply, groundwater resources and recharge, soil water balance, surface
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runoff, nutrient loads, flow dynamics, hydromorphological conditions, water storage, and
flood risk in the Elbe RBD [28].

5. Results and Discussion

For each SES feature, we present the results in separate sections. Each section starts
with a detailed explanation of feature properties, followed by an elaboration on the feature’s
role in the context of the WFD and global warming. Subsequently, the analysis specifically
for the Elbe RBD follows. It starts with a section covering aspects of the Elbe River basin
management that successfully consider respective SES feature properties, followed by a
section indicating areas where the consideration is still insufficient. Finally, we present
the scores of the semi-quantitative assessment, summarising how feature properties were
considered.

5.1. Social–Ecological System Feature 1: “Scale and Openness”
5.1.1. “Scale and Openness”: Feature Properties

SES are hierarchically structured, incorporating sub-systems embedded in larger
systems, and act on different levels of spatial and temporal scale. Furthermore, SES are
characterised both by internal exchange and by external interaction between the system
and its environment [22,49]. This applies to institutions, since local institutions are nested
in national and international institutions, as well as to natural systems, since local water
systems are embedded in larger river systems [7]. Defining a system’s spatial and temporal
boundaries can be difficult, owing to the radical openness and influence the system has
on its broader environment [22]. Moreover, global feedback loops (e.g., global warming)
influence local feedback loops and vice versa [8]. Social–ecological challenges at different
temporal and spatial scales require adapted solutions that fit the level of scale. Subsequently,
there is not one all-encompassing solution [7]; however, institutions often refer to political
boundaries and, therefore, to different spatial scales than the scales found in “natural”
systems (e.g., river basins). Hence, spatial and temporal scale mismatches can occur when
dealing with SES [50], which also affects the WFD. In addition to the general understanding
of scale as “level”, scale can further be understood in terms of “scope” [34].

5.1.2. “Scale and Openness” in Context of the European Water Framework Directive and
Global Warming

The WFD considers multiple spatial scales both for the natural and institutional di-
mension. Looking at the institutional dimension, this is reflected by various administrative
scales involved (EU, national, river basin), the clear division of authorities’ competences
and the opportunity to call in a “higher scale” when necessary [34]. In terms of global
warming, this is significant, because the EU level is generally evaluated as being most
effective to tackle climate change, but the river basin level is needed to particularly address
the changes in practice [12]. Regarding the natural dimension, the river basin approach
categorises water bodies after “natural boundaries” and parameters, rather than following
administrative boundaries, particularly emphasising the consideration of scale. Depending
on the scope of the social–ecological challenge faced, different scales can be addressed
(e.g., local, regional, or transnational), enabling solutions to be adaptable and fit the scale.
This can be important, for example, in terms of upstream and downstream issues that
are likely to become more relevant regarding global warming [35]. However, it remains a
challenge to ensure coherence between different scales and associated needs [12]. In relation
to global warming, scale in terms of scope is especially relevant. Global warming is not
explicitly mentioned as a pressure in the WFD itself, which is from today’s perspective
insufficient and not proportionate to fundamentally tackle the resulting impacts [32,34].
So far, global warming is only addressed in a very schematic and cursory way, which is
no longer adequate to the scale of global warming impacts [33]. In addition, openness is
mostly given, since Member States have a great scope of action to implement the Directive
and assign responsible authorities. Reference conditions are defined in an open way, rather
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than specific measures that are prescribed [34]. Regarding climate change mitigation and
adaptation, the scope of action therefore also depends on the degree of problem aware-
ness and political will of each Member State [16]. Moreover, temporal scales represent a
constant challenge, as climate change adaptation planning often misses the time horizon
of WFD requirements, including planning cycles of only six years. Consequently, time
lags between political action and delayed ecosystem responses can occur, which may be
hard to bridge [35]. Furthermore, the WFD focuses more on water quality than on water
quantity issues, indicating that global warming impacts are not considered to their full
extent, which represents a constraint on scale in terms of scope [32]. According to the WFD
Fitness Check, limitations to water scarcity become apparent in terms of monitoring, water
use and abstraction, and energy efficiency. Looking at global warming, these limitations
will most likely become more significant [18], representing other insufficient consideration
of scale in terms of scope.

5.1.3. Successful Consideration of “Scale and Openness” in the Elbe River Basin Management

The hierarchically structured planning frame applied in the Elbe River basin is well
equipped to consider both internal exchange between sub-systems and effects outside the
systems’ boundaries, representing the core properties of scale. For example, the trade-offs
between flood protection, ecology, population and economic growth, and the possible
effects of global warming are taken into account [28]—this also includes many anticipated
consequences regarding different water body types and adaptation areas, for example,
wastewater treatment, drinking water supply, and flood risk management [31]. Openness
and impacts across scales are accounted for because local improvements of river conti-
nuity, morphology, or a reduction in heat pollution positively affect overarching water
bodies’ resilience [28]. Conflicts between scales (e.g., between overarching national strate-
gies and regional needs) are acknowledged; therefore, an integrated approach should
be adopted [28,30]. The distinction between water management questions relevant for
the entire Elbe River basin, or questions of regionally high importance, demonstrate that
problem-solving addresses different scales, and solutions fit the scale [31]. For example, lo-
cally impacting pressures, or local changes in biodiversity (e.g., invasive species) resulting
from increasing water temperatures, can be addressed by adopting regional or case-specific
solutions [28]. Finally, the “climate check” of the Programme of Measures is conducted on
different planning levels and examines the impact of specific measures, taking local and
regional conditions and interactions with other measures into consideration [28].

5.1.4. Insufficient Consideration of “Scale and Openness” in the Elbe River Basin Management

Although competing water uses are acknowledged, conflicts between scales are not
entirely covered by the Elbe River basin management. For example, if superordinate
strategies, such as national energy or biomass strategies are to be implemented, which
result in increasing needs for agricultural irrigation, local water scarcity situations may
erupt [30]. Thus, in the future, tensions may particularly arise between objectives of water
protection, agriculture, energy supply, and flood protection [30,31]. These conflicts can
easily be amplified by reduced overall water availability, which is caused by decreased
summer precipitation due to global warming. Therefore, ensuring the coherence of objec-
tives and sector-specific needs while taking various cross-scale impacts into account still
remains challenging.

5.1.5. “Scale and Openness”: Semi-Quantitative Assessment

The feature “scale and openness” is best considered by the water management within
the Elbe River basin. This is particularly the result of the hierarchical structure of River
Basin Management Plans and its corresponding assessment. It is acknowledged that the
effects have impact across scales, the systems are radically open, and the measures need
to fit the scale to be effective. In the semi-quantitative evaluation, “scale and openness”
achieved a total outcome of 4.0 (Table 1).
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Table 1. Properties constituting the feature “scale and openness” following the approaches of Berkes
et al. [7], Preiser et al. [22], and De Vos et al. [9].

“Scale and Openness” Feature Properties Score 1

Hierarchical structure, embedded sub-systems nested in larger systems 5
Internal and external exchange and mutual interactions 4
Effects impacting across scales 5
Application of solutions that fit the scale 5
Radical openness 5
Temporal scale 3
Scale in terms of scope 1
“Scale and openness” total 4.0

1 To evaluate how much each feature property is considered in the Elbe River basin management, we applied an
ordinal scale ranging from 1–5, with 5 = very high, 4 = high, 3 = moderate, 2 = low, 1 = very low consideration.

5.2. Social–Ecological System Feature 2: “Context Dependency”
5.2.1. “Context Dependency”: Feature Properties

Changes in a system affect both its context and its sub-systems. When changing the
external environment (e.g., physical environment, policies, economic development, etc.),
context dependency indicates that the system itself changes because it emerges as a result of
context and relation. Once context has changed, sub-systems reorder—equally, the context
changes when sub-systems evolve [9,22]. Consequently, the structure of SES comprises
two elements: the internal dynamic interactions between systems’ compartments and
interactions between the SES and the external environment [9]. Berkes et al. [7] state that an
isolated examination of an SES is inadequate without considering its context. SES possess
a unique context, and as a result, multiple context-dependent identities exist [27]. As internal
and external interactions have equal importance to the system structure, SES are necessarily
defined by the context; therefore, transformative space should be created to implement
systemic change processes [9].

5.2.2. “Context Dependency” in Context of the European Water Framework Directive and
Global Warming

According to the analysis, the WFD is generally capable of considering different
contexts. Concerning water body assessment, Member States have great room to manoeuvre,
and RBDs are classified in a context-dependent manner [34,35]. Regarding global warming,
this is particularly important as its consequences show many different facets depending on
geographic conditions. The opportunity to use exemptions and less stringent objectives
takes context-dependent conditions and occurrences into account [33,35]. Concerning global
warming, it remains questionable if, for example, recurring drought periods can still be
categorised as “unpredictable” and “surprising”, which is required by the WFD to claim
for an exemption. When circumstances that were previously seen as exemptions become
standard in the face of increasing temperatures, reference conditions need to be adapted
for the future [33]. Further limitations are provided regarding the ecological status, as
parts of the assessment are rigid and invariable, further indicating a need for adaptation
because of increasing temperatures [33,35]. Although context dependency plays a central
role in assessing water bodies, specific climate impact assessments that recognize the
contexts of water bodies are rare—this results in limited significance on a regional scale [33].
Following this, if drought management plans exist for certain river basins, they are often
not implemented according to the actual, context-specific drought risk [32].

5.2.3. Successful Consideration of “Context Dependency” in the Elbe River Basin Management

The Elbe River basin has different contexts, which is especially important concerning
global warming. For example, adapted and context-specific management concepts are ap-
plied to areas with particularly low water availability, i.e., Black Elster, Upper Havel, and
Spree region [29,30]—this shows that the Elbe River basin generally acknowledges context
and considers multiple context-dependent identities by implementing measures which take
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into account the local and regional preconditions and pressures. Furthermore, different
scales are addressed, and the mutual interactions between measures are recognised [28].
Moreover, the River Basin Management Plan suggests that local improvements of river
continuity, morphology, or a reduction in heat pollution have positive effects on the super-
ordinate living conditions and the resilience of water bodies. Owing to that, the systems’
adaptive capacity for absorbing external shocks (e.g., in hot or dry periods) is higher, so ex-
treme stress situations can be better tolerated [28]. Aiming to develop a coherent planning
frame for the Elbe River basin represents an attempt to create transformative space allowing
for systemic change processes. Interactions between flood protection, ecology, economy,
and global warming effects should be considered, thus enabling transformation [28]. Sys-
tems adapting to changes in context can be identified, for example, as trans-regional water
supplies provide a balance between water surplus and water scarcity regions [30]. As a
result of decreasing water availability in summers due to global warming, this balance
becomes more relevant.

5.2.4. Insufficient Consideration of “Context Dependency” in the Elbe River
Basin Management

Establishing a coherent planning frame for the Elbe River basin can function as a trans-
formative space; however, creating transformative space is neither explicitly formulated as
being a deliberate goal, nor are systemic change processes highlighted as being particularly
desirable for the Elbe River basin [28]. Furthermore, to fully consider context dependency,
systems must adapt as soon as conditions of contextual change are present; however, flexible
adaptation to changing contexts is limited if system structures are relatively fixed and rigid—
this is the case, for example, with trans-regional water supply and sewage infrastructure
comprising long periods of use and requiring expensive maintenance, making it quite
inflexible to adapt to evolving contexts [30].

5.2.5. “Context Dependency”: Semi-Quantitative Assessment

The feature “context dependency” is addressed second-best by the Elbe River basin
management—this is due to the high consideration of both the environment and the sub-
systems and the recognition of the context to understand a system. In the semi-quantitative
assessment, “context dependency” achieved a total score of 3.9 (Table 2).

Table 2. Properties constituting the feature “context dependency” following the approaches of Berkes
et al. [7], Preiser et al. [22], and De Vos et al. [9].

“Context Dependency” Feature Properties Score 1

Systems depend on both environment and sub-systems 5
No system understanding without recognising the context 5
Multiple context-dependent identities exist 4
Changes inside the system influence both environment and sub-systems 4
System functions adapt to change in context; context change = system change 4
Create transformative spaces for activating systemic change processes 2
System is a result of context and relation 3
“Context dependency” total 3.9

1 To evaluate how much each feature property is considered in the Elbe River basin management, we applied an
ordinal scale ranging from 1–5 with 5 = very high, 4 = high, 3 = moderate, 2 = low, 1 = very low consideration.

5.3. Social–Ecological System Feature 3: “Self-Organisation and Adaptability”
5.3.1. “Self-Organisation and Adaptability”: Feature Properties

A distinctive feature of SES is their ability to respond to feedbacks and adapt over time.
Internal and external interactions drive their response. The way system compartments
shape the overall structure of SES depends on self-organising patterns [22]. These patterns
of organisation, emerging as a result of change, provide the system its capacity to adapt to
altered conditions. To allow for self-organisation, transformative space needs to be created,
and adaptive practices should be implemented to prevent rigid planning [9]. The time lag
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that occurs via the interaction between human decision making and ecological feedback
often makes it difficult to properly consider adaptation [51]. The systems’ re-organisation
is path-dependent; considering the history of SES is crucial for an integrated system
understanding. The path-dependency of SES (“system memory”) contributes to social
and institutional learning based on responses to change. Knowledge resulting from co-
evolutionary feedback learning is a rich source for improving adaptation and should be
fostered [7].

5.3.2. “Self-Organisation and Adaptability” in the Context of the European Water
Framework Directive and Global Warming

The flexible, quality-orientated, and cyclically evolving river basin approach enables
the adaptation of management concepts [16,35]. The wide range of evaluation criteria
allows for adapting to specific preconditions [32]; however, the directive’s provisions do
not regulate how objectives and reference conditions are to be adapted concerning the
conditions of climate change. Currently, only a mid-term and concomitant adaptation to
already noticeable global warming impacts is possible. Nevertheless, including global
warming impacts in the assessment, objectives, reference conditions, and planning mea-
sures would be required to enable early and cost-efficient adaptation for long-term structural
decisions [16]. When circumstances make it necessary to claim an exemption, conditions,
effects and measures need to be summarised to adapt the next river basin management
plan. To claim for temporary deterioration, the circumstances must be “exceptional” or
“could not reasonably have been foreseen” [10] (Art. 4), which, considering climate change,
is relative. When exemptions potentially become the new normal, the evaluation system
must be adapted [34]—this also requires the WFD to more extensively adapt to issues of
water quantity, for example, by applying the “good” quantitative status to surface water
bodies [32]. Furthermore, providing the autonomy to draw up Programmes of Measures
provides space for self-organisation; however, the consideration of self-organisation and the
opportunity to adapt to change are quite limited, for example, by principles such as restoring
the previous state after an unforeseen external shock. Because of global warming, a system
developing towards another stable state could be favourable for adaptation; however, this
openness is not certain [34]. Furthermore, the six-year duration of planning cycles does not
meet the requirements for self-organisation on an ecological scale and misses the long-term
perspective of climate change impacts [35]. The time lag between the institutional and
ecological dimensions reflects a common problem of SES management [51]; therefore, the
WFD lacks long-term adaptability.

5.3.3. Successful Consideration of “Self-Organisation and Adaptability” in the Elbe River
Basin Management

The planning frame of the Elbe River basin generally allows for implementing adap-
tive practices, guards against rigid planning, and creates room for adaptability and self-
organisation on the institutional side [28]. For example, due to specific needs for action
regarding water scarcity in the Upper Havel, Black Elster, and Spree region, the Programme
of Measures can be adapted, and additional measures can be applied [28]. Furthermore, it is
required to assess whether each measure remains effective under, and adapts to, adverse
climate change conditions [28]. Facing global warming challenges, flexible responses such
as “no-regret” measures (e.g., the creation of reservoirs, attenuation dams, and buffer strips)
are prioritised [28]. Nevertheless, more ambitious and far-reaching measures, specifically
designed to tackle warming impacts, could improve the consideration of adaptation and
self-organisation, especially concerning the ecological dimension. By improving the over-
all health of water bodies, the Elbe River basin management considers path-dependent
self-organisation to a certain extent. For example, improving river continuity fosters recoloni-
sation after a drought period. Moreover, varying morphological structures provide refuge
and facilitate survival under adverse conditions, thus increasing resilience against global
warming impacts [28]. Social and institutional learning is largely considered in the Elbe
River basin. Hence, emerging issues, such as the quantitative status of groundwater bodies,
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are to be addressed in the next planning cycle, for example, by developing experience-
based concepts for specific groundwater recharge [28]. In addition, the Elbe River Basin
Cooperation has created a website with learning and teaching material for schools, with
the intent to provide the next generation with climate change-related knowledge [28].

5.3.4. Insufficient Consideration of “Self-Organisation and Adaptability” in the Elbe River
Basin Management

Although the Elbe River basin management attempts to allow opportunities for self-
organisation, it is not made explicit that path-dependency, transformation, or re-organisation
are fostered, or even considered. While a development towards aquatic ecosystem resilience
is classified as important, self-organisation itself is not a guiding principle for the ecological
part [28]. The International River Basin Management Plan acknowledges that studies on
climatic and hydrological trends and investigations into the effects of global warming
on discharge regimes clearly indicate the need to pay more attention to water quantity
management in the Elbe RBD [31]; however, there is no measure in the Programme of
Measures that directly addresses global warming or determines global warming as the
main reason for practical action [29].

The lack of practical implementation methods also becomes evident when looking
at stakeholder adaption. Taking into account climate change impacts in the Elbe River
basin is considered crucial for various stakeholders (e.g., municipalities, water companies,
water-related industries, etc.) to ensure early adaptation; however, no specific provisions
on how this is to be achieved are given [30]. Adaptation remains on a very theoretical and
basic level, which does not appear to be sufficient to address global warming.

5.3.5. “Self-Organisation and Adaptability”: Semi-Quantitative Assessment

In water management within the Elbe River basin, “self-organisation and adaptability”
is considered the second least important—this is mainly due to the weak consideration of
transformative space and adaptation to feedback loops on a temporal scale, and the entirely
lacking consideration of path-dependent self-organisation at tipping points. Consequently,
“self-organisation and adaptability” achieved a total outcome of 3.1 in the semi-quantitative
assessment (Table 3).

Table 3. Properties constituting the feature “self-organisation and adaptability” following the ap-
proaches of Berkes et al. [7], Preiser et al. [22], and De Vos et al. [9].

“Self-Organisation and Adaptability” Feature Properties Score 1

Systems contain self-organising principles 4
Transformative space allows opportunity for self-organisation 2
In response to changes in the environment, system behaviour adapts 4
Implementation of adaptive practices, prevention of rigid planning 4
Path-dependent self-organisation at tipping points 1
Adaptation to feedback loops on temporal scale 2
Social and institutional learning through path-dependency 5
“Self-organisation and adaptability” total 3.1

1 To evaluate how much each feature property is considered in the Elbe River basin management, we applied an
ordinal scale ranging from 1–5 with 5 = very high, 4 = high, 3 = moderate, 2 = low, 1 = very low consideration.

5.4. Social–Ecological System Feature 4: “Non-Linearity, Uncertainty, Unpredictability”
5.4.1. “Non-Linearity, Uncertainty, Unpredictability”: Feature Properties

SES are characterised by emergent properties resulting from strong coupling and
interaction between system components, which thus cannot be considered in isolation [7].
Non-linear causality and effects incorporated by SES result from emergent properties and
complex functioning [22]. For example, outputs of SES can represent inputs, and minor
effects might result in huge impacts, and vice versa [9]. Consequently, SES trigger evolution
and cannot be traced in linear equations or models due to complex causal pathways [22].
Furthermore, newly constituting emergent properties result in SES consisting of more than
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the mere sum of their system properties. Owing to that, SES are inherently unpredictable
and deeply uncertain [9]. In virtue of often suddenly and unexpectedly exceeded tipping
points, the predictability of SES is generally limited [25,52]. Consequently, managing for
emergence and fostering flexible responses is favourable [9].

5.4.2. “Non-Linearity, Uncertainty, Unpredictability” in Context of the European Water
Framework Directive and Global Warming

The WFD provides the opportunity to claim justified and temporary deterioration,
generally acknowledging that unpredictable events occur and uncertainties exist; however,
specifications refer (implicitly) to a distinct cause–effect relationship, such as “hot spell–
drought” or “extreme precipitation–flood”. The resulting definite correlation between cause
and effect does not do justice to the complex functioning and the non-linear trajectories that
apply to global warming [34]. For example, the assessment of chemical status does not cover
interactions between substances and joint effects, which might become more significant in
light of global warming [32]. Furthermore, the taxonomic biodiversity approach of the WFD
focusing on species composition impedes flexible management for mitigating shocks and
addressing unforeseen developments—this allows for internal changes and transformation,
but only to a limited extent [33]. Furthermore, this is amplified by the fact that water bodies’
resilience is not the main objective of the WFD; thus, unpredictability and uncertainty can
only be taken into account to a limited extent [32]. Hence, the WFD lacks an unambiguous
and scientifically determinable state of resilience to enable management for emergence
and flexibility [33]. Moreover, to consider non-linearity resulting from cross-scale impacting
feedback loops, huge time lags can be problematic, especially between implementing
measures and visible improvement [35]. Lastly, the WFD does not consider non-linear
functioning resulting from emergent properties, although this is part of the complexity
of climate change—this represents a central shortcoming for the overall consideration of
non-linearity, uncertainty, and unpredictability.

5.4.3. Successful Consideration of “Non-Linearity, Uncertainty, Unpredictability” in the
Elbe River Basin Management

Management plans of the Elbe River basin acknowledge the presence of uncertainties
regarding the effects of global warming. Thus, measures tolerating ranges of impacts
to improve water status regardless of climate development are fostered. Additionally,
management options and outcomes are redefined [28]. Adaptation measures are flexible,
adjustable, and robust, indicating the possibility of management for the emergence and
unexpected outcomes. Overall, water management in the Elbe River basin increases water
bodies’ health and resilience, and the capacity to absorb unpredictable shocks; therefore,
it contributes to climate adaptation [28]. To align water management with global warm-
ing management in the river basin, a “climate check” of the Programme of Measures is
conducted [28]. Due to the significant spatial variation within the Elbe region revealing
different facets of global warming that lead to uncertainty, differentiated technical solutions
need to be applied, such as for water supply and sewage [30]. On account of expecting
variability, non-linear trajectories are generally anticipated.

5.4.4. Insufficient Consideration of “Non-Linearity, Uncertainty, Unpredictability” in the
Elbe River Basin Management

In general, uncertainties are expected; however, there is a need to consider and
strengthen the adaptive capacities of natural and social systems in the Elbe region [53].
Among other things, non-linearity, uncertainty, and unpredictability are considered as lacking
in scientific knowledge, and the consequences of varying climate projections are recog-
nised. However, non-linearity, uncertainty, and unpredictability are neither acknowledged as
inherent system properties nor explicitly managed [28,30]. The same applies to emergent
properties, thus revealing strong limitations with respect to considering this SES feature in
the Elbe River basin.
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5.4.5. “Non-Linearity, Uncertainty, Unpredictability”: Semi-Quantitative Assessment

The feature “non-linearity, uncertainty, unpredictability” obtains moderate consid-
eration in the water management within the Elbe River basin—this is particularly the
result of management for emergence, the expectation of unintended consequences, the
flexibility of responses, and the redefinition of outcomes, which are considered to a high
degree; however, there is only a weak consideration of non-linear cause–effect relationships
and none for emergent properties. Hence, “non-linearity, uncertainty, unpredictability”
achieved a total outcome of 3.2 in the semi-quantitative assessment (Table 4).

Table 4. Properties constituting the feature “non-linearity, uncertainty, unpredictability” following
the approaches of Berkes et al. [7], Preiser et al. [22], and De Vos et al. [9].

“Non-Linearity, Uncertainty, Unpredictability” Feature Properties Score 1

Non-linear cause–effect relationships 2
Management for the emergence and expect unintended consequences 5
Systems are deeply uncertain 3
Systems are inherently unpredictable 3
Flexible responses are fostered, outcomes can be redefined 5
Emergent properties lead to non-linear functioning 1
“Non-linearity, uncertainty, unpredictability” total 3.2

1 To evaluate how much each feature property is considered in the Elbe River basin management, we applied an
ordinal scale ranging from 1–5 with 5 = very high, 4 = high, 3 = moderate, 2 = low, 1 = very low consideration.

5.5. Social–Ecological System Feature 5: “Dynamics”
5.5.1. “Dynamics”: Feature Properties

SES are subjected to dynamic development, including periodic and cyclic changing
sequences [7]. When feedback loops exceed a specific tipping point at critical thresholds,
systems may branch off into another stable state [22]—the importance of resilience is
underlined, as it is the only way to avoid undesirable regimes [7]. The process of cyclic
transformation “may provide a window of opportunity” to adapt and evolve new proper-
ties [51] (p. 2717). Slow and fast variables of non-linear feedback loops can either reduce
or reinforce system dynamics [22]. To consider dynamics, spatial and temporal cross-scale
impacts must be captured, and systemic thresholds must be identified; thus, methods
addressing SES dynamics and building systemic resilience are favourable [9].

5.5.2. “Dynamics” in Context of the European Water Framework Directive and
Global Warming

The WFD prescribes to review, and if necessary, update River Basin Management Plans
every six years, indicating the consideration of dynamics in the field of status assessment,
thus appearing conceptually well-suited to capture dynamic change [16]. Dynamics and
emerging trends can easily be identified and addressed in the short term; however, the
WFD does not determine how to capture long-term dynamics, i.e., how to address altered
conditions, newly constituted dynamics, and transformation [33,34]. Furthermore, it is not
specified how one can adapt reference conditions, for example, when water temperatures
permanently increase [12,33]; however, to properly capture the long-term dynamics of global
warming, it would be necessary to measure the effects systematically. Considering and
addressing alternative stable states to predict tipping points requires determining impacts
in advance. So far, such a systematic assessment of dynamics is not yet integrated into
the WFD [33]. Moreover, the opportunity to claim an exemption or a temporary status
deterioration aims at restoring the previous state as quickly as possible. Consequently, no
openness is given for the system dynamics to develop towards another alternative stable
state, even if that might be favourable, especially in global warming management [34].
Additionally, SES naturally go (also in the absence of a severe event) through periodic and
cyclic changing sequences [22], which is not acknowledged in the WFD. A gap between
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the objectives of the WFD and the dynamic needs of global warming management exists.
Neither tipping points nor resilience become an explicit part of the directive.

5.5.3. Successful Consideration of “Dynamics” in the Elbe River Basin Management

Water management in the Elbe River basin applies vulnerability and sensitivity anal-
yses to address the dynamics of a system, for example, regarding water scarcity manage-
ment [30]. Applying such methods, including cross-sectoral stakeholders, water balance
equations, and cost–benefit analyses, is useful to consider the properties of dynamics,
particularly in view of emerging challenges due to global warming. Since “no regret
measures” are applied in the Elbe River basin, short-term flexibility towards dynamics is
guaranteed [28].

5.5.4. Insufficient Consideration of “Dynamics” in the Elbe River Basin Management

Since the institutional framework of the WFD does not require otherwise, global
warming impacts are covered under “other anthropogenic pressures” in Elbe River basin
management plans [28]. Accordingly, only limited consideration of dynamics is possible.
For instance, invasive species resulting from increasing water temperatures can be recorded
and addressed in the Programme of Measures—this represents a short- to medium-term
compensation for the non-dynamic reference conditions [29]. Concerning the long-term
perspective, however, dynamics are not adequately considered, which indicates a major
constraint for considering the dynamics of global warming. Moreover, the conducted vulner-
ability and sensitivity analyses consider different pressures, stakeholders, and interactions;
however, they do not specifically investigate dynamics as a feature itself [30]—this results
in no or only vague assessments of tipping points and regime shifts and in outcomes that
often have no implications.

5.5.5. “Dynamics”: Semi-Quantitative Assessment

The feature “dynamics” is addressed the least by the Elbe River basin management.
This is due to the moderate consideration of resilience-building mechanisms and uncertain
outputs resulting from “windows of opportunity”. Furthermore, cyclic changing sequences
of resource dynamics are only considered marginally, and identifying thresholds and in-
dicators to detect possible regime shifts is entirely neglected. In the semi-quantitative
assessment, “dynamics” achieved a score of 3.0 (Table 5).

Table 5. Properties constituting the feature “dynamics” following the approaches of Berkes et al. [7],
Preiser et al. [22], and De Vos et al. [9].

“Dynamics” Feature Properties Score 1

Cyclic changing sequences of resource dynamics 2
Application of methods addressing system dynamics 4
Assess mechanisms that build or inhibit systemic resilience 3
Uncertain outputs resulting from the “window of opportunity” 3
Identify thresholds and indicators that could help detect possible regime shifts 1
Feedback loops of slow and fast variables determine system dynamics 5
“Dynamics” total 3.0

1 To evaluate how much each feature property is considered in the Elbe River basin management, we applied an
ordinal scale ranging from 1–5 with 5 = very high, 4 = high, 3 = moderate, 2 = low, 1 = very low consideration.

5.6. Social–Ecological System Feature 6: “Constituted Relationally”
5.6.1. “Constituted Relationally”: Feature Properties

SES are defined by interactions and relations rather than by the system components
themselves. As relations determine the system structure, analysing SES must focus on the
nature of interactions and processes instead of regarding system parts as isolated sections.
Accordingly, system properties are dynamic and modifiable, depending on time and
scale [22]. Relations represent meshing processes and their respective outcomes. Emergent
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properties play an important role, as they solely arise as a result of multiple interacting
relationships. Problems caused by interactions cannot be identified individually [9]. Fostering
collaborative processes and management for diversity allows for interactions, builds trust,
and creates social networks [9]. Hierarchies of interactions and relations form different types
of networks comprising multiple scales [22].

5.6.2. “Constituted Relationally” in Context of the European Water Framework Directive
and Global Warming

Different evaluation criteria exist within the ecological status assessment category,
and values are considered in relation to each other, e.g., due to the “one-out-all-out” prin-
ciple [35]; however, looking at the chemical status assessment category, the interaction
between substances and joint effects are not taken into account [32]. Furthermore, little
consideration is given to interactions outside or between different status assessment cate-
gories, such as ecological vs. chemical status or ecological vs. quantitative status. As status
assessment categories remain independent of one another, accounting for interactions and
identifying adequate measures is challenging; thus, the traceability of measures’ efficiency
and relation is lacking [35]. In the context of global warming, the lack of consideration of
interactions will become particularly problematic as warming will impact all assessment
categories. As a result, mutual interactions will be considerably more complex, which is why
we think that the management of interactions should be given an even higher importance
in the future. European water management is generally aware of global warming effects,
which is, for example, reflected in CIS Guidance Documents and technical background
documents at the river basin level; however, the lack of explicit reference to global warm-
ing in objectives and measures of the WFD barely allows for adequate consideration of
interactions with its effects. Hence, the incentive to properly consider relationality at the
river basin level is not given if the regulatory framework for addressing interactions with
global warming impacts is lacking.

Moreover, when turning to the institutional part of the directive, it addresses both
the horizontal and vertical interactions between authorities. Furthermore, public informa-
tion and consultation requirements emphasise the involvement of different stakeholder
groups [34]. The directive fosters collaborative processes and creates trust and social
networks, which are core properties of the feature constituted relationally; however, conflict-
ing cross-sectoral water uses, competing objectives of different stakeholder groups, and
complex and costly transdisciplinary exchange processes (including emergent properties)
point to a not yet sufficient consideration of relationality [34]. In the face of global warm-
ing, managing interactions between different water demands is crucial to prevent water
shortages [12].

5.6.3. Successful Consideration of “Constituted Relationally” in the Elbe River
Basin Management

Elbe River Basin Management Plans generally consider the interactions between flood
protection, ecology, economy, and climate change when determining water availability
in the respective river basin [28]. Precipitation amounts, region-specific conditions, types
and trends of water and land use, and demographic and economic developments are
examined in relation to each other [31]. In contrast to the general picture of the WFD
Fitness Check Evaluation from 2019, the Elbe River basin also explicitly mentions the water
quantity of surface waters and interactions with increasing water demand and changing use
patterns [31]. Nevertheless, this in no way reduces the need to establish clear indicators
to enable a systematic assessment approach, which is crucial in light of global warming
impacts [32]. The conducted “climate check” of the Programme of Measures covers the
effectiveness of individual measures, as well as the interactions between them in the context
of concrete, on-location planning regarding changing climate conditions. In this way,
dynamic and modifiable system components are taken into account and are set in relation
to time and scale [28]. To allow for interactions, diversity should be fostered, which is done
in the Elbe River basin by varying the hydromorphological structures, improving river
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continuity, establishing refuges and buffer strips, and applying “no-regret measures”, all
contributing to an overall enhanced water body resilience [28].

5.6.4. Insufficient Consideration of “Constituted Relationally” in the Elbe River
Basin Management

The SES approach assigns equal importance to system components and interactions.
Indeed, interactions are addressed in the Elbe River basin management; however, they
are not awarded the same attention. Great uncertainty about the interactions between
global warming effects and water balance in the Elbe region remains [28]; thus, potentially
conflicting future water demands and conflicts over setting priorities were identified. Local
water scarcity may be a problem if superordinate strategies, such as national energy or
biomass initiatives, are to be implemented—this may result in limited water availability for
agriculture, inland fisheries, energy supply, and industry; however, ecological water needs,
for example, for wetlands or ecological flows, may also be affected [30]. If these conflicts
remain unsolved, they likely represent a lack of considering the nature of interactions.

5.6.5. “Constituted Relationally”: Semi-Quantitative Assessment

The feature “constituted relationally” is addressed moderately by the water manage-
ment within the Elbe River basin—this results from a moderate consideration of systems
not being defined by their properties but rather by their interactions and from management
that focuses on diversity. In the semi-quantitative assessment, “constituted relationally”
achieved a total outcome of 3.5 (Table 6).

Table 6. Properties constituting the feature “constituted relationally” following the approaches of
Berkes et al. [7], Preiser et al. [22], and De Vos et al. [9].

“Constituted Relationally” Feature Properties Score 1

Nature and structure of relationships are considered explicitly 2
System is not defined by its properties but rather by their interactions 3
Process-dependent interactions on multiple spatial and temporal scales 4
Foster collaborative processes, build trust and social networks 5
Management for diversity to allow interactions 3
Address dynamic and modifiable components of the system 4
“Constituted relationally” total 3.5

1 To evaluate how much each feature property is considered in the Elbe River basin management, we applied an
ordinal scale ranging from 1–5 with 5 = very high, 4 = high, 3 = moderate, 2 = low, 1 = very low consideration.

6. Requirements from the Governance Perspective

In the political science literature, there is considerable agreement among decision
makers and experts “about which bottlenecks are the most crucial when it comes to
shortcomings in WFD implementation: insufficient land reserves, lack of intersectoral
communication and integration, insufficient staff capacities and inadequate financing” [54]
(p. 21). Furthermore, “rapid turnover is also a bottleneck—even if not a characteristic of the
system itself—because it causes congestion in a system as well as inefficiencies or significant
delays” [54] (p. 21). Other studies show how resilient existing territorial institutional
arrangements are and how difficult in terms of power, and how time-consuming it is
to implement real water governance measures and processes on a river basin scale [55].
Similarly, effective and legitimate participatory models during WFD implementation
develop slowly [56].

These governance categories do not reflect the spirit of our SES features; assessments
such as the EU Fitness Check do even less. To put it in other words, implementing more
(in number) and more far-reaching (in impact) measures targeted at global warming effects
increasing actual practical action sets very high standards for water governance in practice.
Fulfilling our criteria is an urgent task for future water governance. Nevertheless, the WFD
itself has, as our research results related to the Elbe basin show, the institutional potential
to fit to all SES features.
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Analysing global warming impacts in the WFD and corresponding river basin man-
agement might draw lessons from the implementation of its daughter directive on flood
risk management, the EU Floods Directive (FD). Established later in 2007, the FD did not
oblige water governance stakeholders to systematically consider climate change projections
in management plans. The result is that Member States and River Basin Districts include
climate change projections in management plans, but not in a harmonised manner [57–59].
For example, comparative studies show that too many different methods for assessing cli-
mate change impacts are in place by 2020. Each basin and member state projects differently,
which leads to even more certainties for flood management in times of global warming [57].
However, global warming effects impact flood risk directly and to such a broad extent that
its full consideration in management is urgently necessary. Consequently, the FD Fitness
Check finds that more coordinated flood prevention in line with climate change projections
is needed.

7. Conclusions

For each SES feature, we present the results in separate sections. Each section starts
with a detailed explanation of the feature properties, followed by an elaboration on the
feature’s role in the European Water Framework Direction and global warming context.
Subsequently, the analysis specifically for the Elbe RBD follows; therefore, we provide
a section that presents aspects where the respective SES feature is successfully taken
into account in the Elbe River basin, followed by a section indicating areas where the
consideration is still insufficient. Furthermore, we present scores of the semi-quantitative
assessment providing an overview of how feature properties were considered.

Our research question—With regard to global warming, to what extent does water
management in the Elbe River Basin District take the features of social–ecological systems
into consideration?—is answered by the scored properties of the SES features; therefore,
we consulted experts and analysed the framework and existing plans. At that stage, and
for that basin, we find that the WFD implementation process does not address global
warming issues explicitly enough. Provisionally, we can only conclude with rather general
recommendations regarding the six features, using our results as guidelines for future
WFD implementation cycles:

In the future, only the full recognition, for example, of scale and openness can ensure
effective water management in the Elbe River basin. The hierarchical structure already
allows for different water management needs such as drinking water supply, wastewater
treatment, energy supply, and irrigation water for agriculture to be reconciled. Broader,
cross-scale impacting effects can be considered. If this is to be further improved and
ensured in the future, local level needs and objectives across sectors must be consistent
with overarching goals; therefore, it is necessary to consider the scope of global warming
in a more fundamental way.

The overall consideration of context dependency in the Elbe River basin is good. Chal-
lenges that still occur in relation to context are related to inflexible infrastructure.

To consider slow and fast variables that result in non-linearity, uncertainty, and unpre-
dictability, and to better understand global warming impacts and the interplay between
different sectors in the Elbe River basin, different methods, such as vulnerability and
impact analyses and generalised modelling, should be applied. These methods increase
SES understanding despite restricted system knowledge [9]. So far, such analyses have not
yet been applied on a larger scale in the Elbe River basin, and are still associated with great
uncertainties, resulting in only limited consideration of the feature at present [30].

To increase the consideration of dynamics, which is of particular importance for the
long-term perspective, it is necessary to identify potential tipping points; therefore, we
must determine the direct impacts of global warming in the Elbe River basin first, which
can be achieved by conducting a consistent climate impact assessment at the river basin
level [33]. In this context—and regarding vulnerability and sensitivity analyses—it is
essential to consider dynamics as an independent but interacting property. Furthermore, it
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must be ensured that the gained insights into alternative stable states have wider practical
implications than the current insight. The assessments must be carried out systematically
at a consistent level to obtain the bigger picture.

To analyse the context of water availability and water demand, which is constituted
relationally (including global warming impacts and different kinds of water use), long-term
management models are already applied in the Elbe River basin today [30]. Such models
are a good starting point to consider interactions. Within these models, however, the
focus should be shifted towards further exploring the nature of these interactions—this
is particularly important, for example, when it comes to identifying areas where explicit
management for consistency is to be strengthened to prevent future water use conflicts.
Methods such as network analysis and agent-based modelling are potentially adequately
supportive of relationality [22].

For improving WFD implementation in general, it seems reasonable for us to explic-
itly include global warming impacts in assessment, objectives, reference conditions, and
planning of measures. From our perspective, it would be necessary to add an obligatory
precautionary component (exceeding the timeframe of 6 years) to provide the WFD with a
long-term perspective—this would allow us to clarify and identify global warming effects,
recognise self-organisation capacities, and evaluate adaptation measures appropriately.

The preparation of the new planning cycle at the Elbe River basin, which was pub-
lished in early 2021 (directly after our research period), already addresses the impact of
global warming more explicitly. How SES features are addressed here should be analysed
with the typology we have presented in this paper.
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