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Abstract: Reservoirs are a common way to store and retain water serving for a multitude of pur-
poses like storage of drinking and irrigation water, recreation, flood protection, navigation, and
hydropower production, and have been built since centuries. Today, few reservoirs serve only one
purpose, which requires management of present demands and interests. Since each reservoir project
will cause negative impacts alongside desired advantages both on a local, regional and global scale, it
is even more urgent to develop a common management framework in an attempt to mitigate negative
impacts, incorporate different demands and make them visible within the discourse in order to avoid
conflicts from early on. The scientific publications on reservoirs are manifold, yet a comprehensive
and integrative holistic tool about management of this infrastructure is not available. Therefore, a
comprehensive and integrated conceptual tool was developed and proposed by the authors of this
paper that can contribute to the sustainable management of existing reservoirs. The tool presented
herein is based on the results from the interdisciplinary CHARM (CHAllenges of Reservoir Manage-
ment) project as well as the condensed outcome of relevant literature to aid and enhance knowledge
of reservoir management. The incorporated results are based on field, laboratory and empirical
social research. The project CHARM focused on five different aspects related to existing reservoirs
in southern Germany (Schwarzenbachtalsperre, Franconian Lake District), namely: sedimentation
of reservoirs, biostabilisation of fine sediments, toxic cyanobacteria(l) (blooms), greenhouse gas
emissions from reservoirs and social contestation, respectively consent. These five research foci
contributed to the topics and setup of a conceptual tool, put together by the research consortium via
delphi questioning, which can be found alongside this publication to provide insights for experts
and laymen. Conceptualising and analysing the management in combination with quantitative and
qualitative data in one descriptive tool presents a novelty for the case studies and area of research.
The distribution within the scientific community and interested public will possibly make a positive
contribution to the goal of sustainable water resources management in the future.

Keywords: reservoir management; sediments; biofilm; cyanobacteria; greenhouse gas emissions;
societal implications
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1. Introduction

Water and energy are two of the most important resources on our planet. Dams and
reservoirs provide and store both resources based on the implementation of infrastructure
to retain water. Due to population growth and changes in lifestyle the demands on water
bodies are constantly rising and diversifying [1]. This incorporates interests like drinking
and irrigation water supply, flood protection, energy production or navigation [2]. It is esti-
mated that around 58,000 large dams are built, planned or under construction worldwide,
a trend which will likely accelerate in the future [3]. In Germany, dam construction with an
emphasis on hydropower began around 1900 and reached its peak during the second half of
the last century [4]. At present, there are 371 reservoirs that meet the ICOLD (International
Commission on Large Dams) definition of large dams (more than 15 m dam height or
3 million m3 storage capacity) [5]. The construction of dams and reservoirs does not only
radically change the area directly affected by the artificial lake itself, but the entire runoff
system as well as large parts of the catchment area [6]. It will cause changes in the flow and
sediment regime, leading to sediment deposition in reservoirs, accumulations of nutrients
in the impounded water body, that may foster cyanobacterial blooms as well as methane
and carbon dioxide emissions, and possibly lead to conflict in the local communities to
name just a few impacts within the close surrounding of the reservoir [7]. These issues in
reservoir management have motivated the project team of CHARM (CHAllenges of Reser-
voir Management) with a consortium comprised of the universities Stuttgart, Konstanz
and Freiburg in Baden-Wuerttemberg (Germany) to explore these challenges and positively
contribute to future demands regarding managing (large) water reservoirs.

Figure 1 displays some of the environmental, social and managerial factors, influenc-
ing the stakeholders and elements involved in obtaining reservoir management strategies
and vice versa. The connection of the environmental and social setup displays the stake-
holders as environmental, technical and/or social entities profit or be adversely affected by
the individual reservoir projects. These influences occur on different scales, such as time,
space and social values [8,9] and therefore it is essential to get a comprehensive overview
of the field and it’s interactions. Water resources management is an approach to fulfil the
social/environmental needs as well as the technical requirements in operating reservoirs.
Water resources management gained scientific attention in the past decades, due to world-
wide growing demands in respect to (fresh)water and energy [10]. As management of
these resources always affects a multitude of implications from technical, legal and envi-
ronmental, to social values, norms and habits and is vice versa affected by them, a holistic
approach to meet the demands is imperative for management of freshwater resources.

Previous studies prove that reservoir management is of central importance for the
sustainable use of water and energy resources. The focus of the individual study is the
crucial question, targeting very different aspects and focusing on very different projects in
diverse regions of the world. Many studies focus on the effects and trade-offs of reservoir
operation to provide best practice solutions for managerial questions around the natural
environment e.g., water, sediment and nutrient/pollutant management [11–18]. Other foci
are the governance and social spheres in water resources research. Questions about these
implications are well interwoven with the national and international context the reservoirs
are situated in. Theory and best practice in this manner were being established in studies
focusing on governmental and social implications [19–27]. Mathematical modelling, to
provide optimal decision making support in water management resources [28,29], was
also being studied with stochastic approaches [30]. Bringing together these two worlds of
the natural and social environment and therefore bridging a gap in management related
questions is discussed in other publications [31,32], fostering sustainable water resources
management, also under climate and demographic change scenarios [33].
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Figure 1. Complex interactions of the triangle societal factors-environmental factors-reservoir management, leading to a
multi stakeholder involvement in obtaining a sustainable reservoir management.

The important topic of reservoir management was a motivation for initialising the
project CHARM to bring together different disciplines and find best practice solutions
for challenges in reservoir management in a central European context. As the initial and
future challenges connected to reservoirs will likely rise with increasing numbers of dams
worldwide, the interdisciplinary project of CHARM made an effort to increase knowledge
in the issues that tangent management questions in the German, or central European
context. These efforts are summarised in this publication, to foster the interdisciplinary
knowledge on reservoir management and to transport best practice information to the
public. Section 3 will provide an overview of implications and management strategies
of the five research foci in the CHARM project. For accessing the tool, which presents
a novelty in incorporating the different expertise from engineering, natural science and
geography in a case study perspective from Germany, see Section 4. This descriptive tool
will allow interested readers to get to know implications of reservoir management from a
holistic point of view, enabling the management to meet important requirements in the
water resources sector. This publication is indexed in five main sections. First the materials
and methods will be displayed in Section 2. Secondly a closer look into the information
gathered through literature review and the outcome of the interdisciplinary research project
CHARM can be found in Section 3. The interdisciplinary tool will be discussed in Section 4
and finally an outlook is given in Section 5.



Sustainability 2021, 13, 4498 4 of 21

2. Materials and Methods

The approach to summarise and condense information on the management of reser-
voirs is deeply connected to the interdisciplinary CHARM projects results. Published
experimental, field and model results were being integrated, alongside best practice solu-
tions from literature, into an conceptual tool (see Section 4). The core of this descriptive
tool is a matrix with the most common implications of management at the reservoirs
investigated in the CHARM project. This matrix was put together using a delphi ap-
proach [34,35] by members of the team and other experts in the fields of research: en-
gineering, biology, environmental physics and geography. As the delphi technique is
a qualitative method, the tool can give information on the topics chosen by the expert
board with emphasis on a general overview in reservoir management implications. To
access and download the tool and the accompanying, interactive, list of literature see:
https://github.com/milan-daus/Literature-on-Water-Reservoir-Management. The matrix
combination and cross influences are derived from a cross-impact matrix approach [36]. As
the cross-impact matrix is of descriptive nature, the individual cells will be highlighted via
a distinct sequence of characters by the user, enabling automated colour coding and hence
a quick overview. To guarantee dissemination of the results, foster long term information,
and keep the tool accessible, we choose to provide a link to the internet portal Github. The
results incorporated in the tool were derived from the five year interdisciplinary research
project and stem mainly from the case studies of Schwarzenbachtalsperre (SBT) and Franco-
nian Lake District (FLD) with Lake Altmuehl, Small/Large Lake Brombach, Lake Igelsbach
and Lake Roth in Germany see Figure 2.

CHARM Case studies
Franconian Lake District (FLD)
Universities of CHARM Project
Case studies of minor importance

OpenStreetMap

Overview of CHARM Study Area and Case Studies

Figure 2. Overview on the location of the CHARM host institutions and the studied areas, located in
southern Germany.

These reservoirs serve for very different purposes, where the SBT is a pumped storage
hydropower reservoir and the FLD is a water transferring project. Other case studies, which
were of minor importance in the course of the CHARM project are the Talsperre Kleine
Kinzig as a drinking water reservoir and the Schluchsee as a larger pumped hydropower
reservoir, both located in the Black Forest. Hence, the allocation of field data had to
incorporate many aspects from sediment sampling, over nutrient analysis and gas flows,
laboratory analysis, to data about the catchment and social surroundings with land use

https://github.com/milan-daus/Literature-on-Water-Reservoir-Management
https://github.com/milan-daus/Literature-on-Water-Reservoir-Management
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and land cover change analysis, media analysis of newspaper articles, expert interviews
and surveys. The information taken from literature for best practice solutions were derived
in a qualitative process analogue to the results of the project. The multi-layered approach
was chosen to gain a maximum of knowledge for the integration into the tool, see Figure 3.

Figure 3. Conceptualising approach in obtaining, analysing and condensing information into a
descriptive tool.

The concept allows users to inform themselves about the results and, if interested
and desired, to expand the tool as such with their own focal points and findings. This
will contribute to sum up core findings and future prospects in the field of reservoir
management. The next section will provide an overview of condensed implications by
topic of the individual work packages (WP) of the CHARM project.

3. Results of Condensed Literature Information in Combination with the
Interdisciplinary CHARM Project Findings

As the goal of the approach is to give a holistic overview about implications of
reservoirs and their management, this section will provide information on the results of the
project and the synopsis of best practice from literature, which will be ordered as follows:
First, the implications and management options of sediment will be highlighted by WP
1 from University of Stuttgart (Section 3.1). Secondly, a closer look into the implications
of biostabilisation is undertaken from WP 2 from University of Stuttgart (Section 3.2).
Thirdly, the causes, occurrences and consequences of cyanobacteria are addressed by WP
3 from University of Konstanz (Section 3.3). Fourthly, greenhouse gas emissions from
reservoirs are described by WP 4 from University of Konstanz (Section 3.4). Fifthly, the
societal implications of reservoir management are summarised by WP 5 from University of
Freiburg (Section 3.5). Figure 4 displays a simplified model of topics under research and
collaboration in between the different WP’s. Since the research areas around reservoirs are
quite diverse, this report will not be able to include all implications. The focus is rather on
bringing together different disciplines and topics, to create a holistic foundation as a basis
for an overview on management of reservoirs in a comprehensive tool for identification of
(future) challenges. As the Figure 4 displays the interactions of the processes within and
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around a model reservoir, the WP’s addressed the different aspects with interdisciplinary
approaches. This in mind, the topics researched are often well connected within and around
the reservoir from water entering, to the water that leaves the reservoir. This incorporates
sediment and nutrient fluxes, greenhouse gas emissions and influences on the carbon
cycle of the artificial water body. The arrows represent direct water flows (black), biotic
interactions (green) and sediment/nutrient and gas fluxes (grey).

political decision-making,
social acceptance, 

recreation,
land-use

WP 
1 - 5

WP 
1, 3 & 5

input of
sediment,
pollutants,
nutrients

surface blooms

bedrock

water body

WP 
3 & 4

WP 
3 & 5

nutrient input
related to management
(O2, PO4 & NO3)

effect of O2 on 
CH4 formation

WP 
1 & 4

CH4

CO2

O2

turbining/ 
pumping

phytoplankton

bloom
formation

filaments form
N2-fixing cells

akinetes resting
stages in the sediment

cyanobacterial
recruitment

zooplankton

inter-
actions

seasonal
successions

abiotic and biotic sediment
stability parameters over depth:
→cohesiveness
→adhesiveness

WP 
1 - 5

sediment & biofilm

biofilms as inoculum for
cyanobacterial blooms

WP 
2 & 3

diversity of the
microbial community

WP 
1 & 2

CH4 distribution

sediment
removal

atmospheric
emissions

carbon
cycle WP

4

WP 
1 & 5

Figure 4. CHARM research project topics and collaboration between the single WP’s in a model
reservoir; modified after: [7].

3.1. Sediments

The global construction of approx. 58,000 large dams [3,37], has considerably in-
fluenced the delivery of sediment from land to the oceans by fragmenting the river net-
work [38], resulting in an estimate of over 100 Gt sediment being trapped in reservoirs
on a global scale [39]. When a river enters a reservoir, sediments carried by the river
settle due to decreasing flow velocities and turbulence levels. Consequently, sedimen-
tation reduces reservoir storage capacity that was designed for storing water and thus
reduces the services provided by the reservoirs. Several parameters influence the quantity
of settled sediments in the reservoir, such as catchment specific, reservoir specific and
sedimentological parameters. Although the sedimentation process depends strongly on the
above mentioned parameters, reservoir sedimentation itself follows generally a pre-defined
pattern, where coarser sediments settle first and finer sediments are further transported
into the reservoir [40–42]. Especially fine sediments with cohesive properties should be
considered when it is intended to obtain a sustainable reservoir management. The reason
for the latter are that erosion, transport, deposition and consolidation (ETDC) of cohesive
sediments are complex processes since physical, chemical, and biological parameters are
involved (e.g., [42–49]). Due to the binding properties of fine sediments (large surfaces
compared to their volume) coupled with biostabilisation (see Section 3.2), pollutants, nutri-
ents and organic matter also accumulate in the reservoirs [50,51] impairing water quality
(see Section 3.3) and leading to production and emission of CO2 and CH4 (see Section 3.4).
Since the quantities of in- and outflowing sediments are different, morphology and ecol-
ogy of downstream channels are also negatively impacted [52–57]. It is estimated that
approximately 40% of the global river discharge is intercepted by large reservoirs with
a storage capacity larger than 0.5 km3, yielding an estimation of 4–5 Gt sediments being
trapped in reservoirs annually [58–60] estimate a reservoir storage reduction by 1% per
year worldwide on average. Coupling this information with current storage of major dams
(6863.5 km3) and assuming a dry bulk density of 1200 kg/m3, an annual storage loss is
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calculated to be ∼82 Gt/yr, supporting the estimation of [39] rather than the estimation
given by [57]. It must, however, be noted that storage loss is not equally distributed around
the world since the quantity of sediments deposited in reservoirs depends strongly on
the boundaries of the catchment and the reservoir itself [42]. In addition, hydrological
variability as a result of climate change [61–63] and human interactions such as land clear-
ance may also increase soil erosion and subsequently sediment loads in rivers, leading
to increased reservoir sedimentation. Therefore, development and implementation of
sustainable sediment management techniques to maintain sufficient reservoir storage on a
long term has become increasingly important in meeting rising water and energy demands
(e.g., [2,64]). Traditionally, reservoirs are designed for a lifetime of 50 to 100 years [41,65],
leading to societal, environmental and economical problems beyond the designed lifetime.
Often the dead storage volume accounts for sedimentation. However, depending on the
given boundaries, reservoir sedimentation may claim more volume than the designed dead
storage volume provides and so regulative reservoir management becomes necessary to
mitigate sedimentation. Indeed, based on the estimated ∼69 km3 annual storage loss, 30%
and 80% of the global reservoir capacity will be lost by 2050 and 2100, respectively, in case
the reservoirs are managed ineffectively. Therefore, it is crucial that sediment manage-
ment strategies and potential required facilities are already considered during the design
and construction phase of new reservoirs to address reservoir sedimentation from early
on. This will ensure that implemented measures are most effective for long-term periods
(>100 years). This is particularly required with regard to competing land uses as well as
pushing social (see Section 3.5) and environmental issues. Furthermore, existing reservoirs
must be adapted to sustainable management practices inasmuch as it is possible [65]. This
is why in the 1990s several guidelines relating to sediment management in reservoirs have
been released (e.g., [41,41,66–68]). These documents provide specific standards to evaluate
the feasibility of different sediment management strategies [69–71]. As each reservoir is
unique, decisions on appropriate management strategies must be selected with care. In
addition to guiding documents, containing empirical and analytical approaches, also phys-
ical models are employed to simulate management strategies. Recently, numerical models
have been frequently employed to evaluate the success of sediment management strate-
gies [40,48,64,72–76]. Sediment management strategies to reduce reservoir sedimentation
and maintain reservoir volume can be summarized under three main approaches [67]:

• reducing the sediment yield originating from the catchment by controlling erosion
upstream

• minimizing the sediment depositions in the reservoir by managing flows during
periods of high flows

• recovering already lost reservoir volume by removing deposited sediment applying
various techniques

3.2. Biostabilisation of Fine Sediments

The predominant microbial lifestyle in aquatic ecosystems is characterised by multi-
cellular and multispecies communities [77–80], flourishing between their self-synthesised
three-dimensional matrix of extracellular polymeric substances (EPS) [78,81]. These diverse
microbial communities are capable of colonising various solid-water interfaces, with sedi-
ment being excellent substrata [82,83] and possess common features that distinguish them
as biofilm [78,83,84]. The transition of microorganisms from planktonic to biofilm lifestyle
is controlled by a range of environmental conditions among which the local hydrodynam-
ics are of paramount importance [83,85]. Surface-attached microorganisms deactivate the
expression of the genes involved in motility and activate the genes involved in adhesion
and biofilm development [86]. Surface association and subsequent biofilm formation pro-
vides these microorganisms with critical advantages. As opposed to a single planktonic
lifestyle, enhanced availability of essential nutritional resources, increased interactions of
microorganisms within the surface associated biofilm-matrix and distinct, mostly diverse
compositions lead to higher metabolic activity. This results in high survival, wide tolerance
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to environmental conditions and higher reproduction potential to the embedded microor-
ganisms [78,87]. The community composition and productivity of the microorganisms are
continuously controlled by various reciprocal interactions between chemical, biological
and physical (e.g., hydrological) factors [83]. The operation of reservoirs can lead to sig-
nificant accumulations of fine sediment and nutrients, which can result in formation and
development of biofilms on the sediment surface. Microorganisms and their metabolic
activities support fundamental ecological and biochemical processes, e.g., biodegradation
of organic matter and toxins, water self-purification and the cycling of nutrients [82,88–91]
and the community composition eventually determines their ecological and environmental
functions [92–94]. The microorganisms settled on fine sediments are also known to glue
sediment grains together through an EPS matrix [95,96] and permeate their void space,
which can, in turn, alter sediment properties, e.g., density, morphology, size gradation,
architecture [97–100], erosion and transport behaviour of sediments [44,101–109] and as-
sociated contaminants [110,111]. The ability of biofilms to increase erosion thresholds
by biological actions is named “biostabilisation” [96,112,113] and has been reported to
mediate the cycle of sediment erosion, transportation, deposition and consolidation (ETDC)
in aquatic ecosystems, including reservoirs [105]. Although the importance of biostabilisa-
tion at the sediment surface and deeper layers has been increasingly recognised through
laboratory and field studies [96,102] (and references therein) over the past two decades, yet
little is known about the transport processes of biofilm-bound sediment and its effect on
aquatic environment and bed morphology [114]. Thus, sediment transport models as well
as river and reservoir management strategies disregard and therefore underestimate the
effect of biofilm growth on sediment.

3.3. Cyanobacteria

Reservoirs and dams used for hydropower or drinking water supply are subject to
major anthropogenic and environmental influences, potentially favouring cyanobacterial
harmful algal blooms (cHABs). Pelagic and benthic cyanobacteria are known to produce
a large variety of toxins (e.g., microcystins, saxitoxins, anatoxins), frequently resulting in
human and animal poisoning events [115]. There is consensus that increased nutrient
input (eutrophication) in conjunction with increasing surface water temperatures pro-
moting water column stratification, are closely linked to more frequent and pronounced
cHABs [116–118]. Nutrients that have been mainly linked to the occurrence of eutroph-
ication associated cHABs are phosphorus (P) and nitrogen (N). However, past decades
of research revealed that blooms are not restricted to eutrophic or hypertrophic systems,
but also occur in nutrient poorer (oligo-mesotrophic) lakes and reservoirs and can even be
promoted by oligotrophication [119–123]. It is essential to realise that cyanobacteria are
not a homogenous group when trying to understand cHAB dynamics and bloom response
to mitigating or promoting factors and management strategies. Therefore, the first step
of any bloom management should be a careful analysis of the in-situ situation, including
the identification of the predominant bloom species. cHABs forming cyanobacteria can be
clustered into two groups based on their nutrient preferences and their likelihood to form
blooms: Cyanobacteria genera typically forming surface blooms in N-limited systems are
N2-fixing (dinitrogen) taxa (Dolichospermum, Cylindrospermopsis, Aphanizomenon, Lyngbya
and Nodularia) as they can compensate for N limitation by using atmospheric N2. Plank-
tothrix blooms are typically found in mesotrophic lakes [120], where they produce deep
chlorophyll maxima. Genera typically occurring in eutrophic, P- and N-rich systems are
Microcystis and Cylindrospermopsis [124,125].

Several studies have summarised cHAB monitoring and management strategies [126–129].
The suitability and success of the respective strategy might vary and should be considered
carefully on a case-by-case basis [116,125]. Nutrient control and reduction is still considered to
be the most efficient management tool. Here again, a detailed analysis of the in-situ situation
should be the first step. This includes a characterisation of the reservoir by its trophic level index
and the identification of nutrient sources and their pathways. Nutrients can enter the system
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via point sources like natural and artificial tributaries, water transitions, by pumping water
from another system into the reservoir (especially in the case of pump storage hydropower
reservoirs) or can originate from diffuse sources from the catchment area. The German
environment agency (Umweltbundesamt (UBA)) developed a decision support system for
reservoir management (https://toxic-cyanobacteria.com/ (accessed on 14 April 2021)), which
summarises background information and questionnaires linked with cyanobacterial blooms
and toxins. This tool might deliver an overview of the situation and help to develop a water
safety plan. Besides the described direct control of nutrient input, a reduction might also
be achieved via sediment dredging or flushing and binding or precipitation of nutrients via
flocculating agents. These invasive strategies should however be considered carefully, as they
often come with negative ecological impact or high economic costs [125,130]. Finally, physical
factors are often manipulated to mitigate cHABs. Physical measures include disintegration of
vertical stratification and increased flushing rates in reservoirs [128]. Vertical mixing devices to
break down stratification have been successfully applied in small lakes and reservoirs [125].
The efficacy and applicability of these physical manipulations primarily depend on the size
and purpose of the reservoir, the predominant bloom species and should be applied in parallel
with nutrient control [128].

3.4. Greenhouse Gas Emissions

Dammed systems release substantial amounts of greenhouse gases (GHG) that con-
tribute considerably to the global GHG budget [131–135]. Especially CH4 is of major
concern with reservoirs emitting 8.9–22.2 t/yr of CH4 globally [136]. GHG emissions
depend on the location and construction of the reservoir and on its management. The
conditions in the catchment determine inflow of nutrients and the amount of organic
carbon that is eventually stored in the sediments. The meteorological conditions affect
the strength of stratification, the duration of the season, the intensity of vertical mixing in
the water column and of the gas exchange at the water surface. The morphometry of the
reservoir together with meteorological conditions and the amount of organic material in
the sediments determines, whether anoxic conditions develop in the deep water which
support accumulation of CH4 and CO2 and eventually lead to GHG emission during fall
overturn, or to emissions downstream of the dam if the outlet of the reservoir is located in
the anoxic layer.

Reservoir management may alter the efficiency of different GHG emission pathways.
The vertical position and the temporal sequence of water inflow and withdrawal can have
substantial effects on GHG emissions. Continuous deep-water withdrawal may remove
GHG and nutrients released from the sediments to downstream river reach. Nutrient
removal may result in reduced within-system production, thus yields in a smaller accumu-
lation of organic material in the sediments and consequently a reduced GHG production.
The removal of cold deep-water reduces stratification, thus supports vertical mixing of
e.g., oxygen. In contrast, withdrawal near the water surface may directly remove algae
and cyanobacteria from the system and thus reduces organic material, but favours the
development of a strong stratification with reduced mixing. The latter increases the risk of
anoxia and GHG accumulation in the deep water. In case water removal is not continuous
but operated as a single major drawdown of the reservoir, the pressure release on the CH4
saturated pore-water causes the formation of CH4 bubbles and thus a substantial increase
in CH4 emissions via ebullition [137–141]. If this drawdown is conducted after the stratifi-
cation period, it may additionally cause substantial downstream GHG emissions if CO2
and CH4 had been accumulated in anoxic waters. In case small drawdowns are conducted
at regular time intervals the overall CH4 emissions via ebullition may be smaller than for
an operation with no withdrawal followed by one single large drawdown per year. Inflow
of water at the largest depth may be advantageous for reducing GHG emissions. Since the
inflowing water is typically warmer and enriched in oxygen compared to the deep water,
stratification is reduced which supports the vertical transport by mixing, and the deep
water is oxygenated which enhances oxidation of CH4 at the sediment water interface and

https://toxic-cyanobacteria.com/
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prevents accumulation of CH4 that could be released during fall overturn. Pump-storage
operation with turbination and inflow of water in the deep water may be particularly
advantageous with respect to GHG emissions, as the ebullition fluxes during regular small
drawdowns lead to comparatively small CH4 emissions and the inflow of water in the deep
water supports its oxygenation and the oxidation of CH4 at the sediment-water interface,
thus preventing accumulation of CH4 [142]. Another effect of regular water fluctuations
(e.g., in a pump-storage system) is the periodic drying and wetting of near shore sediments
which may reduce CH4 fluxes from these sediments.

3.5. Societal Implications

The social surrounding is linked in a myriad of ways to most processes within and
around the reservoir, connected e.g., to the land use, the social fabric and the governance,
from the first planning stages to the implemented infrastructure. Social impacts of reservoirs
therefore occur in a complex setting of time, space and value spheres [8–10,19,143–148]. The
land use in the upstream catchment area influences amongst others erosion processes, the
resulting sediment yield and the amount of sediments which reach rivers and reservoirs (see
Section 3.1), nutrient input, e.g., from agricultural uses [149] or sewage treatment plants, but
also hydrological aspects [22,150,151]. Downstream riparian may also have demands regard-
ing water quantity and quality (sediments such as the general suspended load, nutrients).
There are many ecological concerns, as some reservoirs, due to their history, do not meet min-
imal discharge requirements or incorporate pass-through installations for aquatic organisms,
thus failing to comply with the e.g., EU water framework directive [152–155]. People living
nearby may benefit from the reservoirs in various ways: water storage ensures drinking and
irrigation water supply, there are recreational opportunities as well as affiliated economic
advantages like employment in hydropower enterprises or tourism, influencing the percep-
tion [156]. But differing interests of stakeholders in the use of the reservoir and resource
can lead to conflicts, e.g., in connection to agricultural uses and nature protection versus
recreation and other economic uses, especially concerning energy production [157–162].

Renewable energy production is one major focus of concern and is naturally fluctuat-
ing with the availability of solar radiation, wind speed and discharge within river systems
to meet the actual present need for electrical power. With hydropower use of the reservoir
(especially pump storage) it is possible to no longer be dependent on the availability of solar
radiation, wind and discharge; now it is possible to follow a variable demand structure.
A direct consequence of active reservoir management to produce hydropower energy on
demand are resulting water level changes that may provoke conflict, especially if there
is recreational and, or an environment with nature conservation status present [163]. As
hydropower production will lead to water level changes within the reservoir but also
downstream, recreational facilities on the shore, nature protection areas or downstream
riparian floodplains will be subject to drastic water level changes thereby impede full
flexibility [164,165] and the management needs to address all hydrological requirements in
the catchment area. Pump storage power plants are systems, where not only water from
the catchment is collected within the reservoir, but also water from different origins can be
pumped into the reservoir. However, if pumping introduces water from a different catch-
ment into the reservoir it may lead to challenges e.g., in respect to nutrient content [165]
(see Section 3.3). If the reservoir is part of a profitable touristic system, these interests may
play a major role in the management of the reservoir. Frequent water level fluctuations,
water quality issues, an active sediment management (e.g., by dredging or flushing) and
health risks (e.g., due to cHABs) and economic impacts will be topics of considerable
concern [149,166]. Additionally, invasive species, e.g., aquatic birds, may also be an issue
in stagnant water bodies in respect to the former free flowing conditions [167].

The regulations on nature protected areas or even national parks in proximity govern
possible interference in the (hydrological) system and therefore, if present, will be influ-
encing management profoundly (§ 23 and 24 in the German Federal Nature Conservation
Act). There may be conflicts regarding accessibility of the reservoir if it is restricted due to
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hydro-energy installation or nature protection areas. In case of drinking water reservoirs,
regulations are in place that ensure water quality and govern water use, restrict access and
regulate possible emitters of pollutants within the catchment [168,169]. Then, usually drink-
ing water supply will be the predominant purpose and other uses, e.g., flood protection or
hydro energy production, will only be authorised if they do not impair this vital function.
If the implementation of drinking water protection area leads to economic losses for other
usages (e.g., agriculture, forestry), compensation is required by German law (§ 52 Abs. 5
WHG, § 96 Abs. 2 WHG of the German water law). Furthermore, water supply (drinking
and irrigation water) may be an increasing issue considering demographic changes and
changing precipitation patterns and resulting dry seasons, especially in the future due to
climate change [170].

Many reservoirs have to fulfil the additional function of flood protection and are
part of a decentralised flood control system. When advisable, a water level drawdown is
required prior to an imminent flood event to provide additional protection volume [171].
Hydropower companies will not be in favour of turbining large amounts of water during
periods of low revenue. However, in worst case the water level has to be lowered in
an even shorter period, leading to the opening of the gates and the release of water to
the downstream river stretch, without using the released water for the generation of
electricity, which may be a point of conflict. Downstream riparian will usually benefit
from a more constant water flow through the installed dam that will attenuate extreme
high/low water runoff events over the year. The attenuated water flow can also be a
critical point in the natural environment which may be dependent on extreme runoff
events [155]. An active communicating management was perceived quite positively by
most of the stakeholders, even though nature protection seems to be, out of the sheer
size and influence of water storing infrastructure, one of the harder to solve challenges
in the researched case studies [166]. Overall, there are manifold interests present related
to reservoirs, which are-in an ideal case-all incorporated in a comprehensive reservoir
management or an integrated water resources management to fulfil the diverse demands
towards reservoirs [172]. The following section will summarise the findings and introduce
the tool developed by the authors.

4. Findings of the CHARM Project and Setup of the Tool

The management of reservoirs affects a multitude of interests and aspects in and
around the actual water body depending on the main function of the system. Most
reservoirs serve multiple purposes and are therefore prone to conflicts of interest between
these uses. During the CHARM project, extensive research was carried out on five aspects
of reservoir management, discussed in the previous sections, to gain deeper insight into
dominating processes and especially the interlinkages between these aspects. Discussions
took place within the consortium in order to consolidate the knowledge and to identify
the challenges of reservoir management through the analysis of project-related results
(laboratory, field, numerical, empirical stakeholder analysis) and pivotal papers https:
//milan-daus.github.io/Literature-on-Water-Reservoir-Management. Accordingly, as an
attempt to support the achievement of the Sustainable Development Goals (SDG) of the
United Nations objectives in the water sector [173], more precisely in the storage of this
fundamental resource, a conceptual tool was developed that provides an overview of
the interdependence and interactions between different factors of reservoir management.
The interactions of the environmental, technical and social spheres are quite complicated,
therefore the CHARM project aimed at providing a holistic approach see Figure 5. The
management of water resources needs to incorporate environmental, technical and societal
demands to guarantee a sustainable use of the resource. This loop model displays the
interactions and interconnections to satisfy a sustainable management.

https://milan-daus.github.io/Literature-on-Water-Reservoir-Management
https://milan-daus.github.io/Literature-on-Water-Reservoir-Management
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Figure 5. Synopsis of the implication spheres as an input parameter for the tool.

In this approach the user of the tool gets a comprehensive overview through infor-
mation, stored within the individual sheets in the file, accessible via mouse click on active
fields. These interactions and implications are embraced by an automated redirection
to corresponding points and information by clicking on active elements in the tool see
Figure 6. For usability and an easier access to the functions of the tool, the structure was set
up in Microsoft Excel. A descriptive matrix, as one centre for information, based on the idea
of cross-impact-matrices [36] can identify certain interrelations of typical reservoir man-
agement issues (see Figure 7) and was put together via delphi questioning of the research
consortium. The impacts of different environmental, technical and social implications are
cross analysed with all other columns or rows to provide information about impacts of
factors and their relation and direction of effect in 49 columns and rows. The labelling of
the matrix cross-impact content therefore stands for explicit and directed impacts. To give
an example of the content in the matrix: One box can set the cross impact in implication A
on the y axis (columns) impacts implication B on the x axis (rows), vice versa, is the same,
leads to more/less y, precluding each other and so on. The intended cross impact matrices
would possibly need to be reconfigured by the individual user to fit other case studies.
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Figure 6. Landing page of the tool; download at: https://github.com/milan-daus/Literature-on-Water-Reservoir-
Management.

(a) Matrix impression (b) Legend for matrix

Figure 7. Extract of the matrix with corresponding legend.

The topics include e.g., precipitation, water level fluctuations, nutrients in the water
body, economic/environmental conflict, social implications etc., substitute for the five previ-
ously discussed challenges of reservoir management, namely: sedimentation of reservoirs,
biostabilisation of fine sediments, toxic cyanobacteria(l) (blooms), greenhouse gas emissions
from reservoirs (mainly CH4 and CO2) and social conflict(s). The research was carried out in
a case study perspective from southern Germany for empirical studies at SBT (48°39′21.5′ ′

N 8°19′36.4′ ′ E), Large Lake Brombach, Small Lake Brombach, Lake Igelsbach, Lake Alt-
mühl and Lake Roth all from the reservoir system FLD (49°13′16.7′ ′ N, 10°92′67.3′ ′ E) (see
Figure 2) and incorporated research results and basic, respectively specific literature on
the topic https://github.com/milan-daus/Literature-on-Water-Reservoir-Management
to promote solutions for a holistic water resources management. To get an impression of
the landing page of the tool, see Figure 6. This landing page enables the user to get to the

https://github.com/milan-daus/Literature-on-Water-Reservoir-Management
https://github.com/milan-daus/Literature-on-Water-Reservoir-Management
https://github.com/milan-daus/Literature-on-Water-Reservoir-Management
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relevant individual information desired and covered by the tool by clicking on activated
elements and that way be guided through the content.

With all benefits, there will of course also be limitations in the provided informa-
tion, since within the matrix mainly the before mentioned case studies were implemented.
Hence, implications only found in literature may be underrepresented. This holds espe-
cially true, if the societal and political sphere is considered. Since the results are strongly
rooted in German federal/ state and EU law, the information and implications presented
here may have less significance in different geographical and political context. The top-
ics researched in the CHARM project were being selected critically by the disciplines
involved in the project. Nevertheless, there are many other topics the project could not
cover and therefore the tool cannot either. The use of the tool is possible in professional and
semi-professional audiences, being interested professionally or personally in reservoir man-
agement topics. If people use the tool, there are chances to further improve it by integrating
more implications of other case studies. The application of this tool for experts and laymen
and the evaluation of the presented interdependence for other multi-purpose reservoirs
can be seen as encouraging examples to create transparency, to improve the management
and support decision making of water resources management in established storage sys-
tems, where an active management is of central importance to water-food-energy nexus in
pursuit of meeting the SDG.

5. Conclusions and Outlook

On a global scale, the need for storing water for energy, irrigation and drinking water
increases, resulting in an acceleration of the construction of dams and reservoirs in the last
century to a number of over 58,000 large dams worldwide [3]. These dams and reservoirs
have very different impacts amongst others on a local, regional, but also global scale,
depending on their location in the sense of catchment specifics, type of infrastructure, size
and quantity of water stored, the main function of the reservoir, social and economical
interaction in adjacent areas (or possibly even resettlement of people), political and juridical
standards (also in the downstream river stretch) and general discourses around dams,
respectively a specific case. Different reservoir projects created a lot of attention around
the world, especially if there were different international interests present that regard
governance of water resources [146,147,174,175].

Even though, the boom of dam building in Germany may be in the past, the positive
and negative impacts are outlasting time and are (still) visible today [4,176]. The project
CHARM aimed at finding answers to (future) challenges in reservoir management for
reservoirs in a European context [7]. This was done by researching different case studies
from southern Germany. A descriptive tool was developed to create a holistic overview and
contribute to sustainable water management in Germany. This means all results are linked
to those places, but could be generalised to match a meta level of management implications,
also on an international scale. As mentioned above, the transferability of the implications
is not always trivial, or even possible. Still this will emphasise the user of the tool to look
beyond the mere case studies and get a comprehensive overview, possibly enhance the
knowledge by transferring it to other case studies. As the tool is also compromised by a
fair amount of best practice examples from literature, the authors could verify, that there is
no comparable tool available so far to be used by the interested public, same as experts in
the field. As dissemination and information of the public is compelling to such a tool, it is
therefore vital to provide a public domain to access the data. It is eligible for the future to
develop drop down options for the users, to simplify the process of filling out the matrix.
Furthermore, a thematic enhancement of the focus towards ecological and environmental
issues is desirable. These steps would take the information on the next level to guide
reservoir management and contribute to a sustainable water resources management in
order to foster the Sustainable Development Goals (SDG), developed by the United Nations,
and gain knowledge about (future) challenges in water resources research.
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