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Abstract: Hydropower reservoirs play an increasingly important role for the global electricity supply.
Reservoirs are anthropogenically-dominated ecosystems because hydropower operations induce
artificial water level fluctuations (WLF) that exceed natural fluctuations in frequency and amplitude.
These WLF have detrimental ecological effects, which can be quantified as losses to ecosystem
primary production due to lake bottoms that fall dry. To allow for a sustainable development of
hydropower, these “ecological costs” of WLF need to be weighed against the “economic benefits” of
hydropower that can balance and store intermittent renewable energy. We designed an economic
hydropower operation model to derive WLF in large and small reservoirs for three different future
energy market scenarios and quantified the according losses in ecosystem primary production in
semi-natural outdoor experiments. Our results show that variations in market conditions affect WLF
differently in small and large hydropower reservoirs and that increasing price volatility magnified
WLF and reduced primary production. Our model allows an assessment of the trade-off between the
objectives of preserving environmental resources and economic development, which lies at the core
of emerging sustainability issues.

Keywords: sustainable development goals; primary production; littoral zone; water level fluctuations;
volatile renewable energies; energy transition; ecosystem function

1. Introduction

1.1. Hydropower in the Context of the Sustainable Development Goals

The Sustainable Development Goals (SDGs) include a dedicated goal on energy. SDG #7 is a call
to “ensure access to affordable, reliable, sustainable and modern energy for all” [1]. Hydropower plays
an especially important role in this context because it is a renewable low-carbon source of energy.
Using water as a resource, hydropower also creates a water-energy-nexus. This nexus links the
economic, the ecological and the social dimension and, thus, all three pillars of sustainable development.
This makes hydropower a particularly important, but also complex player in achieving SDG #7. From a
scientific point of view, it is clear that researchers need to ‘craft usable knowledge’ about how the three
pillars of sustainable development can efficiently converge towards achieving SDG #7 [2].

Globally, there is a potential to triple the existing capacity of hydropower [3]. Mankind has already
created more than 800,000 artificial lakes and reservoirs covering a surface area of 500,000 km2 [4].
The potential of reservoirs to balance and store energy will only grow in relevance in the future.
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Across the globe, the goal of sustainable energy for all is followed by fostering the development of
intermittent renewable energies (IRE), such as, solar and wind power. From an energy market point
of view, the growing contribution of IRE to the energy mix will require efficient ways to balance the
excess energy created by peaks of renewable energy production. Both on daily and on monthly scales,
the energy production of IRE and the provision of seasonal inflows affects the operation of hydropower
reservoirs. During sun hours or heavy winds, excess input of energy from IRE creates price lows,
which are an incentive to store water and discharge it when prices are higher. Seasonal inflows from,
e.g., snow melt affect the incentive to store or discharge water as they largely determine a reservoir’s
amount of water, which is available for energy production. Consequently, hydropower reservoirs will
not only be increasingly developed, but existing ones will change their operation to account for more
volatile energy prices in a world in which IRE are on the rise [5].

The transformation of lakes into reservoirs and the change in operation, however, will have
profound environmental effects. Lakes contribute disproportionally to their size to global biodiversity,
host more threatened species than terrestrial ecosystems and provide key ecosystem services to
humans [6,7]. Within this context, there is an urgent need for research on how the future changes
in the energy sector, such as the increase in IRE, will affect hydropower operations in reservoirs.
Research combining the economic and the environmental dimension will be an essential component
of contributing ‘usable knowledge’ towards attaining SDG #7 [2]. This research within the economic
dimension needs to be combined with research within the environmental dimension, because changes
in hydropower operations will affect the reservoir ecosystem through fluctuations in water levels.

1.2. Ecological Benchmarks within the Reservoir: The Ecological Effect of Water Level Fluctuations

Most frequently, the ecological effects of hydropower are considered downstream of the dam
where, e.g., discharged water alters flow regimes in running waters [8,9]. The most pertinent effects of
hydropower on reservoir and lake ecosystem functions are water level fluctuations (WLF) (Hirsch et al.,
submitted [10]). WLF profoundly affect the ecosystem of natural lakes [11,12], but WLF have even
more profound effects in reservoirs because WLF in reservoirs typically exceed natural fluctuation
three- to ten-fold in frequency and amplitude [5,12]. The most imminent mechanisms by which WLF
affect lake and reservoir ecosystems is the loss of the littoral zone, which leads to the loss of ecosystem
function. Of course there are other important impacts of WLF on lake ecosystems besides effects on
the littoral zone. For example, temperature dynamics, biochemical processes and nutrient levels are
altered if sediments undergo wet-dry cycles due to WLF [13,14].

The littoral zone, however, is essential for a lake’s ecosystem function. A loss of the littoral zone
due to WLF has negative effects for the entire ecosystem [15]. In the littoral zone, benthic (bottom-living)
algae fix carbon to produce biomass. Primary production is essential for the functioning of the whole
ecosystem, because it is the food basis of all higher living organisms. Benthic primary production
is especially important in nutrient-poor alpine lakes and reservoirs, where benthic production can
even exceed the production of phytoplankton (pelagic free-floating algae) [16]. Consequently, the
effect of WLF on reservoir ecosystem functioning will be especially severe in alpine lakes where a
large part of the ecosystem function relies on benthic algae. We therefore consider the loss of primary
production—caused by WLF as an appropriate ecological benchmark that can be used as a proxy of
the environmental effects of hydropower development. In appreciation of the importance to model
future hydropower developments and environmental effects, there is a growing number of modelling
studies. However, like most ecological effect studies, existing models focus on environmental effects
downstream of the dam while largely disregarding the effect of WLF on the ecology of the reservoir
itself [17–19]. Moreover, existing models rarely consider how future developments of the energy
market affect economic benchmarks. Topical research needs to better appreciate both the entireness of
ecological benchmarks (comprising processes within the reservoir itself) and the temporal dynamic of
economic benchmarks (factoring in future energy market developments).
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1.3. Expected Changes in the Energy Market and Hydropower Developments in Large and Small Reservoirs
in Switzerland

Switzerland is sometimes called the water castle of Europe because runoff from its mostly
alpine topography allows for the storage of potential energy in the form of water head in reservoirs.
However, changes of the hydropower system in Switzerland are imminent. The increasing share of IRE
over the last few years in neighboring countries, especially Germany, had a profound impact on market
prices and price dynamics. Hydropower operators seek to adopt their operation schemes according
to price dynamics to increase efficiency and flexibility [20]. The size and according characteristics
of a hydropower reservoir determine the possibilities of adaptation to present and future dynamics
in energy prices: large seasonal storage hydropower plants will reallocate their production times to
those hours with the highest prices, whereas small hydropower plants often discharge most of the
inflow directly, similar to a run-of-the-river plant. Central European electricity prices follow a general
seasonal pattern with higher prices during winter due to the higher demand levels. Inflows into
reservoirs also vary temporally across the season. Inflows typically increase in the late spring and
summer months, especially due to snowmelt, and decrease in fall and winter months. Large and
small hydropower plants have different ways of responding to temporal variations in prices and
inflows. Consequently, we expect that changes in market prices directly translate into changes in
operation patterns and that these will manifest differently across the hydrological year in large and
small reservoirs. In large reservoirs, the higher storage volume also buffers WLF. Large changes in
volumes are needed to induce substantial changes in the water level. Thus, the price impact may
not translate as directly into large WLF as in small reservoirs. In small reservoirs, the inflow ratio
is significantly higher. At the same time, their storage can be emptied with only a few hours of full
production. This translates into a different operational flexibility. Smaller hydropower plants cannot
afford to delay their production too long to wait for higher prices, because limited storage capacities
are more rapidly exceeded. Due to the higher inflow ratio, they are more likely to empty their storage
capacities in short timeframes, which induces more pronounced WLF.

1.4. Major Aims and Research Approach

In this context, decision makers face a wide range of uncertainties. Decisions concerning the
sustainable development of hydropower have to be made with attention to the system boundaries,
such as reservoir size and changing market trends, and to the goal of minimizing the environmental
effect of hydropower [20]. Within this multi-faceted decision making, WLF play a dual role: firstly,
as a response variable of hydropower operation, measured as WLF; secondly, as a predictor variable
of environmental effects, measured as changes in benthic algal biomass. This paper aims to combine
economic and ecological benchmarks to account for this dual role of WLF. Our approach is two-fold:
on the one hand, we conduct ecological experiments to quantify the losses of ecosystem function
resulting from tangible changes in WLF; on the other hand, we build a model to forecast how different
energy prices across three years lead to changes in the operation in large and small alpine reservoirs in
Switzerland. We provide scenarios for how hydropower operation based on economic benchmarks
alone affects the ecosystem function of reservoirs and discuss the results in light of progress towards
attaining SDG #7. Our approach has the advantage that it advances researchers’ ability to create
relevant data quantifying both local economic benefits and environmental costs. To successfully
advance sustainable development, partners from environmental, economic and social perspectives
need to cooperate on an equal footing [21,22]. Our approach facilitates the development of such a
cooperation by combining two major players’ perspectives.
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2. Materials and Methods

2.1. Experimental Design

We designed an experiment under semi-natural conditions to quantify the effects of WLF on the
reservoir ecosystem function. As a proxy for ecosystem function, we used the biomass of benthic
algae [15,23]. Because benthic algae provide basic food web energy, we use them as a response variable
for environmental effects [24,25].

The experiment was conducted at the Limnological Institute in Constance, Germany, in two
outdoor mesocosms (10 × 1 × 1 m dimensions; Figure 1). One mesocosm had a stable water
level and served as the control; the other mesocosm served as the treatment (treatment mesocosm).
To approximate realistic WLF as the treatment, we applied fluctuations that were previously found to
be the most common in terms of frequency and amplitude in alpine reservoirs in the Swiss Alps [5]:
a 12 h period of emptying and filling, respectively; with an amplitude of 40 cm corresponding to half the
filling level of 80 cm. White square ceramic tiles (10 cm by 10 cm) were used as a standardized substrate
because of the unified, easy-to-sample area, homogenous albedo and uniform angle towards the water
surface [26]. Five tiles were placed in rows each 10 cm from the water surface (45 tiles × 2 mesocosms).
The tiles in the treatment mesocosm at a higher littoral level and experienced longer drying periods
than levels further down (see the Results section below). To quantify the loss of benthic algae during
the times the littoral areas fall dry, we can relate the amount of time in hours that the levels of tiles fall
dry with the loss in benthic algal biomass relative to the inundated control.

To quantify how benthic algae regrow after WLF result in a rise of water level and, thus, a wet
fallen surface, we sampled extra tiles for 4 weeks during the growth of the algae prior to the beginning
of the WLF experiment. The tiles introduced into the newly-prepared and filled control mesocosm
represented newly-inundated reservoir littoral. The experimental timeframe for measuring growth
of inundated littoral followed previous estimates from colonization experiments, which have shown
that a plateau in algal community development was reached after three weeks [26]. Consequently, the
experimental period of 5 weeks ensured that we observed the loss of a natural benthic algal community.
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Figure 1. Schematic illustration of the experimental setup. Tiles were aligned in rows at a 10 cm height
difference, whereby one row forms a littoral level. (a) The minimum water level was 40 cm above the
ground; (b) The maximum water level was at 80 cm above the ground.

Water exchange rates in both mesocosms were kept constant by applying a flow through of
lake water, and a heating system was installed in each mesocosm to unify temperatures. To further
ensure standardized growth conditions for periphyton, we measured nutrients (total phosphate and
nitrate), temperature (using Hobo® electronic temperature loggers, Onset, Cape Cod, MA, USA) and
light availability (photometer LI-COR, Inc., Lincoln, NE, USA) and analyzed phytoplankton density
(estimated from Chl a concentration, see below) as a possible competitor for periphyton for light
and nutrients.
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2.2. Chlorophyll a Determination: Quantifying Losses to Ecosystem Function via Periphyton Biomass

Benthic algae are a diverse group of photoautotrophic organisms, but they all share chlorophyll a
(Chl a) as their main photosynthetic pigment [27]. Consequently, Chl a concentration is the most robust
and commonly-applied measure to estimate benthic algal biomass [27]. For standardized sampling, a
specifically-constructed periphyton brush sampler (see [28]) was used to brush off 3.14 cm2 of each
tile. Immediately after sampling, samples were filtrated onto filters (Whatman GF6, 25 mm), folded
and frozen at −20 ◦C in 15 mL falcon tubes wrapped in aluminium foil. Samples were extracted
on 90% acetone using an ultrasound bath (Sonorex, 35 kHz) for 30 min, followed by an 8 h storage
before centrifuging at 4000 rpm for 10 min. Photometric measurement was conducted by using Infinite
200 following the standard protocol for the monochromatic method of Lorenzen (1967) as described
in [29]. Absorption was measured before and after acidification with 1 N HCL in order to correct for
pheopigments. Batches of 5 samples were measured at 750 nm (for blank correction) and 665 nm (for
Chl a) in triplicate. Since all test samples showed a pH between 7.5 and 7.8, no buffer was added.

2.3. Seasonal Water Levels in Large and Small Alpine Reservoirs

To explore how energy market changes affect WLF dynamics in Swiss reservoirs, we used available
data on types of reservoirs [30]. Using two structural indicators, we differentiated and assigned the
Swiss hydropower plants into a representative large and small reservoir category (Table 1). The first
indicator is the ratio of inflows to storage size. The second is the ratio of storage capacity to turbine
capacity, which is expressed as the number of hours the plant could run at full capacity until the
storage is emptied. Large reservoirs typically show a low inflow ratio and high full load hours.
Hydropower plants belonging to this category are seasonal storage reservoirs. Large and deep
reservoirs are filled about twice by natural inflows during a hydrological year. Their production
capacity is rather low compared to their total storage volume. The opposite is the case for small
reservoirs (Table 1).

In our model, the large and small generic hydropower plants represent different operational
strategies relevant to our research questions. For the calculation of the benthic algal biomass, we
assume that the full depth of the reservoir is suitable habitat for algal growth. This is a reasonable
assumption for the small plant type with ca. a 10 m depth, as water clarity in alpine lakes is typically
high and ranges between 12 and 15 m [31,32]. The large reservoirs have an average maximum depth
of approximately 90 m. Ecologically, this depth means that the reservoir contains bottoms that are so
deep that no benthic algae can grow (deeper than the euphotic zone). For simplicity and to ensure
the comparability of the results in our modelling of the effect of WLF, we assume that the total lake
bottom is available for algal growth in both large and small reservoirs. This clearly is an ecological
simplification. The actual ecological benchmark, in terms of loss of benthic algal biomass, that feeds
into the model, however, rests on solid empirical data from the experiment. This ensures the scalability
of the experimental data to future case studies where more detailed information on the euphotic zone
is available.

Table 1. Main characteristics of generic hydropower plants.

Large Small

Ratio inflows to storage capacity 2 3098
Full load hours reservoir (hours) 1348 4

Generation capacity (MW) 133 21
Storage Capacity (million m3) 85 0.1

Price Modelling

Regarding the electricity prices, historic hourly Swiss day-ahead market prices (Swissix) for
2010 and 2015 were compiled from EPEX Spot (European Power Exchange) [33]. These time points
were chosen because 5 years is a reasonable period for, e.g., changes in energy legislation to take
effect (4 years being a legislative period). Therefore, we chose 5 years into the future (2020) as a
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forecast scenario. In Switzerland, the electricity market liberalization commenced in 2009, which is
why we chose 2010 as the first time point. For 2020 electricity prices, the Swiss electricity market
model ‘Swissmod’ developed by Schlecht and Weigt [34,35] was used to derive a price profile for 2020
considering the European and Swiss energy trends. For the price level for 2020, the prices of the Phelix
Peak Year Future for 2020 were used [36]. Because we were interested in the effect of changes in the
electricity market on the WLF and the algal biomass, we only varied electricity and kept water inflows
constant across years [34,35].

2.4. Model Design

The model developed here is based on Hirsch et al. [5] in which the economic operation of a
hydropower plant is described within the hydrological system boundaries of the reservoir. The model
consists of two parts. In the first part, the hydropower plant is operated according to market prices
leading to WLF that follow optimal operation for energy production; in the second part, the WLF
are translated into according changes in algal biomass resulting from the economic operation of
the reservoir.

2.4.1. Economic Hydropower Operation

The hydropower plant operator maximizes its revenue R, which is given by the sum of the hourly
spot market prices pt and the generation Gt over a hydrological year.

maxR = ∑
t

ptGt

The hourly generation depends on the efficiency of the turbines σ, the water density ρ, the gravity
g, the head Ht and the discharge through the turbines Qt.

Gt = σρgHtQt

In this paper, the head consists of a constant level capturing the penstock between turbines and
the storage lake, which is not affected by the reservoir operation, and the reservoir depth, which varies
with the economic operation of the reservoir. The storage balance defines the hourly storage level,
given by the storage level of the previous period St−1, the natural water inflows into the reservoir it,
the discharge and the residual water Rt.

St = St−1 + it − Qt − Rt

The storage level is constrained by the minimum storage level smin and the maximum storage
level smax. The minimum storage level may be influenced by legal constraints.

smin ≤ St ≤ smax

The hourly discharge is bound by the maximum amount, which can be released through the
turbines qmax and the minimum discharge qmin.

qmin ≤ Qt ≤ qmax

The residual water refers to legal obligations rmin, which have to be considered in the operation
of the reservoirs in Switzerland (see Hirsch et al. [5] for details).

Rt ≥ rmin

The model is formulated as a bi-level formulation in GAMS 23.9. First, a version with constant
head level is coded as linear program (LP) and solved by Cplex 12.4. The results are then used as
starting point for a version with variable head coded as a non-linear program (NLP) and solved
with Conopt3 3.15G.
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2.4.2. Quantification of WLF

The basin morphometry influences the extent that littoral zone that falls dry for each unit of water
level change. Previous research has found that alpine reservoirs’ basin morphometries are accurately
described by a simplified shape of a diagonally-cut pyramid [37]. To translate the changes in the
reservoirs’ storage levels we used a mathematical relationship between the storage volume level and
the water depth, which we term the depth-volume relationship [38]. This relationship depends on the
reservoir’s depth, its volume and the basin morphometry [39] and is given by:

St = k × Dα
t

where St is the stored volume level of the reservoir at hour t received from the storage balance equation,
Dt the water depth of the reservoir at time point t and k a constant based on the relationship between
depth and volume, which is dependent on the reservoir. The more open and flatter the basin, the
larger is k [40,41]. The value α defines the concavity of the basin (for further details, see [38,41]).
It is important to note here that other morphometries of basins can be specifically addressed using a
different reservoir basin equation, which was excluded here for brevity (see [38] for examples). In a
similar fashion, the relationship between the storage volume and the corresponding surface area can
be calculated by:

St = c × Aα
t

where At is the surface area corresponding to a specific storage volume in hour t and c is a constant
based on the relationship between the storage volume and the area and the underlying shape of
the reservoir.

2.4.3. Translating WLF into Effects on the Ecosystem Function

We used the experimental data to construct a relationship between the time period of inundation
or beaching of the littoral surface area and gain or loss in ecosystem function. For each hour, the
reservoir has a specific water level resulting from the economic operation of the plant. Assuming depth
intervals of 1 m, we defined if a specific depth interval is under water or not at a specific hour.
Making use of the depth-volume relationship and the area-volume relationship, the corresponding
area for each depth interval could be calculated. Thus, if a depth interval is under water at a specific
hour, the corresponding area falls wet. If a depth interval is not under water, the corresponding area
falls dry. Based on the experiment, it is assumed that if a specific area falls dry for a certain period of
time (see the results below), then there is a complete loss of benthic algae. If a specific area falls wet,
we assume the growth of benthic algae that we observed in the experiment as the rate of recovery of
ecosystem function. Based on the experimental data on algal biomass per surface area, we can estimate
an overall biomass of benthic algae. Thus, we are able to calculate the loss in ecosystem function in %
of Chl a relative to a stable water level at which no loss would occur.

2.5. Statistics

When testing for differences in Chl a between treatment and control, we used a hierarchically-
nested ANOVA design. This allowed accounting for the fact that tiles at different depths within a
mesocosm were not fully independent replicates. Tiles (1–5 for each depth interval) were nested within
depth intervals (0–80 depth intervals), and depth intervals were nested within the mesocosm as an
overall fixed effect. To test for differences between the scenarios and in ecosystem function (Chl a),
we used a generalized linear model with a homogeneity of slopes design, which was found suitable
in earlier studies [5]. The test for homogeneity of slopes is related to an ANCOVA, but it does not
assume variance homogeneity across factors and can be used to test whether continuous predictors
(time in our case) have different effects at different levels of categorical predictors (three one-year
scenarios in our case). Because we were only interested in the degree of price variation across yearly
scenarios (peek-to-peak spread), we used a simple nested ANOVA for comparing the modelled price
developments across scenarios. Hourly prices were nested within months and months within years.
More specific information of seasonal price developments are discussed in detail elsewhere [34,35].
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3. Results

3.1. Experimental Results

WLF significantly decreased ecosystem function, approximated as benthic algal biomass,
compared to the mesocosm with stable water levels (nested ANOVA, mesocosm as the fixed effect;
df = 1, MS = 397.75, F = 60.33, p < 0.001; Figure 2). In the control mesocosm, Chl a concentration varied
from 1.4 µg·cm−2–19.7 µg·cm−2 and in in the treatment WLF-mesocosm from 0 µg·cm−2–7.4 µg·cm−2.
The concentration of Chl a did not differ significantly among the tiles used at each depth interval
(nested ANOVA, tiles as the random effect; df = 4, MS = 1.73, F = 0.26, p = 0.901).
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Figure 2. Chlorophyll a concentration in the control mesocosm with stable water level (control) was
higher than in the treatment mesocosm in which water level fluctuations (WLF) caused substrates to
fall dry (treatment).

The overall comparison after five weeks of WLF showed a 74% difference of benthic algal biomass
between the mesocosms. The upper littoral zone (80–40 cm above the ground) showed an almost
complete loss of 96%, whereas the lower littoral zone (30–0 cm above the ground) showed only partial
losses of 61%.

The time dependence of the loss of benthic algae could be inferred by comparing the different
levels of tiles and, thus, the time they were dry fallen. The data showed that it takes only 12 h of
drought for an almost complete loss of Chl a (Table 2). The time dependence of recovery of benthic
algae could be inferred by comparing the Chl a concentration from different time periods sampled
during the growth of the algae in the pre-experimental period in the mesocosm. The data show that it
takes at least seven days for the algae to start growing again, and after 33 days, the algae have recovered
completely (Table 3). From the data of the control mesocosm, we could infer a mean concentration
of 5718.63 µg·m−2 (±4354.05 standard deviation SD) Chl a, which we assumed as the basic level of
undisturbed ecosystem function.

Table 2. Loss in algal biomass measured as Chl a concentration loss for specific durations of WLF
relative to the Chl a concentration of the control with stable water levels.

Time Dry Fallen (Hours) Loss of Chlorophyll a Compared to Wet Fallen Control (%)

20 99.7
18 97.8
14 95.9
12 92.6

Abiotic conditions potentially affecting benthic algae were similar between mesocosms. Nutrient
concentrations were comparable between mesocosms. Phosphate concentrations were slightly higher
in the control mesocosm (control: 12.67 µg·L−1 (±54.19); treatment: 10.10 µg·L−1 (±32.34)), than
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in the treatment mesocosms, whereas nitrate concentrations showed the opposite pattern and were
higher in the treatment than in the control mesocosm (treatment: 613.92 µg·L−1 (±1.78), control:
542.91 µg·L−1 (±1.78)). Temperature did not differ substantially between the treatment (21.08 ◦C ± 1.6,
mean of hourly-logged temperature for all five weeks) and the control mesocosm (21.34 ◦C ± 1.3).
Phytoplankton concentrations were similar between the treatment (0.64 µg·L−1 Chl a ± 0.3, n = 9) and
the control mesocosm (0.68 µg·L−1 ± 0.4, n = 9). Finally, the light climate, measured as the ratio of light
intensity between the surface and the tiles at different depth intervals, was similar across mesocosms
(ratio treatment: 0.75 (±1.28); ratio control: 0.74 (±1.28).

Table 3. Algal growth measured as Chl a concentration for measurement intervals in % of the total algal
concentration observed at the end of the experiment when a growth plateau was reached (following
published information on benthic algal growth [26]).

Time Wet Fallen (Days) Growth of Chlorophyll a Compared to Final Value (%)

7 12
14 19
21 34
28 80
33 100

3.2. Modeling Results

The aim of the model simulations was to assess how market changes impact the WLF and thereby
the ecosystem function of the storage lake. To capture the different market conditions at different
points in time, we first used existing models and data to create the historic hourly price pattern of 2010
and 2015 and the expected price pattern for 2020 (Figure 3). Prices varied across years with 2010 having
the highest prices (44.60 €·MWh−1 ± 14.05), whereas the prices in 2015 and 2020 were similar (2015:
38.32 €·MWh−1 ± 13.07; 2020: 39.69 €·MWh−1 ± 12.64). Between the three scenarios, we can observe
a significant difference in variance across years (nested ANOVA, df = 2, MS = 827,858.0, F = 49.582,
p < 0.001). In concert with the graphical visualization, these differences in variance can be interpreted
as differences in price peaks (see Figure 3 for a visualization of peaks and Figure A1 for visualization
of the dispersion across years). In the year 2020, price peaks will be much less pronounced than in
2015 and especially compared to 2010. This flattening of peak-to-valley patterns results from increased
IRE production, especially solar energy, which reduces the need for conventional supply, thus pushing
prices down and reducing price spikes during summer time. Especially the 2020 price curve exhibits a
much tighter price range (Figure 3, Figure A1). This is important for hydropower plants, as they aim
to maximize production during times of high prices.
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3.2.1. Large Reservoirs

In line with our expectation that large reservoirs will adjust operation schemes to changing
price dynamics, we find that the different price patterns lead to significant differences in the WLF
(homogeneity of slopes test, F = 15.511, df = 2, SS = 0.018, p < 0.001; Figure 4a). However, due to
their large storage volume, the mean daily WLF are rather modest with an average of less than 0.1 m
(Figure 4a). The years 2015 and 2020 show a much steeper decrease of water levels in the winter
months than in 2010, leading to higher average WLF. The 2020 scenario shows the lowest minimum
storage level in springtime and consequently has the highest WLF in the late spring and early summer
months. This is a result of the low price expectations. Both 2010 and 2015 still show price peaks in
May and June (2010) or July (2015) (Figure 3), incentivizing the operator to keep higher storage levels
during spring time to benefit from those price levels. For 2020, the WLF follow different economic
incentives. The higher winter price levels can be utilized by discharging water rapidly. The resulting
lower storage levels in winter can be compensated for by the regular spring and early summer inflows.
This provides water to again utilize summer price peaks. The flattening of price peaks in 2020 results in
less utilization and consequently less discharge in winter (Figure 4a: October–December). However, the
storage of water not utilized in winter is used to utilize price peaks in spring, thus magnifying WLF
compared to 2010 and 2015 (Figure 4a: April–June).

The changes in WLF also translate into the benthic algal biomass levels, which differed
significantly among the three scenarios (Chl a homogeneity of slopes test, F = 579, df = 2, SS = 0.925,
p < 0.001; Figure 4b). Assuming a complete loss of Chl a after 12 h of beaching (Table 2) and a complete
re-growth after 33 days of inundation (Table 3), we could quantify the losses and gains of our assumed
ecosystem proxy. The seasonality of inflows also dictates the general temporal trend: decreasing
areas available for algal growth until spring as the storage lake gets steadily emptied (periods of
general filling oremptying storage volumes indicated by shaded areas in Figures 4 and 5), followed
by increasing levels in summer months due to increasing water levels. Yet, the three years show
differences that are a direct result of operational decisions. The decision to discharge according to
pronounced price peaks during spring (March–May) results in a more pronounced loss in ecosystem
function in the 2015 and especially in the 2020 scenario (Figure 4b: March–August).

3.2.2. Small Reservoirs

Contrary to large hydropower plants, the differences in the WLF across the three scenarios are not
significant in small reservoirs (homogeneity of slopes test, F = 0.23, df = 2, SS = 0.14, p = 0.789; Figure 5).
This is in line with our expectation that small plants have less flexibility in adjusting their operation
schedules to changing price patterns because the lower inflow ratio precludes longer storage periods.
This becomes especially obvious during the late spring and summer months when the inflow level is so
high that the storage reservoirs are basically operated like run-of-river plants (Figure 5a: May–August).
The WLF during those months is close to zero because all inflows are directly discharged, whilst the
storage level is kept close to the maximum. However, the scale of WLF is much higher in the small
reservoirs during the fall, winter and spring months (Figure 5a: October–April). This is a result of the
ratio between storage and turbine capacity. As indicated in Table 1, it only takes about four hours for
such a plant to empty its storage if producing at full capacity. Since the incentive for operation is still
price driven, an optimal operation will aim to maximize output in hours with high prices. This leads
to a spiked production profile with large discharges in a few hours followed by no production in the
following hours until the storage is almost full again. This cycle repeats on a short timeframe leading
to pronounced WLF with repetitive wet and dry-fallen littoral zones.

This cycling pattern also translates into the benthic algae biomass (Figure 5b). Albeit that the
differences in WLF are insignificant, the effect of WLF on ecosystem function differed significantly
among the three scenarios (homogeneity of slopes test, F = 481, degrees of freedom = 2, sum of
squares = 1.59, p < 0.001; Figure 5b). This discrepancy between the significances is a result of the
dimension of the storage volume. During those months of the year, when the reservoir is operated like
a storage reservoir, the daily fluctuations lead to large areas of the lake bottoms beached or inundated
in short intervals. In October to April when the reservoir is in a general period of decreasing storage
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volume, the changes in WLF across scenarios translate into pronounced changes in Chl a. Because small
volumetric changes translate into large areas falling dry or wet, the exact timing of a wet-dry cycle
of WLF may determine whether a surface area falls dry long enough in one year, but not in the other
(Figure 5b). Because it takes 33 days until benthic algae have completely regrown (Table 3), even
the small variations in WLF between the scenarios lead to large effects on the ecosystem function.
Yet, during the summer months when the plant is operated like a run-of-river plant, the storage has a
relatively stable level and consequently is close to the theoretically-possible maximum biomass level
(Figure 5b: June–September).
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Figure 4. Modelled changes of water level regime and ecosystem function in large Swiss reservoirs.
The yellow shaded area marks a period of high inflows into the reservoir, whereas the blue shaded area
marks a period of no or little inflows. (a) Development of WLF in Swiss alpine reservoirs in the context
of different energy market developments in three modelled scenarios 2010, 2015 and 2020. WLF are
expressed as absolute changes (including increases and decreases of water level) per hour (Appendix
Figure A2 shows WLF with algebraic sign); (b) Development of ecosystem function in Swiss alpine
reservoirs in the context of future energy market development. Ecosystem function is expressed in %
Chl a compared to a stable water level. Accordingly, zero means no losses, whereas 0.1 means a loss of
10% compared to a stable water level. Different colors and symbols denote the three different scenarios
(2010 green diamonds, 2015 red squares, 2020 blue circles).
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Figure 5. Modelled changes of water level regime and ecosystem function in small Swiss reservoirs
(a) Development of WLF in small Swiss alpine reservoirs in the context of different energy market
developments in three modelled scenarios 2010, 2015 and 2020. The yellow shaded area marks a period
of high inflows into the reservoir, whereas the blue shaded area marks a period of no or little inflows.
WLF are expressed as absolute changes (including increases and decreases of water level) per hour
(Appendix Figure A2 shows WLF with algebraic sign); (b) Development of ecosystem function in Swiss
alpine reservoirs in the context of future energy market development. Ecosystem function is expressed
in % Chl a compared to a stable water level. Accordingly, zero means no losses, whereas 0.1 means a
loss of 10% compared to a stable water level. Different colors and symbols denote the three different
scenarios (2010 green diamonds, 2015 red squares, 2020 blue circles).

4. Discussion

4.1. Economic Changes Translate into Ecological Changes

In this study, we aimed to combine economic and ecological benchmarks to facilitate a compromise
between maximizing profit and ecosystem function based on scientific data. To this end, we quantified
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ecosystem function as biomass of the basic food web level and modeled scenarios of energy market
developments in small and large alpine reservoirs. We demonstrate how WLF affect the ecosystem
function of reservoirs across three different annual price scenarios. Our results suggest that changing
energy prices due to, e.g., the development of IRE affect hydropower operations, WLF and, eventually,
ecosystem function. Importantly, we found that small and large reservoirs respond differently, and
effects vary in their seasonality across the calculated scenarios. This demonstrates the need for
research that appreciates the specific differences of hydropower plants. Research on sustainable
hydropower reservoir development has long acknowledged the need for quantifying and combining
economic benchmarks with ecological benchmarks. For example, informed compromises based
on cooperatively-achieved and discussed research results can consolidate economic, environmental
and social aspects in the decision to flood valleys for creating reservoirs [42,43]. Advances have
recently been made in the mathematical modelling of hydropower flow regimes that consider both
economic benchmarks and ecological benchmarks. The concept of environmental flows allows one to
quantify ecological water demands downstream of hydropower dams [8]. Which flows are required is
based on research that appreciates the ecological needs of the respective ecosystem [44]. Our study
advances these previous finding by focussing on the environmental effects of hydropower also within
the reservoir itself and by accounting for dynamics in economic processes that influence reservoir
operation. Our results suggest that both economic and ecological benchmarks should be considered
differently in small and large reservoirs. The available storage volume determines how the reservoir’s
operation translates into WLF and, eventually, ecosystem functions. In smaller reservoirs, the operation
during winter months results in much more pronounced WLF and, hence, changes in ecosystem
function, because responses to price changes are more directly reflected in lake bottom areas that fall
wet or dry. Research on environmental flows has put forward models that can create mathematical
compromises for possibly conflicting water demands [45]. Accordingly, our results can form the basis
for such a quantification of economic and environmental demands also for reservoirs, thus providing a
knowledge basis for communication amongst decision makers.

4.2. Implications and Context of Experimental Results

Several fundamental ecosystem processes are affected when WLF cause changes in the littoral
zone from the aqueous phase to the dry phase. We used empirically-validated effects of WLF on
benthic algae as a proxy for further ecosystem effects of WLF. Clearly, there are more complicated
indirect effects from WLF than decreases in benthic algae biomass. However, benthic algae are such an
essential component of freshwater ecosystem function that they are a major environmental variable
commonly applied as indicator organisms for total ecosystem health [46]. For example, the monitoring
of benthic algae can help to establish causative effects of stressors, such as WLF, and periphyton-based
ecosystem assessment is considered a powerful tool to quantify the ecological status of lakes [47].
Furthermore, research shows that losses of benthic primary production can cascade up to higher food
web levels, altering trophic relationships at higher levels of the food chain [23]. Especially nutrient poor,
clear and montane lakes react sensitively to changes in the benthic algal biomass [48]. Montane lakes,
such as Lake Constance, where we conducted our experiments, can have food webs that rely on
undisturbed lake bottoms and shoreline areas, not only for benthic algae, but also for, e.g., spawning
and nursing grounds of fish [49]. Due to their role of storing and balancing IRE, most reservoirs will
be developed in mountainous areas where the topography allows for storing water at higher heads [5].
This would mean that the development of hydropower to balance IRE will occur in ecosystems that
are especially sensitive to the possible environmental effects caused by WLF. The high sensitivity of
benthic algae to changes in WLF is highlighted by our model data from small reservoirs. Despite WLF
being not significantly different across the three yearly scenarios (2010, 2015, 2020), we detected a
significant change in benthic algae biomass in small reservoirs.
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4.3. Implications and Context of Modeling Results

The model results indicate that hydropower plant operation and its effect on the reservoir
ecosystem function are sensitive to market changes. The simulations show that the ecological effects
differ substantially depending on scenario and that small changes in the economic conditions can
have significant influences on the ecosystem function. For large hydropower plants variations in
prices, but also available water storage are the main drivers that will influence the algal biomass
levels over the year. For small hydropower plants, the limited storage volume dictates a more volatile
operational schedule. On the one hand, this translates into a lower impact of market prices on the
yearly production pattern. On the other hand, this entails a more direct effect of small operational
deviations on ecological benchmarks. In total, the results for 2015 and 2020 show a lower Chl a level
than the 2010 scenario. This is likely a result of the increase in IRE generation that leads to lower
price levels and a reduced spread between peak and off-peak prices. Given that many European
electricity markets are in a transition towards a higher share of IRE, the simulated impacts may further
increase in coming decades. However, electricity market prices are also highly sensitive to global
fuel price developments, carbon prices, further policy decisions and, in the case of small countries
like Switzerland, also to the developments of neighboring countries [50,51]. Our model only varied
price levels, but kept the seasonal inflow pattern constant over the years. Against this background,
it is particularly striking that our models detected changes in the seasonality of WLF. The effect of
market changes on the seasonality of WLF can have ramifications for ecosystem responses to the
energy transition to IRE that are presently underappreciated.

4.4. Transferability and Future Advancements Based on Experimental Results

Our experiments were conducted under conditions that approximate those of alpine reservoirs.
By definition, Lake Constance also is an alpine lake because it is located in a montane zone. The lake’s
nutrient concentrations match those of alpine lakes. For example, the nutrient phosphorous, which
is used as a proxy to describe the overall productivity of an aquatic ecosystem, is approximately
6–7 µg·L−1 in Lake Constance, which corresponds to the level of a naturally nutrient-poor alpine
lake. By using water directly from the lake, we could thus create conditions that match those of
alpine reservoirs. One crucial aspect that requires further testing is the seasonality of water level
changes. Hydropower reservoirs typically follow a seasonal filling and emptying pattern throughout
the hydrological year. Due to experimental constraints, data acquisition focused on a relevant, but
limited time during summer. In accordance with the implications of our modelling data, future
experimental studies should address seasonal changes and, ideally, be conducted over a complete
hydrological year. This will also allow a more detailed assessment of ecological effects. Models to
account for the effect of climate change on reservoir operation have already demonstrated that inflows,
and thus operation, can be affected by climate change [5]. More detailed and parameterized climate
models will also improve our knowledge on the ecosystem effects in specific geographic areas.

4.5. Transferability and Future Advancements Based on Modeling Results

In general, our model is applicable to other storage hydropower plants in order to examine
similar issues. However, every model has some shortcomings. In our case, the underlying form of
the lake is a simplification. Even if it might be accurate for Alpine reservoirs in Switzerland [38,41], it
might not be accurate for reservoirs in other geographic regions. In addition, the change in the Chl a
concentration for larger depths than 30 m depends on complex relationships between water clarity,
photosynthetically-active radiation and the slope of the reservoir basin. These variables include a
complexity that we did not address to maintain our results as generic and applicable to a wide range
of conditions. When applying our generic models to specific reservoirs as case studies, researchers
will have the chance to parameterize such variables accordingly. This will make reservoir-specific
models more realistic and thus more applicable also for feeding scientific results into local policy
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processes. By building our models for generic hydropower plants and reservoirs, our analyses could
identify general patterns for alpine areas of Switzerland. In our case, we varied electricity prices over
the scenarios, but kept the variations in inflows constant over the three scenario years. This allowed
us to distill effects induced by market price changes, albeit with some uncertainty, regarding the
electricity prices for 2020. Since the underlying market model is based on assumptions about future
developments, the actual prices can develop differently up to 2020. Disentangling the effect of changes
in the water inflows and the effect of changes in the electricity prices would require much more
elaborate climate modelling capacities, which were not the focus of this study. Uncertainty about
future price potentials may induce different operation strategies; i.e., keeping more water within
the storage to benefit from expected price increases or releasing more water due to expected price
decreases. Future non-deterministic models can help to explore how additional variables influence the
developments of economic and thus ecological benchmarks.

4.6. Relevance for the Context of sustainable development and the Achievement of SDG #7

Our analysis sheds light on the complexity of sustainable energy provision. While in the global
context, hydropower is typically perceived as a carbon-poor and environmentally-friendly source
of energy, the picture becomes less clear on a local scale. The aspect of WLF and the ecosystem
functions of storage reservoirs adds to the already challenging task of consolidating the development
of hydropower with the preservation of affected ecosystems. Recent research emphasizes the need to
balance the economic gains from hydropower generated by dams in running rivers with the negative
ecological effects on, e.g., migratory fish species [52]. This case presents a trade-off between global
benefits in the form of low-carbon energy and local costs in the form of potential harmful ecological
effects. In addition to biomass production of benthic algae as a proxy, we have to consider further
ecosystem functions, such as linkage with terrestrial ecosystems and also recreational issues, which
can be influenced by the aesthetic effects of WLF [53].

Aiming to represent real-world conditions, our modeling was based on the assumption that
reservoir operation rests purely on the incentive of profit maximization. By describing the WLF effect
on ecosystem function, our approach allows defining ecological boundary conditions to maintain
ecosystem functions, such as minimum time periods of stable water level. Using our generic model,
we can then quantify the economic costs in the form of foregone profits for a specific reservoir in
which such ecological boundary conditions would be installed. As has been shown in the case of
the small reservoir category already, small operational changes could have profound effects on the
biomass levels. A small correction is likely to have only a small impact on the obtainable profit, but
can provide benefits for the function of the ecosystem. The approach presented here bridges the two
major pillars of sustainable development. Considering environmental effects, but also accounting for
economic sustainability (in the form of sufficient revenue streams for the operator) is a crucial step for
the knowledge building process towards sustainable development [2].

5. Conclusions and Outlook

Few studies have considered how hydropower operations affect ecological processes within the
actual reservoir itself. This is a gap of knowledge because reservoirs provide important ecosystem
functions beyond energy production. Some of these functions have recently been recognized as relevant
in the context of WLF and are promising avenues of future research in this direction. For example, lake
and reservoir sediments bury more carbon annually than oceanic carbon sinks, and topical research
suggests that drastic WLF can affect the carbon burial, hence altering the role of reservoirs in the
global carbon cycle [54,55]. Against the background of reservoirs providing not only energy, but also
ecosystem services, sustainable development needs to acknowledge that both cannot be maximized.
The future aim will thus be to balance the ecosystem function of reservoirs with energy production.
The role of hydropower in facilitating the transition towards low-carbon energy supply and the
potential effects of reservoirs in the global carbon cycle should be a topic for further study. Our results
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demonstrate the potential to combine economic and ecological benchmarks to provide scientific data
for further decision making. Ideally, to acknowledge all three pillars of sustainable development,
our study should instigate research into the societal aspects of the Sustainable Development Goal #7.
For example, restrictions on the frequency or amplitude of WLF can be introduced to protect a desirable
level of ecosystem function. These restrictions need not only be based on scientific evidence, but also be
communicated with relevant players of the social domain, such as decision makers (i.e., the operators
of hydropower reservoirs) and the general public. Such a process should follow guidelines for research
with and for society [56]. The attainment of the SDG, especially of Goal #7, calls for such action, but
any process towards sensible policies must rely on solid scientific contributions. Studies addressing
not only all three pillars of sustainable development, but also their future development will greatly
advance researchers’ ability to contribute with scientific analysis to the sustainable development
of hydropower.
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Figure A1. Bivariate boxplots, i.e., bagplots of hourly prices across the three yearly scenarios (2010 
blue colors, 2015 red colors and 2020 green colors) visualizing the location, spread, skewness and tails 
of the data. The bag (inner polygon showing the Tukey depth) and the fence (outer polygon 
containing non-outliers) clearly differ between scenarios. The 2020 scenario has the narrowest bag 
and fence, thus confirming the flattening of peak-to-valley price ranges indicated also by previous 
models for price developments [34,35]. 

Figure A1. Bivariate boxplots, i.e., bagplots of hourly prices across the three yearly scenarios (2010
blue colors, 2015 red colors and 2020 green colors) visualizing the location, spread, skewness and tails
of the data. The bag (inner polygon showing the Tukey depth) and the fence (outer polygon containing
non-outliers) clearly differ between scenarios. The 2020 scenario has the narrowest bag and fence, thus
confirming the flattening of peak-to-valley price ranges indicated also by previous models for price
developments [34,35].
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