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Abstract 

Background: Aggregations of cyanobacteria in lakes and reservoirs are commonly associated with surface blooms, 
but may also occur in the metalimnion as subsurface or deep chlorophyll maxima. Metalimnetic cyanobacteria 
blooms are of great concern when potentially toxic species, such as Planktothrix rubescens, are involved. Metalimnetic 
blooms of P. rubescens have apparently increased in frequency and severity in recent years, so there is a strong need 
to identify reservoir management options to control it. We hypothesized that P. rubescens blooms in reservoirs can be 
suppressed using selective withdrawal to maximize its export from the reservoir. We also expect that altering the light 
climate can affect the dynamics of this species. We tested our hypothesis in Rappbode Reservoir (the largest drinking 
water reservoir in Germany) by establishing a series of withdrawal and light scenarios based on a calibrated water 
quality model (CE-QUAL-W2).

Results: The novel withdrawal strategy, in which water is withdrawn from a certain depth below the surface within 
the metalimnion instead of at a fixed elevation relative to the dam wall, significantly reduced P. rubescens biomass in 
the reservoir. According to the simulation results, we defined an optimal withdrawal volume to control P. rubescens 
blooms in the reservoir as approximately 10 million  m3 (10% of the reservoir volume) during its bloom phase. The 
results also illustrated that P. rubescens growth can be most effectively suppressed if the metalimnetic withdrawal 
is applied in the early stage of its rapid growth, i.e., before the bloom occurs. In addition, our study showed that P. 
rubescens biomass gradually decreased with increasing light extinction and nearly disappeared when the extinction 
coefficient exceeded 0.55  m−1.

Conclusions: Our study indicates the rise in P. rubescens biomass can be effectively offset by selective withdrawal as 
well as by reducing light intensity beneath the water surface. Considering the widespread occurrence of P. rubescens 
in stratified lakes and reservoirs worldwide, we believe the results will be helpful for scientists and managers working 
on other water bodies to minimize the negative impacts of this harmful cyanobacteria. Our model may serve as a 
transferable tool to explore local dynamics in other standing waters.
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Introduction and background
Cyanobacteria can form dense and toxic blooms in len-
tic waters, which severely threatens the development of 
aquatic ecosystems and human health [22]. Cyanobacte-
ria blooms can block sunlight and their breakdown con-
sumes oxygen that other organisms need to live [41]. In 
addition, during the growth period, cyanobacteria often 
produce cyanotoxins, which are dangerous for water 
safety to humans, aquatic organisms and farmed animal 
stocks without remedies to counteract the effects [50]. A 
global survey indicates that the cyanobacteria blooms are 
nowadays increasing in magnitude, frequency and dura-
tion in freshwater lakes worldwide [17, 20, 21]. These 
blooms are often directly visible, because they occur at 
the surface layer and even form scums allowing manage-
ment authorities to initiate precautionary measures [7]. 
A different situation arises for subsurface or deep chlo-
rophyll maxima which may also include dense cyano-
bacteria populations. They are generally less visible and 
often overlooked [65] though they can be toxic as well 
and often occur in sensitive water bodies, such as drink-
ing water reservoirs. Phytoplankton in subsurface chloro-
phyll maxima tradeoff between increasingly limited light 
supply with depth and access to nutrients from deeper 
layers [1, 9]. The light penetrating below the mixed layer 
is critical for the presence and depth of subsurface chlo-
rophyll layers. Hence, the occurrence of subsurface chlo-
rophyll maxima is usually restricted to relatively clear 
oligo- or mesotrophic lakes and reservoirs [19, 33].

Planktothrix rubescens (hereafter P. rubescens) is a 
cyanobacterium that often forms metalimnetic chloro-
phyll maxima in deep oligo- or mesotrophic waterbodies, 
including reservoirs and lakes commonly used for drink-
ing water supply [10]. It is a filamentous cyanobacterium 
that potentially contains hepatotoxic peptides known 
as microcystins [13, 32], so its occurrence in drinking 
water bodies poses a serious human health concern [3]. P. 
rubescens typically grows in a subsurface layer below the 
epilimnion of stratified waters [17, 45]. Its name derives 
from the characteristic red colour associated with the 
pigment phycoerythrin, which enhances photon capture 
of green-shifted light in deeper water layers [53].

P. rubescens is highly competitive in nutrient-depleted 
environments [6] and the subsurface light climate is con-
sidered to be critical to its growth [49]. It regulates the 
vertical position in water column by adjusting its density 
according to ambient light levels [60] to generate buoy-
ancy under low light levels. At higher light levels, by 

contrast, it accumulates carbohydrates which act as a bal-
last and reduces buoyancy [63]. Laboratory experiments 
and field studies have shown that the depth of neutral 
buoyancy lies in a range of photosynthetically active radi-
ation (PAR) between 0.28 mol  m−2  d−1 and 0.51 mol  m−2 
 d−1 [62, 64]. After initially being dispersed in the well-
mixed water column in spring, P. rubescens develops sub-
surface ‘blooms’ as stratification strengthens in summer, 
if the depth of neutral buoyancy is greater than the mixed 
layer depth [35]. Decreasing ambient light in autumn, fol-
lowed by deepening of the mixed layer, often causes the 
subsurface population to be dispersed into the surface 
mixed layer again, and has occasionally been associated 
with surface blooms [14, 65].

Previous research has confirmed that increased dura-
tion and strength of seasonal stratification, due to pro-
jected climate changes [58], could favor the dominance 
of buoyancy-regulating P. rubescens [6, 28]. Finding an 
effective strategy to control its growth hence receives 
increasing concern. Despite a series of physical, chemi-
cal and biological strategies (including dredging, physical 
flushing, application of precipitating phosphorus, selec-
tive grazing, etc.) in mitigating cyanobacterial blooms 
[46], most of them merely dealt with surface blooms 
typical for eutrophic/hypertrophic lakes [18, 34, 55] but 
neglected subsurface blooms typical for oligo- or meso-
trophic lakes (e.g., metalimnetic blooms of P. rubescens).

In reservoir management, depth-selective withdrawal—
i.e., removing water from a specific outlet height—is an 
appealing option. It has been used to affect biogeochemi-
cal cycling [66] or to control vertical heat exchange [40]. 
Previous studies have illustrated that selective with-
drawal can redistribute the dissolved oxygen in the water 
column [5], decrease nutrient concentrations [11], and 
change the dominant algal assemblages [55]. This body 
of research indicates that selective water withdrawal may 
also have potential to control P. rubescens blooms but this 
has never been explored so far. For concrete management 
targets, moreover, detailed recommendations for opti-
mal withdrawal timing, discharge and duration need to 
be identified. Our research aims at bridging this research 
gap by a systematic analysis of alternative withdrawal 
strategies with respect to their effects on P. rubescens 
dynamics.

Besides management measures, also the surrounding 
environmental factors come into play and light availabil-
ity appears to be a key factor for P. rubescens growth (e.g., 
[17, 65]. Any changes in colored dissolved organic matter 
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[75], phytoplankton biomass [72] or non-algal particles 
[2], will affect the vertical light climate and the dynamics 
of P. rubescens populations. Accordingly, we also included 
an analysis checking the response of P. rubescens dynam-
ics to different light conditions.

In this study, the two-dimensional (2D) water quality 
model (CE-QUAL-W2) was used to simulate the dynam-
ics of P. rubescens in Germany’s largest drinking water 
reservoir, Rappbode Reservoir. Our previous research has 
confirmed the dominance of P. rubescens in the metalim-
nion of the reservoir in summer [68], and the model CE-
QUAL-W2 showed good performance in capturing the 
spatial and temporal distribution of P. rubescens as well 
as nutrient and oxygen dynamics in the water column 
[39]. In the current study, several application-oriented 
scenarios were designed based on the established model, 
with the aim to address three questions:

(1) Is it possible to influence or control the population 
of P. rubescens by selective water withdrawal?

(2) What is an optimal timing and amount of water for 
the withdrawal strategy to remove P. rubescens?

(3) How does light extinction within the water column 
affect the population and growth period of P. rube-
scens?

Since the occurrence of P. rubescens is a common 
and increasing problem in stratified lakes and reser-
voirs worldwide [28, 49, 68], we believe that the impor-
tance of this study reaches beyond the case of Rappbode 

Reservoir, and it provides a strategy that could be consid-
ered by scientists, stakeholders and managers working on 
other reservoirs with similar problems.

Methods
Study site
Rappbode Reservoir (51.74°N, 10.89°E) is located in the 
Harz Mountains in central Germany (crest elevation at 
423.6 m above sea level (masl), Fig. 1). With a maximum 
water storage of over 100  million   m3, Rappbode Reser-
voir is the largest drinking water reservoir in the coun-
try, providing drinking water for over one million people. 
The reservoir has a maximum surface area of 395 ha, and 
a maximum depth of 89  m (28.6  m mean depth) at full 
storage. It is fed by the tributaries from Hassel and Rap-
pbode pre-reservoirs, and receives water transfers from 
the Koenigshuette pre-reservoir [30]. The reservoir dam 
has five outlets for drinking water supply at different 
elevations (from 360 to 400 masl in 10 m intervals) from 
which the lowest one (at 360 masl) was used for most of 
the time, and a deep outlet discharging water into the 
downstream Wendefurth Reservoir, which is mainly used 
for flood protection and hydropower production, from 
345 masl [38]. The water residence time of the reservoir 
is approximately 1 year (344–380  days, [56]. Rappbode 
Reservoir is a dimictic waterbody, which stratifies in 
summer, partly freezes in winter and fully mixes in spring 
and autumn [67]. The reservoir ecosystem is currently in 
a meso/oligotrophic state (TP concentration dropped to 
0.027 mg  L−1 after 1990, see [67]. However, recent studies 

Fig. 1 Map of Germany (top left). The black point indicates the location of Rappbode Reservoir. Bathymetric map of the Rappbode Reservoir 
(right). The black point shows the sampling location. The yellow number shows the entry of three pre-reservoirs: ① Rappbode, ② Hassel, ③ 
Koenigshuette
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showed that the waterbody experiences regular metal-
imnetic oxygen minima, which is presumably caused by 
both pelagic (biological activities of P. rubescens in the 
metalimnion) and benthic (sediment oxygen demand) 
processes [40, 68].

Water quality model
In this study a two-dimensional water quality model CE-
QUAL-W2, version 4.1, was used to simulate the Rap-
pbode Reservoir. CE-QUAL-W2 was launched in 1975 
by Edinger and Buchak from the U.S. Army Corps of 
Engineers. It has been widely used in analyzing thermal 
structure and eutrophication processes for lakes and res-
ervoirs worldwide (e.g., [5, 24, 29, 47], and its source code 
is freely available from the official website (https:// www. 
cee. pdx. edu/ w2/). As a vertically resolved 2D model, CE-
QUAL-W2 is well-suited for simulating waterbodies with 
a long and narrow shape, which is the case for the Rap-
pbode Reservoir [56].

Model setup and boundary conditions
The model setup was drawn from our previous research 
in Rappbode Reservoir (see [39] on metalimnetic oxygen 
dynamics and the physical and ecological sub-models 
were carefully calibrated by comparisons with observed 
data. The reservoir basin is divided into 4 branches with 
106 horizontal segments and 3976 grid cells, and the 
vertical spacing for each cell is 1  m. According to the 
dominating phytoplankton community structure, one 
specialized cyanobacteria (P. rubescens) and a group with 
physiological parameters linked to diatoms are differenti-
ated. Besides these, nutrients (nitrogen, phosphorus, sili-
cate), detritus components, dissolved oxygen and water 
temperature were included in the simulation as state 
variables.

Input boundary conditions
Input data for the model include meteorological condi-
tions, inflow (containing discharge, water temperature, 
nutrients) and outflow discharge. The meteorological 
data contain wind speed and direction, shortwave radia-
tion, air temperature, dew point temperature and cloud 
fraction and most of them were obtained from our 
monitoring buoy in the reservoir, with missing values 
filled by measurements from the Harzgerode station of 
the German Weather Service [37]. The daily inflow and 
outflow discharges were given by the reservoir authority 
(Talsperrenbetrieb Sachsen-Anhalt), inflow water tem-
peratures were obtained from a YSI-6200 probe at the 
pre-reservoirs and Königshütte Reservoir [38]. Inflow 
nutrients (ammonia, nitrate, silicate, orthophosphate) 
were biweekly measured by continuous flow photometry 
(CFA, Skalar, The Netherlands) [16].

Observational data, model specification and calibration
The model was run and calibrated from January 19th to 
December 31st in 2016, which was covered by high qual-
ity observational data for both water temperature and 
ecological variables. Measurements for the field data 
were taken close to the dam (see Fig.  1) containing: (1) 
biweekly profiles of water temperature and dissolved oxy-
gen, measured by a Hydrolab DS5 probe; (2) biweekly 
profiles of nutrient concentration (including silicate, 
nitrate, phosphate and ammonia, taken at 10 depths if the 
reservoir is well-filled), measured by accredited meth-
ods following German standards (see [67]; (3) biweekly 
profiles of phytoplankton concentration (P. rubescens 
and diatoms), measured by a multi-channel fluorescence 
probe at a vertical resolution of approximately 30  cm 
(FluoroProbe, bbe moldaenke GmbH). We additionally 
determined the plankton community structure by micro-
scopic counts at 10 different depths (for more informa-
tion the reader is referred to Wentzky et al. [68].

Phytoplankton community dynamics in Rappbode 
Reservoir over the last decade, including conditions at 
2016, showed typical and reoccurring succession pat-
terns. A detailed analysis of taxonomic and functional 
characteristics of the community structure was realized 
by Wentzky et  al. [69] and documented the dominant 
features: in spring, a strong diatom bloom occurs in the 
epilimnion with an average chlorophyll concentration 
around 5 μg  L−1 [68]. The bloom is terminated in sum-
mer, when diatom cells are lost from the euphotic layer 
by sedimentation. P. rubescens is then proliferating in the 
metalimnion with the average chlorophyll concentration 
around 4 μg  L−1. The winter is regarded as the dormant 
period, i.e., in which the chlorophyll concentration is very 
low. Other algal groups besides diatoms and P. rubescens 
play only marginal roles in phytoplankton community 
dynamics except a group of mixotrophic algae (e.g., Dino-
bryon), but their overall contribution to primary produc-
tion remained limited due to their partly heterotrophic 
nutrition.

Finally, note that we could not calibrate ammonia or 
phosphate, because most measurements in 2016 were 
below the detection limit (< 0.01  mg  L−1 for ammo-
nia, < 0.003  mg  L−1 for phosphate). Details about the 
model calibration and parameterization are available in 
the Supplemental Material.

In the reference simulation (Scenario R), CE-QUAL-
W2 reproduced observed ecosystem dynamics in Rap-
pbode Reservoir with comparatively high accuracy for 
water temperature (RMSE = 0.45  °C, R2 = 0.99), dis-
solved oxygen (RMSE = 0.95  mg  L−1, R2 = 0.84), the 
biomass of diatoms (RMSE = 0.73  μg  L−1, R2 = 0.55) 
and P. rubescens (RMSE = 0.65  μg  L−1, R2 = 0.56). In 
addition, the model satisfactorily reproduced the spring 

https://www.cee.pdx.edu/w2/
https://www.cee.pdx.edu/w2/
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bloom of diatoms, summer bloom of P. rubescens and 
the phenomenon of metalimnetic oxygen minimum in 
late summer (Fig.  2). The blooming P. rubescens man-
ages to persist in the metalimnion by a physiologically 
mediated buoyancy regulation as described above [64]. 
We intentionally defined the model for P. rubescens 
without these complex ecophysiological mechanisms, 
because this would increase the number of param-
eters and state variables considerably. Instead, our 
model did not explicitly account for active movements 
but rather a near-neutral buoyancy and very low sink-
ing velocities. This allows P. rubescens in the model to 
persist at layers, where growth is sufficiently high to 
compensate for the small losses for this active mobility 
mechanism. Due to its low light saturation intensity at 
the maximum photosynthetic rate (8  w   m−2) and spe-
cific temperature range for its growth (5–18 °C), which 
are corresponding well with its physiological traits 
from measurements [23], the population of P. rube-
scens remained restricted to the metalimnion. The same 
method was applied in Kerimoglu et al. [26] and also on 
our case well-reproduced the spatio-temporal dynam-
ics of P. rubescens. For the general model performance 
in reproducing other water quality variables in the res-
ervoir, the readers are referred to Mi et al. [39].

We also performed the sensitivity analysis by changing 
each input parameter by (± 5% and ± 10%), and calcu-
lated the specific sensitivity coefficients (SSC, Additional 
file  1: Table  S3) for the maximum concentration of P. 
rubescens (see supplement material). Despite changes 
of the maximum concentration under perturbations of 
parameters, the model always showed a stable repro-
duction for the key pattern of P. rubescens dynamics, 
particularly with respect to its metalimnetic occurrence 
indicating high model robustness (see Additional file  1: 
Fig. S1).

Scenarios
Scenario V: effect of metalimnetic withdrawal volume 
on the P. rubescens bloom
We established seven scenarios, with different with-
drawal volumes (V) to examine the effectiveness of 
selective water withdrawal on controlling the P. rube-
scens bloom in Rappbode Reservoir (see Table  1). In 
2016, P. rubescens concentration (given as chlorophyll 
a) increased rapidly at around 11 m depth (i.e., metal-
imnion) from days 133 to 248 (see Fig. 3). Accordingly, 
in the V scenarios, we simulated the selective with-
drawal during this period at a constant water depth 
of 11  m. Selective withdrawal water was directed as 

Fig. 2 Observed (left) and simulated (right) results for: water temperature (top), P. rubescens concentration (in terms of chlorophyll a, middle) and 
oxygen concentration (bottom) in 2016 in Rappbode Reservoir
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discharge towards Wendefurth reservoir (i.e., down-
stream release), while the withdrawal for drinking 
water was still taken in all scenarios from the hypolim-
nion. This deep raw water extraction is the standard 
case and preferred mode due to low temperature and 
turbidity in the location.

In scenario Vmin, metalimnetic water was withdrawn 
with the same (downstream) discharge as originally 
measured during the corresponding period in 2016. 
Considering the relatively low discharge in this scenario 
(average 0.66   m3   s−1), we designed another scenario 
with the maximum metalimnetic withdrawal discharge. 
This was defined using the daily maximum discharge 

from historical measurements, at each specific day, 
from days 133 to 248 between 1996 and 2015 (scenario 
Vmax). In this scenario, the average discharge during the 
period is 5.43  m3  s−1, i.e., nearly eight times larger than 
in Vmin. To analyze the effect of withdrawal volume on 
P. rubescens in a systematic way, we finally developed 
five scenarios in which the discharge was increased 
from 1 to 5   m3   s−1 at intervals of 1   m3   s−1, during the 
period mentioned above (days 133–248, scenarios V1–
V5). We analyzed the results by segmented regression, 
using the R package “segmented” [43], to elucidate the 
relationship between metalimnetic withdrawal volume 
and the maximum P. rubescens concentration.

Table 1 Overview of factors altered for scenarios R, L, V, and T; all other model settings remained identical across all scenarios

Detailed information of each scenario can be referred to the corresponding paragraph in Model setup and boundary conditions. 
a Metalimnetic withdrawal discharge in scenario Vmax is the maximum discharge for each day of the year from 133 to 248, based on long-term measurements (years 
1996–2015). 
b Metalimnetic withdrawal discharge in scenario T is the maximum discharge at each day from 182 to 205, based on long-term measurements

Scenario Light extinction 
coefficient  (m−1)

Metalimnetic 
withdrawal depth

Metalimnetic withdrawal discharge Metalimnetic 
withdrawal 
timing

Scenario R 0.45 – – –

Scenario  L0.35 0.35 – – –

Scenario  L0.55 0.55 – – –

Scenario  L0.65 0.65 – – –

Scenario  L0.90 0.9 – – –

Scenario  Vmin 0.45 11 m below surface Measurements in 2016 Days 133–248

Scenario  V1 0.45 11 m below surface 1  m3  s−1 Days 133–248

Scenario  V2 0.45 11 m below surface 2  m3  s−1 Days 133–248

Scenario  V3 0.45 11 m below surface 3  m3  s−1 Days 133–248

Scenario  V4 0.45 11 m below surface 4  m3  s−1 Days 133–248

Scenario  V5 0.45 11 m below surface 5  m3  s−1 Days 133–248

Scenario  Vmax 0.45 11 m below surface Maximum in historical  measurementsa Days 133–248

Tearly Scenario  T133 0.45 11 m below surface Maximum in historical  measurementsb Days 133–156

Scenario  T140 0.45 11 m below surface Maximum in historical  measurementsb Days 140–163

Scenario  T147 0.45 11 m below surface Maximum in historical  measurementsb Days 147–170

Scenario  T154 0.45 11 m below surface Maximum in historical  measurementsb Days 154–177

Scenario  T161 0.45 11 m below surface Maximum in historical  measurementsb Days 161–184

Tbloom Scenario  T168 0.45 11 m below surface Maximum in historical  measurementsb Days 168–191

Scenario  T175 0.45 11 m below surface Maximum in historical  measurementsb Days 175–198

Scenario  T182 0.45 11 m below surface Maximum in historical  measurementsb Days 182–205

Scenario  T189 0.45 11 m below surface Maximum in historical  measurementsb Days 189–212

Scenario  T196 0.45 11 m below surface Maximum in historical  measurementsb Days 196–219

Tlate Scenario  T203 0.45 11 m below surface Maximum in historical  measurementsb Days 203–226

Scenario  T210 0.45 11 m below surface Maximum in historical  measurementsb Days 210–233

Scenario  T217 0.45 11 m below surface Maximum in historical  measurementsb Days 217–240

Scenario  T224 0.45 11 m below surface Maximum in historical  measurementsb Days 224–247

Scenario  T231 0.45 11 m below surface Maximum in historical  measurementsb Days 231–254
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Scenario T: effect of metalimnetic withdrawal timing on the P. 
rubescens bloom
To characterize the time window (T) of selective water 
withdrawal that most effectively controls P. rubescens, 
we developed 15 sub-scenarios in Scenario T in which 
metalimnetic withdrawal was applied over a duration 
of 23 days. We varied the starting time of each period 
from days 133 to 231 at 1-week intervals (i.e., T133, 
T140,…T231). We used the maximum daily discharge at 
each day between days 182 and 205 (years 1996–2015), 
which represents the midmost of the applied times-
pans, for defining the withdrawal amounts (Table  1). 
This ended up in an average discharge of 4.39   m3   s−1 
in all T-scenarios, representing 8.7  million  m3 and 
accounts for 9% of the reservoir storage. For making 
these results tangible and easier to present, we divided 
them into 3 main groups with the first 5 scenarios as 
the early group phase (Tearly), the second group of five 
as the main bloom phase (Tbloom), and the third group 
as the late bloom phase of decreasing biomass (Tlate, see 
also Table 1). At all other times the discharge and with-
drawal elevation for the downstream reservoir and the 
drinking water supply were the same as in the reference 
simulation (i.e., Scenario R).

We want to emphasize, again, that in scenario V, as 
well as scenario T a depth-specific water withdrawal 
was applied and not the existing outlets at the current 
dam.

Scenario L: effect of the background light condition on P. 
rubescens growth
In this scenario, we varied the light environment (L) 
experienced by P. rubescens. Photosynthetically active 
radiation (PAR) at depth z (Iz in mol  m−2  day−1) was cal-
culated according to the Lambert–Beer law:

where I0 is the downwelling shortwave radiation at the 
water surface, c is the fraction of shortwave radiation that 
is PAR, set as 0.5 based on Kirk [27], ß is albedo, set to 
0.1 based on Williams [71], dzi is the thickness of layer i 
(always 1 m) and imax is the layer number at depth z, εi is 
the light extinction coefficient at layer i, which consists of 
the extinction in algal-free water (εb) plus light extinction 
from phytoplankton (specific extinction coefficient for 
diatoms, εdiatom, and P. rubescens, εP.rubescens):

Since the concentration of diatoms, Adiatom, and P. rube-
scens, AP.rubescens, varies between layers, light extinction is 
layer-specific.

To illustrate the response of P. rubescens to light con-
ditions, we compared results in the reference simula-
tion (i.e., a background light extinction coefficient εb of 
0.45  m−1, scenario R) with scenarios, where εb was either 
decreased to 0.35  m−1, or increased to 0.55  m−1, 0.65  m−1 
and 0.9  m−1 (scenario  L0.35,  L0.55,  L0.65,  L0.90, respectively) 
which represents the realistic range of the light extinction 
in Rappbode Reservoir (see Additional file  1: Fig. S4 in 
Mi et al. [39].

Results
Scenario V: effect of metalimnetic withdrawal volume 
on the P. rubescens bloom
Metalimnetic water withdrawal effectively decreased 
the P. rubescens bloom in Rappbode Reservoir. 
Although the seasonal distribution of P. rubescens in 
the V-scenarios remained similar to that in the refer-
ence simulation, its biomass concentrations clearly 
decreased in scenarios with increasing metalimnetic 
discharge (Figs.  3, 4). In the reference simulation (i.e., 
no metalimnetic withdrawal), the average and maxi-
mum concentration of P. rubescens (all expressed as 
chlorophyll a) in the metalimnion during summer (10–
12  m depth, days 180–240) were 4.0 and 6.12  μg  L−1, 
respectively. These values decreased, for example, to 
3.5 and 5.5  μg  L−1 under scenario Vmin (metalimnetic 
withdrawal volume of 6.6 million  m3) and further to 1.1 
and 1.9 μg  L−1 under scenario Vmax (with metalimnetic 
withdrawal volume of 55.4 million  m3; see Fig. 4). This 

(1)Iz = (1− β)cI0e
−
∑imax

i=1
εidzi

(2)εi = εb + εdiatomAdiatom + εP.rubescensAP.rubescens

Fig. 3 Water level (top) and concentration of P. rubescens (bottom, as 
chlorophyll a) in the metalimnion (i.e., between 10 and 12 m) under 
scenarios R and V (see Table 1 for details). Note that in the upper plots, 
the lines for R and Vmin are plotted on top of each other
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higher metalimnetic discharge was traded off against 
decreased water level in the reservoir at the end of the 
year, from 410 masl under the reference simulation 
down to 382 masl under scenario Vmax (Fig. 3). In other 
words, the costs of removing P. rubescens out of the 
metalimnion arise in terms of water loss.

The relative effect of increasing metalimnetic with-
drawal volume on P. rubescens was greatest between sce-
nario Vmin and V1, while the effect gradually weakened 
with higher withdrawal volumes (Fig.  4). The results 
from segmented regression, for withdrawal volume vs 
P. rubescens concentration, indicated a breakpoint at 
a withdrawal volume of 12.3  million   m3 (i.e., slightly 
higher than the value under scenario  V1), correspond-
ing to discharge of 1.24  m3  s−1 during the growth period. 
Below this value the maximum P. rubescens concentra-
tion decreased by 0.25 μg  L−1 per million  m3 discharged, 
while above this value the rate of change was only 0.03 μg 
 L−1 decrease per million  m3 discharged, i.e., one order of 
magnitude lower. Since under scenario  V1 the maximum 
concentration of P. rubescens (i.e., 3.3  μg  L−1) already 
decreased to nearly half of that under the reference sim-
ulation (i.e., 6.1  μg  L−1) with relatively small change in 
water withdrawal volume (see Fig.  3), we identified the 
optimal withdrawal volume to control P. rubescens as 
approximately 10  million   m3 (10% of the reservoir vol-
ume), corresponding to discharge of 1  m3  s−1 during the 
growth period (days 133–248). Based on this optimized 
scenario, the lowest water level never falls below 408.9 m. 
This relatively small additional water loss implies that the 
optimized management only marginally interferes with 
drinking water security and is, therefore, widely accept-
able by reservoir operators (Fig. 3). Under conditions of 
extreme drought (e.g., in the year 2003), however, the 
additional water withdrawal may become a concern.

Scenario T: effect of metalimnetic withdrawal timing 
on the P. rubescens bloom
The main growth phase of P. rubescens occurs before it 
attains the maximum abundance. For the reference simu-
lation, the steady increase of P. rubescens began around 
day 130 and ended on day 215 (Fig. 3) when the biomass 
peaked (scenario R, Fig. 3). The average specific growth 
rate in the simulation during this period was 0.032   d−1 
(10 to 12 m depth), and the maximum was 0.098  d−1 on 
day 177. Thus, to compensate for the growth of P. rube-
scens, an average withdrawal rate equivalent to 0.032  d−1 
would be required from the metalimnetic water layers. 
In scenario R, i.e., under the actual reservoir operation 
conditions that largely follow the snowmelt-dominated 
hydrology of the catchment, the downstream withdrawal 
was high only early in the year and relatively low after-
wards. If this downstream withdrawal was taken entirely 
from the metalimnion, specific clearance rates could 
reach up to 0.1   d−1 and, for example, reach an average 
value of 0.052 −1 between days 40 and 90. However, this 
time window is too early and just before P. rubescens can 
start growing (Additional file 1: Fig. S2). After this period, 
i.e., during the phase of positive growth after day 130, 
water withdrawal decreased with the rate below 0.01  d−1 
(Additional file 1: Fig. S2). Accordingly, effective removal 
of the cyanobacteria can only be realized, if the selective 
withdrawal for the downstream river is timed later (as 
being evaluated in the T-scenarios) to have more overlap 
with the occurrence of P. rubescens.

The results from scenario T indicate that the popula-
tion of P. rubescens was most effectively suppressed, if 
the metalimnetic withdrawal was applied at an early 
growth stage (i.e., scenarios Tearly, see Figs.  5, 6). Under 
these scenarios, the average (maximum) P. rubescens 

Fig. 4 Average (blue points) and the maximum (red points) 
concentration of P. rubescens (as chlorophyll a) in the metalimnion 
during summer (between 10 and 12 m, from days 180 to 240) under 
scenario R and V (see Table 1 for details). The red dashed line indicates 
the threshold of P. rubescens concentration calculated from the WHO 
report

Fig. 5 Average (blue line) and the maximum (red line) P. rubescens 
concentration (as chlorophyll a) in the metalimnion during summer 
(10 to 12 m, from days 180 to 240) under scenario T (see Table 1 for 
details). The shades show different periods of P. rubescens growth 
used in subsequent scenarios. The red dashed line, in the horizontal 
direction, indicates the threshold of P. rubescens concentration 
calculated from the WHO report
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concentration at depths from 10 to 12 m always remained 
below 3.0 μg  L−1 (4.0 μg  L−1), while the value gradually 
increased to between 3.0 and 3.3 μg  L−1 (4.3 and 5.3 μg 
 L−1) and further above 3.4  μg  L−1 (5.5  μg  L−1) when 
water was withdrawn in the blooming (scenarios Tbloom) 
and late bloom stages (scenarios Tlate). Aside from the 
standing stock of P. rubescens, timing of the maximum 
concentration as well as spatial patterns were not mark-
edly changed in different T scenarios (Fig. 6).

Scenario L: Effect of the background light condition on P. 
rubescens growth
Growth of P. rubescens was gradually suppressed 
with increased light extinction (Fig.  7). In the refer-
ence scenario (background light extinction coefficient 
εb = 0.45   m−1), the maximum concentration in the met-
alimnion was 5.4 μg  L−1. It increased to 6.7 μg  L−1 under 
scenario  L0.35 (εb = 0.35   m−1), but decreased to 2.2, 1.7 
and 0.7  μg  L−1 under scenarios  L0.55,  L0.65, and  L0.90. In 
addition, P. rubescens reached maximum concentration 
later in the year under the lower light extinction. In the 
reference simulation, the concentration peaked at day 
215. This peak was advanced to day 185 under the three 

scenarios with higher light extinction (Fig. 7) but delayed 
to day 253 under scenario  L0.35 with lower light extinc-
tion. The later development of the elevated concentra-
tions appeared to be related to longer persistence of 
diatoms in the metalimnion, with a shift from diatoms 
to cyanobacteria occurring later in the year (see The role 
of light intensity in the growth of P. rubescens for Rap-
pbode Reservoir). In addition, low light extinction is pro-
longing the seasonal time window for P rubescens and, 
therefore, allows to persist longer towards the end of the 
year. Since in all L scenarios the growth of P. rubescens 
started in the metalimnion around the same time of the 
year (i.e., around day 125), the results indicate that lower 
extinction extends the duration of its exponential growth 
phase. The L-scenarios point to the importance of light 
conditions for P rubescens population dynamics, which is 
mediated by direct (as a growth-limiting resource) as well 
as indirect processes (by shifting resource competition 
within the phytoplankton community).

Discussion
We used a well-established water quality model (CE-
QUAL-W2) to demonstrate the influence of water with-
drawal strategies and light extinction on the growth 
of the cyanobacteria P. rubescens in Rappbode Reser-
voir, the largest drinking water reservoir in Germany. 
Although the occurrence [13], physiology [57] and the 
toxicity of P. rubescens [61] have been well-studied, lit-
tle is known about active strategies to control blooms of 
this species. This is a major gap in current research as 
this highly specialized cyanobacteria can proliferate in 
nutrient-poor water bodies, which often serve as drink-
ing water sources. Indeed, existing research on cyanobac-
teria blooms focus largely on surface blooming and scum 
forming species in eutrophic waters, such as Lake Taihu 
[21] or recent Lake Erie [48]. However, research has only 
superficially addressed subsurface blooms like those 
typically formed by P. rubescens. This study advances our 
knowledge in this respect by adding three novelties: (i) 
providing an ecosystem model for the prediction of sub-
surface blooms, (ii) generate concrete reservoir operation 
strategies to mitigate subsurface blooms in Germany’s 
largest drinking water reservoir, and (iii) identify key 
environmental factors (light) that affect their occurrence. 
Needless to say, other environmental factors such as 
nutrient supply and distribution are also important and 
require more research in future.

Note that P. rubescens has a very low specific chloro-
phyll a content [6] indicating that even the low chloro-
phyll a concentration (like in the Rappbode Reservoir) 
can correspond to the high biomass producing a high 
amount of toxic compounds, e.g., microcystins and saxi-
toxins. Moreover, Rappbode Reservoir is a nutrient-poor 

Fig. 6 Concentration of P. rubescens (as chlorophyll a) in the 
metalimnion (10 to 12 m) for 2016 under scenario T. Each line 
indicates the mean result from 5 sub-scenarios included

Fig. 7 Concentration of P. rubescens (as chlorophyll a) in the 
metalimnion (10 to 12 m for Scenario  L0.35, R and  L0.55, and 8 to 10 m 
for the other two scenarios according to the respective maximum 
concentration layer of P. rubscens) under scenario R and L
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water body (almost oligotrophic) and the formation of 
such a cyanobacteria population is outstanding and alert-
ing in the context of drinking water provisioning. From 
the WHO report which comprehensively analyzed the 
survey data in Germany, the total microcystin content 
in P. rubescens ranges from 2000 to 5000 μg/g dry weight 
[8]. Based on our measurements the ratio between P. 
rubescens biomass and chlorophyll a in terms of mg dry 
weight/µg chlorophyll a is 0.18 [39], so the chlorophyll 
a concentration of 4 μg  L−1 (i.e., mean value in scenario 
R) corresponds to the dry weight of 0.72 mg  L−1 and the 
total microcystin concentration of 1.44–3.6 μg  L−1 which 
is higher than the drinking-water standard from the 
WHO provisional guideline (1 μg  L−1, see [70]). Accord-
ing to the relationship above, to meet the WHO guideline 
the mean P. rubescens concentration (given as chlorophyll 
a) during the growth period should not surpass 2.8  μg 
 L−1. From this perspective, the current P. rubescens bio-
mass in Rappbode Reservoir can severely harm the secu-
rity of drinking water supply and human health. There is 
a strong need for the reservoir authority, consequently, 
to optimize the management strategy for suppressing 
the P. rubescens growth in the reservoir. In fact, for Rap-
pbode Reservoir a sampling of microcystin analyses by 
HPLC in 2021 detected microcystin–LR in the depth of P. 
rubescence occurrence, but the biomass of P. rubescence 
at that time was very low with the microcystin concen-
tration above 0.05  µg/l. Nevertheless, the presence of P. 
rubescence does not necessarily mean that microcystin is 
produced.

Selective water withdrawal and its influence on growth 
of P. rubescens
Selective water withdrawal is widely used in stratified res-
ervoirs worldwide [12] for optimizing variables that col-
lectively influence water quality (e.g., water temperature, 
dissolved oxygen concentration, turbidity) within the res-
ervoir or for implementing natural downstream tempera-
ture regimes as a component of environmental flows [44]. 
Various types of infrastructure are adapted to achieve 
selective withdrawal, such as multi-level offtake towers, 
temperature-controlled curtains, floating outlets, pivoted 
pipes or stop-lot gates [52] and each infrastructure com-
ponent has specific options and restrictions that influ-
ence its application. Outlet towers, for example, can only 
be used to withdraw water at specific depths, while piv-
oted pipes can be freely moved in the vertical direction 
to take out water over a continuous depth range. Most 
previous studies of selective withdrawal have focused on 
temperature dynamics in the downstream river [66, 74] 
or within the reservoir [4, 38]. Although the same strat-
egy is in principle also applicable for biogeochemical 
variables, such as algal biomass, nutrient concentrations 

and pathogens, such applications had been rarely used or 
modelled [15, 73]. Our study fills this gap and its practical 
value should help stakeholders optimize their manage-
ment strategies and mitigate water quality problems aris-
ing from the occurrence of P. rubescens.

In fact, infrastructures for depth-specific withdrawal 
have been established for several German drinking water 
reservoirs and are currently at the state of planning for 
Rappbode Reservoir. This points to the fact that man-
agers recognized depth specific withdrawal as a use-
ful instrument. From the management perspective, our 
specific solution of course includes a prioritization of 
the water quality in Rappbode Reservoir over the down-
stream Wendefurth Reservoir, due to the fact that the 
former is such an important drinking water source, while 
the latter is just used for hydropower and flood protec-
tion. Although cyanobacterial biomass withdrawn by our 
selective withdrawal regime is a burden for Wendefurth 
Reservoir, the water quality of Wendefurth is most likely 
not too much worsening, because it also receives higher 
amounts of treated wastewater and already by now in an 
eutrophic state. Note also that lacustrine seston is usu-
ally quickly consumed by benthic organisms [54] once 
it reaches the downstream river (i.e., below Wendefurth 
Reservoir).

The location of peak P. rubescens biomass in the water 
column corresponds to a physiologically adjustable depth 
of neutral buoyancy, and may vary in different water bod-
ies [36] and over time due to changing light and nutri-
ent gradients [64]. It is advantageous if the withdrawal 
facility can precisely follow the depth of P. rubescens peak 
to maximize the potential for its removal. We, there-
fore, designed withdrawal depth by distance under the 
water surface, instead of the commonly absolute eleva-
tion. This is meaningful, since the outtake depth follows 
P. rubescens peak even in case of water level changes due 
to hypolimnetic withdrawal of raw water. Moreover, we 
believe that the selective withdrawal strategy, tested in 
this study, could remove other harmful or unwanted con-
stituents (e.g., high concentrations of dissolved organic 
carbon or suspended solids) in reservoirs, as long as its 
occurrence is restricted to a narrow depth range and the 
offtake can directly flush the layer containing the constit-
uents out of the water column [55].

Our results also indicate that P. rubescens concentra-
tions decreased following the increased water withdrawal 
volume, but the relative effectiveness in its removal per 
unit of water withdrawn, is getting weaker at high with-
drawal discharge (see Fig.  4). For example, the decrease 
of P. rubescens concentration is much lower from sce-
nario V2 to Vmax, than from scenario Vmin to V1. This 
results should be attributed to the changes of stratifica-
tion intensity under different withdrawal scenarios. Here, 
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the intensity is represented by buoyancy frequency (N2) 
based on the density gradient in water column, which is 
calculated as [51]

where g is the acceleration due to gravity, ρ is density and 
z is depth. The results clearly show that during summer 
metalimnetic N2 under scenario V2 onwards is higher 
than that under the first two scenarios (Vmin and V1, see 
Additional file  1: Fig. S3). This indicates high rates of 
withdrawal increase the stratification intensity and pro-
vide a more stable density gradient, which is beneficial 
to P. rubescens growth. Since the average concentration 
of P. rubescens during the blooming period is already 
below the threshold of 2.8 μg  L−1 shown above, it is not 
strongly necessary to continue increase the discharge for 
its removal from the reservoir. In addition, high with-
drawal can be disadvantageous with respect to the loss 
of water storage. For example, from scenario V1 to Vmax, 
the water level decreased by approximately 5 m for each 
10 million  m3 of water withdrawn (Fig. 3). From a stake-
holders’ perspective, such a dramatic decrease in water 
level harms water security for drinking water supply, 
and could have negative influences on water quality due 
to increases in turbidity and nutrients [76]. Therefore, in 
most cases there should exist an optimal withdrawal vol-
ume for the specific research place (around 10 million  m3 
in our case), balancing positive and negative effects.

Withdrawing metalimnetic water at the beginning of P. 
rubescens growth more effectively reduced its concentra-
tion in the reservoir than later withdrawals (see Figs.  5, 
6). On the one hand, this makes sense as withdrawal is 
exactly at the time when growth rate is maximal, but 
on the other hand the accumulated amount of exported 
biomass should be lower than for a period with later 
withdrawal. We hypothesize that selective withdrawal—
besides the direct effect of biomass export—also induces 
indirect effects on P. rubescens growth by changing the 
dynamics of soluble reactive phosphorus (SRP) concen-
tration. The supply of phosphorus in the initial P. rube-
scens growth phase appeared to be partly recycled from 
diatom death. Our simulations indicated that diatoms 
took up a large proportion of the bioavailable phospho-
rus in spring before dying, with mineralization then recy-
cling organic phosphorus to its bioavailable inorganic 
form, again. P. rubescens appeared to fill in a niche that 
exploited this recycled phosphorus. Scenarios with early 
withdrawal removed a substantial amount of mineral-
ized phosphorus from the system, which was confirmed 
in our results: SRP concentration at depth 10–12  m, 
where P. rubescens was highest, was always lower in the 
 Tearly scenarios than in the case of late withdrawal or the 

(3)N 2
=

g

ρ

dρ

dz

reference simulation (up to 2  µg  L−1 in some cases, see 
Fig. S4). Since phytoplankton in Rappbode Reservoir is 
P-limited [67], the reduction in phosphorus concentra-
tion in the Tearly scenarios leads to lower biomass of P. 
rubescens compared with the Tbloom and Tlate scenarios. 
What’s more, the T-scenarios showed that early with-
drawal increases the diatom biomass in the surface layers 
(Additional file 1: Fig. S5) which implies a stronger shad-
ing effect from diatoms on the P. rubescens residing in the 
metalimnion, leading to further deterioration of growth 
conditions for this species.

In the scenarios above, we separately checked the opti-
mal withdrawal volume and timing to suppress the bloom 
of P. rubescens. To further clarify the conclusion, we cou-
pled scenario V and scenario T together and established 
another 15 sub-scenarios (scenario VT) in which the 
optimal discharge (10 million  m3) was evenly withdrawn 
at the metalimnion during 23 days (corresponding to the 
daily discharge of 5  m3  s−1), starting from days 133 to 231 
at 1-week intervals. Here, all the other settings are the 
same as before. Quite close to those from scenario T, the 
new results suggested that the population of P. rubescens 
was much lower under the strategy applied at its early 
growth stage than the other two stages (see Additional 
file  1: Fig. S6), which further verified our previous con-
clusion and the robustness of the study (i.e., the optimal 
timing is independent of the withdrawal discharge).

Given its main purpose as a drinking water reservoir, 
the water storage in Rappbode Reservoir needs to be 
maintained above a certain volume for water security 
purposes (10  million   m3 as absolute minimum accord-
ing to the regulation of the reservoir authority). Since the 
water level decreases from spring to autumn in Rappbode 
Reservoir [38], the amount of water potentially available 
for withdrawal also decreases over the season. The selec-
tive withdrawal strategy should, therefore, remain within 
a “safe operating space” (see Fig. 8) that allows substan-
tial control of Planktothrix biomass on the one hand, and 
guarantees adequate water storage on the other hand.

The role of light intensity in the growth of P. rubescens 
for Rappbode Reservoir
Light intensity is a key factor influencing algal growth 
in aquatic systems, particularly for subsurface popula-
tions that are strongly affected by light extinction within 
the surface waters [28]. In the metalimnion, PAR from 
spring to autumn exceeded 0.5  mol   m−2   day−1 and 
was up to 1.5  mol   m−2   day−1 under clear-water condi-
tions (scenario  L0.35). In comparison, PAR ranged from 
0.1 to 0.5  mol   m−2   day−1 in the reference simulation 
( εb = 0.45   m−1), and remained below 0.2 mol   m−2   day−1 
for εb ≥ 0.55   m−1 (see Additional file 1: Fig. S7). In our 
algal growth model, saturating light intensities are 
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14  mol   m−2   day−1 and 3.2  mol   m−2   day−1 for diatoms 
and P. rubescens, respectively (see [39], indicating sub-
stantial light limitation, especially for diatoms, in the 
metalimnion. Interestingly, since diatoms undergo rapid 
development in spring (i.e., before the growth of P. rube-
scens) and monopolize nutrients in their biomass [68], 
scenario  L0.35 allowed a longer metalimnetic persistence 
of diatoms (see Additional file 1: Fig. S8), which in turn 
delayed the growth and occurrence of P. rubescens (see 
Additional file 1: Fig. 7). Again, this points to the impor-
tance of indirect effects among phytoplankton groups 
and a proper representation of community dynamics and 
competition among phytoplankton groups is required to 
capture the dynamics at a species level.

Current climate forecasts indicate that due to global 
warming, air temperature for the study region may 

increase substantially in this century [40], which will 
intensify stratification duration and stability potentially 
supporting the dominance of P. rubescens in lakes and 
reservoirs [28]. Our study suggests that decreasing light 
intensity in the metalimnion may offset the supportive 
effects of warming on the P. rubescens growth. A num-
ber of studies have reported increasing DOC concen-
trations (i.e., brownification, see Kritzberg et  al. [31] in 
surface waters. This brownification, which is observable 
at continental scales [42], is coming along with higher 
light extinction that is interfering with primary produc-
tion by reducing light availability [25]. Light conditions in 
the metalimnion are strongly affected by brownification 
and rising DOC concentrations can effectively shrink or 
even close the ecological niche for P. rubescens. Several 
drivers can lead to the brownification including changes 
in climate conditions and land cover, and reduction in 

Fig. 8 Conceptual diagram showing the pattern of maximum biomass of P. rubescens in the metalimnion of Rappbode Reservoir in summer, 
under different combinations of withdrawal water volume and withdrawal start time. The pattern is generated from the scenario analysis, which 
indicates that the phytoplankton biomass would be lower with higher withdrawal volumes and earlier withdrawal (given as color scale, i.e., 
decreasing towards the upper left corner). The solid line is the maximum withdrawal water volume that allows adequate water storage in the 
reservoir. The maximum allowable water withdrawal decreases over the season, because the stored water volume declines from spring to summer. 
The phytoplankton biomass threshold (dashed line) is a critical upper level of P. rubescens that can prevent the subsequent development of high 
concentrations. It increases over the season, since earlier metalimnetic withdrawal can more effectively suppress P. rubescens growth compared 
to the later withdrawal. Between the two lines is the safe operating space as a tradeoff between mitigating harmful cyanobacteria blooms and 
maintaining water resources
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atmospheric acid deposition. Faster flushing rates due to 
increasing precipitation, for example, restrain DOC sedi-
mentation which leads to elevated DOC. To get a better 
quantitative understanding about the role of browni-
fication for P. rubescens dynamics, further model appli-
cations should take these processes into account and 
deliver useful information for the reservoir operators.

Limitations and future work
The water quality model used in this research system-
atically elucidates the influence of two important driving 
factors (i.e., metalimnetic water withdrawal and back-
ground light conditions) on P. rubescens growth in Rap-
pbode Reservoir. To extend the current study, our model 
can be used as a template to assess the possibility to also 
control other harmful cyanobacteria by selective with-
drawal, e.g., species associated with surface blooms. For 
achieving this goal, further model development may be 
required, e.g., to include other algal groups and new fea-
tures like vertical migration of phytoplankton cells asso-
ciated with buoyancy control.

In addition, although metalimnetic water withdrawal 
can effectively suppress P. rubescens growth, the water 
that is withdrawn could potentially release high levels 
of cyanobacteria into downstream ecosystems. As indi-
cated by Teurlincx et  al. [59], ecological functioning of 
inland waters can only be comprehensively understood 
if we take their connections with upstream catchments 
and downstream receiving waters into account. Accord-
ingly, for future studies, it is recommended to combine 
upstream catchment models with lake models, as well 
as models of downstream ecosystems, to upscale the 
research from local to regional perspective and develop 
system-level management strategies.

Conclusions
In this work, we applied a well-established water quality 
model (CE-QUAL-W2) to illustrate the effect of water 
withdrawal strategies and light extinction on the growth 
of the cyanobacteria P. rubescens in Rappbode Reser-
voir, Germany’s largest drinking water reservoir. The 
results showed that the selective withdrawal strategy is 
an effective way to reduce the biomass of P. rubescens in 
the reservoir. Through a scenario analysis we identified 
the optimal withdrawal volume to suppress the P. rube-
scens bloom as 10 million   m3 (around 10% of the reser-
voir volume) and were also able to determine an optimal 
seasonal time window for applying the strategy. The bio-
mass of P. rubescens is most effectively suppressed when 
the metalimnetic withdrawal is applied at an early growth 
stage (i.e., days 133–161). In addition, underwater light 
conditions were identified as an important factor for the 
growth of P. rubescens and any increase in light extinction 

led to lower biomass and shorter duration of its blooms. 
P. rubescens almost disappeared when the extinction 
coefficient exceeded 0.55   m−1. Considering the wide-
spread occurrence of P. rubescens in stratified lakes and 
reservoirs worldwide, we believe the importance of our 
research extends beyond the case of Rappbode Reser-
voir and the results will be helpful to scientists and water 
managers working on strategies for other water bodies to 
deal with the bloom of this harmful cyanobacteria.
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Additional file 1: Fig. S1. Cumulative frequency for the occurrence 
time of the maximum P. rubescens concentration, based on the simula-
tion results from the sensitivity test scenarios. The vertical dashed line 
shows the time under the reference simulation (i.e., day of 214). Fig. S2. 
Comparison of net specific growth rates of P. rubescens in the reference 
scenario (scenario R), averaged over the depth layer from 10 to 12 m, with 
the specific water withdrawal rates from the same water layer. The dashed 
line indicates the rate of 0. Fig. S3. Average buoyancy frequency in the 
metalimnion (10–12 m, from days 180 to 240) under scenario R and V. Fig. 
S4. Difference in SRP concentration between the reference scenario and 
scenario T, in the metalimnion during summer (i.e., 10–12 m, from days 
180 to 240). The horizontal axis shows the start day of the metalimnetic 
withdrawal, and vertical axis shows the difference of SRP between the 
reference scenario and the respective T-scenario (e.g., the first boxplot 
shows the results of scenario R-scenario  T133). The dashed line indicates 
the value of 0. Fig. S5. Vertically averaged concentration of diatoms (as 
chlorophyll a) during summer (days 180–240) for 2016 under scenario T. 
Each line indicates the mean result from 5 sub-scenarios included. Fig. 
S6. The same as Fig. 5, but under scenario VT. Fig. S7. Average photo-
synthetically active radiation (PAR) in the metalimnion under scenario R 
and L as outlined in Table 1. Fig. S8. Average concentration of diatoms in 
the metalimnion under scenario R and L as outlined in Table 1. Table S1. 
Values of a priori determined parameters including references. Table S2. 
The applied minimum and maximum values as well as their intervals for 
the calibrated parameters. Table S3. Specific sensitivity coefficients (SSC) 
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