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Abstract  20 

Induced bank filtration (IBF) is a water abstraction technology using 21 

different natural infiltration systems for groundwater recharge, such 22 

as river banks and lake shores. It is a cost-effective pre-treatment 23 

method for drinking water production used in many regions 24 

worldwide, predominantly in urban areas. Until now, research 25 

concerning IBF has almost exclusively focussed on the purification 26 

efficiency and infiltration capacity. Consequently, knowledge about 27 

the effects on source water bodies is lacking. Yet, IBF interrupts 28 

groundwater seepage and affects processes in the sediment 29 

potentially resulting in adverse effects on lake or river water quality. 30 

Securing sufficient source water quality, however, is important for a 31 

sustainable drinking water production by IBF. 32 

In this study, we analysed the effects of five predicted mechanisms of 33 

IBF on shallow lake ecosystems using the dynamic model PCLake: 34 

declining CO2 and nutrient availability, as well as increasing summer 35 

water temperatures, sedimentation rates and oxygen penetration into 36 

sediments. Shallow lake ecosystems are abundant worldwide and 37 

characterised by the occurrence of alternative stable states with either 38 

clear water and macrophyte dominance or turbid, phytoplankton-39 

dominated conditions. Our results show that IBF in most scenarios 40 

increased phytoplankton abundance and thus had adverse effects on 41 

shallow lake water quality. Threshold levels for critical nutrient 42 

loading inducing regime shifts from clear to turbid conditions were 43 

up to 80 % lower with IBF indicating a decreased resilience to 44 

eutrophication. The effects were strongest when IBF interrupted the 45 

seepage of CO2 rich groundwater resulting in lower macrophyte 46 



 3 

growth. IBF could also enhance water quality, but only when 47 

interrupting the seepage of groundwater with high nutrient 48 

concentrations. Higher summer water temperatures increased the 49 

share of cyanobacteria in the phytoplankton community and thus the 50 

risk of toxin production. In relative terms, the effects of changing 51 

sedimentation rates and oxygen penetration were small. Lake depth 52 

and size influenced the effect of IBF on critical nutrient loads, which 53 

was strongest in shallower and smaller lakes. Our model results stress 54 

the need of a more comprehensive ecosystem perspective including 55 

an assessment of IBF effects on threshold levels for regime shifts to 56 

prevent high phytoplankton abundance in the source water body and 57 

secure a sustainable drinking water supply. 58 
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1. Introduction 63 

Since more than a century, induced bank filtration (IBF), or bank 64 

filtration (BF), has served as a cost-effective and reliable drinking 65 

water production technique (Ray et al., 2003). Infiltration is induced 66 

by installing production wells close to rivers or lakes and pump large 67 

quantities of water resulting in a lowering of the hydraulic head at the 68 

wells below the surface water level (Fig. 1). Contaminants are 69 

filtered and attenuated while surface water flows through sediment 70 

and porous soils. So far, IBF has mostly been used throughout 71 

Europe (Sprenger et al., 2017), but the technique is increasingly 72 

applied on other continents as well (Ray et al., 2008, Gillefalk et al., 73 

2018). IBF is put to use where groundwater resources are scarce but 74 

surface water quality is insufficient for direct use for drinking water 75 

production (Hiscock and Grischek, 2002). Apart from IBF, which is 76 

clearly planned and fully intentional, there is also unintentional BF, 77 

affecting surface waters in the same way as IBF (Acreman et al., 78 

2000).  79 

Existing studies on IBF focus on the purification capacity and the 80 

production quantity (Gillefalk et al. 2018). They usually investigate 81 

whether concentrations of unwanted compounds are sufficiently 82 

reduced during bank passage and how much water is purified. 83 

However, IBF interrupts groundwater seepage into surface waters 84 

due to a lowering of the groundwater table far below water levels of 85 

surface waters (Fig. 1). In Berlin (Germany), about 60 % of the 86 

drinking water comes from IBF (Hiscock and Grischek, 2002) which 87 

has resulted in a drawdown of groundwater levels by up to 5 m 88 

around three major lakes used for IBF (Schröter, 2015, Fig. 2A-C). A 89 
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recent conceptual study indicates that cutting off groundwater 90 

seepage can significantly alter the water quality of the source water 91 

body due to several physical, chemical and biological processes 92 

(Gillefalk et al., 2018). In addition, surface water is infiltrated 93 

through sediments which might affect several processes in this 94 

compartment (Gillefalk et al., 2018). In Lake Müggelsee, a doubling 95 

of groundwater abstraction rates (data provided by Berliner 96 

Wasserbetriebe) by IBF in the 1970s was paralleled by a significant 97 

decrease in surface water quality, indicated by a decreased Secchi 98 

depth (data from Leibniz-Institute for Freshwater Ecology and Inland 99 

Fisheries’ long-term monitoring, Fig. 2D). Groundwater abstraction 100 

rates were reduced in the 1990s and lake water quality recovered. A 101 

link between these processes, however, could not be made as studies 102 

on the effect of IBF on the quality of the source water body are 103 

completely lacking. This is surprising given the fact that the source 104 

water quality is of high importance for securing high drinking water 105 

quality and quantity.  106 

Factors of major concern in source water quality are high 107 

phytoplankton abundance which can deteriorate infiltration 108 

effectiveness (Grischek and Bartak, 2016) and impair taste and odour 109 

(Hargesheimer and Watson, 1996). A high share of toxic 110 

cyanobacteria can break through to groundwater wells and increase 111 

the risk of toxin contamination in drinking water (Pazouki et al., 112 

2016) and will lead to the need for chlorination, use of activated 113 

carbon or a combination of both (Zamyadi et al., 2012). Surface 114 

waters with a particular risk of high phytoplankton abundances and a 115 

high share of cyanobacteria are shallow lakes, the most abundant lake 116 
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type in the world (Cael et al., 2016). They provide near optimum 117 

conditions for phytoplankton primary production due to regular 118 

mixing of the water column and phosphorus (P) release from 119 

sediments (Søndergaard et al., 2003). Abundant submerged 120 

vegetation stabilizes clear-water conditions and hinders 121 

phytoplankton, including cyanobacteria, blooms through nutrient 122 

uptake, provision of refuge for phytoplankton grazers, reduced 123 

sediment resuspension, increased sediment trapping and excretion of 124 

allelopathic substances (Scheffer et al., 1993). However, increasing 125 

nutrient loading above a critical threshold results in macrophyte 126 

losses and triggers a shift to the turbid state with phytoplankton 127 

dominance (Scheffer et al., 1993). Apart from declining source water 128 

quality for drinking water production, these regime shifts also lead to 129 

losses in biodiversity and other important ecosystem functions (Hilt 130 

et al., 2017). Lowland rivers with low flowing velocities and delta 131 

regions can respond to nutrient loading in a similar way with high 132 

phytoplankton abundances after macrophyte losses (Hilt et al., 2011).  133 

In this study, we tested the hypothesis that IBF can significantly alter 134 

the water quality of source shallow lakes in terms of phytoplankton 135 

abundance and share of cyanobacteria. To test our hypothesis, we 136 

adapted an existing shallow lake ecosystem model and tested 137 

different scenarios combining several combinations of potential 138 

effects of IBF on groundwater seepage. Specifically, we expect that 139 

an IBF-induced reduction of groundwater seepage will 1) reduce 140 

macrophyte growth due to lower CO2 availability leading to higher 141 

probability of shifts to a turbid state, 2) decrease nutrient loading via 142 

groundwater leading to a lower probability of shifts to a turbid state 143 
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and 3) increase summer water temperatures leading to a higher share 144 

of cyanobacteria in the phytoplankton community (Fig. 3). We also 145 

expect that IBF will 4) increase particle sedimentation rates and 5) 146 

increase oxygen penetration depth into the sediment (Fig. 3). These 147 

mechanisms affect P release from sediments in opposite ways and 148 

thus promote either macrophyte or phytoplankton dominance (Fig. 149 

3). Finally, we tested whether lake size and depth significantly 150 

modify IBF effects on source water quality. Both size and depth have 151 

been shown to potentially affect shallow lake resilience to 152 

disturbance (Janssen et al., 2014). Overall, knowledge on IBF effects 153 

is needed to lower the risk of unwanted regime shifts in source water 154 

bodies (Scheffer et al., 2009) and to aid the selection process for 155 

future IBF sites to secure an optimal and sustainable application of 156 

this drinking water production technique. 157 

 158 

2. Material and methods 159 

2.1 Ecosystem model PCLake  160 

We used the dynamic ecosystem model PCLake to simulate the effect 161 

of IBF on shallow water systems. The investigated scenarios 162 

simulations were variations on the PCLake default settings, 163 

describing a theoretical shallow temperate lake in a European 164 

climate. It was chosen because of its sediment component with 165 

groundwater exchange (Fig. A.1) and because of its very short 166 

computational times which allowed testing a multitude of parameter 167 

combinations. 168 
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PCLake was developed in the 1990s to simulate the impact of 169 

eutrophication of shallow lakes (Janse, 2005). It has been calibrated 170 

and validated using data from more than 40 lakes in several countries 171 

in northern continental Europe, mainly lakes in the Netherlands 172 

(Aldenberg et al., 1995; Janse, 2005; Janse et al., 2010). Since the 173 

1990s, the model has also been used to estimate impacts of various 174 

potential stressors, for example, climate change (Mooij et al., 2007, 175 

2009), and input of terrestrial particulate organic matter (Lischke et 176 

al., 2014).  177 

PCLake simulates different functional groups including fish (plankti-178 

/benthivorous fish and predatory fish), zooplankton, zoobenthos, 179 

submerged plants and phytoplankton (Fig. A.1). Phytoplankton is 180 

divided into the subgroups green algae, diatoms and cyanobacteria 181 

with different traits such as the response to temperature and nutrient 182 

affinity,  and respective typical seasonal successions expected in lake 183 

ecosystems (Table A.1). The subgroups’ abundance is measured 184 

either as dry-weight, P weight or N weight, with a variable 185 

stoichiometry adjusted by nutrient concentration in the water column. 186 

Phytoplankton is found either in the water column or settled on the 187 

sediment surface and can be remobilized by the wind. Together with 188 

detritus, phytoplankton in the water column increases turbidity and 189 

lowers Secchi depth. The water body is completely mixed and the 190 

water column rests upon a sediment layer (default thickness 0.1 m). 191 

Exchange takes place with underlying groundwater (P and N, more 192 

on this later), overlaying atmosphere (e.g. O2) as well as inflow and 193 

outflow of surface water and nutrients. Nutrients are distributed 194 

throughout the model (water column and sediment) through uptake, 195 
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predation, grazing, egestion, mortality fluxes, mineralization, 196 

denitrification, feeding, settling, resuspension and sorption. 197 

Technically these fluxes are calculated using coupled differential 198 

equations, one for each state-variable. Apart from the state-variables 199 

there are also 410 parameters; a few of them were changed from their 200 

default settings during the runs (Table 1, Appendix B). An R script 201 

was used to run the DATM generated C++ code of PCLake 202 

(Database Approach To Modelling, Mooij et al., 2014). A detailed 203 

description of changes made follows below. For a full description of 204 

the model and its default parameter settings see Janse (2005).  205 

PCLake is often used to show effects of changing nutrient loading on 206 

phytoplankton abundance expressed as phytoplankton chlorophyll a 207 

(chl a). Researchers, and lake managers alike, want to know at what 208 

nutrient load a lake will shift either from a clear-water state to a 209 

turbid or vice versa. To illustrate this, bifurcation plots show 210 

hysteresis and critical nutrient loads, which describe the nutrient load 211 

at which the system shifts from one state to the other (Fig. 4A; 212 

illustrated by the sudden shift in the response variable shown on the 213 

y-axis). The further to the left in the graph such shift is found a) the 214 

less resilient a lake is towards increasing nutrient loading (shift from 215 

clear to turbid state), or b) the more lowered must the nutrient load be 216 

for a recovery to take place (shift from turbid to clear state).  217 

PCLake contains both phosphorus (P) and nitrogen (N) as essential 218 

nutrients for organismal growth. In PCLake, the load of P and N via 219 

surface water are coupled and, in our setup, the ratio is N:P = 7. In 220 

continuation, when mentioning nutrients, this should be understood 221 

as P and N. 222 
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In PCLake, the water temperature and light intensity is based on the 223 

long-term average for a temperate climate and is modelled as an 224 

average sine curve (Fig. A.2). The light intensity declines with 225 

increasing water depth following the Lambert-Beer law. The 226 

adaptations we made to simulate the impact of groundwater seepage 227 

are described below. 228 

2.2 Adaptations to PCLake  229 

We assessed potential impacts of IBF on lake water quality (Gillefalk 230 

et al., 2018) by first defining two major pathways of IBF: 1) 231 

interruption of groundwater seepage and 2) infiltration of lake water 232 

and particles into sediments. As a consequence, changes are expected 233 

in a) supply of CO2 to submerged plants (macrophytes) affecting 234 

their growth rate, b) nutrient loading, c) lake water temperature, d) 235 

particle settling velocity and e) oxygen penetration depth (Fig. 3). To 236 

simulate these effects, we adapted PCLake (all equations as well as 237 

state and parameter values in Appendix B) in the following way: 238 

2.2.1 CO2 loading by groundwater seepage and its effects on plant 239 

growth 240 

Effects of CO2 infiltration on plant growth were added to the model 241 

through the two parameters cCO2W (CO2 concentration in inflowing 242 

surface water) and cCO2Ground (CO2 concentration in groundwater). 243 

When there is groundwater seepage (cQInf < 0) the two 244 

concentrations determine, together with the amount of surface water 245 

inflow and amount of seepage, the concentration of CO2 in the total 246 

inflowing water (uCO2W) as follows: 247 

If cQInf ≥ 0 (no groundwater seepage), then: 248 
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                 𝒖𝑪𝑶𝟐𝑾 =  𝒄𝑪𝑶𝟐𝑾 (3) 
 

If cQInf < 0 (groundwater seepage), then: 249 

                 𝒖𝑪𝑶𝟐𝑾 =  
𝒄𝑸𝑰𝒏 ∗  𝒄𝑪𝑶𝟐𝑾 + |𝒄𝑸𝑰𝒏𝒇| ∗ 𝒄𝑪𝑶𝟐𝑮𝒓𝒐𝒖𝒏𝒅

(𝒄𝑸𝑰𝒏 + |𝒄𝑸𝑰𝒏𝒇|)
 (4) 

 

Where: cQIn = surface water inflow (default: 20 mm/d), cCO2W = 250 

CO2 concentration in inflowing surface water (150 mmol/m3), cQInf 251 

= infiltration/seepage rate (in mm/d, varies between runs), 252 

cCO2Ground = CO2 concentration in groundwater (in mmol/m3, 253 

varies between runs). For references see Table 2. The CO2 in the total 254 

inflowing water (via surface water and groundwater) is assumed to be 255 

the same as in the lake. As such we must assume that the net 256 

production of CO2 is negligible. This was done to keep the approach 257 

simple and not to make the model differ too much from its original, 258 

validated state. 259 

The maximum macrophyte growth rate was changed from being a 260 

constant parameter to being dependent on CO2 concentration in the 261 

lake water (uCO2W) as follows (Fig. A.3A): 262 

If uCO2W ≤ cCO2W, then 263 

                 𝒖𝑴𝒖𝑴𝒂𝒙𝑽𝒆𝒈 =  𝒄𝑴𝒖𝑴𝒂𝒙𝑽𝒆𝒈 (5) 
 

If uCO2W > cCO2W, then:  264 

      𝒖𝑴𝒖𝑴𝒂𝒙𝑽𝒆𝒈
= 𝒄𝑴𝒖𝑴𝒂𝒙𝑽𝒆𝒈

∗ 
(𝟎. 𝟎𝟎𝟏𝟑𝟎𝟒𝟒 ∗ 𝒖𝑪𝑶𝟐𝑾 + 𝟎. 𝟗𝟒𝟗𝟒𝟎𝟕𝟏𝟒)

𝒄𝑴𝒖𝑴𝒂𝒙𝑵𝒐𝒓𝒎
 

 

(6) 
 

If uCO2W > 600, then: 265 

                 𝒖𝑴𝒖𝑴𝒂𝒙𝑽𝒆𝒈 =  𝒄𝑴𝒖𝑴𝒂𝒙𝑽𝒆𝒈 ∗ 𝒄𝑴𝒖𝒍𝒕𝒊𝑴𝒖𝑴𝒂𝒙𝑽𝒆𝒈 (7) 
 

Where cMuMaxVeg = default maximum growth rate at 20 °C 266 

(default: 0.2 g/g shoot/d), uCO2W = calculated CO2 concentration in 267 
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lake water (in mmol/m3, varies between runs), cMuMaxNorm = a 268 

constant to normalize maximum growth rate at certain CO2 level in 269 

the inflowing surface water (1.145). The value of cCO2Norm 270 

corresponds to the CO2 concentration in the inflowing surface water 271 

(150 mmol/m3) so that it follows the macrophyte growth rate in 272 

accordance with the results found by Madsen and Sand-Jensen 273 

(1994). The coefficients 0.0013044 and 0.94940714 are derived from 274 

a linear regression using the data from Madsen and Sand-Jensen 275 

(1994). cMultiMuMaxVeg = multiplication term equal to the one 276 

where uCO2W = 600, when uCO2W > 600 mmol/m3, the 277 

macrophyte growth rate cannot benefit from increasing CO2 278 

concentrations (Madsen and Sand-Jensen (1994), therefore the 279 

maximum macrophyte growth rate (uMuMaxVeg) is 0.314 g/g 280 

shoot/d. In our scenarios, the resulting CO2 concentration in the lake 281 

water from inflowing surface water and groundwater ranged from 282 

150 to 600 mmol/m3, depending on the parameter values of the run. 283 

For further discussion see section 4.1.3. 284 

2.2.2 Nutrient loading from groundwater seepage 285 

Simulations of changes in nutrient loading by groundwater were 286 

possible without adaptations in the equations. For parameter values 287 

used and references see Table 2. 288 

2.2.3 Temperature changes from groundwater seepage 289 

A water temperature parameter was introduced to account for the 290 

effect of groundwater. This addition allowed groundwater seepage to 291 

affect lake water temperature. When there was groundwater seepage, 292 
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the introduced parameter for annual lake water temperature variation 293 

(uTmVar) was calculated according to (Fig. A.3B): 294 

If cQInf ≥ 0 (no groundwater seepage), then: 295 

                 𝒖𝑻𝒎𝑽𝒂𝒓 =  𝒄𝑻𝑴𝑽𝒂𝒓 (1) 
 

If cQInf < 0 (groundwater seepage), then: 296 

  

     𝒖𝑻𝒎𝑽𝒂𝒓

= (
𝒄𝑸𝑰𝒏 ∗ (𝒄𝑻𝒎𝑨𝒗𝒆 + 𝒄𝑻𝒎𝑽𝒂𝒓) + |𝒄𝑸𝑰𝒏𝒇| ∗ 𝒄𝑻𝒎𝑮𝒓𝒐𝒖𝒏𝒅

𝟐 ∗ (𝒄𝑸𝑰𝒏 + |𝒄𝑸𝑰𝒏𝒇|)

− 𝒄𝑻𝒎𝑽𝒂𝒓) 

+ (𝒄𝑻𝒎𝑽𝒂𝒓

− 
𝒄𝑸𝑰𝒏 ∗ (𝒄𝑻𝒎𝑨𝒗𝒆 − 𝒄𝑻𝒎𝑽𝒂𝒓) + |𝒄𝑸𝑰𝒏𝒇| ∗ 𝒄𝑻𝒎𝑮𝒓𝒐𝒖𝒏𝒅

𝟐 ∗ (𝒄𝑸𝑰𝒏 + |𝒄𝑸𝑰𝒏𝒇|)
) (2) 

 

 297 

Where: cQIn = surface water inflow (default: 20 mm/d), cTmVar = 298 

annual lake water temperature variation (default: ±10 °C), cTmAve = 299 

annual lake water temperature (default: 12 °C), cQInf = 300 

infiltration/seepage rate (in mm/d, varies between runs), cTmGround 301 

= groundwater temperature (10 °C, Northern continental Europe, 302 

Berlin Senate 2016). The surface water inflow is assumed to have the 303 

same temperature as the lake if there is no groundwater seepage. For 304 

actual parameter values used and references for them see Table 2. In 305 

our scenarios, the lake water temperature variation was the smallest 306 

when groundwater seepage was 10 mm/d (cQInf = -10): 6.67 °C. 307 

When groundwater seepage was 5 mm/d (cQInf = -5): 8 °C. When 308 

groundwater seepage was zero or when lake water infiltrated into the 309 

groundwater (cQInf ≥ 0) the lake water temperature variation took its 310 

default value: 10 °C.  311 
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2.2.4 Changing sedimentation rate by seepage 312 

We coupled lake water infiltration to the settling velocity of 313 

inorganic matter, detritus, cyanobacteria, green algae and diatoms so 314 

that if infiltration was equal to for example 5 mm/d, the settling 315 

velocity was increased by 5 mm/d (Fig. A.3C). 316 

2.2.5 Changing sediment oxygen penetration by seepage 317 

Lake water infiltration was coupled to the sediment oxidization 318 

depth. We assumed that extra oxygen would be brought into the 319 

sediment with IBF, so we set infiltration equal to added oxygen depth 320 

(Fig. A.3D). We assumed that the added oxygen via infiltration is 321 

consumed within a day and divided the added oxygen depth via IBF 322 

by the unit conversion constant cOxyCons = 1/d. 323 

 324 

2.3 Tested parameter combinations and definition of a model run  325 

Each model configuration was run for 100 years in total (Fig. A.4). 326 

First an initialization period of 50 years was run where the 327 

infiltration/seepage rate was kept constant at the respective rate for 328 

each of all configurations. For the last 50 years the model run is 329 

divided into two parts: 1) infiltration/seepage rate was kept constant 330 

and 2) infiltration/seepage rate was changed to a lower seepage rate 331 

or a higher infiltration rate (simulating IBF), thereby enabling a 332 

comparison between a lake without and with IBF. Summer average 333 

values of target parameters (summer average phytoplankton chl a, 334 

cyanobacteria, diatoms, macrophytes, Secchi depth, sediment oxygen 335 

penetration depth, maximum P adsorption) were used to compare 336 

scenarios, and the summer period was defined as 1 April – 30 337 
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September following Janse et al. (2010). The nutrient loading via 338 

surface water was varied between 0.1-10 mg P/m2/d and nitrogen (N) 339 

was coupled to P so that N concentration equalled seven times that of 340 

the P concentration. Similarly, groundwater nutrients concentrations 341 

in PCLake are by default set so that the value of phosphate 342 

(cPO4Ground) is equal to that of nitrate (cNO3Ground), which in 343 

turn is equal to a tenth of the ammonium concentration 344 

(cNH4Ground). These default proportions between N and P 345 

concentrations in the groundwater are similar to findings by 346 

Lewandowski et al. (2015). Of the ranges of groundwater-borne N 347 

and P loads to lakes they reported, the bulk of values fall within 0.8-348 

16.5 mg/ N/m2/year and 0.03-1.1 mg P/m2/year. When running 349 

scenarios where cQInf ≥ 0 the groundwater nutrient and CO2 350 

concentrations were not varied since they would not have any effect, 351 

thereby saving computational time. The model runs were performed 352 

as follows: 353 

a) First, we tested all parameter combinations of groundwater 354 

CO2 and nutrient concentrations focussing on how they 355 

impact summer average phytoplankton chl a, cyanobacteria, 356 

diatoms and macrophytes at different nutrient loads and 357 

groundwater flow conditions (Table 3). We also tested how 358 

the isolated effect of seasonal temperature variation 359 

influenced the same parameters at different nutrient loads by 360 

running PCLake in its default mode (without the adaptations 361 

explained in 2.2) and setting the cTmVar parameter to 6.67, 362 

8 and 10 °C, values that correspond to groundwater seepage 363 
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rates 10, 5 and ≥ 0 mm/d. The lake depth and fetch were kept 364 

constant at their respective default values (2 m and 1000 m). 365 

b) Second, we again tested the same parameter combinations as 366 

in a) (except for the isolated temperature runs) but focussing 367 

on the impact on sedimentation and sediment characteristics: 368 

sediment oxygen penetration depth and maximum P 369 

adsorption. The lake depth and fetch length were kept 370 

constant at their respective default values (2 m and 1000 m). 371 

c) Finally, we tested the effects of lake size (expressed as fetch 372 

length in PCLake) and depth on IBF effects on 373 

phytoplankton chl a concentrations. The effect was 374 

investigated using an average parameter combination as 375 

follows: cQInf = -5 mm/d (seepage) and 5 mm/d (IBF), 376 

cPO4Ground = 0.02 mg P/L, cNH4Ground = 0.2 mg N/L, 377 

cNO3Ground = 0.02 mg N/L and cCO2Ground = 900 378 

mmol/m3. Two lake sizes were compared: 1000 m (default) 379 

and 100 m fetch length. Two lake depths were compared: 2 380 

m (default) and 1.5 m. 381 

3. Results  382 

Induced bank filtration (IBF) reduced the critical nutrient loads 383 

(expressed as P loads in all figures) at which regime shifts took place 384 

in shallow lakes in the majority of the investigated scenarios (Figs. 4, 385 

5 and 6). This decrease in critical nutrient load was found both when 386 

the system was initially in a clear state and shifted to a turbid state 387 

(Fig. 6 left) and vice versa (Fig. 6 right). In addition, the difference 388 

between the critical nutrient load for shifting from clear conditions 389 
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and shifting from turbid conditions was smaller for lakes with IBF 390 

compared to lakes with groundwater seepage (Fig. 6). This result 391 

points to a reduction in the range of nutrient loading, where the 392 

system could either be clear or turbid depending on initial conditions.  393 

3.1 Effects of interrupted groundwater seepage: CO2/nutrient 394 

concentrations and temperature variation  395 

Effects of groundwater flow conditions in the initial state were 396 

important for the effect of IBF: lakes that infiltrated into the 397 

groundwater in the initial state were affected to a much lesser extent 398 

compared to groundwater-fed lakes (data not shown). The effect of 399 

IBF on critical nutrient loads was influenced by the concentration of 400 

nutrients and CO2 in the seeping groundwater. A low concentration 401 

of nutrients and a high concentration of CO2 in the initial condition 402 

resulted in a stronger effect of IBF (Fig. 6, Fig. A.5). Critical nutrient 403 

loads representing a switch from a clear to a turbid state were found 404 

to be up to four times higher when groundwater seeped into the lake 405 

compared to when applying IBF. The lower the nutrient 406 

concentration and the higher the CO2 concentration in the 407 

groundwater seeping into the lake, the stronger the effect of reversing 408 

the groundwater flow was (Fig. A.5). In some specific cases, IBF was 409 

found to increase critical nutrient loads (Fig. 7: low CO2, high P, Fig. 410 

A.5). This scenario occurred when the initial groundwater seeping 411 

into the lake contained high nutrient concentrations combined with 412 

low to middle high CO2 concentrations. However, in most scenario 413 

combinations of groundwater CO2 and nutrient concentrations, 414 

critical nutrient loads declined when applying IBF (Fig. A.6). 415 
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The model runs where temperature variation was decoupled from 416 

groundwater flow and instead independently changed showed small 417 

effects on critical nutrient loads (Fig. A.7A). However, they showed 418 

an increase in cyanobacteria abundance with increasing temperature 419 

variation (Fig. A.7B, corresponding to IBF scenarios).  420 

Comparing the impact of the three parameters that are affected by the 421 

change from groundwater seepage to IBF, we found that the largest 422 

impact was due to the change in CO2, then nutrients and lastly 423 

temperature variation, when looking at critical nutrient loads and 424 

changes in phytoplankton and vegetation abundance (Figs. A.7C, 425 

A.8A and A.8B). The change from a vegetation dominated state to a 426 

phytoplankton dominated state is facilitated by a change in turbidity 427 

(Fig. A.9).  428 

 429 

3.2. Effects of increased sedimentation rate and sediment oxygen 430 

penetration 431 

The combined effect of increased sedimentation rate and sediment 432 

oxygen penetration via IBF led to a net increase of sediment oxygen 433 

penetration depth in the IBF scenarios (Fig. A.10). The depth of 434 

sediment oxidization increased with increasing infiltration rates and 435 

decreased with increasing groundwater CO2 and nutrient 436 

concentration. Under infiltrating conditions the increase was very 437 

similar to the increase of infiltration. The deeper oxygen penetration 438 

in the sediment increased maximum P binding capacity in the 439 

sediment (Fig. A.11).  440 

 441 
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3.3 Influence of lake depth and size 442 

The effect of IBF on critical nutrient loads was greater for a 443 

simulated lake with smaller depth compared to a lake with larger 444 

depth; the shift of the critical nutrient loads was larger for the 445 

shallower lake (Fig. 8). Similarly, the fetch length made the relative 446 

effect of IBF smaller, i.e. applying IBF to a large lake changed the 447 

critical nutrient loads to a smaller extent than in the case of a smaller 448 

lake Fig. 8). 449 

 450 

4. Discussion 451 

Our model results clearly show that IBF has adverse effects on 452 

source water quality in most of the tested scenarios. The effects 453 

originated from IBF interrupting groundwater seepage, once the 454 

seepage was gone an increase of IBF withdrawal rate did not further 455 

strengthen the effects on source water quality. IBF negatively affects 456 

the threshold nutrient loading required for the freshwater shallow 457 

lake ecosystem to persist in a clear water state, the preferred state for 458 

water purification. Moreover, it increases the resilience of the turbid 459 

state, making it harder to shift to a clear state when IBF is applied. 460 

This persistence of the turbid state is unwanted due to the lower 461 

ecological water quality including lower biodiversity (Hilt et al., 462 

2011) as well as increased risks of clogging of the sediment bed and 463 

presence of toxic cyanobacteria. The latter are not only directly 464 

disadvantageous for the ecosystem services of the water body, but 465 

can also impair IBF (Grischek and Bartak, 2016; Hargesheimer and 466 

Watson, 1996; Pazouki et al., 2016). These adverse effects were 467 
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shown in our model results for temperate shallow lakes using 468 

parameter values that are well within plausible ranges that are found 469 

in the literature (Table 2). Consequently, it is conceivable that IBF 470 

leads to a decreased resilience of shallow lakes and slow-flowing 471 

lowland rivers to increasing nutrient loads which are expected in 472 

many areas worldwide due to urbanisation and climate warming. 473 

Effects of IBF were decreasing with increasing size and depth of the 474 

source lake. Securing a sustainable drinking water production by 475 

reliable and cost-effective IBF thus requires an extension of the 476 

assessment of IBF effects from the current focus on drinking water 477 

quality and quantity to source water bodies in the planning phase. 478 

Several mechanisms in the model are together responsible for the 479 

effect of IBF on source water quality, mainly the interruption of 480 

groundwater seepage, increased particle sedimentation rate and 481 

increased oxygen penetration depth (Fig. 3), all of which are 482 

discussed in more detail below. 483 

4.1 Consequences of interrupting groundwater seepage by IBF 484 

Our model results indicate that water quality of lakes fed by 485 

groundwater declines when applying IBF, while lakes that are 486 

infiltrating in their natural condition will hardly be affected by IBF. 487 

In reality, lakes often are both infiltrating as well as gaining water 488 

through seepage, but the net-effect is that most lakes receive a net 489 

flux of water from groundwater sources (Rosenberry et al., 2015). 490 

The size of both seepage and IBF rates in our scenarios – 5 and 10 491 

mm/d in both cases – are well within documented ranges; seepage 492 

values range from 0.05 to 190 mm/d (Rosenberry et al., 2015) and 493 
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the abstraction rate in Lake Müggelsee is 22 mm/d (Zippel and 494 

Hannappel, 2008). 495 

Interrupting groundwater seepage by IBF has consequences for CO2 496 

availability for macrophytes, nutrient loading and seasonal water 497 

temperature variation in source water bodies (Fig. 3, for a detailed 498 

review, see Gillefalk et al., 2018) which together can lead to 499 

opposing effects. 500 

4.1.1 Consequences of interrupting groundwater nutrient loading 501 

IBF could improve the water quality of source water bodies and 502 

increase their critical nutrient loads in case groundwater influx 503 

comprises a major share of the nutrient budget and as long as the CO2 504 

supply via groundwater is low. Under such conditions, IBF would 505 

interrupt the groundwater-born nutrient load and result in a recovery 506 

and shift back to clear conditions (Figs. 6 and A.5). A major 507 

contribution of groundwater seepage to nutrient loading has been 508 

shown for several lakes (Lewandowski et al., 2015). IBF could thus 509 

be part of a management strategy to combat this excessive nutrient 510 

loading. However, the critical nutrient load for switching back to the 511 

turbid state in those cases lies marginally higher which means that 512 

the clear state will remain sensitive to increased surface water 513 

nutrient loads.  514 

4.1.2 Consequences for seasonal temperature variation 515 

Interrupting groundwater influx by IBF results in an increased 516 

amplitude of the seasonal temperature variations in the source water 517 

bodies in temperate regions, as groundwater temperature is higher 518 

than surface water temperature in winter, and vice versa in summer 519 
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(e.g. Cieśliński et al., 2016). In general, most biological processes are 520 

temperature-dependent and changing water temperature will thus 521 

have consequences for aquatic organisms and their interactions. In 522 

our IBF scenarios, lake water was 3.3 °C cooler in winter and 3.3 °C 523 

warmer in summer compared to initial states where lakes had 524 

groundwater seepage equal to 10 mm/d. When groundwater seepage 525 

was 5 mm/d, the difference was 2 °C cooler and warmer, 526 

respectively. These differences in temperature are similar to those 527 

found by Liu et al. (2016). Lower temperatures in winter can lead to 528 

changes in ice coverage with potential consequences for water 529 

quality aspects such as the timing of the spring phytoplankton bloom 530 

(Adrian et al., 2006). In PCLake though, a potential ice cover was not 531 

considered. In PCLake, all organism growth rates as well as 532 

mineralization of organic matter are temperature-dependent 533 

processes. Higher temperatures and higher P availability in summer 534 

have been shown to facilitate phytoplankton more than macrophytes. 535 

Especially cyanobacteria will profit due to their high P affinity and 536 

steeper temperature function as compared to other phytoplankton 537 

groups (Mooij et al., 2007). As a consequence, warmer lakes have a 538 

lower critical nutrient loading and a higher risk of cyanobacterial 539 

dominance (e.g.  Mooij et al., 2007; Kosten et al., 2012). Cooler 540 

winter water temperatures in IBF-affected lakes could counterbalance 541 

this effect as temperate shallow lake ecosystems have been found to 542 

be most sensitive to temperature changes in winter and early spring 543 

(Mooij et al., 2007). Our model results, however, indicate that the net 544 

effects of IBF reinforce rather than dampen the effects of climate 545 

warming on shallow temperate lakes and slow-flowing lowland 546 

rivers, especially in cases where IBF would interrupt significant CO2 547 
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inflow via groundwater. In our artificial scenarios, where temperature 548 

variation was changed, while keeping groundwater inflow = 0, the 549 

temperature had a much smaller impact on chl a concentration 550 

compared to groundwater nutrients and CO2 concentrations (compare 551 

Fig. A.7A to Fig. 7 and Fig. A.7C to Figs. A.8A and A.8B). There 552 

was a small effect that lowered critical nutrient loads when 553 

temperature variation was higher, which represents scenarios with 554 

IBF (Fig. A.6A). A higher temperature variation, leading to higher 555 

summer temperatures did lead to higher cyanobacteria concentrations 556 

in the water (Fig. A.7B), both by lowering the critical nutrient loads 557 

and by increasing the cyanobacteria concentration in turbid states. 558 

But the latter is not visible when looking at scenarios produced using 559 

all parameters, because then the model showed that cyanobacteria are 560 

outcompeted by diatoms (Figs. A.8A and A.8B). 561 

4.1.3 Consequences for groundwater CO2 loading 562 

In our scenarios, IBF-driven changes in CO2 availability thus have 563 

stronger effects than those in water temperature. Interrupting 564 

groundwater influx by IBF can lower CO2 concentrations in lake 565 

water since groundwater in general shows higher concentrations of 566 

CO2 (Sand-Jensen and Borum, 1991; Sand-Jensen and Staehr, 2012). 567 

The majority of boreal lakes are CO2-sustained by groundwater 568 

(Weyhenmeyer et al., 2015) and in tropical and temperate lakes CO2 569 

supersaturation is dependent on groundwater CO2 coming from 570 

weathering of minerals rather than on internal production (Marcé et 571 

al., 2015). Lowered CO2 concentrations negatively affect macrophyte 572 

growth since some species fully depend on CO2 (Maberly, 1985; 573 

Maberly and Madsen, 1998) and others, which are able to use HCO3
- 574 
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in addition, still grow faster in CO2-rich environments (Madsen and 575 

Sand-Jensen, 1994; Vadstrup and Madsen, 1995; Olesen and 576 

Madsen, 2000), partly due to the higher metabolic cost of using 577 

HCO3
- (Jones, 2005). Elevation of atmospheric CO2 under eutrophic 578 

conditions may increase the growth rate of macrophytes using CO2 579 

and HCO3
– by 100% and of macrophytes restricted to CO2 580 

assimilation by 200% (Schippers et al., 2004). The lack of 581 

groundwater-borne CO2 due to IBF can be particularly relevant for 582 

macrophyte growth in summer since CO2 concentrations in lakes 583 

reach their minimum in July (Weyhenmeyer et al., 2012). The effect 584 

might, therefore, be overestimated as increasing macrophyte biomass 585 

should decrease CO2 concentrations. But the resulting CO2 586 

concentrations were similar to those measured close to where 587 

groundwater seeps out into a river (Maberly et al., 2015). Also, since 588 

macrophytes grow where groundwater enters, those areas can be 589 

assumed to have higher CO2 concentrations than average lake water. 590 

Overall, the growth rate of macrophytes is a very sensitive parameter 591 

in PCLake and any decline favours phytoplankton abundance.  592 

 593 

4.2 Consequences of increased sedimentation rate and sediment 594 

oxygen penetration 595 

We assumed that IBF can increase particle sedimentation rates equal 596 

to the infiltration rates. In our model results, this increase in particle 597 

sedimentation rate did not increase oxygen consumption sufficiently 598 

to consume all the added oxygen through infiltration into sediments. 599 

The resulting net increase in the sediment oxidation depth led to 600 
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more P being bound in the sediment and less P available for 601 

phytoplankton. But the effect is small; an increase of infiltration rate 602 

from 5 to 10 mm/d did not change the critical nutrient loads at all 603 

(Fig. A.5). An increase in sediment oxidation depth can have 604 

consequences for redox conditions affecting the removal of e.g. 605 

pharmaceutically active compounds during IBF (Wiese et al., 2011).  606 

In deeper lakes, cold water from the bottom could, in theory, be 607 

withdrawn, potentially decrease the stratification stability and net 608 

sedimentation. But in general, sediments in deeper part of lakes are 609 

covered with fine particles and organic material, drastically reducing 610 

the permeability and infiltration rates. That is why infiltration at lake 611 

IBF sites only takes place in the littoral zone (Hoffmann and Gunkel, 612 

2011) 613 

 614 

4.3 Effect size depends on lake depth and size 615 

Most lakes in the world are small (< 0.01 km²) (Verpoorter et al., 616 

2014) and shallow (< 2.6 m) (Cael et al., 2016). Small and shallow 617 

lakes are in general more sensitive to changes than large or deep 618 

ones; accordingly, our simulations indicate that IBF effects on 619 

phytoplankton abundance are stronger when source water bodies are 620 

smaller and shallower. The macrophytes in a small system benefited 621 

more from the groundwater CO2 inflow, after the interruption of 622 

seepage by IBF those systems reacted stronger. IBF effects can thus 623 

be minimized if larger and deeper water bodies are chosen for 624 

drinking water production. In addition, unintentional BF may also 625 

affect the water quality, especially in small aquatic ecosystems in the 626 
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vicinity of source water bodies. This may impair their ecosystem 627 

functions and services such as provision of habitats for a diverse 628 

aquatic flora and fauna as well as carbon and nutrient retention (Hilt 629 

et al., 2017). Considering these effects in future planning will allow 630 

for a more comprehensive approach aiming at sustainable drinking 631 

water production with minimized negative effects on the water 632 

quality in both, target and neighbouring water bodies.   633 

 634 

Conclusions 635 

- Our results show that the major impact of IBF on shallow 636 

lakes is a result of interrupting groundwater seepage into the 637 

lake. In most scenarios this led to an increasing risk of a 638 

clear-water lake shifting to a turbid state and strengthening 639 

the persistence of the turbid state (lower critical nutrient 640 

loads), thus increasing the risk of the occurrence of 641 

potentially toxic cyanobacteria blooms. This effect was 642 

stronger in smaller and shallower lakes. 643 

- As the valuable technique of IBF is spread over the world, 644 

choosing the most suitable sites to ensure sustainable 645 

drinking water production gains in importance. Modelling is 646 

a valuable tool to use for this purpose. Model simulations can 647 

help to avoid consequences that emerge from ecological and 648 

technological perspectives.  649 

- Our model results are based on model input with realistic 650 

values for seepage rates, IBF rates, groundwater CO2 and 651 

nutrient concentrations. Assumptions for our model input 652 
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regarding effects on lake water temperature by changing 653 

groundwater regimes, effects of CO2 on macrophyte growth 654 

and effects of groundwater-borne nutrient loading are well 655 

founded in existing literature. Based on well-embedded 656 

model input, this study could provide an explicit and flexible 657 

way to see the effects of IBF in different conditions.  658 

- Further research on IBF effects on source water bodies is 659 

needed by expanding the scope to rivers and deeper lakes and 660 

by field investigations. Future management should aim at 661 

ensuring the sustainable use of IBF for drinking water supply 662 

by considering potential ecological impacts on all types of 663 

source water bodies. 664 
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Table 1. Main parameter values for this study (default values of 936 

PCLake, Aldenberg et al., 1995; Janse, 2005). 937 

 938 

Parameter Abbreviation Value 

Marsh zone - Marsh zone not used 

Inflow of surface water cQIn 20 mm/d 

Average water 

temperature 
cTMAve 12 °C 

Sediment depth cDepthS 0.1 m 

Sediment dry matter fDtotS0 0.3 g solid/g sediment 

Sediment organic 

fraction 
fDOrgS0 0.1 g/g 

Clay in inorganic 

matter 
fLutum 0.1 g lutum/g DW 

Iron in inorganic matter fFeDIM 0.01 g Fe/g DW 

Aluminium in 

inorganic matter 
fAlDIM 0.01 g Al/g DW 

 939 
 940 
  941 
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Table 2. Literature values for key parameters used. Where relevant, 942 

the values are given as extremes and as averages along with the 943 

values used in the modelled scenarios. 944 

  945 

Parameter Range, extreme  

(typical values) 

Reference In model 

Groundwater CO2 18 – 7200 mmol/m3 

(630 - 1260 mmol/m3) 

Vesper and Edenborn, 

2012; Macpherson, 2009  

180, 360, 600, 900, 1200, 

1500 mmol/m3 

River CO2 54 - 360 mmol/m3 

(90 - 180 mmol/m3) 

Kempe et al., 1991; 

Campeau and Del Giorgio, 

2014; Borges et al., 2018; 

Lauerwald et al., 2015 

150 mmol/m3 

CO2 => 

macrophyte 

growth 

57-74 % increased growth 

depending on baseline 

Madsen and Sand-Jensen, 

1994 

Calculated based on GW 

concentration. Max. 51 % 

with assumed river CO2 = 

150 mmol/m3  

Groundwater 

nutrient 

concentration 

0.001 – 0.5 mg P/L, 

sewage plumes reaching 5 

mg P/L 

(0.01-0.04 mg P/L) 

0.15 – 9 mg N/L 

(0.5 – 5 mg N/L) 

N is sum of NO3 and NH4 

Lewandowski et al., 2015; 

Kunkel et al., 2004 

0.005, 0.02, 0.06, 0.1, 0.3, 

0.8 mg P/L  

0.055, 0.22, 0.66, 1.1, 3.3, 

8.8 mg N/L (coupled to P) 

Groundwater 

seepage 

0.05 – 190 mm/d (median 

of measured values) 

Rosenberry et al., 2015  -10, -5, 0 mm/d (cQInf < 0 

= seepage) 

Induced bank 

filtration 

22 mm/d Zippel and Hannappel, 

2008 

0, 5, 10 mm/d (cQInf > 0 = 

infiltration) 

Nutrient loading 

(via surface 

water) 

- - 0.1 - 10 mg P/m2/d 

(0.7 – 70 mg N/m2/d) 
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Table 3. All modelled parameter combinations. cQInfPre = 946 

infiltration during initialization period of simulated 50 years 947 

(negative values = seepage into lake, positive values = infiltration 948 

into groundwater), GW = groundwater, P = phosphorus (N in 949 

groundwater is coupled and takes the value of P * 11), cQInfPost = 950 

infiltration during last simulated 50 years, results were taken from the 951 

last of these 50 years. 952 

 953 
  954 

cQInfPre 

(mm/d) 

-10 -5 0 5 10 

Initial state Clear, 

Turbid 

Clear, 

Turbid 

Clear, 

Turbid 

Clear, 

Turbid 

Clear, 

Turbid 

CO2 in GW 

(mmol/m3) 

0.005, 

0.02, 

0.06, 0.1, 

0.3, 0.8 

0.005, 

0.02, 

0.06, 0.1, 

0.3, 0.8 

- - - 

P in GW 

(N is coupled) 

(mg P/L) 

180, 360, 

600, 900, 

1200, 

1500 

180, 360, 

600, 900, 

1200, 

1500 

- - - 

cQInfPost 

(mm/d) 

-10, -5, 0, 

5, 10 

-5, 0, 5, 

10 

0, 5, 10 5, 10 10 

Combinations 330 288 6 4 2 
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Figure 1. Groundwater level (dotted line) and seepage (blue arrow) 955 

into a surface water body without bank filtration (A). A production 956 

well installed to induce bank filtration resulting in a lower 957 

groundwater level and interrupted groundwater seepage into the 958 

surface water body (B).  959 

960 
  961 
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Figure 2. Lake surface elevation and groundwater (GW) level 962 

drawdown (grey area and purple GW isolines) around Lake Wannsee 963 

(A), Lake Tegel (B) and Lake Müggelsee (C) in Berlin (Germany) 964 

close to series of groundwater abstraction wells (red lines) installed 965 

for drinking water production by induced bank filtration. 966 

Groundwater abstraction rates and Secchi depth in Lake Müggelsee 967 

between 1960 and 2014 (D, data on GW abstraction rates from 968 

Berliner Wasserbetriebe). 969 

 970 

 971 

  972 
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Figure 3. Expected effects of induced bank filtration on shallow lake 973 

ecosystems via interrupted seepage input of groundwater CO2 (1), 974 

nutrients (2) and increased summer water temperature (WT, 3), as 975 

well as increased sedimentation rate (4) and increased sediment 976 

oxygen penetration depth (5) due to induced infiltration (+/- indicate 977 

increase/reduction, multiplication of signs reveals final effect). 978 

 979 

980 
   981 
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Figure 4. Summer average chlorophyll a (total (panel A) and 982 

cyanobacteria (panel B)) concentrations depending on nutrient 983 

loading (here displayed as phosphorus (P)) in a standard shallow lake 984 

with groundwater seepage (GW seepage) or induced bank filtration 985 

using average parameter values: cQInf (GW seepage) = -5 mm/d, 986 

cQInf (bank filtration) = 5 mm/d, cPO4Ground (groundwater PO4 987 

concentration) = 0.02 mg P/L, cNH4Ground (groundwater NH4 988 

concentration) = 0.2 mg N/L, cNO3Ground (groundwater NO3 989 

concentration) = 0.02 mg N/L and cCO2Ground (groundwater CO2 990 

concentration) = 900 mmol/m3. Shaded areas indicate zones of 991 

hysteresis, small black arrows indicate the direction of the hysteresis, 992 

and grey arrows indicate the impact of induced bank filtration on 993 

critical nutrient loads.  994 
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 995 

996 
   997 
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Figure 5. Chlorophyll a concentrations in the last year of a 50 year 998 

model run in a standard temperate shallow lake starting with clear-999 

water conditions with groundwater seepage (GW seepage) or induced 1000 

bank filtration using average parameter values: cQInf (GW seepage) 1001 

= -5 mm/d, cQInf (bank filtration) = 5 mm/d, cPO4Ground 1002 

(groundwater PO4 concentration)  = 0.02 mg P/L, cNH4Ground 1003 

(groundwater NH4 concentration)  = 0.2 mg N/L, cNO3Ground 1004 

(groundwater NO3 concentration)  = 0.02 mg N/L and cCO2Ground 1005 

(groundwater CO2 concentration) = 900 mmol/m3. Nutrient loading 1006 

via surface water: cPLoad (P load) = 3 mg P/m²/d, cNLoad (N Load) 1007 

= 30 mg N/m²/d.   1008 

 1009 

1010 
   1011 
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Figure 6. Critical phosphorus (P) loading in shallow model lake 1012 

ecosystems initially in a clear-water (left) and turbid (right) state 1013 

running for 50 years with groundwater seepage (groundwater flow = 1014 

-10) and a subsequent 50 years with groundwater seepage 1015 

(groundwater flow = -10, -5 mm/d), neither seepage nor infiltration 1016 

(groundwater flow = 0 mm/d) or induced bank filtration 1017 

(groundwater flow 5, 10 mm/d, grey background). The spread in 1018 

critical P loads is due to differences in groundwater CO2 and nutrient 1019 

concentrations (details on different scenarios shown in Fig. A.5). 1020 

1021 
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Figure 7. Chlorophyll a concentrations in a model shallow lake 1022 

depending on phosphorus (P; low: 0.005 mg/L, high: 0.8 mg/L) and 1023 

CO2 (low: 180 mmol/m³, high: 1500 mmol/m³) concentrations in the 1024 

groundwater in scenarios with groundwater seepage (cQInf = -5 1025 

mm/d) and induced bank filtration (cQInf = 5 mm/d) after a run-in 1026 

period of 50 years with groundwater seepage (cQInf = -5 mm/d). 1027 

 1028 

  1029 
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Figure 8. Chlorophyll a concentrations in a modelled shallow lake 1030 

depending on fetch (low: 100 m, high, 1000 m) and water depth 1031 

(low: 1.5 m, high: 2 m) in scenarios with natural groundwater inflow 1032 

and induced bank filtration on shallow lake ecosystems. Scenarios 1033 

with GW seepage (cQInf = -5 mm/d), Bank filtration (cQInf = 5 1034 

mm/d), CO2 concentration in groundwater = cCO2Ground = 900 1035 

mmol/m3, PO4 concentration in groundwater = cPO4Ground = 0.02 1036 

mg/L, cNH4Ground = 0.2 mg N/L, cNO3Ground = 0.02 mg N/L. 1037 

 1038 

 1039 
 1040 


