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Abstract 10 

Aluminum salts are widely used to immobilize phosphorus (P) in lakes suffering from internal 11 

loading. However, longevity of treatments varies among lakes; some lakes eutrophy faster 12 

than others. We conducted biogeochemical investigations of sediments of closed artificial 13 

Lake Barleber, Germany that was successfully remediated with aluminum sulphate in 1986. 14 

The lake became mesotrophic for almost 30 years; a rather rapid re-eutrophication took 15 

place in 2016 leading to massive cyanobacterial blooms. We quantified internal loading from 16 

sediment and analyzed two environmental factors that might have contributed to the sudden 17 

shift in trophic state. Increase in lake P concentration started in 2016, reaching 0.3 mg L-1, 18 

and remained elevated into the spring of 2018. Reducible P fraction in the sediment was 37 - 19 

58% of total P, indicating a high potential for mobilization of benthic P during anoxia. 20 

Estimated P release from sediments for 2017 was approximately 600 kg for the whole lake. 21 

This is consistent with sediment incubation results; higher temperature (20°C) and anoxia 22 

contributed to release of P (27.9 ± 7.1 mg m-2 d-1, 0.94 ± 0.23 mmol m-2 d-1) to the lake, 23 

triggering re-eutrophication. Loss of aluminum P adsorption capacity together with anoxia 24 

and high water temperatures (organic matter mineralization) are major drivers of re-25 

eutrophication. Accordingly, treated lakes at some time require a repeated aluminum 26 

treatment for sustaining acceptable water quality and we recommend regular sediment 27 

monitoring in treated lakes. This is crucial given the effects of climate warming on duration of 28 

stratification in lakes which may result in the need for treatment of many lakes. 29 

Keywords 30 

Internal phosphorus loading, aluminum sulphate, redox conditions, sediment P-fractionation, 31 
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1. Introduction 33 

Internal loading of excessive nutrient is often a long-lasting problem in lakes that suffered 34 

from long-lasting external nutrient loading (Foy 1985, Jeppesen et al. 2005). These lakes 35 

could remain eutrophic over a decade even after external loads have been reduced due to 36 

high P-release from sediments (Søndergaard et al. 2005). Application of P-binding agents in 37 

lake restoration has been practiced by lake managers for several decades (Huser et al. 38 

2016, Lürling and Oosterhout 2013). Among the early treatments, water column P was low 39 

and stable for just a few years after treatment, whereas in other cases, long-term stabilisation 40 

of low-P concentrations in the water column lasted more than 30 years (Huser et al. 2016).  41 

Although it is known that lakes treated to immobilize P can switch back to a eutrophic state 42 

after decades of high water quality, studies are rare that quantify responsible mechanisms 43 

because restoration efforts are not paralleled by concurrent water quality monitoring over the 44 

scale of decades, and sediment studies are also only rarely done in such lakes. Here, we 45 

provide P dynamics in a lake that switched its trophic state back towards eutrophy – a 46 

phenomenon we call ‘re-eutrophication’.  47 

Re-eutrophication is likely to occur in shallow lakes i.e. <3 - 10 m (Mesman et al. 2021) 48 

because of their higher ratio of sediment surface to water volume and higher temperature. 49 

There are several potential reasons for re-eutrophication: insufficient reduction of external P 50 

loading (Huser et al. 2016), changes in the catchment leading to increased external P 51 

loading (Jarvie et al. 2017); saturation of the addition to P adsorption capacity from added P-52 

binding agents (Berkowitz et al. 2006); excessive historical P in the sediment mobilized 53 

through sediment resuspension by wind or benthivorous fish (Jeppesen et al. 2005); and 54 

high concentration of P bound to redox-dependent iron hydroxides, which is mobilized during 55 

anoxia (Einsele 1936, Mortimer 1942). However, for lakes with intermediate depth, the cause 56 

of re-eutrophication may be complex and far from conclusive because, although also quite 57 

shallow, they can become stratified and anoxic (Mesman et al. 2021).  58 

Lakes of shallow to intermediate depth are prone to shorter-term stratification, i.e. polymictic 59 

with sporadic anoxia in the deeper water, which may result in release of redox sensitive P 60 

and subsequent decrease in N:P ratios (Shatwell and Köhler 2019). This can trigger self-61 

enhancing eutrophication. In contrast to deep stratified lakes (where summer anoxia 62 

commonly only results in temporary accumulation of P in the hypolimnion, particularly in its 63 

deepest layers), anoxia in a lake of intermediate depth can result in rapid transport of 64 

released P into the euphotic zone by subsequent mixing events (Taranu et al. 2012). 65 

Therefore, mixing events are a shortcut between sediments and the photic zone, suppling P 66 

to the photic zone. Transfer of P from sediment to the euphotic zone can occur in hours. 67 
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Transfer of P from the hypolimnion to the epilimnion is typically wind-induced, accompanying 68 

deepening of the epilimnion, and erosion of the upper hypolimnion. 69 

This paper focuses on Lake Barleber, a closed lake formed by gravel mining in central 70 

Germany; restoration was successful for nearly 30 years; a rather rapid increase in P 71 

concentration led to excessive cyanobacteria bloom in summer 2017, which prompted 72 

investigations into potential cause(s) of the re-eutrophication (Rinke et al. 2018; Kong et al. 73 

2021; Rönicke et al. 2021). We seek to understand and highlight reasons for re-occurrence 74 

of P release from lake sediments after Al-treatment and to determine and quantify underlying 75 

processes. We hypothesize that nutrient enrichment was due to internal lake processes 76 

because the lake has no surface water inflows and almost all sediment is autochthonous. 77 

Gravel excavation lakes, like Lake Barleber, are widely distributed in the world and provide 78 

valuable habitats and ecosystem services (Mollema and Antonellini 2016, Seelen et al. 79 

2022); therefore, management issues for Lake Barleber may apply to many of these artificial 80 

lakes with intermediate depth and low external loading. 81 

First, we wanted to quantify if increased internal loading explains the sudden re-82 

eutrophication of Lake Barleber. Second, if this is true, which combination of environmental 83 

factors contributed to the sudden shift in trophic state after almost three decades of low 84 

trophy invoked by an aluminum treatment in 1986? We investigated the causes of the re-85 

eutrophication in Lake Barleber by quantifying release of redox-dependent P during phases 86 

of anoxia by multiple approaches. We employed sediment incubation at different temperature 87 

and oxygen conditions, P fractionation in the sediment, and general sediment 88 

characterization to determine main processes of P release and quantify the solute inventory 89 

in the sediment. We then compared these results with observed P dynamics in the field. 90 

Because internal P loading in Lake Barleber was substantially reduced by aluminium in 91 

autumn 1986 (Rönicke et al. 2021), our findings are important for understanding the long-92 

term processes regulating P in such lakes and for evaluating the effective duration of lake 93 

restoration techniques using aluminium salts. 94 

2. Materials and Methods  95 

2.1 Site description and historical monitoring data 96 

Lake Barleber is an artificial lake located near Magdeburg, Germany (52° 13‘15‘‘N, 11° 97 

39‘0‘‘E) (Fig. 1). It has a maximum depth of 11 meters, mean depth of 6.7 meters, area of 98 

103 hectares, and volume of 6.9 million cubic meters (Rönicke et al. 2021). The lake was 99 

created from gravel excavation at the beginning of the 1930s (Bauch 1953); it has no surface 100 

inflow or outflow but is fed by groundwater. The lake was phytoplankton-dominated during 101 

the 1970s of the last century (Klapper and Geller 2001). The eutrophic state threatened the 102 
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recreational use of the lake, mostly swimming. To safeguard a sustained recreational use, 103 

the lake was successfully remediated in 1986 by applying 480 tonnes of aluminum sulfate 104 

(Klapper and Geller 2001). This equates to a total of Al3+ dosage of 37 tonnes, a volumetric 105 

dosage of 5.7 mg L-1 and an areal dosage 36 g m-2. One year later, the lake switched back to 106 

a clear water status and macrophytes re-established (Klapper and Geller 2001). In 2017, 31 107 

years after remediation, massive cyanobacterial blooms suddenly re-occurred in the lake. 108 

Nutrients concentrations for 2013/2014, 2016 and 2017 are shown in Table 1. 109 

Lake Barleber is monomictic; it experiences thermal stratification. The hypolimnion is very 110 

small and restricted to the deepest part of the lake during summer and early autumn (Kong et 111 

al. 2021). Stable ice cover and, thus, stable inverse stratification rarely forms. 112 

Lake Barleber has a net groundwater inflow due to the deficit created by evaporation from 113 

the lake surface, which is greater than precipitation on the lake. This deficit amounts to 190 114 

mm per year, which translates to an annual volume of 200,000 m3 (Hannappel and Strom 115 

2020, Rinke et al. 2018). Annual groundwater inflow and outflow are 640,000 and 530,000 116 

m3 respectively, based on measurements in 2018 and 2019 (Hannappel and Strom 2020). 117 

External P loads are low: atmospheric deposition (42 kg yr-1), groundwater (13 kg yr-1) and 118 

bathing (10 kg yr-1) contribute insignificantly to the lake’s phosphorus dynamics (Hannappel 119 

and Strom 2020, Rinke et al. 2018).  120 

To understand the trophic state prior to the massive bloom in 2017, we analyzed Lake 121 

Barleber historical surface (integrated epilimnion samples) and hypolimnion water monitoring 122 

data; SRP, TP, TN, NH4
+-N, O2, chlorophyll a and temperature (Flood Protection and Water 123 

Management Authority for Saxony Anhalt website (LHW):  124 

(https://lhw.sachsen-anhalt.de/untersuchen-bewerten/monitoringergebnisse/ accessed 125 

11.08.2020). 126 

2.2 Sediment and water sampling  127 

Undisturbed sediment cores were sampled on the 15th of August 2017 and 20th of November 128 

2017 for the sampling points BA1 and BA2 and on the 8th of January 2018 for BA3 (see Fig 129 

1) using a modified Kajak gravity corer (UWITEC, Austria) and plexi-glass tubes (60 cm 130 

length and 9 cm inner diameter). Three sediments cores per sampling point for each 131 

sampling were extracted for general sediment characterization, porewater analysis and P-132 

fractionation.  133 

In addition, in January 2018, 12 undisturbed sediment cores of approx. 30 cm length and 134 

overlying water were retrieved from sampling point BA3 (see Fig 1) for incubation (see below 135 

section 2.6). Sampling took place in winter to assure that the sediment-water-interface is oxic 136 

(Fig. 2) and sediment pools of P represent the initial conditions before the vegetation period 137 
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and potential stratification has started. Cores were closed on top with a special lid which 138 

allowed continuous stirring of overlying water. Detailed description of the special lid for 139 

sediment cores is given in Dadi et al. (2015). 140 

Water samples were taken directly above the sediment (< 50 cm from sediment) using a 141 

standard two litres water sampler (LIMNOS, Turku, Finland) and analyzed for various 142 

parameters (see below). 143 

2.3 Water analytics 144 

We analyzed: total phosphorus (TP), total dissolved phosphorus (DP), soluble reactive 145 

phosphorus (SRP), dissolved organic carbon (DOC), nitrate (NO3
--N), ammonium (NH4

+-N), 146 

sulfate (SO4
2-), total dissolved iron (Fe), and total dissolved manganese (Mn). Syringe filters 147 

(Sartorius, Germany) of 0.2 µm pore size were used for all needed filtrations. SRP, NO3
--N, 148 

NH4
+-N, TP and DP (after digestion by persulphate (K2S2O8) and sulphuric acid (H2SO4) at 149 

100°C for 45 minutes) were analyzed photometrically (Skalar, The Netherlands), DOC was 150 

measured with C-analyzer (Dimatoc, Germany), Fe and Mn were determined by ICP-OES 151 

(Perkin Elmer, Germany), and SO4
2- was analyzed by ion-chromatography (Dionex) (Friese 152 

et al. 2014). 153 

2.4 Sediment characterization  154 

Sediment cores for porewater extraction and P fractionation were sectioned into: 0 - 1, 1 - 2, 155 

2 - 3, 3 - 4, 4 - 5, 5 - 6, 6 - 8, 8 - 10 cm layers. Porewater was extracted by centrifugation 156 

(3500 rpm at 8oC) and filtration using 0.45 µm syringe filter (Sartorius, Germany). Porewater 157 

samples were analyzed for SRP, dissolved Fe, SO4
2-, NH4

+-N, and DOC as described in the 158 

previous section. Additionally, we sectioned a longer (40 cm) sediment core extracted from 159 

the deepest point (BA1) in September 2018.  160 

A volume of 5 mL of homogenized sediment was measured by filling the sediment in an open 161 

syringe (cut off the entire tip diameter uniformly) ensuring that there are no air bubbles. The 162 

sediment was added to pre-weighed crucibles. Percent water was determined gravimetrically 163 

by drying sediment samples at 105oC; loss on ignition (LOI550) was determined by 164 

combustion of dry sediment samples at 550oC for 2 hours, for the longer sediment core from 165 

BA1 (extracted in 2018) we also carried out LOI950 by further combustion of the LOI550 166 

samples for 2 hours at 950oC. Total carbon (TC); total organic carbon (TOC, after removal of 167 

inorganic carbon by acidification); and total nitrogen (TN) were determined by a CN analyzer 168 

vario EL cube (Elementar Analysensysteme GmbH, Hanau). Iron, Al, Mn, and S in sediments 169 

were determined by wavelength dispersive X-ray fluorescence (XRF; S4 Pioneer Bruker-170 

AXS) following Morgenstern et al. (2001). Dry density for each sediment layer was calculated 171 

by dividing the sediment dry weight by the volume of wet sediment.  172 
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2.5 Sediment P-fractionation 173 

Phosphorus fractionation was carried out using the method of Psenner et al. (1984), modified 174 

by Hupfer et al. (1995). Phosphorus fractionation was developed to distinguish among the 175 

concentrations of various metals (Fe, Mn, and Al), CaCO3, and organically bound P fractions 176 

by using various extracting solutions. The five successive P fractions obtained are:  177 

i. 1M NH4Cl (NH4Cl-P): easily available P in porewater (NRP – non-reactive P and 178 

SRP);  179 

ii. 0.11M NaHCO3/ 0.11M Na2S2O4 (BD-P): redox-dependent (Fe bound) P ;  180 

iii. 1M NaOH (NaOH-P): Al bound P , the fraction is subdivided into NaOH-SRP (OH- 181 

exchangeable P) and NaOH-NRP (organic bound P and NRP);  182 

iv. 0.5M HCl (HCl-P): P bound by carbonates and apatite; 183 

v. Residual-P: refractory P determined after digestion of remaining sediment with 184 

(K2S2O8) and H2SO4 at 100°C for 45 minutes.  185 

Sum of the P fractions is used as TP. The Ca, Al, Fe and Mn concentration in the 186 

fractions of the sediment core from BA1, September 2018 were also determined.  187 

Various molar ratios were calculated to assess the P retention capacity. A (NH4Cl + 188 

BD + NaOH)-Al : (NH4Cl + BD + NaOH)-Fe ratio >3 and a NaOH-Al : (NH4Cl + BD)-189 

P ratio > 25, have been shown to prevent P release from lake sediments (Kopáček et 190 

al. 2005). A NaOH-Al : NaOH-P molar ratio of >12.6 has been proposed by (Rydin 191 

and Welch 2000) as ideal for P retention; the ratio is higher just after treatment and 192 

decreases over time (Huser 2017). NaOH-Al : BD-Fe ratios represent the major 193 

fractions involved in P retention; a threshold value >11 being ideal to prevent P-194 

release (Nürnberg et al. 2018). 195 

2.6 Sediment incubation  196 

2.6.1 Experimental design 197 

Sediment cores were incubated for 35 days in climate chambers at 6°C and 20°C, and 198 

oxic/anoxic conditions in the overlying water. Lower temperature was the in-situ lake 199 

temperature at the time of sampling (ca. 4oC and similar to the hypolimnetic temperatures 200 

during early spring. Higher temperature was chosen as a realistic maximum sediment 201 

temperature for epilimnetic sediments in summer. Epilimnetic sediments in Lake Barleber 202 

extend to 8 m depth and therefore comprise more than 90% of the total sediment area. 203 

Experimental setup thus was a crossed 2 x 2-factorial approach with 3 replicates cores, with 204 

temperature and oxic state as factors, each with two values, resulting in four treatment 205 

combinations: oxic 6°C, oxic 20°C, anoxic 6°C, and anoxic, 20°C.  206 
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Cores were wrapped with aluminum foil to avoid light penetration and algal growth. Cores 207 

were oxic prior to sampling, anoxia was achieved by bubbling the overlying water phase of 208 

the cores with a mixture of N2 and CO2 (99.96 % N2/0.04 % CO2). To maintain oxic conditions 209 

in the oxic treatments, overlying water of cores was gently bubbled with air using aquarium 210 

pumps without inducing resuspension of sediment material. Dissolved oxygen was monitored 211 

by optical O2 sensors (Pyro Science, Germany). Oxygen consumption rate was calculated as 212 

the rate of change in O2 concentration over time multiplied by the volume of overlying water 213 

and divided by surface area of the sediment core (equation 1, section 2.6.2 ).  214 

Redox potential, pH, and temperature were measured in the overlying water during sampling 215 

with a multi-parameter meter fitted with conventional pH and redox potential electrodes 216 

(WTW Multi3430, Germany). To convert measured oxidation-reduction potential (ORP) to the 217 

standard hydrogen electrode potential, a correction of +221 mV at 5°C and +211 mV at 20°C 218 

was applied. We sampled 140 mL water for chemical analyses from the sediment cores and 219 

we refilled the cores with 140 mL of water from the lake; the refill water was sampled in the 220 

lake about 50 cm from the sediment at the time when we extracted the sediments from the 221 

lake. Refill water was stored at the same temperature and oxygen status as the treatment, 222 

i.e. anoxic treatment received water that had been treated by bubbling with a mixture of 223 

nitrogen and carbon dioxide in order to remove the initially present oxygen. As a control for 224 

each treatment, 0.5 L replacement water was introduced into a glass bottle and incubated at 225 

the same conditions as the cores. This was done to separate the changes due to sediment 226 

from the changes occurring in free water and independent of the sediment-water interaction. 227 

The water overlying the sediment-water interface in each core was sampled 9 times during 228 

the 35-day incubation period (on days 2, 3, 4, 7, 10, 14, 17, 21, 35). Controls were sampled 229 

every second sampling of the sediment cores. All samples were analyzed as described in 230 

section 2.3 above. 231 

2.6.2 Calculation of solute release rates  232 

Calculation of solute-flux for the incubation experiment was performed using the equation 233 

below from (Steinman et al. 2004): 234 

𝑆𝑜𝑙𝑢𝑡𝑒𝑓𝑙𝑢𝑥 = (𝐶𝑡 − 𝐶0)  ∙ 𝑉 ∙ 𝐴−1 ∙ 𝑡−1        [1] 235 

With, 𝑆𝑜𝑙𝑢𝑡𝑒𝑓𝑙𝑢𝑥 = Solute-release rate in [mg m-2 d-1], 𝐶𝑡 = Solute-concentration at time t in 236 

[mg L-1], 𝐶0 = Solute-concentration at t=0 in [mg L-1], 𝑉 = Volume of water column in liters [L], 237 

𝐴 = sediment surface area in [m²], 𝑡 = experiment duration in days [d] 238 

Equation (1) describes a linear relationship of the solute-flux over time. All experiments were 239 

done in triplicate therefore the slope of the regression line from the linear fit was used instead 240 
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of the term  (𝐶𝑡 − 𝐶0) . Positive values indicate phosphorus release from the sediment, 241 

negative values adsorption or binding of P to the sediment. 242 

2.7 Water and sediment P budgets 243 

We quantified P in the lake in summer based on vertical gradients of TP concentration along 244 

the vertical axis of Lake Barleber in summer 2017 (algal bloom) and in previous summers (no 245 

algal blooms). We quantified total mass of phosphorus in open water of Lake Barleber from 246 

vertical profiles of TP, at least sampled at four different depths (maximum was seven depths) 247 

and calculated a volume-weighted total TP content by using bathymetric data of Lake 248 

Barleber.  249 

We estimated annual total amount of P released in 2017 from the P flux rates and lake 250 

surface area. These estimates were compared to the quantity of P in water and in the 251 

sediment. 252 

2.8 Osgood Index 253 

The Osgood index (Osgood 1988) was calculated to estimate the mixing intensity of the lake 254 

and to assess effects of lake morphology on treatment longevity (Huser et al. 2016): 255 

𝑂𝑠𝑔𝑜𝑜𝑑 𝐼𝑛𝑑𝑒𝑥 = 𝑍𝑚/(𝐴)0.5         [3] 256 

where 𝑍𝑚 is mean water column depth [m] and 𝐴 is lake surface area [km2]. When Osgood 257 

index is above seven it indicates that the lake has stable summer stratification and a lower 258 

resuspension potential. Lakes with an Osgood index below seven have unstable 259 

stratification, are potentially polymictic, and have a higher sediment resuspension potential. 260 

2.8 Statistics 261 

We used t-tests to determine if the incubation fluxes from manipulations were significantly 262 

different from zero. We used ANOVA to test whether fluxes of the four treatments were 263 

significantly different from each other. Tukey HSD-test was used for post-hoc comparisons. 264 

All statistics were done using SPSS version 22. 265 

  266 
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3. Results 267 

3.1 Physical structure and water quality 268 

At the time of sampling in August 2017, the lake was stratified below 6 m; with anoxia in the 269 

hypolimnion; in November 2017 and January 2018, the lake was mixed (Fig. 2). The 270 

hypolimnion created when the lake stratifies is very small (Kong et al. 2021). The lake has an 271 

Osgood index of 6.6. The pH varied with season (Fig. 2); high pH of up to 10 occurred during 272 

the peak of algal blooms. 273 

Historical monitoring data for 2010, 2013, and 2014 were very similar and characterized by 274 

relatively low concentrations of N and P (Fig. 3). In all years, the oxygen concentration 275 

dropped to values below 2 mg L-1 in summer. The seasonal temperature trend close to the 276 

sediment was also very similar in all years. Increases for nutrients began during the growing 277 

season of 2016; elevated nutrient concentrations persisted over winter into 2017 (Fig. 3). In 278 

2016, the SRP and NH4-N hypolimnion concentrations were 1 and 2 mg L-1, respectively; in 279 

2017 these concentrations doubled (Fig. 3)  280 

3.2 Porewater and sediment characteristics 281 

The solute gradients between porewater and bottom water favored release of nutrients into 282 

overlying water, i.e., concentrations of solutes were higher in porewater than in overlying 283 

water (Fig. 4) in particular for DOC, Fe, Mn, and NH4
+-N. Seasonal and spatial variability was 284 

high for SRP, DOC, SO4
2-, Mn, and NH4

+-N (Fig. 4). 285 

Oxidation-reduction potential (ORP) ranged between -157 and 20 mV; it decreased in the 286 

upper 3 cm and remained constant in the lower sediment (Fig. 5). Percent water decreased 287 

with depth (Fig. 5) with a considerable difference between the surface sediment (>90%) and 288 

the bottom of the core (>60%). Sediment pH ranged from 7.5 to 8.1 across the sampling 289 

points but was constant with depth. TP, LOI, TC, and TN were generally higher in the upper 290 

sediment than lower sediment; there was a positive correlation of TP and TC (Pearson r = 291 

0.93, n=5) and TP and TN (Pearson r = 0.98, n=5). Aluminum, Fe, and S concentrations 292 

were rather constant (Fig. 5).  293 

3.2.1 P-fractionation 294 

Total phosphorus and the respective fractions in upper layers were systematically higher 295 

than in bottom layers (Fig. 6) and showed strongest gradients generally in the upper 2 cm. 296 

The TP at point BA1 in August 2017 was distinctly higher than for other sampling points in 297 

the upper 4 cm (Fig. 6). The mean TP concentration in the upper 5 cm sediment was 1 mg P 298 

g-1 solid sediment in four cores; an exception was the sediment core taken in August 2017 299 

which had a high TP concentration of 5 mg P g-1 (Fig. 6). The upper 3 cm of sediment were 300 
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dominated by redox sensitive BD-P, which constituted 37 - 58% of total P in the sediment 301 

(Fig. 6) while the remaining part was mainly organic bound NaOH-NRP (25-39%) and 302 

carbonate and apatite bound HCl-P (15 - 32%). The sediment below 3 cm had a balanced 303 

proportion of the BD and NaOH and HCl fractions. Based on BD-P fraction in the surface 304 

layers, the sediments can be characterised as highly sensitive to P-release through anoxia 305 

and reductive redox conditions, which agrees with the incubation results (see section 3.5 306 

below). Easily available NH4Cl-P, metal oxide-bound NaOH-SRP, and refractory residual 307 

were very low. 308 

P-fractionation and subsequent analysis of metals of the 40 cm sediment core from BA1 309 

revealed more information about the deeper sediment chemistry (Fig, 7).The lowest P 310 

concentration was in the 38-40 cm, there was a larger concentration peak at 28-34 cm and a 311 

smaller peak at 7-5 cm (Fig. 7). The big P peak corresponds to the greatest NaOH-P 312 

concentration which indicates that the application of aluminium sulphate in the lake in 1987. 313 

This is also shown by a peak in NaOH-Al in the similar depths (Fig. 7B). This peak spans 314 

over 6 cm which is an indication of sediment recycling for a longer time. NH4Cl-P, BD-P and 315 

Residual-P significantly decreased with increasing depth while NaOH-P significantly 316 

increased with increasing depth (Fig. 7, Table 2). BD-Fe concentration was very low (<0.1 317 

mg g-1) and was more or less uniform from 28 cm to the surface (Fig. 7). The bottom most 318 

layers have a lower calcium concentration and there is 3-fold increase in calcium at the 319 

surface sediments. The P concentrations in the extracts was positively correlated to the 320 

following elements P in each fraction (Table 2); NH4Cl-P (to Ca and Mn); BD-P (to Mn), 321 

NaOH-P (to Al and Mn) and HCl-P (to Ca and Mn). When we combined the NH4Cl+BD 322 

fractions we found that the NH4Cl+BD-P was positively correlated to Mn, LOI550, and LOI950 323 

(Table 2) 324 

The NaOH-Al : (NH4Cl+BD)-P molar ratios increased with depth and ranged from 2 to 9 (Fig 325 

7). NaOH-Al : NaOH-P molar ratios had a narrow range (3 to 7) and they decreased in the 326 

upper sediment layers (<13 cm) and also in the sediment depth 26-32 cm (Fig. 7). The 327 

(NH4Cl-P, BD-P NaOH) Sum-Al : Sum-Fe was generally higher in the sediment below 15 cm 328 

in comparison to the sediment above; the difference was 2-3 fold (Fig. 7). The NaOH-Al : 329 

(NH4Cl + BD)-Fe molar ratio increased with depth and ranged between 5 and 51 and 7 to 37 330 

respectively (Fig. 7). NaOH-Al : (NH4Cl + BD)-Mn molar ratio widely resembled the changes 331 

of NaOH-Al with depth (Fig 7b, lower panel); i.e. it increased with depth until 26 cm and 332 

decreased again from 34 to 40 cm sediment depth. 333 

3.3 Solute fluxes from incubation experiments  334 

Conditions during the incubation were maintained at the prescribed values for each 335 

treatment. Oxic treatments were kept oxic (> 95 % oxygen saturation) and anoxic treatments 336 



 

Page 11 of 35 

 

were kept anoxic (< 2.5% oxygen saturation oxygen) over the course of the whole laboratory 337 

experiment (Table 3). Redox potential remained relatively high for anoxic-low temperature 338 

treatment despite the very low NO3
- and oxygen concentration but became negative in 339 

anoxic-high temperature treatment, which also had a lower pH compared to other treatments 340 

(Table 3). 341 

Phosphorus (SRP, DP, TP), NH4
+-N, Fe, Mn decreased under oxic conditions (negative 342 

fluxes) and increased (positive fluxes) under anoxic conditions (Table 4). The opposite 343 

pattern emerged for NO3
--N and SO4

2-, which were rising under oxic conditions and 344 

diminished under anoxic conditions. DOC showed a decrease in three treatments (oxic-low 345 

temperature, oxic-high temperature, anoxic-low temperature) but increased in the anoxic 346 

high temperature treatment. Oxygen consumption for the high temperature oxic treatments 347 

was twice as high as in the low temperature oxic treatment.  348 

Incubations clearly showed that sediment-borne P could only be released under anoxic 349 

conditions while under oxic conditions the sediment was even a sink for SRP. Temperature 350 

increase from 6°C to 20°C led to a five-fold higher SRP release rates under anoxic 351 

conditions, which for the entire lake resulted in a total mass flux of approximately 30 kg d-1. 352 

Temperature is a major influencing factor for P-release from sediments of Lake Barleber. 353 

Most of the fluxes for the treatments; oxic-low temperature, oxic-high temperature, anoxic-354 

low temperature were not significantly different from zero based on t-test (Table 4). All of 355 

measured fluxes for the anoxic-high temperature treatment were significantly different from 356 

zero except for Fe. There was a significant difference between treatments (p < 0.05) for all 357 

fluxes except Fe flux (Table S1). Tukey HSD post hoc test confirmed that anoxic high 358 

temperature treatment was significantly different to at least one of the other treatments, with 359 

the exception of Mn (Table S1).  360 



 

Page 12 of 35 

 

4. Discussion 361 

4.1 Longevity of Al treatment  362 

Lake Barleber is a special case of a relatively young gravel extraction lake (~90 years). It 363 

was successfully remediated for about 29 years before we sampled the sediment and 364 

remained with low total P until 2017, in comparison to the mean treatment longevity of about 365 

11 years for lakes treated with aluminium (Huser et al. 2016). The main factors influencing 366 

longevity of water quality improvements after Al treatment are Al dose/area, hydraulic 367 

residence time, and Osgood morphological index (Huser et al. 2016). An aluminium 368 

treatment dosage of 36 g Al m-2 was applied to Lake Barleber. The lake water has a 369 

residence time of 10 years (Hannappel and Strom 2020) and an Osgood Index of 6.6. The 370 

magnitude of these factors are in agreement with the findings of (Huser et al. 2016), i.e., Al 371 

dose ≥ 15.1 g Al m-2, high residence time, and Osgood Index > 5.7. Lake Barleber however 372 

does not meet the upper Al dose of 44.7 g Al m-2 observed by (Huser et al. 2016) for lakes 373 

with similar or higher treatment longevity. In addition, sedimentation rate might play an 374 

important role in treatment longevity; we hypothesize that lakes with lower sedimentation are 375 

likely to have longer treatment effectiveness due to the longer exposure of the aluminium 376 

layer to the water column i.e. limited aluminium burial. 377 

Lake Barleber is a closed lake with no surface inflows and has a low inflow of groundwater; 378 

therefore, internal mobilization of nutrients from sediments into water are a predominant 379 

source of nutrients; in addition, lakes with long residence times are generally mostly 380 

influenced by internal processes (Huser et al. 2016). Monitoring data and incubation results 381 

point to the influence of temperature and dissolved O2 as the major cause of the excessive 382 

nutrients release. Monitoring data also clearly showed that elevated temperatures and low O2 383 

concentration coincided with release of nutrients starting in autumn 2016 (Fig. 2). The effect 384 

of temperature and low oxygen on nutrient release is well known (Gudasz et al. 2010, 385 

Jensen and Andersen 1992); temperature affects mineralization processes and increase 386 

oxygen uptake leading to anoxia.  387 

We also postulate, from the water chemistry data in April 2017, that immobilization of 388 

nutrients into the sediment in winter of 2016/17 did not take place or was insufficient to 389 

reduce nutrient levels to those similar to previous years. This is confirmed by data collected 390 

in the winter of 2018/2019 when a winter diatom bloom (triggered by temperature and light 391 

intensity under ice cover) occurred (peak chlorophyll a concentration of 93.4 μg·L-1) causing 392 

a reduction of the SRP concentration in the water column from 337 to 242 µg L-1 and Si from 393 

1.55 to 0.05 mg L-1 (Kong et al. 2021). It is not known if winter diatom blooms occur every 394 

year but it is clear that their occurrence has a huge bearing on nutrient concentrations and 395 
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phytoplankton succession in spring as internal stores of P within the algal biomass can be 396 

quickly recycled into the SRP pool once the algal bloom is mineralized. 397 

4.2 Phosphorus release was predominantly redox-dependent 398 

Our results provide consistent evidence that redox-dependent P release was the major 399 

process responsible for P release in Lake Barleber during summer; this classical P release 400 

model is well known from literature (Einsele 1936, Jensen and Andersen 1992, Mortimer 401 

1942, Nürnberg 2020, Nürnberg et al. 2012). However Mn seems to be the major element 402 

binding P; the correlation of the (NH4Cl + BD)-P to (NH4Cl + BD)-Fe was low and 403 

insignificant. We think Fe is immobilized by sulphides hence the poor correlation; this implies 404 

that Mn may be a better indicator of redox-dependent P release in lakes with a high sulphide 405 

content. We also observed significant correlation of (NH4Cl + BD)-P with LOI550 (proxy for 406 

organic matter content) and LOI950 (proxy for calcium carbonates) which implies that organic 407 

matter content and calcium carbonates play a role in the in mobilization and immobilization of 408 

P.  409 

Nutrients fluxes were highest under the anoxic-high temperature conditions. This shows that 410 

besides low redox potential also high temperatures enhance release of nutrients (Jensen and 411 

Andersen 1992, Dadi et al. 2020) as shown by the correlations above. Thus, redox-potential 412 

and temperature work here synergistically and are major drivers of eutrophication. Lake 413 

warming indeed played a role, a recent study shows that internal loading and lake warming 414 

explains 68% and 32% of the blooms respectively (Kong et al. 2023). The self-amplifying 415 

mechanisms between high temperature and low redox conditions are multiple: (i) high 416 

temperature accelerate oxygen depletion and hence rapidly induce low redox conditions, (ii) 417 

high temperatures also amplify mineralization (Gudasz et al. 2010) and thus support nutrient 418 

recycling, (iii) high temperatures induce a shift towards cyanobacteria (Paerl and Huisman 419 

2008) that have a high potential for bloom-formation and such a shift comes along with low 420 

phosphorus sedimentation (Horn et al. 2015). Once a lake becomes eutrophic, as what 421 

happened to Lake Barleber in 2016, there are also self-stabilizing mechanisms at play given 422 

that the higher algal biomasses lead to higher sediment oxygen demand and a phosphorus 423 

accumulation at the sediment surface. It is therefore not surprising that the algal bloom in 424 

2016 stimulated bloom formation and a further increase in epilimnetic SRP concentration in 425 

the summer of 2017; similar positive feedback mechanism of algal blooms have been 426 

observed in Lake Taihu (Qin et al. 2021). The algal bloom that followed the SRP release 427 

resulted in notable changes in the upper sediment layer i.e. the PN and POC in the upper 428 

sediment were higher than in the lower sediment layers, most probably due to the rapid 429 

change in sediment composition after only one vegetative season. The senescence of algal 430 
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blooms led to an increase in easily mobilized P sources (NH4Cl-P and BD-P) in the upper 431 

layers. 432 

4.3 Sediment P adsorption capacity 433 

The TP concentration in the upper 5 cm of the sediment in August 2017 was 3 times higher 434 

(3.4 mg P g-1) than the other four cores (1 mg P g-1). The TP concentration of four cores is on 435 

the lower end of the scale in other lakes; up to 7 mg P g-1 with an average of approximately 2 436 

mg P g-1 (Hupfer 1995). The higher concentration observed in August 2017 could be either 437 

due to sediment focusing at the particular point and/or calcite precipitation which has been 438 

observed in the lake in 2018 and has been attributed to algal blooms which raised pH to 439 

almost 10 (Seewald, 2019). The calcite precipitation would have been driven by increased 440 

pH level in the lake due to the algal bloom (Leiser et al. 2021). 441 

The relatively low sediment TP concentration in Lake Barleber can also be interpreted as an 442 

indication of limited P adsorption capacity. Release of redox-dependent P requires a larger 443 

pool of sedimentary P adsorbed to iron minerals, which compete with Al for adsorbing P. 444 

Aluminum treatment of lakes shifts this balance towards Al minerals, whose adsorption of P 445 

is insensitive to redox conditions. Our results indicate that in Lake Barleber the P-fraction 446 

adsorbed to redox-sensitive metal hydroxides was relatively high and this was probably due 447 

to reduced P adsorption capacity of the sediment as a result of aging Al minerals (Berkowitz 448 

et al. 2006).  449 

We estimated the P retention by calculating various molar ratios commonly used as proxies 450 

for P retention (Huser 2017, Kopáček et al. 2005, Nürnberg et al. 2018, Rydin and Welch 451 

2000). The NaOH-Al : NaOH-P molar ratio was 3 at depth between 30 and 34 cm and it 452 

increased to about 6 then started to decrease to 4 or 5 in the upper sediment; the whole 453 

sediment column has NaOH-Al : NaOH-P molar ratios below the thresholds of 10 and 12.6 454 

proposed by Rydin and Welch (2000) and de Vicente et al. (2008), respectively. The NaOH-455 

Al : NaOH-P ratios are however mostly within the range of 2 to 100 like observed in other 456 

lake sediments (de Vicente et al. 2008, Huser 2017, Nürnberg et al. 2018). The NaOH-Al: 457 

(NH4Cl + BD)-P molar ratio was 7 after Al treatment and decreased to 3 in the upper 458 

sediment; the ratios are far below the proposed threshold of >25 (Kopáček et al. 2005). The 459 

sum-Al : sum-Fe ratio (NH4Cl + BD + NaOH) was higher at the time of Al application and 460 

decreased 5 fold approaching the >3 threshold proposed by Kopáček et al. (2005). This is 461 

one ratio that seems to explain clearly the loss of P retention in the Lake Barleber sediments 462 

over time. NaOH-Al : (NH4Cl + BD)-Fe and NaOH-Al : (NH4Cl + BD)-Mn molar ratios also 463 

clearly show the deceasing P retention capacity in the sediment over time, however the Fe 464 

ratios have more noise. The noise of the NaOH-Al : (NH4Cl + BD)-Fe molar ratios could be 465 

due to different rates of immobilization of Fe by sulphides formed as a result of sulphate 466 
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reduction. The NaOH-Al : (NH4Cl + BD)-Fe ratios have a clear trend which also enables the 467 

identification Al peak at depth between 28 and 34 cm. Most of the molar ratios in literature 468 

are from short term laboratory experiments or lakes which have been recently treated (<3 469 

years), this makes it difficult to compare the results of Lake Barleber to other studies.  470 

The ratios increase with depth because the influence of the aluminum treatment is 471 

diminished upward in the sediment due to sedimentation of material with a lower P binding 472 

capacity. Lake Barleber has a high background sulphate concentration; before the treatment 473 

in 1986, the sulphate concentration was ca. 500 mg L-1 and it increased to ca. mg L-1 after 474 

the aluminium sulfate treatment (Rönicke and Bahr 1989). In addition, phosphorus sorption 475 

capacity by aluminum decreases with time (Anderson and Berkowitz 2010, Berkowitz et al. 476 

2005); thus, adsorption sites might have been saturated because of 30 years of aging. Al is 477 

transformed from a poorly-ordered amorphous solid phase to a well-ordered gibbsite and this 478 

polymerization reduces surface area i.e. Al floc sorption capacity for phosphate decreases 479 

over time (Berkowitz et al. 2006, James 2017, Kopáček et al. 2005).  480 

Another factor which contributed to reduced adsorption capacity of the sediments is the high 481 

concentration of sulphate and potential sulphate reduction. This can lead to formation of 482 

sulphides which permanently immobilize the reduced iron released under anoxia through 483 

formation of iron sulphides thereby leading to a reduction of the active iron pool (Gachter and 484 

Muller 2003). All this compromise the duration of the treatment effectiveness hence the need 485 

for a monitoring of the sediment geochemistry and potential treatment, again. Based on this 486 

observation we would recommend that lake managers apply poly-aluminum chloride instead 487 

of aluminum sulphate. 488 

4.4 Sediment susceptibility to resuspension and focusing 489 

Sediment NaOH-Al revealed there is an Al peak in the sediment (28-34 cm sediment depth) 490 

which is likely due to the Al treatment in 1986. The peak is not high which could be due to a 491 

high background Al concentration in the sediment in comparison to the amount added during 492 

remediation as shown by another study (Lewandowski et al. 2003) or due to sediment re-493 

suspension/re-working. The thickness of the Al peak layer is likely an indication of sediment 494 

focusing to the deepest area (sampling point BA1). If we take 28 cm depth as the marker for 495 

1986 Al treatment, this implies an average sediment accumulation rate of 0.9 cm per year 496 

which is three times higher than the mean for lakes of 0.3 cm y-1 (Baud et al. 2021). It is 497 

therefore plausible that sediment focusing occurs in Lake Barleber. Aluminum flocs formed 498 

after the application of Al are light enough to be resuspended by wind or benthivorous fish as 499 

shown in other studies (Egemose et al. 2013). A study on macrophytes in Lake Barleber 500 

indeed revealed relatively high activity of benthivorous fish which would explain the sediment 501 

re-distribution (Lana plan 2016). In addition, the sediment dry density in the upper sediment 502 
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is distinctly lower in comparison to the deeper sediments. This is expected since Lake 503 

Barleber is a closed lake and sedimentation is predominantly from autochthonous material, 504 

which has a lower dry density and is highly susceptible to resuspension. Sediment 505 

susceptibility to resuspension increases with decreasing dry density of sediment layers 506 

(Jepsen et al. 1997). We postulate that low sedimentation prolongs the duration of the 507 

treatment effectiveness because a thin layer of fresh sediment can easily be mixed into the 508 

Al rich sediment layer i.e. the Al rich layer is not completely buried but is rather mixed with 509 

new sediment, as observed. This is probably what happened in Lake Barleber which would 510 

imply that the treatment longevity is supported by the presumably low sedimentation rate in 511 

the lake due to the low productivity in the lake. The quite gradual decrease of the NaOH-Al 512 

(Fig 7b, lower panel) supports our interpretation that sediment resuspension and focusing is 513 

a permanent feature of Lake Barleber. 514 

4.5 Phosphorus quantity in water and sediment 515 

Lake-wide TP in Lake Barleber in the time period from 1987 (after aluminum treatment) until 516 

2014 showed amounts between 173 and 373 kg TP and the average amount was 517 

approximately 258 kg TP (Fig. 8). Based on water sampling in 2017 the total TP amount in 518 

Lake Barleber notably increased 8-fold and reached values of approximately 2160 kg. This 519 

implies that from 2014 to 2017 approximately 1900 kg TP were mobilized from the 520 

sediments. Given a lake sediment surface area of 103 ha this translates to a flux rate of 0.6 g 521 

P m-2
 year-1 (633 kg year-1). Anoxic incubation flux was 0.37 g P m-2

 year-1 (381 kg year-1). 522 

The P flux rate from sediment incubation is therefore an underestimation of the actual flux 523 

given that atmospheric deposition, groundwater and bathing are low (Rinke et al. 2018). This 524 

underestimation may be due to sediment heterogeneity since the sediment incubation was 525 

from one sampling point. Estimated TP content of 633 kg year-1 is ten times higher than total 526 

external P load of 65 kg year-1 i.e. atmospheric deposition, groundwater and bathing 527 

(Hannappel and Strom 2020, Rinke et al. 2018). Interestingly the TP content of 633 kg year-1 528 

is very similar to the mean BD-P content of 790 kg in the upper 1 cm sediment layer (Fig. 6). 529 

This shows that most of the redox dependent P in the upper 1 cm layer was remobilized into 530 

the water column. It is therefore clear that internal P loading was the source of the observed 531 

increase in P concentration. 532 

4.6. Potential mechanism for the sudden phosphorus release 533 

Lake Barleber is a classic example of a lake in which P release is controlled by redox 534 

sensitive metal hydroxides and hence the application of redox insensitive Al was successful 535 

in controlling P release for approximately 30 years. The lake is more prone to sediment 536 

mixing in the upper sediment layers; we presume that sedimentation prior to the algal blooms 537 

was low (closed lake). This could explain why Al treatment was successful; after the Al 538 
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application the aluminum- rich layer continued to be recycled via resuspension hence 539 

continuous adsorption of P for a long time unlike in high sedimentation systems where this 540 

layer can quickly get buried and become inaccessible. The autochthonous sedimentation 541 

also leads to a decrease in dry density and this, coupled with a potential decrease in Al 542 

sorption capacity (due to aging), led to a start of the tipping (Fig. 9) towards re-543 

eutrophication. The lake became highly susceptible to anoxia, especially considering the high 544 

BD-P fraction of associated with the redox-dependent hydroxides and decrease in the P 545 

retention as molar ratios (Fig. 7). Post-treatment monitoring of sediment P fractionation in the 546 

upper 5 cm is important to determine the extent to which the sediment loses its permanent Al 547 

adsorption capacity for P. 548 

5. Conclusion 549 

We have shown that internal loading can explain the shift towards eutrophy in a lake 550 

previously treated with aluminum sulphate. The study also confirms the role of anoxia and 551 

high water temperatures (mineralization of organic matter) as the major drivers of P-release. 552 

After release the P stimulates algae leading to self-sustaining algal blooms, i.e., large P-553 

pools are within the algal biomasses (during blooms in winter and summer) and are quickly 554 

recycled into the water before P is permanently sequestered in the sediment. 555 

This is a study that analyzed nutrient dynamics in lakes that had been treated with aluminum 556 

sulfate three decades before eutrophic conditions returned. We identified key mechanisms 557 

that finally lead to a eutrophic condition and provide evidence that many treated lakes at 558 

some time will require additional treatment for sustaining acceptable water quality. There is 559 

need for more long term studies on the sediment in aluminum treated lakes especially on the 560 

long term aging of Al precipitates. Development and application of a method for measuring 561 

the remaining P-binding capacity of the sediment and/or the Al precipitates is required for the 562 

management of aluminum treated lakes.  563 
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Wassergüteverbesserungen (Development of the water quality of the Barleber 719 

Lake, estimation of the internal nutrient load and recommendations for action 720 

to improve the water quality). UFZ-Helmholtz Centre for Environmental 721 

Research.  722 



 

Page 23 of 35 

 

Rönicke H. and Bahr K. (1989) Nährstoffausfällung an einem Magdeburger Badesee 723 

zur Verbesserung der Wasserbeschaffenheit und des Erholungswertes 724 

(Nutrient precipitation at a Magdeburg bathing lake to improve water quality 725 

and recreational value). Wasserwirtschaft-Wassertechnik 39:187-188) 726 

Rönicke, H., Frassl, M.A., Rinke, K., Tittel, J., Beyer, M., Kormann, B., Gohr, F. and 727 

Schultze, M. (2021) Suppression of bloom-forming colonial cyanobacteria by 728 

phosphate precipitation: A 30 years case study in Lake Barleber (Germany). 729 

Ecological Engineering 162, 106171. 730 

Rydin, E. and Welch, E.B. (2000) Amount of phosphorus inactivated by alum 731 

treatments in Washington lakes. Water Research 45, 226-230. 732 

Seelen, L.M.S., Teurlincx, S., Armstrong, M.R., Lürling, M., van Donk, E. and de 733 

Senerpont Domis, L.N. (2022) Serving many masters at once: a framework for 734 

assessing ecosystem services delivered by quarry lakes. Inland Waters 12(1), 735 

121-137. 736 

Shatwell, T. and Köhler, J. (2019) Decreased nitrogen loading controls summer 737 

cyanobacterial blooms without promoting nitrogen-fixing taxa: Long-term 738 

response of a shallow lake. Limnology and Oceanography 64(S1), S166-S178. 739 

Søndergaard, M., Jensen, J.P. and Jeppesen, E. (2005) Seasonal response of 740 

nutrients to reduced phosphorus loading in 12 Danish lakes. Freshwater 741 

Biology 50(10), 1605-1615. 742 

Steinman, A., Rediske, R. and Reddy, K.R. (2004) The reduction of internal 743 

phosphorus loading using alum in Spring Lake, Michigan. Journal of 744 

Environmental Quality 33(6), 2040-2048. 745 

Taranu, Z.E., Zurawell, R.W., Pick, F. and Gregory-Eaves, I. (2012) Predicting 746 

cyanobacterial dynamics in the face of global change: the importance of scale 747 

and environmental context. Global Change Biology 18(12), 3477-3490.  748 



 

Page 24 of 35 

 

Figure captions 749 

 750 

Fig 1 Bathymetric map of Lake Barleber, Germany showing the sampling sites (BA1, 2, 751 

& 3). Data source: Landesbetrieb für Hochwasserschutz und Wasserwirtschaft 752 

Sachsen-Anhalt (LHW).  753 
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 754 

Fig. 2. Oxygen and temperature profiles at the time of sediment sampling755 
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 756 

Fig. 3. Dynamics of nutrients, chlorophyll a, oxygen and temperature in the epilimnion and bottom part of the lake from 2010 to 2017. All 757 

dates without SRP and NH4
+-N refer to values <0.01 and 0.02 mg L-1 respectively. The bottom SRP and TP concentration before 2016 758 

were below 0.04 and 0.1 mg L-1 respectively. Data source (LHW, 2020). Please note, the epilimnion and bottom nutrients charts have 759 

different scales. The last data point 18.01.2018 is from this study. 760 
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 761 

Fig. 4. Porewater and overlying water (OW) solute concentrations  762 
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 763 

 764 

Fig. 5 Means of sediment parameters in the upper 10 cm sediment. The data are means 765 

of 5 sediment (n = 5) cores from 3 sampling points. The whiskers indicate the standard 766 

deviation  767 
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 768 

Fig. 6. P-fractionation in the upper 10 cm for the three coring sites and at different 769 

times. 770 

 771 
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 772 

Fig. 7. P fractionation and loss on ignition (A), metal content in the fractionation extracts (B) and selected P retention indicators (C) of 773 

the 40cm sediment core from sampling point BA1. 774 
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 775 

Fig. 8. Quantity of phosphorus in the open water of Lake Barleber: Based on long term 776 

concentration data from (Data Source: Roenicke et al. 1995; unpublished data of UFZ; 777 

data of LHW). The black vertical dotted black line indicates the aluminum sulfate 778 

treatment in 1986. Please note the break in the y-axis.  779 
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 780 

Fig 9 A conceptual model of the loss of Al adsorption capacity for P and the 781 

accumulation of available P after remediation with aluminum sulphate. Tipping (shift 782 

towards P release) starts when the Al adsorption capacity is not adequate to bind the 783 

non-bound P below the critical threshold (step 1). This is followed by an increase in 784 

the BD-P capacity since the P that was bound by Al becomes available to Mn and Fe 785 

(step 2). Once the BD-P pool reaches the maximum the system becomes very 786 

vulnerable to high temperature and anoxia leading to events like wind mixing to 787 

transport P to the epilimnion where the phytoplankton bloom occurs (step 3). This 788 

model applies to closed lakes with minimal groundwater and atmospheric P 789 

deposition influence.  790 
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Tables 791 

Table 1. Lake Barleber mean nutrients concentrations in the epilimnion and bottom 792 

part of the lake (parentheses); before and after re-eutrophication. Data source: (LHW 793 

2020).  794 

Nutrients Before  After 

2013 – 2014 (n = 12) 2016 (n = 6) 2017 (n = 6) 

TP [µg L-1] 40 ± 18 

(55 ± 17) 

122 ± 86 

(332 ± 379) 

270 ± 90 

(717 ± 613) 

TN [mg L-1]  0.63 ± 0.12 

(0.62 ± 0.08) 

0.88 ± 0.37 

(1.43 ± 1.12) 

1 ± 0.1 

(1.38 ± 0.66) 

Chlorophyll a [µg L-1] 5.67 ± 6.38 9.40 ± 14.37 26.33 ± 15.00 

  795 
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Table 2. Significant correlations (Pearson) of the parameters in the fractionation 796 

extracts of the 40cm sediment core from sampling point BA1; n = 30, α =0.05 797 

Parameter r p 

NH4Cl-P vs Depth -0.72 6.54e-6 

BD-P vs Depth -0.45 0.013 

NaOH-P vs Depth 0.42 0.021 

Residual-P vs Depth -0.38 0.036 

NH4Cl: P vs Ca 0.41 0.025 

NH4Cl: P vs Mn 0.72 5.77e-6 

BD: P vs Mn 0.46 0.01 

NaOH: P vs Mn 0.57 0.001 

NaOH: P vs Al 0.76 9.78e-7 

HCl: P vs Ca 0.74 3.38e-6 

HCl: P vs Mn 0.83 1.76e-8 

(NH4Cl + BD): P vs Mn 0.75 1.5e-6 

(NH4Cl + BD): P vs LOI550 0.64 0.0001 

(NH4Cl + BD): P vs LOI950 0.43 0.02 

 798 

Table 3: Mean conditions during sediment incubations (n = 3) 799 

Parameter Oxic 6oC Oxic 20oC Anoxic 6oC Anoxic 20oC 

pH 8.2 ± 0.3 8.2 ± 0.3 8.5 ±0.01 7.5 ± 0.2 

ORP (mV) 461 ± 44 406 ± 23 392 ± 26 -58 ± 79 

O2 [%] 98.1 ± 5.6 95 ± 3.5 2.4 ± 1 <0.005 

NO3-N [mg L-1] 0.22 ± 0.11 0.33 ± 0.20  0.05 ± 0.01 <0.042 

 800 

  801 



 

Page 35 of 35 

 

Table 4: Benthic fluxes under different temperature and oxygen conditions. Positive 802 

flux indicates solute release from sediment while negative flux indicates solute loss 803 

from water. Asterisks denote fluxes not significantly different from zero.  804 

Parameter 

[mmol m-2 d-1] 
Oxic 6oC Oxic 20oC Anoxic 6oC Anoxic 20oC 

SRP -0.024 ± 0.02 -0.08 ± 0.03* 0.17±0.06* 0.94 ± 0.23 

DP -0.02 ± 0.03* 0.09 ± 0.05* 0.17 ± 0.07* 0.98 ± 0.21 

TP -0.62 ± 0.64* 0.10 ±0.07* 0.20 ± 0.08* 0.99 ± 0.15 

NH4
+-N -0.18 ± 0.04 -0.22 ± 0.13* 1.15 ± 0.16 4.86 ± 1.74 

NO3
--N 0.20 ± 0.09* 0.35 ± 0.17* -0.058 ± 0.003 -0.106 ± 0.008 

DOC -0.97 ± 0.22 -0.70 ± 0.42* -0.43 ± 0.36* 1.17 ± 0.26 

Fe 
-0.00006 ± 
0.00005* 

0.00011 ± 
0.00025* 

0.00034 ± 
0.00039* 

0.0019 ± 
0.0063* 

Mn -0.026 ± 0.009 -0.080 ± 0.067* 0.79 ± 0.55* 0.66 ± 0.26 

SO4
2- 4.60 ± 1.40 3.91 ± 4.41* -1.68 ± 1.20* -10.16 ± 2.95 

O2 -25.50 ± 0.10 -43.50 ± 4.60 NA NA 

 805 


