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ABSTRACT 
Phosphorus release from the sediment in two dimictic lakes was compared during the summer stratification. Soluble reactive 

phosphate (SRP) and also NH4
+ were released from the anoxic sediment into the water column in Lake Dudinghausen and Lake 

Tiefer. The sediment released NH4
+ and SRP only when oxygen and nitrate/nitrite were absent. Besides the SRP concentration in the 

hypolimnion, P-binding in the upper sediment changed during summer stratification in both lakes. In Lake Dudinghausen a decrease 
in the redox-sensitive bound P was observed in the upper sediment. Only in this lake does the classic anoxic P-release by reduction 
of the FeOOH-phosphate complex play a dominant role. In both lakes, however, the contents of organically bound P increased in the 
upper 0.5 cm layer during the summer stratification. P-release was calculated using four different methods. The calculated P-release 
during summer stratification varied between 15 and 207 mg P m-2 y-1 in Lake Dudinghausen and between 22 and 55 mg P m-2 y-1 in 
Lake Tiefer. 
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1. INTRODUCTION 

In terms of the net balance over a year, lake sedi-
ments accumulate nutrients, especially phosphorus. P-
release and P-bindings, however, may vary seasonally. 
Phosphorus release from the sediment is often a signifi-
cant component of the phosphorus budget of lakes. 
Large amounts of P are released under anoxic condi-
tions during summer stratification and phosphorus usu-
ally accumulates as soluble reactive phosphate (SRP) in 
the hypolimnion (Nürnberg 1987). Diffusion of SRP oc-
curs through well-established chemical and thermical 
gradients directly affecting the concentration in the 
epilimnion and enhancing phytoplankton primary pro-
duction (Gliwicz 1979). Therefore, P-release plays an 
important role in the regulation of phytoplankton 
growth and in the trophic level of dimictic lakes (Welch 
& Cooke 1995; Boers et al. 1998). 

The classic model of P-release from anoxic sedi-
ments is the reduction of FeOOH-phosphate complexes 
(Einsele 1936, 1938; Mortimer 1941, 1942). Golterman 
(2001) discussed the results of Mortimer not only as an 
interpretation of Fe-bound P-release under anoxic con-
ditions; he also described the possibility that an organic 
constituent forms a part of the adsorbing complex in 
oxidised muds. Besides these theories, other processes 
for anoxic P-release have been described: 

 

- solubilization of apatite by a drop of the pH-value 
(Golterman 1998); 

- mineralisation of sedimentary organic matter by bacte-
rial activity (Gächter et al. 1988; Sinke et al. 1990); 

- mineralisation of phytate (Golterman et al. 1998); 

-  release of polyphosphate by sediment bacteria 
(Hupfer et al. 1995a).  

 

The remobilisation of phosphorus from the sedi-
ment, however, is probably controled by its speciation. 
Therefore, knowing the total phosphorus content of the 
sediment is not sufficient for defining the amount of P 
that can be released, as described by Nürnberg (1988) 
and Sas (1989). P-speciation in sediments can be re-
solved using a technique of sequential chemical extrac-
tion (Williams et al. 1971; Golterman 1982; Psenner et 
al. 1984). The use of the chemical extraction has been 
critically discussed (Hartikainen 1979; Barbanti et al. 
1994; Ruban et al. 1999). The loosely adsorbed fraction 
and the redox-sensitive fraction are particularly subject 
to mobilisation. Boström et al. (1985) characterised the 
organically bound phosphorus as being the most dy-
namic fraction in the surface sediment. The characteri-
sation of the bioavailable fractions is especially diffi-
cult. Hieltjes & Lijklema (1980) defined the NH4Cl 
fraction as labile inorganic phosphorus. DePinto et al. 
(1981) found a strong correlation between the NaOH 
fraction and the sediment P available to support algal 
growth as determined in a bioassay. Many investigators 
defined the sum of two or three fractions as mobilized 
phosphorus (Boström 1984; Psenner et al. 1984). Penn 
et al. (1995) calculated the diagenesis of P from meas-
urements of labile P-components and a constant ratio of 
labile to refractory phosphorus in freshly deposited 
sediment. 

The present study compares the P release in two di-
mictic lakes in Northeast-Germany, each with an an-
aerobic hypolimnion but different trophic state. The 
mechanisms of P-release were investigated and quanti-
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fied. This approach involved investigating the P con-
centration in the hypolimnion and the variability of 
phosphorus bound in the uppermost sediment before, 
during, and after the summer stratification. Benthic P-
release was calculated using different methods and 
compared in the two lakes. 

2. MATERIALS AND METHODS 

2.1. Study sites 

The Lake Dudinghausen (DUD) and Lake Tiefer 
(TIF) are dimictic lakes in Mecklenburg Vorpommern 
(North Germany), approximately 30 km and 40 km 
south of Rostock (54° N, 12° E) at the Baltic Sea (Fig. 
1). Their main morphometric and limnological parame-
ters are presented in table 1. Based on measurements 
1997-2001 Lake DUD was classified as mesotrophic, 
whereas Lake TIF showed a low eutrophic state ac-
cording to the German standard (LAWA 1998). 

2.2. Water analysis 

The investigation was carried out at monthly inter-
vals from March to November in 1998 at the deepest 

points of each lake. Vertical profiles of temperature, 
oxygen and pH were taken using the multiprobe Torphil 
406. After membrane filtration (0.45 µm) ammonium, 
nitrite and nitrate were determined after Rohde & 
Nehring (1979).  

 
Tab. 1. Morphometric and limnological characteristics of the 
two lakes, * seasonal variation from March to November 
1998/1999 n= 18. (1): based on morphometry (LAWA 1998). 
(2): based on German standard (LAWA 1998) 

 Lake TIF Lake DUD 

Surface area (ha) 15.9 18.8 
Volume (m3 × 106) 1.69 1.29 
Mean depth (m) 10.7 6.9 
Maximum depth (m) 30.6 15.2 
Catchment area in ha 144 25 
Reference trophic state(1) mesotrophic mesotrophic 
   
Total phosphorus (µg l-1)* 21-97 32-80 
Secchi depth (m)* 0.7-2.2 0.6-3.6 
Chlorophyll-a (µg l-1)* 2-13 2-6 
Trophic classification 1999/2000(2) eutrophic (e1) mesotrophic 

 
Soluble reactive phosphorus (SRP) was analysed by 

applying the molybdenum blue method in a flow-

 
Fig. 1. Locations of the Lake Dudinghausen (DUD) and Lake Tiefer (TIF) in Mecklenburg-Vorpommern, northern Germany. 
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through system at 660 nm according to Malcolm-Lawes 
& Koon (1990). Alkalinity was determined by titration 
with 0.1 N HCl according to the standardized German 
methodology (DEV 1992).  

2.3. Sediment analysis 

Sediments were sampled in March, May, September 
and November 1998 with an UWITEC-corer at the 
deepest location. Five cores were taken at the deepest 
location and the same depth horizons of the cores were 
mixed. With this sampling procedure the spatial varia-
tion of the depth region of the lakes were excluded and 
cannot overlay the seasonal variation. The obtained 
sediment cores were cut into the following seven hori-
zons: 0-0.5 cm / 0.5-1 cm / 1-2 cm / 2-3 cm / 3-4 cm / 4-
5 cm and 9-10 cm. All sediment analyses were carried 
out in triplicate.  

The sediments were dried at a temperature of 105 °C 
to determine the dry weight (dw) in % of wet weight 
(ww) (Schlungbaum 1979). After homogenisation, the 
amounts of organic carbon (Corg), inorganic carbon 
(Cinorg) and total nitrogen (TN) were determined based 
on the dry weight with a C/N Analyser Vario EL after 
Verardo et al. (1990).  

Total phosphorus (TP) in the sediments was deter-
mined as the HCl-soluble portion of the residues after 
combustion (at 550 °C), using the method described by 
Andersen (1976). The total iron (TFe) and aluminium 
(TAl) levels were determined from the same extract. 
After reduction to Fe2+, TFe was analysed photometri-
cally at 560 nm as ferrozine colour complex (Stookey 
1970). Following complex formation with chromazurol-
S in acetate buffer, the TAl content was measured pho-
tometrically at 560 nm (Dunemann & Schwedt 1984). 

Pore water profiles of phosphate were obtained by 
centrifugation (6000 g, 10 °C, 20 min) and filtration 
(cellulose-acetate, 0.45 µm). SRP and NH4

+ were meas-
ured as described above for water samples. The dis-
solved Fe (DFe) was determined with the method of 
TFe analysis in sediments. The dissolved organic P 
(DOP) was calculated as the difference between dis-

solved TP and SRP (Sinke et al. 1990). Dissolved TP 
was measured according to Nakamura et al. (1980). 

2.4. P-speciation of sediment 
In order to determine the different forms of phos-

phorus in the sediments, the extraction method of 
Psenner et al. (1984) was used. Different solvents used 
in a certain sequence allow conclusions about the P-
bindings (Tab. 2). All analyses were carried out in trip-
licate. The soluble reactive phosphorus (SRP) was de-
termined using an extraction agent. Total phosphorus 
(TP) was determined by means of acid hydrolysis under 
UV radiation. The non-reactive phosphorus (NRP) is 
defined as the difference between the total phosphorus 
and the soluble reactive phosphorus. With this extrac-
tion, the following P-species are separated: labile P 
(H2O-TP), redox-sensitive P (bicarbonate-dithionite 
fraction, BD-SRP), adsorbed P and Al-P (NaOH-SRP), 
organically bound P (NaOH-NRP), Ca-bound P (HCl-
SRP), residual P (NaOHhot-TP). The margin of error 
was estimated to be half the distance between the ex-
treme values. The errors were usually below 2%, except 
for the sum of extractable P that was 4%. 

2.5. Calculations of P-release 
The benthic P-release from the profundal sediment 

under anoxic conditions was calculated using four 
methods: (1) molecular diffusion between SRP in the 
water column and pore water as according to Fick's Law 
(Sinke et al. 1990), (2) mean accumulation rate of SRP 
in the hypolimnion at the end of summer stratification, 
(3) diagenetic release of labile P-components according 
to the prognosis of Penn et al. (1995), (4) potential re-
lease of Fe- and Mn-bound P according to Gonsiorczyk 
et al. (2001). The calculation of method (3) and (4) con-
sidered the uppermost 2 cm sediment layer. The calcu-
lation of the diagenetic release of labile P components 
(3) used two different definitions of refractory phospho-
rus compounds: variant A is based on the definition of 
refractory P as the sum of HCl-extractable P and resid-
ual P (Penn et al. 1995). Variant B includes the NaOH-
NRP fraction. 

Tab. 2. The five steps in the extraction procedure of Psenner et al. (1984) and the corresponding P-fractions (SRP =
soluble reactive phosphorus; NRP = non reactive phosphorus). 

step extraction solvent Time,  corresponding bounding forms 
  temperature P-fraction  

1 H2O (distilled water) 0.3 h, 25°C TP soluble phosphorus in pore water, unstable at the surface, 
adsorbed phosphates, algae-available phosphates 

2 BD (0.11M) 
(Bicarbonate-dithionite) 

0.5 h, 40°C SRP Redox-sensitive P, mainly bound to Fe-hydroxides 

3 NaOH (1M) 
(sodiumhydroxide) 

16 h, 25°C SRP P bound to metal oxides mainly of Al and Fe, sorptive-bound 
sorbed P on metals and organic compounds 

   NRP organic P, e.g. P in microorganisms, detritus, humic 
compounds, poly-P, P-lipid 

4 HCl (0.5M) 
(Hydrochloric acid) 

16 h, 25°C SRP carbonate- and apatite-bound phosphorus 

5 NaOH (1M) 8 h, 80°C TP residual P 
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3. RESULTS 
3.1. Seasonal variation of oxygen and nutrients in the 

hypolimnion 
The thermal stratification of the lake begins in May 

and ends in October/November after a period of ap-
proximately 150-170 days for both lakes. In May oxygen 
decreases in the hypolimnion below 25% oxygen satura-
tion; from July to October/November the hypolimnion of 
both lakes was anoxic (Fig. 2). With the autumn circulation 
the hypolimnion returned to oxic conditions. 

With the onset of anoxic conditions in the 
hypolimnion, the concentrations of NH4

+ and SRP in-
creased dramatically in Lake DUD (Fig. 3). The nitrate 
concentration was also very low (undetectable) at this 

time (Tab. 3). Nitrate was found until July in Lake TIF, 
and only in the absence of nitrate SRP and NH4

+ in-
crease in the hypolimnion. During summer stratification 
the concentrations of NH4

+ and SRP remained stable 
and increased somewhat at the end of stratification. The 
release of both nutrients was two- to three-fold higher in 
Lake DUD than in Lake TIF. We found a strong posi-
tive correlation between the NH4

+ and SRP levels in the 
0.5 m water layer at the sediment surface in both lakes 
(r2 = 0.83 and 0.73, p <0.001, n = 9). During stratifica-
tion, the pH-value in the hypolimnion decreased and al-
kalinity increased (Tab. 3). Both parameters were cor-
related with the ammonium concentration (r2 = 0.85 and 
0.78 for pH and r2 = 0.77 and 0.71 for alkalinity) in the 
hypolimnion.  

 
Fig. 2. Oxygen saturation in the vertical profile of Lake DUD and Lake TIF during 1998. 
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3.2. Sediment composition and P-binding during spring 
circulation 

Figure 4 shows the nutrient content in the upper 
sediment during the spring circulation in 1998. The up-
per 30 cm represented approximately the last 80 years 
(Pb dating – Selig et al. 2003a and Erlenkeuser, unpubl. 
data). The Corg and Cinorg contents were different in the 
two lakes; in Lake DUD the Corg was higher than in 
Lake TIF and the Cinorg lower. The highest content was 
found in the uppermost 0.5 cm of the sediment in both 
lakes. The TP level decreased with increasing depth in 
the uppermost 10 cm in both lakes, and was very high in 
the upper 2 cm. A low variation in the TP was deter-

mined at depths of 10 to 30 cm. In contrast to TP, TFe 
and TAl increased with increasing depth in the upper 
sediment layers. 

The SRP in the pore water showed distinct maximal 
concentrations at depths between 5 and 10 cm in Lake 
TIF, and even higher concentrations were found at this 
depth in Lake DUD. The NH4

+ concentration increased 
continuously with increasing depth in both lakes. The 
DFe concentration also generally increased with depth, 
but also demonstrated local differentiation in the upper 
10 cm. The DOP was completely different in both lakes: 
according to the Corg concentration, the DOP was rela-
tively high in the upper sediment in Lake DUD, whereas 
below 10 cm the concentration was very low and con-

 
Fig. 3. Ammonium and phosphate concentrations in the deep water in 1998. 

 
Tab. 3. Oxygen saturation, nitrate and nitrite concentration, pH and alkalinity in the surface water (0.5 m - Epi) and in 
the water layer above sediment (Hypo) in both lakes in 1998. 

 DUD TIF 
 nitrate nitrite pH oxygen alkalinity nitrate nitrite pH oxygen alkalinity
 (mg N l-1) (mg N l-1)  (% sat.) (mmol l-1) (mg N l-1) (mg N l-1)  (% sat.) (mmol l-1)

March           Epi 0.385 0.004 8.60 129 2.75 0.169 0.001 8.33 88 2.63 
Hypo 0.352 0.011 8.46 95 2.75 0.110 <0.001 8.11 87 2.63 

April             Epi 0.403 0.005 8.87 118 2.78 0.026 0.004 8.32 98 2.67 
Hypo 0.268 0.011 8.20 84 2.74 0.105 <0.001 8.18 77 2.69 

May               Epi 0.340 0.009 8.79 106 2.80 0.027 0.001 8.96 102 2.67 
Hypo 0.172 0.011 8.08 25 3.12 0.070 0.003 7.72 43 2.71 

June              Epi 0.142 0.015 8.61 122 2.65 0.202 0.001 8.44 91 2.66 
Hypo 0.050 0.077 7.61 1 3.01 0.184 0.003 7.45 1 2.70 

July               Epi 0.006 0.002 8.35 93 2.25 0.010 0.006 9.24 128 2.72 
Hypo 0.007 0.002 7.23 0 3.30 0.161 0.008 7.50 0 2.75 

August          Epi 0.004 0.002 8.75 113 2.25 0.024 0.003 9.22 118 2.13 
Hypo 0.008 <0.001 7.24 1 3.40 0.006 0.001 7.26 1 3.08 

September    Epi 0.004 0.003 8.39 94 2.46 0.010 0.005 9.10 118 1.77 
Hypo 0.007 <0.001 7.20 1 3.53 0.007 0.003 7.28 0 2.95 

October        Epi 0.054 0.003 7.86 73 2.51 0.021 0.002 7.89 109 2.21 
Hypo 0.005 0.001 7.15 1 3.79 0.014 <0.001 7.26 1 3.09 

November     Epi 0.031 0.007 8.00 95 2.54 0.033 0.001 8.02 101 2.39 
Hypo 0.032 0.001 7.96 94 2.54 0.038 <0.001 7.88 98 2.45 
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stant. In Lake TIF no vertical variation for DOP con-
centration was found in pore water.  

In addition to the TP, the sum of the P-fractions also 
decreased with depth, but the individual fractions 
showed a different pattern. The distribution of P-species 
in the sediment of both lakes differed very much (Fig. 
5). The labile P decreased with sediment depth and 
made up less than 5% of the TP in all sediment layers of 
both lakes. The dominant P-fraction in the upper 0-0.5 
cm horizon was the adsorbed-P/Al-P fraction in Lake 
DUD, amounting up to 27%. This fraction decreased 
with depth. The Ca-bound P was the dominant fraction 
in the sediment layers below 0.5 cm, with 28-41%. The 
refractory P level decreased with depth in terms of ab-
solute numbers, but its percentage of the total extract-
able P remained the same. The level of redox-sensitive 
bound P was two- to three-fold higher in the upper 2 cm 
and decreased with increasing depth. 

In Lake TIF residual P and organic P dominated in 
all sediment layers and were constantly 32-35%. The Ca 
bound P amounted only 10 to 15% of the extractable P. 
The redox-sensitive bound P was low in all sediment 
layers like in Lake DUD. 

3.3. Variation of P-speciation during summer 
stratification 

The TP and most of the P-fractions in the surface 
sediment varied during summer stratification, especially 
in the upper 0-0.5 cm. The extractable P ranged from 
1.96 to 2.63 mg P g-1 dw in Lake DUD (Fig. 6). From 
March to May the TP increased, subsequently decreas-
ing at the end of summer stratification in September. 
With the autumnal mixing period the sum of extractable 
P increased. In Lake TIF the extractable P content in-
creased from March to July by about 30% in the upper 
0.5 cm. The P levels were lower in the second half of 

Fig. 4. Profile of total nutrient concentrations and dissolved nutrients in pore water in March 1998 in Lake DUD and Lake TIF. 
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the year than in July, but higher than measured in 
March. The labile P decreased between March and May 
in Lake DUD, whereas it increased from March to Sep-
tember in Lake TIF. Despite its high variability, the la-
bile P was unimportant for the total balance of P-release 
due to its low content in both lakes. 

Whereas the level of redox-sensitive bound P did not 
change during the year in Lake TIF, a decrease was ob-
served during summer stagnation in Lake DUD. P-re-
lease started in the layers 0.5-1 cm and 1-2 cm in May 
(Fig. 6) and P decreased about 42-47%. Later, at the end 
of the summer in September, the redox-sensitive P in 
the upper 0.5 cm also decreased by about 58%. At the 
end of stratification, not all of the redox-sensitive bound 
P was released in each lake. Similar to the redox-sensi-
tive P, the organic P varied strongly in Lake DUD. In 
July the organic P was two-fold higher than in March, 
whereas the increase in organic P in Lake TIF was 
lower during the same time period. 

3.4. Calculations of benthic P-release 
The P-release from the sediment of the both lakes 

was calculated by different methods (Tab. 4). The P-
releases varied between 15 and 207 mg m-2 y-1 for Lake 
DUD and 22 to 55 m-2 y-1 for Lake TIF. The lowest 
values were calculated from the diagenetic release of la-
bile compounds (variant A) after Penn et al. (1995) for 
both lakes. For Lake DUD the four methods provided 
quite different results. The calculation from the redox-
sensitive bound P-fraction (4) yielded the highest re-
lease – two-fold higher than the calculation based on 
molecular diffusion. For Lake TIF, molecular diffusion 
yielded the highest release rate. For this lake a good 

conformity was found between the three methods (1), 
(2) and (4). 

4. DISCUSSION 

4.1. Release of dissolved nutrients and nutrient 
accumulation in the sediment 

The concentrations of SRP and NH4
+ increased dur-

ing summer stratification depending on the oxic condi-
tion and nitrate concentration at the sediment surface. In 
agreement with Gonsiorczyk et al. (1997) and Kleeberg 
(1997), a strong correlation between these two parame-
ters was observed in the anoxic hypolimnion of both 
lakes. The P-release in Lake TIF was low and shifted 
over time. The release started only when nitrate was not 
detectable in the water layer over the sediment surface 
after August. The presence of nitrate has been described 
as a barrier reducing the internal phosphorus load of the 
hypolimnion in Lake Lyng (Denmark) by Søndergaard 
et al. (2000). Burley et al. (2001) also observed that a 
redox-sensitive chemical treatment of sediments re-
duced the P-release to 6 or 8% in laboratory studies. 
This effect was also found in Lake TIF in the first pe-
riod of summer stratification until August. 

The pH-value decreased during the stagnation pe-
riod, whereas the alkalinity increased. The two parame-
ters characterize the mineralisation of organic matter on 
the sediment surface. In contrast to the observations 
made for the water column, no correlations between 
SRP and NH4

+ were found in pore water. This indicates 
that the SRP concentration in pore water was not mainly 
governed by mineralisation of organic matter (Boers & 
DeBles 1991).  

Fig. 5. P-speciation in the uppermost 10 cm of sediment in March 1998 in Lake DUD (A) and Lake TIF (B). 
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A comparison of the iron activity product with solu-
bility constants can be used as a criterion for possible 
mineral formation (Nriagu & Dell 1974). We found no 
correlations between SRP and DFe in pore water. 
Therefore, the released Fe-phosphate complex in the 
upper sediment under anaerobic conditions was not 
found in the soluble fraction. Boers and DeBles (1991) 

investigated the role of complexation of metal iron by 
DOC in pore water and found that adsorption of metals 
ions by the sedimentary humic matter may affect the 
availability of metals in the Loosdrecht Lakes sedi-
ments.  

In both lakes the Corg and TP levels were higher in 
the upper sediment, especially in the uppermost 2 cm. 

 
Fig. 6. Seasonal variations of labile P, redox-sensitive bound P, organically bound P and sum of extractable P in the sediment 
horizons 0-0.5 cm, 0.5-1 cm and 1-2 cm during summer stratification in both lakes. 
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The greater deposition of phosphorus explains the 
higher contribution of organically bound P in the up-
permost 2 cm of sediment. The NaOH-NRP fraction 
characterized the organic P (Selig & Schlungbaum 
2002) or was described by Penn et al. (1995) as the ex-
tractable biogenic fraction. The redox-sensitive P, which 
is the most important fraction contributing to P-release 
under anoxic conditions, was 19% of TP in the upper 
sediment in Lake DUD and only 6% in Lake TIF. The 
absolute content and percentage decreased with in-
creasing depth. Especially in the upper 1 cm the values 
were higher. The low SRP concentration in the pore water 
is caused by an oxic sediment layer formed by spring cir-
culation (Fig. 4B). Below the 1-2 cm sediment layer the 
SRP concentrations increased erratically. Rydin & Brun-
berg (1998) described the formation of an effective oxic 
barrier with a Fe:P ratio (by weight) of above 15. The 
Fe:P ratio was 6:1 and 8:1 in the upper 0.5 cm layer of 
both lakes and increased with the depth.  

4.2. Variation of P-binding in the upper sediment 
during summer stratification 

In both lakes the amount of P released from the 
sediment depends on the oxygen concentration and re-
dox potential. But only in Lake DUD did the concentra-
tion of redox-sensitive bound P decrease during summer 
stratification. Therefore, only in this lake was the re-
duction of FeOOH-phosphate complex important for the 
P-release during summer stratification. In agreement 
with the results of Gonsiorczyk et al. (2001), we found 
that the release of redox-sensitive P from the sediment 
layers down to 2 cm depth was important for the anoxic 
release during the summer stagnation in Lake DUD. In 
accordance with the investigation of Penn & Auer 
(1997) not all BD-extractable P was released under an-
oxic conditions. Whereas Penn & Auer (1997) were 
able to detect oxygen down to a few centimetres under 
the sediment surface, no oxygen was found in the upper 
layers of sediment in DUD. Ulrich (1997) described 
some portion of the BD-SRP as refractory and thus not 
suitable for transformation into SRP. Psenner et al. 
(1984), the originators of the applied fractionation 
method, described the partial extraction of Al-P and hot 
labile organic phosphorus with the BD-fraction.  

The explanation for the fact that there was no de-
crease in redox-sensitive bound P in Lake TIF was that 

the concentration in spring was very low. Under oxic 
conditions, no oxic FeOOH-phosphate complex was 
created. The TFe concentration and the Fe/P ratio were 
not lower in Lake TIF than in Lake DUD. The stable 
binding of iron as FeS can be discussed as the reason for 
this effect.  

The TP and P-fractions in the upper 1 cm of the 
sediment varied considerably during the summer strati-
fication in both lakes. Simultaneous to the P-release 
from the sediment through the change in redox potential 
at the sediment's surface, PP is re-deposited from the 
epilimnion into the sediment. The sedimentation of or-
ganic material is particularly high in the spring and 
summer when algae blooms start to decay. This occur-
rence is described by Penn & Auer (1997), who re-
corded higher sedimentation rates in July and August 
for Lake Onondaga than in the other months. Goedkoop 
and Pettersson (2000) observed an accumulation of or-
ganic P (NaOH-NRP) and loosely bound P (NH4Cl) in 
the surface sediment of Lake Erken through the sedi-
mentation of diatoms. For both lakes investigated in this 
study, the NaOH-NRP fraction increased from March to 
September in the upper 1 cm. Although sedimentation 
rates were not determined for either lake, a higher 
phytoplankton biomass was recorded in the epilimnion 
in the summer (from June to August) of 1997-1999 
(Hübener, unpubl.).  

In addition to the increase in organic P levels 
through the sedimentation of organic material, other 
processes which cause a reduction in the NaOH-NRP 
fraction can occur when the redox potential changes: 
bacteria can store polyphosphate granules under oxic 
conditions which are released when the conditions be-
come anoxic. Polyphosphates have also been extracted 
by NaOH and identified in the NaOH-NRP fraction 
(Uhlmann et al. 1990). The release of these storage 
granules can play an important role in P release by 
shifting conditions from oxic to anoxic (Waara et al. 
1993). The release of polyphosphate storage takes place 
at the same time as the reduction of the FeOOH-phos-
phate complex. For this reason, these two release proc-
esses cannot be differentiated through an analysis of the 
SRP-concentration in the water by shifting the redox 
conditions. The presence or release from intracellular 
storage as polyphosphate in bacteria is only quantifiable 
using 31P NMR spectroscopy (Hupfer et al. 1995a; 
Baldwin 1996), not by sequential chemical extraction. 

Tab. 4. Calculation of benthic P-release by different mathematical methods.

Methods of calculation of benthic P-release Lake DUD Lake TIF 
 (mg m-2 y-1) (mg m-2 y-1) 

Molecular diffusion 90 55 
Mean accumulation rate of SRP in the hypolimnion  15 47 
including PP in layer of phototrophic sulfur bacteria 100  
Diagenetic release of labile compounds   
   Variant A 15.9 22.8 
   Variant B (organic P including in refractory P)  30.0 25.6 
Redox sensitive fraction (BD fraction) 207.6 40.9 
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Such data were not available from our investigation, but 
the release of stored polyphosphate must be considered 
to be a possible method of anoxic P-release, especially 
for Lake TIF, for which no redox-sensitive release of 
FeOOH-phosphate complex was found. Another aspect 
is the mineralisation of organic matter and phytate under 
anoxic conditions. NaOH also extracted organic P and 
phytate. The existence and importance of phytate in 
freshwater sediments is a matter of some controversy 
(Goedkoop & Pettersson 2000), and our results unfortu-
nately shed no light on the subject. 

The concentration of HCl-P (Ca-bound P) shows a 
similar pattern. In Lake DUD the concentrations was 
higher as in Lake TIF. The Ca-bound P fraction 
charaterised the precipitation with Ca2+ as apatite. In 
Lake DUD the Ca concentration in epilimnion was 
higher (54-75 mg l-1) as in Lake TIF (35-58 mg l-1). 

A possible release of apatite caused by the observed 
pH drop – described by Golterman (1998) - could not be 
demonstrated through the fractionation studies. Fur-
thermore the similar concentrations of Ca-bound P in 
the deep sediments described the stability of this P frac-
tion in both lakes.  

4.3. Calculations of benthic P-release 

The exact calculation of benthic P-release is neces-
sary to compare external and internal phosphorus load-
ing and to determine optimal lake restoration strategies. 
The four different calculation methods yielded different 
release rates. 

The calculations of P-release using the concentration 
gradient at the sediment-water interface (1) is based on 
Fick’s law and were used by the most field studies 
(Kleeberg 1997; Klump et al. 1997). The total flux of 
dissolved compounds across the sediment-water inter-
face includes advection, bioturbation, irrigation, physi-
cal wave activity and current effects (Belzile et al. 
1996). In consideration of these aspects, the P-release 
based on the calculation of molecular diffusion is 
mostly an underestimation of P-release on the sediment 
water interface. Another problem is the variability of 
SRP in pore water caused by the reduction of the redox 
potential and changing of pH in the upper sediment 
layer.  

The calculation method (2) based on the mean ac-
cumulation rate of SRP in the hypolimnion during 
summer stratification has been used by many research-
ers, by laboratory investigation as well as in field stud-
ies (Nürnberg 1987; Gonsiorczyk et al. 2001). The 
problem with this method is the calculation of only the 
dissolved nutrients. The released SRP can be trans-
formed into particulate P, e.g. by heterotrophic bacte-
rioplankton (Morris & Lewis 1992) or by phototrophic 
bacterioplankton (Baneras & Garcia-Gil 1998). For 
Lake DUD the transformation of released SRP by the 
biomass of phototrophic sulfur bacteria was described 
by Selig et al. (2003b). A calculation of the P-release 

using the TP-concentration of the hypolimnion was not 
possible, because the settling particulate phosphorus 
would be included. By including only the particulate P 
from the phototrophic bacterial mat in the calculation, 
the P release rate increased in Lake DUD and was of the 
same order of magnitude as the calculation based on 
Fick's law. 

The calculation of the diagenetic release of labile P 
components (3) was based on a model by Penn et al. 
(1995). The authors describe a stable composition be-
tween refractory P and sedimented P at the time of 
deposition. The different definition of refractory P based 
on different P-fractions complicates the calculation of 
P-release. Both variants of the calculation yielded the 
lowest P-release in both lakes. One explanation might 
be that this model neglects possible changes in the re-
dox condition at the sediment-water interface. A com-
parison of both variants showed an important difference 
only in Lake DUD. The definition of the NaOH-NRP 
fraction as a refractory and constant P-pool is doubtful. 
In this fraction, e.g. P bound to humic substances 
(Uhlmann et al. 1990), P which had been accumulated 
in microorganisms (Waara et al. 1993) or in special or-
ganic compounds such as phospholipids and polyphos-
phates (Baldwin 1996) were extracted. Boström et al. 
(1985) described the NaOH-NRP fraction as the most 
dynamic fraction. For this reason, the P-fraction was not 
considered as part of refractory P in Lakes DUD and TIF.  

Beside on the calculation according to Penn et al. 
(1995) the results of P fractionation can used for an an-
other method: the potential anoxic P-release (4) can be 
calculated by analysis of redox sensitive bound P at the 
beginning of the summer stratification. This P-release 
was more definite as potential release. The highest P-
release rates for Lake DUD were calculated using this 
method. Gonsiorczyk et al. (2001) calculated a ten-fold 
higher P-release for Lake Stechlinsee when using the 
BD-SRP fraction than when using the other methods de-
scribed in this paper. Beside on the potential character 
of this calculation, the method of the anoxic P-release 
based on the BD-SRP fraction is clearly unrealistic. 
Psenner et al. (1984) proposed subtracting a stable BD-
SRP value from the deeper, permanently anoxic sedi-
ment layers as a correction. After taking the BD-SRP 
concentration in the 4-5 cm and 9-10 cm sediment lay-
ers into consideration as a background value, 75% of the 
BD-SRP in the surface sediment is released during 
summer stratification in Lake DUD. The calculated P 
release is thus reduced to 155 mg m-2 y-1. This value 
was still greater than the other calculated release rates. 
In Lake TIF only a marginal variation in the BD-SRP 
fraction in the upper 2 cm was observed and cannot sta-
tistically be interpreted as a relevant difference.  

None of these methods alone is suitable for accu-
rately and definitively calculating the P-release rate; a 
combination of several methods provides the best solu-
tion. For Lake TIF, a good conformity was observed 
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between the three calculation methods: molecular diffu-
sion based on Fick's law, mean accumulation rate of 
SRP in the hypolimnion, and the redox-sensitive frac-
tion. For this lake the P release can be confidently de-
scribed as 40-55 mg m-2 y-1. For Lake DUD, a good 
agreement was also found between the calculations 
based on molecular diffusion and on the mean accumu-
lation rate of SRP in the hypolimnion by including the 
PP of phototrophic sulfur bacteria. Calculations based 
on the diagenetic release of labile P-compounds under-
estimated the P-release rate and depended on the differ-
ent definition of labile P compounds. 

The different trophic status of both lakes cannot only 
be explained by the P-release rates. In the mesotrophic 
Lake DUD a higher and more redox-dependent P-re-
lease was found than in the eutrophic Lake TIF. On the 
other hand, the accumulation rate of dissolved P in the 
hypolimnion was lower in Lake DUD and most of the 
released SRP was accumulated in photoautotrophic sul-
fur bacteria biomass. 

5. CONCLUSION 
In both lakes, SRP was released from the profundal 

sediment under anoxic conditions during the summer 
stratification. The mechanisms of phosphorus release 
differed in both lakes - only in Lake DUD could the re-
dox-sensitive P-release be proved. 

The applied four calculation methods described very 
different P-release rates, especially for Lake DUD. The 
reason for this effect may be the development of photo-
trophic sulfur bacteria in Lake DUD and their function 
as a "particulate nutrient filter". By including this par-
ticulate phosphorus in the accumulation rate in the 
hypolimnion, the molecular diffusion rates and SRP-ac-
cumulation rate showed a good agreement. Three cal-
culation methods showed a good conformity in Lake 
TIF: the molecular diffusion rates, SRP-accumulation 
rates and the calculation based on the redox-sensitive 
fraction. The accurate calculation of benthic P-release 
therefore requires a combination of different methods.  
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