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Abstract
Purpose Many eutrophic lakes are located in regions where lakes become ice-covered during the winter. This study aimed 
to find out if phosphorus (P) could be withdrawn from such lakes by utilizing the wintertime accumulation of P to the near-
bottom water.
Methods Data for water quality and sediment characteristics were collected from two eutrophic boreal lakes with tube sam-
plers and sediment corers. Diffusion rates of P across the sediment-water interface (SWI) and within the active sediment 
layers, and potential export of P via wintertime withdrawal were calculated.
Results In the stratifying Lake Kymijärvi, P concentration in the near-bottom water reached 66 µg  L−1 and P diffusion across 
SWI in the hypoxic area 5.4 mg  m−2  d−1. In the shallow Lake Savijärvi, maximum P concentration was 78 µg  L−1 but P dif-
fusion rate only 0.34 mg  m−2  d−1. In Kymijärvi, the concentrations of Fe and Mn in the sediment were high relative to P. In 
Savijärvi, sediment P was bound to clay minerals and calcium carbonates, while Fe was bound in sulfides.
Conclusion In Kymijärvi, a theoretical14.3% reduction in epilimnetic TP concentration could be achieved in 20 years with 20 
L  s−1 winter withdrawal. In Savijärvi, 10 L  s−1 withdrawal could theoretically cause a 5.8% reduction in TP concentration in 
5 years, but the low P diffusion rate across SWI, and the low discharge of the lake may limit P removal. In Kymijärvi, where 
summertime withdrawal is already applied, additional winter withdrawal could accelerate lake recovery.
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1 Introduction

The circulation of phosphorus (P) from the bottom sediment to 
the overlying water, i.e., internal P loading, is a major factor that 
delays the recovery of eutrophic lakes after the external loading 

of P has been reduced (Søndergaard et al. 2005; Welch and 
Cooke 2005). The cycling of P is of special importance, because 
in most lakes it is the main nutrient that limits the growth of 
primary producers (Schindler 2012). Therefore, any process that 
accelerates the flux of P from the sediment to the water column 
can maintain the eutrophic state and prevent or delay the transi-
tion to the often desired less productive state. Mechanisms that 
enhance circulation of sediment P include for instance diffusion 
and sediment resuspension (Tammeorg et al. 2015).

For the restoration of eutrophic lakes, numerous methods 
have been developed to reduce the internal P loading from 
the sediment. Some of the methods aim to retain P in the 
sediment and prevent the flux of P between the sediment 
and the water column (oxygenation, aeration, many chemi-
cal treatments) (Beutel and Horne 1999; Cooke et al. 2005; 
Huser et al. 2016). Another strategy is to remove nutrients 
from the lake ecosystem (dredging, fish removal, hypolim-
netic withdrawal) (Van der Does et al. 1992; Cooke et al. 
2005; Boros 2022).
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Hypolimnetic withdrawal (HW) is a method that utilizes 
the diffusive flux of sediment P for restoration purposes. 
In this method, P-rich water is removed near the bottom of 
lake deeps by gravity, pumping or siphoning (Cooke et al. 
2005; Nürnberg 2007). Such water withdrawal can reduce 
the epilimnetic P concentration of eutrophic lakes when used 
for lengthy time periods (Nürnberg 2007). A limitation of 
the method is that during the open water season it can be 
used only in lakes that are deep enough for thermal strati-
fication, i.e., in lakes where dissolved P accumulates in the 
hypolimnion during the summer (Nürnberg 2020). In lakes 
that do not stratify, such accumulation does not take place.

Ice cover is common in lakes situated in high lati-
tudes in both hemispheres. In the Northern Hemisphere, 
the southern boundary for regular seasonal ice cover fol-
lows approximately 45°N (Kirillin et al. 2012; Leppäranta 
2015). Numerous ice-covered lakes are anthropogenically 
eutrophic (e.g., Schindler and Smol 2006; Schroth et al. 
2015). Winter ice cover is also commonly observed in high 
altitude lakes, including those impacted by human activi-
ties. Under ice cover conditions, dissolved P often accumu-
lates in near-bottom water layers if oxygen depletion takes 
place (Schroth et al. 2015; Joung et al. 2017). This raises 
the question whether withdrawal of P together with near-
bottom water could be used as a restoration tool for shallow 
eutrophic lakes during winter under the ice cover. Addi-
tionally, for deeper stratifying lakes, under-ice withdrawal 
would extend the annual operational time of the method and 
thus possibly speed up the restoration process. Therefore, 
in this study the accumulation of P during the ice-covered 
period was examined in two boreal lakes in Finland. One of 
the study lakes is thermally stratified during the summer, 
while the other is a shallow polymictic lake. The diffusion 
rate of P from sediment to water was studied to investigate 
whether the wintertime diffusion rate is high enough to 
allow effective withdrawal of P with near-bottom water. The 

content of some key elements in the sediment and sediment 
porewater was examined to clarify the factors contributing 
to the P release rate.

2  Materials and methods

2.1  Study lakes

The study was conducted in Lake Kymijärvi (60° 57´N, 25° 
48° E) and in Lake Savijärvi (60° 21´N, 25° 20° E) in south-
ern Finland (Fig. 1). Kymijärvi is a dimictic lake (area 6.5 
 km2; mean depth 2.6 m, max depth 10.1 m) that was becam-
ing eutrophic during the 1960s and 1970s due to heavy 
external nutrient loading. The present external P loading of 
Kymijärvi is below the critical loading of the lake as defined 
by the model of Vollenweider (1976), but internal loading is 
intensive and cyanobacterial blooms are still common. In the 
stratifying parts of the lake, situated in the Myllypohja basin 
(area 0.9  km2, max depth 8.8 m) hypolimnetic anoxia is an 
annual phenomenon during the summer and P accumulates 
in the hypolimnion during the summer stratification period 
in June–September, with near-bottom total P (TP) concentra-
tion often exceeding 200 µg  L−1 (Silvonen et al. 2021). The 
summertime concentration of dissolved P in the sediment 
porewater (10 cm sediment depth) exceeds 5 mg  L−1. The 
diffusion rate of P from the sediment in the stratifying areas 
(> 4 m depth) varies during the stratification period between 
1‒3 mg P  m−2  d−1 at 5 m depth, between 3‒9 mg P  m−2  d−1 
at 7 m depth and between 4.8‒7.5 mg P  m−2  d−1 at 8.8 m 
depth (Silvonen et al. 2021). In Myllypohja basin, HW with 
a closed-circuit system was started in 2019 to improve the 
water quality (Silvonen et al. 2022). The hypolimnetic water 
is pumped through a withdrawal pipe into a mixing well of a 
treatment unit. In the well, water is aerated which facilitates 
the oxidation of reduced substances, including dissolved 
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Fig. 1  Study lakes and their locations in Finland (K = Kymijärvi. S = Savijärvi)
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ferrous iron that is very abundant in the near-bottom water of 
Myllypohja basin. The oxidized iron forms a precipitate and 
binds dissolved P (Silvonen et al. 2022). The precipitate is 
captured in the treatment unit by sand filtration, after which 
the water flows back into Myllypohja basin via a wetland 
and an adjacent channel (Silvonen et al. 2024). The with-
drawal in Myllypohja started with a low pumping rate (5–10 
L  s−1), but the rate will be elevated, which is facilitated by 
increasing the area of the sand filter.

Savijärvi is a small and shallow lake (area 0.40  km2, mean 
depth 1.6 m, max depth 2.6 m) that does not stratify during 
the open water season. It is eutrophic, and the total P con-
centration of the water is usually > 150 µg  L−1 (Lappalainen 
et al. 2016). Intensive cyanobacterial blooms are an annual 
phenomenon. During the ice-covered period, anoxic condi-
tions and consequent fish kills are common (Lappalainen 
et al. 2016). P diffusion from the sediments of Savijärvi has 
not been previously studied.

2.2  Sampling and analyses

In both lakes, sampling was conducted twice during the ice-
covered period; in January and in March 2019 (Kymijärvi 23 
January and 27 March, Savijärvi 25 January and 29 March). 
In Kymijärvi, the samples were taken from the Myllypohja 
basin, which shows stable stratification during the summer 
(Silvonen et al. 2021). In Savijärvi, sampling was conducted 
at the deepest part of the lake. On both sampling days and in 
both lakes, vertical profiles of water column temperature and 
dissolved oxygen (DO) were measured from surface to bot-
tom with a YSI-6600V2 CTD-sonde (YSI Corporation, Yel-
low Springs, OH, USA). Additionally, two replicate water 
samples for P analysis were taken from each meter from the 
surface to the proximity of the bottom with a Limnos tube 
sampler (h = 1 m, V = 7.5 L). Samples for total phosphorus 
(TP) were stored in 250 mL polyethylene bottles. The bottles 
were filled up to avoid interference with oxygen, and from 
each bottle a subsample was swiftly filtered in the field with 
a syringe filter (pore size 0.25 μm) into a separate polyethyl-
ene bottle for soluble reactive P (SRP) analysis. Subsamples 
for SRP were preserved with 4 M  H2SO4 (1 mL per 100 mL 
of sample). Both TP and SRP concentrations were measured 
spectrophotometrically using Lachat Quickchem 8500 Flow 
Injection Analysis System.

For sediment pore water analyses, a sediment core was 
taken from each lake in January and March with a HTH 
gravity corer (tube diameter 9 cm). Porewater samples were 
extracted from the sediment cores at 1 cm intervals using  
Rhizon filters (Rhizosphere Research Products, Netherlands; 
pore size 0.2 μm) and vacuum tube (Seeberg-Elverfeldt et al. 
2005; Silvonen et al. 2021). The concentrations of iron (Fe), 
manganese (Mn), calcium (Ca) and sulfur (S) in the pore water 

were analyzed with ICP-OES (Inductively coupled plasma - 
optical emission spectrometry, Thermo iCAP 6000) and the 
concentration of SRP with Lachat Quickchem 8500. The 
pore water samples were not treated for sulfide preservation, 
hence the elemental S of the pore water samples in this study 
primarily indicates sulfate  (SO4) and is hereafter referred to 
as such. The active sediment layer – i.e., the sediment layer 
from which P is diffused upwards towards the surface (Lin  
et al. 2017) – was determined for both lakes as the depth of the 
highest concentration peak of SRP in the pore water profiles.

Additionally, a sediment core was taken from each lake dur-
ing the January sampling campaign for solid phase analysis. 
The cores were sliced at 1 cm resolution down to 30 cm depth 
and oven-dried. Water content was calculated from weight loss 
on drying. The organic fraction of the sediment was deter-
mined by loss on ignition at 550 °C (2 h). Additionally, to 
analyze the total  HNO3-soluble contents of P, Fe, Mn, Ca and 
S in the sediment solid phase, subsamples were digested with 
boiling concentrated 65%  HNO3 for 30 min according to a 
modified version of US EPA protocol 3050 for solid wastes. 
Digests were diluted to 1 M  HNO3 and analyzed by ICP-
OES. Protocol 3050 is considered to extract the majority of 
the reactive phases of these elements from sediment samples, 
including organic matter, oxide, sulfide and carbonate miner-
als, although recovery of elements is < 100% (Kimbrough and 
Wakakuwa 1989) due to partial insolubility of some phases 
in  HNO3.

2.3  Estimation of P diffusion rates

The diffusion rates of P across the sediment-water interface 
(SWI) and within the active sediment layers were calculated 
according to Berner (1980):

where Φ is sediment porosity,  Dsed is the diffusion coeffi-
cient of orthophosphate and  dc/dx the concentration gradient 
between the sediment pore water and the overlying water 
column  (dx = 0.5 cm), and:

where  Di = temperature-adjusted diffusion coefficient of 
 H2PO4  (cm2  s−1) (Lewandowski and Hupfer 2005)

Sarazin et al. (1995)

where  Ws = dry mass of the sediment,  Wt = total mass of 
the sediment.

(1)J = Φ × Dsed ×
dc

dx
,

(2)Dsed =
D

i
× Φ3

1.28

(3)Φ =

⌈

1 +
Ws

2.5(Wt−Ws)

⌉−1
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The potential export of P via wintertime withdrawal 
from the study lakes was calculated based on the observed 
hypolimnetic P concentrations assuming a 60-d annual with-
drawal period (February–March). The 60-d period was used 
in the calculations to account for possible future reductions 
in ice-cover duration. In the present climate, the average 
length of the ice season in the lakes of southern Finland is 
4–5 months, and the 60-d assumption holds even when the 
predicted reductions of the ice-cover period are taken into 
account (Leppäranta 2010; Gebre et al. 2014). In the calcula-
tions, the average TP concentration observed at 6‒8 m depth 
was used for Kymijärvi. This was because the depths > 8 m 
represent only c. 4% of the area of the basin. Therefore, the 
average P concentration at 6‒8 m depth gives a best estimate 
of the quality of the withdrawn water, with a possible small 
contribution of higher-TP water from closer to the sedi-
ments. In Savijärvi, the average P concentration at 0‒2 m 
was used. In the calculations, TP concentration observed in 
late January was used for the first 30 d period and TP con-
centration observed in late March for the second 30 d period. 
The predicted effect of P removal on the TP concentrations 
of the epilimnion (TP change, %) was calculated with dif-
ferent withdrawal discharges (5‒50 L  s−1) and duration of 
withdrawal (5‒30 years) using the empirical relationship 
established by Nürnberg (2020):

where total areal TP export = TP removed from the lake (mg 
 m−2) by withdrawal during the entire restoration period.

3  Results

3.1  Water quality

Both lakes showed normal inverse temperature stratification 
under the ice cover. At 1 m depth, the temperature increased 
between January and March by 2.1 °C in Kymijärvi and by 
1.4 °C in Savijärvi (Table 1). In Kymijärvi, DO concentra-
tion was > 5 mg  L−1 throughout the water column in Janu-
ary, but in March hypoxic conditions (< 1 mg  L−1) prevailed 
below 4 m depth (Table 1). In Savijärvi, DO concentration 
was ≤ 1 mg  L−1 throughout the water column in January, 
whereas in March hypoxic conditions occurred only below 
1.5 m (Table 1). Water pH was between 6.5‒7.0 in both 
lakes throughout the water column, with the exception 
of the uppermost 1 m in Kymijärvi in March, where pH 
reached 7.5. The concentration of TP was below 20 µg  L−1 
in Kymijärvi at all sampling depths in January, whereas in 
March it reached 66 µg  L−1 near the bottom (Fig. 2). The 

(4)TP change = 0.471 − 0.331 log(total areal TP export)

Table 1  Water temperature and the concentration of dissolved oxygen (DO) in the water column of Lake Kymijärvi and Lake Savijärvi in Janu-
ary and March 2019

Kymijärvi

23 January 27 March

Water depth Temp. DO Temp. DO

(m) (°C) (mg  L−1) (°C) (mg  L−1)

0.5 0.2 10.6 2.3 7.7
1.0 1.4 10.4 3.5 6.3
2.0 2.5 6.8 3.8 6.2
3.0 2.9 7.5 3.9 2.0
4.0 3.2 7.0 3.9 0.7
5.0 3.3 6.9 3.9 0.6
6.0 3.5 6.6 4.0 0.2
7.0 3.6 5.9 4.1 0.2

Savijärvi

25 January 29 March

Water depth Temp. DO Temp. DO

(m) (°C) (mg  L−1) (°C) (mg  L−1)

0.5 0.4 0.7 3.6 11.6
1.0 2.4 1.0 3.8 4.3
1.9 4.9 0.4 4.1 1.0



2526 Journal of Soils and Sediments (2024) 24:2522–2534

concentration of SRP remained below 10 µg  L−1 throughout 
the water column on both sampling dates. In Savijärvi, TP 
was 48‒53 µg  L−1 in January and 66‒78 µg  L−1 in March, 
while SRP was also relatively low as it remained below 
12 µg  L−1 both in January and March (Fig. 2).

3.2  Sediment pore water

In the sediment pore water, the highest concentrations of 
SRP were observed in both lakes in March at 5‒15 cm sedi-
ment depth (Fig. 3). In Kymijärvi, the highest concentration 
was 3.77 mg  L−1 at 7 cm depth and in Savijärvi 1.88 mg 
 L−1 at 11 cm depth. Therefore, the active sediment layer in 
Kymijärvi was determined as 0‒7 cm in Kymijärvi and as 
0‒11 cm in Savijärvi.

In the surface sediment (1 cm depth) of Kymijärvi, SRP 
concentration was 1.22 mg  L−1 in January and 0.91 mg  L−1 
in March (Fig. 3). In Savijärvi, the surface sediment con-
centration was 0.03 mg  L−1 in January and 0.07 mg  L−1 in 
March. Similar to the concentrations of SRP, the concentra-
tions of Fe and Mn in the sediment pore water of Kymijärvi 
were lowest at the sediment surface (Fig. 3). The highest 
pore water concentrations of Fe (> 35 mg  L−1) and Mn 
(> 5 mg  L−1) in Kymijärvi were observed at 3 cm depth 
in January and at 7 cm depth in March. In Savijärvi, the 

concentrations of Fe and Mn also followed the profile of 
SRP, but the concentrations were considerably lower than 
in Kymijärvi (max. Fe 9.07 mg  L−1, Mn 0.95 mg  L−1). Ca 
and  SO4-S profiles in the pore water were similar in the 
two lakes. In both lakes, the concentration of Ca was lowest 
and the concentration of  SO4-S highest at the surface, with 
the exception of a  SO4-S peak at 6–8 cm depth in the sedi-
ment of Savijärvi. In Kymijärvi, Ca concentration fluctu-
ated between 15.6‒35.6 mg  L−1 and  SO4-S concentration 
between 0.23‒3.85 mg  L−1 (Fig. 3). In Savijärvi, Ca con-
centration ranged between 9.81‒28.93 mg  L−1 and  SO4-S 
concentration between 0.23‒2.56 mg  L−1 (Fig. 3).

3.3  Sediment composition and dry matter quality

The water content of sediment in Kymijärvi was 92.3% at 
0‒5 cm, 88.6% at 5‒10 cm and 86.5% at 10‒15 cm sedi-
ment depth. In Savijärvi, the corresponding values were 
97.1%, 95.0% and 93.8%, respectively. The organic frac-
tion of the sediment in Kymijärvi was 19.5% at the surface, 
declining towards deeper layers (e.g., 12‒13% at 20‒25 cm 
depth) and showing a slight increase at 25‒30 cm depth 
(Fig. 4). In Savijärvi, the organic fraction of the sediment 
was 45.5% at the surface, decreasing constantly down-
ward to below 25% at 25‒30  cm depth (Fig.  4). Total 

Fig. 2  The concentration of 
total P and SRP in the water 
column of Lake Kymijärvi and 
Lake Savijärvi in January and 
March 2019 (± 95% confidence 
limits). Note variable scales in 
the x-axis
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 HNO3-extractable P content of sediment dry matter in 
Kymijärvi varied between 0.94‒1.79 mg  g−1, being highest 
at the sediment surface and lowest at 20 cm depth (Fig. 5). 
In Savijärvi, P content varied between 0.79‒2.23 mg  g−1 
with the highest values observed at the surface. The lowest 
concentration was found at 29 cm sediment depth (Fig. 5). 
The concentration of total  HNO3-extractable Fe fluctuated 
between 43.18‒53.46 mg  g−1 in Kymijärvi and between 

31.43‒45.57 mg  g−1 in Savijärvi. Also the concentrations 
of total  HNO3-extractable Mn were higher in Kymijärvi 
(0.98‒1.74 mg  g−1) than in Savijärvi (0.46‒0.58 mg  g−1). 
On the other hand, contents of  HNO3-extractable Ca and 
S were higher in Savijärvi (average Ca: 5.56  mg   g−1, 
S: 9.25 mg  g−1), than in Kymijärvi (Ca: 4.37 mg  g−1, S: 
3.95 mg   g−1). In Savijärvi, the vertical fluctuation of S 
closely followed the vertical Fe profile (Fig. 5).

Fig. 3  The concentration of 
SRP, Fe, Mn,  SO4-S and Ca in 
the sediment pore water of Lake 
Kymijärvi and Lake Savijärvi in 
January and March 2019
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3.4  Diffusion rate and effects of winter withdrawal

The diffusion rate of SRP across the SWI in Kymijärvi was 
5.4 mg  m−2  d−1 in January and 4.0 mg  m−2  d−1 in March 
(Table 2). In Savijärvi, the diffusion rates were considerably 
lower, being 0.09 mg  m−2  d−1 in January and 0.34 mg  m−2  d−1 
in March. Also within the active sediment layer, the diffusion 
rates were higher in Kymijärvi (> 0.5 mg  m−2  d−1) than in 
Savijärvi (< 0.5 mg  m−2  d−1) (Table 2).

With a withdrawal rate of 5 L  s−1, the theoretical amount 
of P removed from Kymijärvi during the winter is so small 
even during 30 years’ pumping (26.8 kg) that practically no 
effect on epilimnetic TP concentration is predicted (Table 3). 
With a withdrawal rate of 10 L  s−1, the amount of P removed 
from Kymijärvi would vary from 8.9 to 53.6 mg  m−2 assum-
ing a withdrawal duration of 5 to 30 years (Table 3). Accord-
ing to Nürnberg’s (2020) equation, such a rate of removal 
would not significantly affect the epilimnetic TP concentra-
tion of the lake water during the first 20 years of withdrawal 
(Table 3). However, with a 30-year duration of withdrawal 
at 10 L  s−1, a 10.1% reduction in the epilimnetic TP con-
centration is predicted. With 30 L  s−1 withdrawal rate, the 
effect on water TP concentration appears in less than 10 years 
and 20.1% reduction in epilimnetic TP concentration will 
be achieved in 20 years. With withdrawal rates of 40‒50 L 
 s−1, a reduction exceeding 30% can be achieved in 30 years 
(Table 3). In Savijärvi, the theoretical effects of winter 
withdrawal are stronger than in Kymijärvi. Withdrawal at 
10 L  s−1 would cause a 5.8% reduction in TP concentration 
already in 5 years (with P removal of 39.7 mg  m−2). With 
withdrawal rates > 30 L  s−1, a 20% reduction in TP concen-
tration would be achieved in 5 years and > 45% reduction in 
30 years (Table 3).

4  Discussion

4.1  Factors regulating P diffusion and hypolimnetic 
P concentration in winter

Silvonen et  al. (2021) showed that during the summer 
stratification, the diffusion rate of P across the SWI varied 
between 7‒9 mg  m−2  d−1 in the deepest part of Kymijärvi, 
while the maximum winter value observed in the present 
study was 5.4 mg  m−2  d−1. There are two main reasons for 
the lower values in wintertime. First, elevated pore water 
concentrations in summer are regulated by higher bacterial 
activity at higher temperatures and by higher supply of 
organic matter (Eckerrot and Pettersson 1993; Consiorczyk 
et  al. 1997), both of which enhance mineralization of 
organic matter and chemical reactions liberating SRP 
(Gudasz et al. 2010; Bergström et al. 2010; Lu et al. 2016; 
Zhao et al. 2024). During the summer, the pore water SRP 
concentration in Kymijärvi approached 6 mg  L−1 (Silvonen 
et al. 2021), while it remained below 4 mg  L−1 during the 
winter. Higher pore water concentrations yield a stronger 
concentration gradient across the SWI, which speeds up 
diffusive fluxes. Second, diffusion itself is a temperature-
dependent process, and seasonally lowest P release rates are 
thus usually found during winter (Lewandowski and Hupfer 
2005; Kowalczewska-Madura and Goldyn 2009; James 
2017). Thus, the low winter temperatures contributed to 
the low wintertime diffusion rates in Kymijärvi compared 
with the summertime estimates. Such seasonal variation in 
pore water chemistry, with highest P concentration in late 
summer and lowest during the winter, is common in lake 
sediments (Eckerrot and Pettersson 1993; Amirbahman 
et  al. 2013). However, even at temperatures 2‒4  °C, 

Fig. 4  Organic fraction (loss on 
ignition) of the sediment in the 
study lakes at different sediment 
depths



2529Journal of Soils and Sediments (2024) 24:2522–2534 

diffusive P release rate from the sediment can exceed 
10 mg  m−2  d−1 if anoxic conditions prevail (Penn et al. 
2000; Kowalczewska-Madura and Goldyn 2009). Due to 

the slower diffusion, the wintertime concentration of P in 
the hypolimnion of Kymijärvi was lower than during the 
summer stratification, when it reaches 200‒300 µg  L−1 
(Silvonen et al. 2021). Additionally, the shorter hypoxic 
period during the winter study (ca. 1.5 months) compared 
with summer (ca. 3 months) contributed to the lower overall 
P accumulation in the hypolimnion during the winter.

In Kymijärvi, a strong coupling exists between the cycling 
of P and Fe and Mn oxides (Silvonen et al. 2021). Rela-
tively high Fe/P ratios in the sediment lead to a high sorption 
potential of P under oxic conditions (e.g., Boström et al. 
1982) but the reduction of oxides under conditions of low 
redox potential leads to P release. The elevated concentra-
tions of Fe and Mn in the pore water coincident with high 
concentrations of SRP confirm the reduction of Fe and Mn 

Fig. 5  The concentration of 
P, Fe, Mn, S and Ca in the 
sediment dry matter of Lake 
Kymijärvi and Lake Savijärvi in 
January 2019

Table 2  P diffusion rates (mg  m−2  d−1) at the sediment-water inter-
face (SWI) and within the active sediment layers (0‒7 cm in Kymi-
järvi, 0‒11 cm in Savijärvi) of the study lakes measured at the deep 
site sediments

Kymijärvi Savijärvi

23 January 27 March 25 January 29 March

SWI 5.4 4.0 0.09 0.34
Active 

sediment 
layer

0.51 0.61 0.29 0.34
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oxides in the sediment column (Froelich et al. 1979) and 
release of associated P. The maximum SRP concentration 
was however slightly deeper in the sediment than the maxi-
mum Fe and Mn concentrations, suggesting that also direct 
mineralization from organic matter contributed to the libera-
tion of SRP for instance through sulfate reduction and meth-
anogenesis (Reed et al. 2011; Egger et al. 2016). Release of 
hydrogen sulfide and sulfidization of oxide minerals fol-
lowing sulfate reduction can also accelerate P liberation in 
the deepest part of Kymijärvi (Carignan and Tessier 1988; 
Silvonen et al. 2021). Active sulfate reduction is confirmed 
by the concave profile of porewater  SO4-S, indicating con-
sumption with increasing depth in the sediment column 
(e.g., Kristensen 2000).

In Savijärvi, the pore water SRP concentration was lower 
and concentration gradient weaker than in Kymijärvi, which 
explained the lower diffusion estimates. Especially the low 
SRP concentration of the surface sediment of Savijärvi 

contributed to the low diffusion rate. In the uppermost 
10 cm of the sediment, the pore water concentrations of dis-
solved P, Fe and Mn were considerably lower in Savijärvi 
than in Kymijärvi, implying less active release of P from 
reduction of oxide minerals. It is also notable that the depth 
profile of solid-phase P at Savijärvi is similar to the profile 
of Ca, while the Fe profile appears more similar to that of 
S. Savijärvi is situated in the region of southern Finland 
that was submerged below pro-glacial water bodies during 
the retreat of the Fennoscandian ice sheet and its catchment 
is dominated by clay-rich soils derived from aquatic sedi-
ments (Hagman 2011). Thus, P cycling in the sediments of 
Savijärvi is probably less dominated by association with Fe 
and Mn oxides than in Kymijärvi and may include additional 
fractions from the clay soil mineralogy, such as detrital apa-
tite, or P bound to non-reducible oxides. At the same time, 
the overall content of reactive Fe is lower and the similarity 
of the Fe and S profiles suggests a significant proportion of 

Table 3  The estimated removal of TP (mg  m−2) from the two study lakes with wintertime withdrawal and proportional reduction of surface 
water TP (%) with different combinations of withdrawal rate (L  s−1) and duration (y), assuming a 60-d withdrawal period per year

P removal (mg  m−2)

Kymijärvi Savijärvi

Duration (years) Duration (years)

L  s−1 5 10 15 20 25 30 5 10 15 20 25 30

5 4.5 8.9 13.4 17.9 22.3 26.8 19.8 39.7 59.5 79.4 99.2 119.1
10 8.9 17.9 26.8 35.7 44.6 53.6 39.7 79.4 119.1 158.8 198.5 238.1
15 13.4 26.8 40.2 53.6 67.0 80.4 59.5 119.1 178.6 238.1 297.7 357.2
20 17.9 35.7 53.6 71.4 89.3 107.1 79.4 158.8 238.1 317.5 396.9 476.3
25 22.3 44.6 67.0 89.3 111.6 133.9 99.2 198.5 297.7 396.9 496.1 595.4
30 26.8 53.6 80.4 107.1 133.9 160.7 119.1 238.1 357.2 476.3 595.4 714.4
35 31.2 62.5 93.7 125.0 156.2 187.5 138.9 277.8 416.7 555.7 694.6 833.5
40 35.7 71.4 107.1 142.8 178.6 214.3 158.8 317.5 476.3 635.0 793.8 952.6
45 40.2 80.4 120.5 160.7 200.9 241.1 178.6 357.2 535.8 714.4 893.0 1071.6
50 44.6 89.3 133.9 178.6 223.2 267.8 198.5 396.9 595.4 793.8 992.3 1190.7

Proportional TP change (%)

Kymijärvi Savijärvi

Duration (years) Duration (years)

L  s−1 5 10 15 20 25 30 5 10 15 20 25 30

5 - - - - - 0.2 - 5.8 11.6 15.8 19.0 21.6
10 - - 0.2 4.3 7.5 10.1 5.8 15.8 21.6 25.7 29.0 31.6
15 - 0.2 6.0 10.1 13.3 16.0 11.6 21.6 27.4 31.6 34.8 37.4
20 - 4.3 10.1 14.3 17.5 20.1 15.8 25.7 31.6 35.7 38.9 41.5
25 - 7.5 13.3 17.5 20.7 23.3 19.0 29.0 34.8 38.9 42.1 44.7
30 0.2 10.1 16.0 20.1 23.3 25.9 21.6 31.6 37.4 41.5 44.7 47.4
35 2.4 12.3 18.2 22.3 25.5 28.1 23.8 33.8 39.6 43.8 47.0 49.6
40 4.3 14.3 20.1 24.2 27.4 30.1 25.7 35.7 41.5 45.7 48.9 51.5
45 6.0 16.0 21.8 25.9 29.1 31.7 27.4 37.4 43.2 47.4 50.6 53.2
50 7.5 17.5 23.3 27.4 30.6 33.3 29.0 38.9 44.7 48.9 52.1 54.7
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reactive Fe is permanently bound in sulfides (Lehtoranta 
et al. 2008; Egger et al. 2016). Hypoxic periods do not 
therefore affect the cycling of P in Savijärvi as strongly as 
in Kymijärvi. The concentration of organic matter in the 
surface sediment of Savijärvi was higher than in Kymijärvi 
and therefore mineralization of organic matter is probably 
relatively a more important process contributing to P cycling 
in Savijärvi than in Kymijärvi.

Over the course of the winter, P diffusion rate across the 
SWI decreased in Kymijärvi and increased in Savijärvi. In 
Kymijärvi, this is explained by the slower upward diffu-
sion rate of P within the active sediment layer (0‒7 cm) 
compared with diffusion at SWI, which led to the depletion 
of P at the SWI as winter progressed. Consequently, SRP 
concentration in the surface sediment pore water decreased 
during the winter. In Savijärvi, P diffusion rate across the 
SWI increased because diffusion within the active sediment 
layer was equally fast or faster than at the SWI, and thus sup-
plied SRP to the surface sediment. As a result, SRP at the 
sediment surface increased during the winter. However, the 
concentration of SRP in the near-bottom water simultane-
ously decreased. This was in line with the finding that the 
oxygen conditions in Savijärvi improved from January to 
March, which was most likely due to the oxygen produc-
tion by algae growing on the sediment surface (Carlton and 
Wetzel 1988). Indeed, benthic algae in the sediment surface 
of Savijärvi were visually observed during sampling, and 
benthic microflora can considerably affect redox-related 
phosphorus release from the sediment by oxygen production 
(Carlton and Wetzel 1988; Zhang et al. 2013). Moreover, 
their uptake of SRP can further decrease the near-bottom P 
concentrations. This provides an explanation for the seem-
ingly contradictory observations from porewater and water 
column data in this lake.

4.2  Potential of winter water withdrawal  
in lake restoration

In both lakes, under-ice hypoxia is a frequent phenom-
enon (Hagman 2011; Järveläinen et al. 2016), therefore 
accumulation of P in deeper water layers is expected to 
occur annually and our calculations of potential P removal 
are valid scenarios for the future effects of withdrawal on 
in-lake P cycling. When considering the possibilities to 
improve the water quality of the study lakes with winter-
time withdrawal, it must however be considered that pos-
sible withdrawal outflow rates depend on the withdrawal 
method applied. With conventional withdrawal, where the 
hypolimnetic water is led downstream, the discharge is 
limited by the discharge of the target lake, because the 
water level must not decrease due to withdrawal (Cooke 
et al. 2005; Silvonen et al. 2021). With closed-circuit with-
drawal, the natural outflow rate does not restrict withdrawal 

outflow rate, because the water is returned to the same lake 
(Silvonen et al. 2021, 2024). Assuming conventional with-
drawal and a 30% withdrawal rate of the natural outflow 
(Silvonen et al. 2021), a 15 L  s−1 withdrawal rate is pos-
sible in Kymijärvi where the natural outflow rate is at least 
50 L  s−1 even during the driest months of the year (Korkia-
koski 2011). During the first 10‒15 years, such wintertime 
withdrawal rate would have small effect on the TP con-
centration of the lake epilimnion but could lead to > 10% 
reduction in the concentration in 25‒30  years. With 
closed-circuit withdrawal and 45 L  s−1 rate, in contrast, 
a 15% reduction in TP concentration would be reached in 
10 years. For closed-circuit withdrawal, it must be taken 
into account that the circuit does not retain phosphorus 
with 100% efficiency. Silvonen et al. (2024) reported a 
78% total P retention for the Kymijärvi withdrawal circuit 
(sand filter + wetland), suggesting that the amounts of P 
removed from the lake during the winter by closed-circuit 
system are overestimated in the present study by c. 20%. 
This is however compensated for by the duration of the 
winter withdrawal, which can usually be longer that the 
60 days used in the calculations. Moreover, the duration of 
the summer stratification period will probably increase due 
to climate change (Arvola et al. 2010), which facilitates a 
longer withdrawal period during the summer. With a 45 
L  s−1 withdrawal rate, 74 kg of P (82.2 mg  m−2) can be 
annually removed from the Myllypohja basin during sum-
mer stratification (Silvonen et al. 2021). Such P removal 
should result in 49.4% reduction in epilimnetic TP within 
10 years. If such effort is complemented with annual 60-d 
wintertime withdrawal, the reduction of TP concentration 
in Myllypohja basin would increase by 1.3%.

In Savijärvi, which has a mean outflow rate of 28 L  s−1 
(Hagman 2011), the withdrawal rate with conventional 
withdrawal should be considerably lower than in Kymijärvi. 
With 5 L  s−1 withdrawal rate, > 25 years of wintertime 
withdrawal would be required for 20% reduction in TP 
concentration. With closed-circuit withdrawal and a 25 
L  s−1 rate, a 19.0% reduction in TP concentration could 
be achieved in 5 years and a 34.8% reduction in 15 years. 
However, it is noteworthy that due to the shallowness 
and polymictic nature of Savijärvi, the near-bottom water 
and the surface layers of the water column are in more 
immediate and continuous interaction than in the deep areas 
of stratifying lakes. This means that the effects of P removal 
from the near-bottom water in Savijärvi could affect the 
TP concentrations in the photic zone within a shorter 
period than is estimated with Nürnberg’s (2020) empirical 
relationship regression, which is based on a dataset of 
deeper lakes. Further studies are needed to investigate the 
potential of withdrawal in non-stratifying lakes deeper than 
Savijärvi (and hence with a greater distance between the 
sediment and the productive layer).
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Because the diffusion of P across the SWI is considerably 
lower during winter than in summer, there is technically 
a risk that diffusion cannot match the P removal rate by 
withdrawal, in which case P concentration the near-bottom 
water could decrease, leading to decreased P removal 
efficiency. In Kymijärvi, a 0.6 ha sediment area would be 
needed for the wintertime diffusion to complement the daily 
removal of P with a 10 L  s−1 withdrawal rate. With a 45 L 
 s−1 withdrawal rate, a 2.7 ha sediment area would be needed. 
Hence, these are the minimum areas that the withdrawal pipe 
should affect. Although the horizontal extent of the effect 
of water withdrawal has not been modeled in this study, the 
stated areas are plausible because the withdrawal pipe is at 
the deepest point of the stratifying area, and gravitational 
transport of sediment from the surrounding areas takes 
place. Silvonen et al. (2021) estimated that HW in Kymijärvi 
affects the hypolimnetic water at depth zones > 7 m, covering 
11 ha. Thus, dilution will probably not restrict the efficiency 
of winter HW in Kymijärvi.

With lower P diffusion rates in Savijärvi, 26.5 ha of sedi-
ment would be required to complement 10 L  s−1 withdrawal 
and 119.1 ha to complement 45 L  s−1 withdrawal. Thus, 
dilution of the near-bottom water TP seems more likely than 
in Kymijärvi, potentially reducing the efficiency of winter 
withdrawal in Savijärvi. Dilution theoretically accelerates 
P diffusion across the SWI via effect on the concentration 
gradient, but the effect is minor compared with the effect 
of pore water P concentration (Silvonen et al. 2021). On 
the other hand, sediment resuspension can also take place 
under the ice cover and together with diffusion this feeds the 
near-bottom waters with P (Niemistö and Horppila 2007). 
The higher contribution of non-SRP to TP concentrations in 
Savijärvi, compared with Kymijärvi, suggests that resuspen-
sion was more intensive in Savijärvi. This was in line with 
the higher water content and organic fraction of the surface 
sediment in Savijärvi, indicating looser sediment structure 
compared with Kymijärvi. Thus, resuspension could in the 
long run compensate for the dilution of withdrawn water, 
especially in Savijärvi, via withdrawal of particulate P.

5  Conclusions

In Kymijärvi, P diffusion across the SWI was lower during 
the winter than during summer, which was mainly due to 
lower temperatures and supply of organic matter, limiting 
the microbial P liberation and dissolution of Fe-hydroxides 
into the porewater, thus resulting in a weaker diffusive 
P gradient at the sediment-water interface. In Savijärvi, 
despite the higher degree of eutrophication, diffusive flux 
of sedimentary P was lower than in Kymijärvi, because the 
proportion of redox-dependent P in the sediment was low. 
Due to higher P concentrations in the near-bottom water of 

Savijärvi, P export via withdrawal, and thus the effective-
ness of the method, could in theory be higher in Savijärvi 
than in Kymijärvi. However, due to low diffusion rates, the 
maintenance of such high P removal rate in Savijärvi over 
the entire winter withdrawal period would require a very 
large effective area of the withdrawal pipe. The problem 
could possibly be avoided by using multiple withdrawal 
pipes (Nürnberg 2007). The low outflow rate of Savijärvi 
limits the possible withdrawal rate by leading the water 
downstream. Closed-circuit under-ice withdrawal with a 
high flow rate could improve the water quality of Savijärvi 
in the long run if dilution of the near-bottom water due 
to withdrawal can be avoided. In Kymijärvi, where sum-
mertime withdrawal is already applied, additional winter 
withdrawal could slightly accelerate lake recovery regard-
less of the application.

In all, the impact of winter P withdrawal on the epilim-
netic water quality of eutrophic lakes does not seem strong, 
and lengthy periods of time are required for detectable 
effects. Effective restoration of a disturbed ecosystem is, 
however, a long-term enterprise, which can take longer than 
the period of degradation (e.g. Lake 2013). Therefore, any 
acceleration of lake recovery is welcome. Winter withdrawal 
can thus be worthwhile especially in stratified lakes, where 
summer withdrawal is already performed. In such cases, 
additional cost and effort caused by wintertime withdrawal 
would probably be low. Moreover, in many eutrophic lakes 
hypolimnetic P concentrations are considerably higher 
than those observed in the present study. For instance, in 
Lake Vesijärvi situated nearby Kymijärvi, TP concentra-
tions > 1000 µg  L−1 are found in near-bottom water layers 
during the winter (KVVY Tutkimus Oy 2023). Lake-specific 
benefits and costs of winter withdrawal will determine if 
wintertime withdrawal can be regarded as a feasible strategy, 
and preliminary studies are needed for each lake before any 
decisions on the restoration strategy.
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