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A B S T R A C T   

Fifteen microcosms were installed in the Åkerberg pit lake for 15 days in the summer season (July) 2021. To 
stimulate algal growth, the microcosms were fertilized with two P-rich wood ashes, and KNO3. Chlorophyll-a was 
used as an indicator of algal growth while filtered (<0.2 μm) and particulate suspended element concentrations 
(>0.2 μm) were used to estimate algal metal uptake. Water quality measurements and water sampling were 
conducted on three occasions (every five days) and at the start of the experiment to monitor algal growth. The 
chlorophyll-a concentration in the microcosms fertilized with wood ash increased from 0.3-0.8 μg/L at the start 
of the experiment to 53–77 μg/L after 15 days. Algal element uptake of filtered concentrations (<0.2 μm) was 
observed for many elements including, Ni (33–36%), Zn (22–65%) and Cd (22–54%). This suggests that wood 
ash could be used to stimulate algal growth in pit lakes by acting as a source for P and potentially also other 
nutrients. The highest chlorophyll-a concentrations were seen on day 10, indicating that a breakdown of 
chlorophyll-a impacted the measured concentrations, which otherwise could have been higher.   

1. Introduction 

Human society depends on the extraction and processing of major, 
minor, and critical metals to meet daily life demands (Gerst, 2009; 
Priester et al., 2019; Watari et al., 2021). One of the major environ-
mental impacts of mine sites is pit lakes that form after open pit mining. 
The water quality of the pit lakes varies due to site-specific conditions 
and the pH can range from acidic to alkaline. The pit lakes often have 
high concentrations of sulfate and dissolved metals due to mining of 
sulfide ores (Blanchette and Lund, 2016; Castendyk and Eary, 2009; 
Koschorreck and Tittel, 2007). This can limit the establishment of a 
functioning ecosystem in the pit lakes and impact their biodiversity 
(Kumar et al., 2016). In addition, it might be a potential hazard to 
groundwater and receiving waters downstream of the lakes (McCul-
lough and Lund, 2006). 

As mining continues to increase, so will the number of pit lakes, 
making it necessary to investigate suitable and sustainable remediation 
methods to create self-sufficient ecosystems (Castendyk and Eary, 2009; 
Fyson et al., 2006). Phosphorous (P) has been shown to limit algal 
growth in natural lakes (Schindler, 1974) and acidic pit lakes (Nixdorf 
et al., 2001; Spijkerman et al., 2007; Spijkerman, 2008). Controlled 
fertilization with P has previously been shown to be a successful 

remediation measure for acidic pit lakes (Fisher and Lawrence, 2006; 
Fyson et al., 2006) as the algae can assimilate or sorb toxic metals 
(contaminants) from the water column before sedimentation (Dessouki 
et al., 2005; Paulsson and Widerlund, 2021). Furthermore, the increased 
photosynthesis can lead to an increase in pH in the pit lake water (Kumar 
et al., 2016). The meromictic character of many pit lakes might also 
prevent that contaminants released from organic matter in the sedi-
ments are recirculating back into the surface water (Castendyk and Eary, 
2009). Typically, acidic pit lake sediments are poorly developed with a 
low content of predominantly allochthonous organic material (Kleeberg 
and Grüneberg, 2005). However, only a few studies have been per-
formed on the generation and subsequent sedimentation of autochtho-
nous organic material containing high metal concentrations in pit lakes. 

Traditionally, remediation of pit lakes has often been conducted 
through liming which raises the pH of the water (Lu, 2004). This, in turn, 
can result in precipitation of secondary minerals such as Fe, Al, and Mn 
oxyhydroxides and a decrease of the concentrations of toxic elements in 
the water through co-precipitation and sorption on these oxyhydroxides 
(Lu, 2004; Kleeberg and Grüneberg, 2005; Spijkerman, 2008). However, 
liming is usually a short-term solution as the pH often decreases again 
with time due to continued oxidation of sulfide minerals. 

An alternative to liming could be to use wood ash as a fertilizer. 
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Wood ash is produced when biomass and residues from tree products are 
used as fuel and is mainly considered as a waste material and deposited 
in landfills at a considerable cost (Karltun et al., 2008). Wood ash is a 
good source of potassium and phosphorus (N:P:K about 0:1:3) and many 
micronutrients needed by biota. It is commonly used for fertilization in 
forestry. Although the N concentration of wood ash is low, N concen-
trations are often elevated in pit lakes as it is part of explosive residues at 
mine sites. Nitrogen might therefore be present in sufficient concen-
trations to support algal growth without further additions (Nixdorf et al., 
2001). 

Increased use of wood ash would improve biomass sustainability for 
heating and power plants (Cruz et al., 2019). However, some metals 
contained in wood ash are an environmental concern when wood ash is 
used as fertilizer in forest management (Ozolinčius et al., 2007; Pitman, 
2006). In contrast, the concentrations of potentially harmful metals 
might already be relatively high in pit lakes, and metals contained in 
wood ash may therefore be less of an environmental concern than in 
forest ecosystems. The commercial burning of wood generates up to 1% 
of ash by weight, resulting in large amounts of waste, which need to be 
appropriately disposed of (Pitman, 2006). Using ash instead of liming in 
pit lakes would reduce the amount of waste, recycle the nutrients from 
the ash, and potentially bind metals both from the mining operations 
and the wood ash. The ash is also alkaline, which, together with 
increased photosynthesis, could increase the pH in acidic pit lakes 
(Bang-Andreasen et al., 2021). 

In a previous study we found that algal growth could be stimulated in 
the Åkerberg pit lake through additions of both N and P (Paulsson and 
Widerlund, 2021). The aim of the present study was to (i) test if the 
addition of two different wood ashes together with N could stimulate 
algal growth in the Åkerberg pit lake, (ii) evaluate temporal effects on 
algal growth, and (iii) test if fertilization with higher concentrations of N 
and P could stimulate increased algal growth compared to what was 
found in the previous study. 

2. Study area 

The Åkerberg pit lake is located approximately 30 km northwest of 
Skellefteå in northern Sweden (Fig. 1). The surrounding area largely 
consists of coniferous forests, natural lakes, and wetlands and is sparsely 
populated. Åkerberg is an abandoned gold mine (average grade 3.1 g/t 
Au), but the deposit also contained some silver (3.2 g/t). Gold occurred 
in thin quartz veins hosted in gabbro, and the ore was characterized by 
its scarcity of sulfides. The mine opened in 1991 and operated until 
2003, when it was closed and the pit lake formed (Billström et al., 2012). 

The Åkerberg pit lake has relatively good water quality compared to 
many other pit lakes (pH 7.50, conductivity 140 μS/cm), low nutrient 
content (NO3–N: <0.06 mg/L; filtered P: 1.37 μg/L), and low concen-
trations of chlorophyll-a (0.31 ± 0.06 μg/L) (Paulsson and Widerlund, 
2021). The lake volume is approximately 810 000 m3, the surface area is 
28 000 m2, and its maximum depth is 63.6 m (Paulsson and Widerlund, 
2021). The photic zone, estimated from photosynthetically active radi-
ation is approximately 20 m deep. Vertical temperature and conduc-
tivity profiles and a bathymetric map can be found in Paulsson and 
Widerlund (2021). 

3. Methods 

3.1. Laboratory pre-study 

To determine the bioavailable amount of P in the two wood ashes, a 
laboratory pre-study was conducted with water from the Åkerberg pit 
lake. Ash 1 (P9) is a bottom ash from the Dåva biomass power plant 
(Umeå Energy), and ash 2 (BA) is a bark fly ash (Billerud Korsnäs).The 
two types of wood ash were added to plastic bags containing 0.5 L of lake 
water. The water was stirred, and the bags were stored in darkness at a 
temperature of 5.0 ◦C. Water samples from the plastic bags were 
collected after 1 and 10 days and analyzed for filtered element con-
centrations (<0.2 μm). Wood ash was added to each plastic bag to result 
in P concentrations of 40, 80, and 200 μg/L for each ash type. The 
amount of added ash was based on previous analyses done to determine 
the element composition of the ashes (Supplement, Table 1) that showed 
P concentrations of 1.0% and 0.77% for the BA and P ash, respectively. 
Additional information regarding the mineralogy of the BA ash can be 
found in Nyström et al. (2019). All setups were done in duplicate. The 
pre-study showed that the P9 and BA ash released considerable amounts 
of P into the filtered phase and that the P concentration increased with 
time in most samples (Supplement, Table 2). However, after ten days 
filtered concentrations did not reach the theoretically possible P con-
centrations of 40, 80, and 200 μg/L. On average, the P9 ash released 
more of its P content than the BA ash, and the differences were larger on 
day 1 (P9: 66.5%, BA: 14.9%) than on day 10 (P9: 63.3%, BA: 42.5%). 

3.2. Microcosm study in the Åkerberg pit lake 

3.2.1. Installation and sampling 
Fifteen transparent plastic bags were installed as microcosms in the 

Åkerberg pit lake on July 1, 2021. At the start of the experiment, each 
plastic bag was filled with 17 L of lake water. The microcosms were 

Fig. 1. Location of the Åkerberg pit lake. Background map GSD-Sverigekartan 1:1000000 © the Swedish mapping, cadastral and land registration authority.  
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divided into five groups with three replicates each (Fig. 2, Table 1). 
Group I is the control group with non-fertilized lake water, whereas 
Groups II–V were fertilized with P (40 and 80 μg/L) and corresponding N 
concentrations (289 μg/L and 578 μg/L NO3–N) based on the Redfield N: 
P mole ratio of 16:1 (Redfield, 1934). To reach approximately 80 μg/L P 
in the ash-fertilized microcosms, the total amount of P added through 
the ash was 200 μg/L together with the corresponding amount of N 
(1445 μg/L NO3–N). 

The microcosm plastic bags were attached to two separate, floating 
constructions consisting of buoys, aluminum rods, and two pieces of 
triangular plywood sheets (Fig. 3). The constructions were anchored to 
the shore with a rope, allowing movement with changes in the lake 
water level. The plastic bags were attached to the constructions by 
folding the upper part of the bag around an aluminum rod and securing 
it with plastic cable ties. Ten holes were punched in each plastic bag, 
close to the attachment to the floating construction, to allow air ex-
change during the experiment. 

The microcosms were installed in the lake for 15 days. Water samples 
from the microcosms were collected on days 5, 10 and 15. A Hydrolab 
MS 5 sonde was used to measure temperature, pH, specific conductivity, 
dissolved oxygen, and total dissolved solids at the sampling occasions. 
On each sampling occasion, approximately 2.7 L of water was collected 
from each microcosm. The water was analyzed for chlorophyll-a, sus-
pended (>0.2 μm) and filtered (<0.2 μm) element concentrations, dis-
solved organic carbon (DOC), NO−

2 , NO−
3 , and NH+

4 . Approximately 8.1 L 
of water was collected from each microcosm during the experiment. On 
the day of installation, water samples were collected in duplicate from 
the surface water of the lake (approximate depth of 20 cm), together 
with sonde measurements. 

3.3. Analytical methods 

Chlorophyll-a was analyzed by filtering approximately 1 L of lake 
water through Whatman GF/C Glass Microfiber Filters (pore size 1.2 μm, 
diameter 47 mm). The filters were then stored in the dark and frozen 
before being dried in a desiccator and sent to the accredited laboratory, 
AK Lab, for analysis. Chlorophyll-a was determined according to the 
standard SS 02 81 70 (Swedish Institute for Standards, 2020), using 
spectrophotometry following methanol extraction. The analytical error 
is ≤ 20%. 

ALS Scandinavia AB analyzed filters for suspended particulate P and 
metals after digestion with 8 ml of 7 M suprapur HNO3 in Teflon bombs 
that were heated in a microwave oven. One ml of 30% H2O2 was added 
to the bombs to complete the oxidation of organic matter. Inductively 
Coupled Plasma-Sector Field Mass Spectrometry (ICP-SFMS) was used to 
determine the element concentrations (Rodushkin et al., 2005, 2018), 
with an average relative standard deviation of ±15% of the reported 
value. Samples for DOC were vacuum filtered through Whatman GF/F 
Glass Microfiber Filters (pore size 0.7 μm, diameter 47 mm). 

DOC ,NO−
2 , NO−

3 , and NH+
4 were determined by ALS Scandinavia AB 

using IR detection following CSN EN 1484, CSN EN 16192, and SM 5310 
for DOC, and discrete spectrophotometry based on CSN EN ISO 11732, 

CSN EN ISO 13395, CSN EN 16192, SM 4500-NO2, and SM 4500-NO3 
for the nitrogen speciation. 

4. Results and discussion 

4.1. Water quality measurements and chlorophyll-a 

The water quality sonde measurements (Fig. 4, Supplement, Table 3) 
show that pH increased in all the fertilized microcosms compared to the 
control microcosms. The increase was most evident in the N + P80 and 
the P9 ash microcosms. Photosynthetic uptake of CO2 during algal 
growth is one possible explanation for the increase in pH (Talling, 
1976). However, it is also possible that pH increased partly due to the 
addition of ash in the BA and P9 microcosms, as the ash is alkaline. In a 
tank experiment with water from a humic lake in southern Finland, 
adding wood ash explained 85% of the increase in water pH (Tulonen 
et al., 2002). 

The chlorophyll-a data (Fig. 5) strengthens the hypothesis that algal 
growth occurs, contributing to the increase in pH, as all microcosms 
except for the control showed a significant increase in chlorophyll-a 
concentration compared to the lake on day 0. The largest increases in 
chlorophyll-a concentration were seen on day 10, although it was 
already possible to see the effect on day 5. On day 15, chlorophyll-a 
concentrations had decreased slightly compared to day 10. Low con-
centrations of chlorophyll-a in stratified surface waters can be an effect 
of photoinduced degradation by sunlight (Mostofa et al., 2013), and the 
reduced chlorophyll-a concentrations on day 15 suggest that degrada-
tion of chlorophyll-a might have occurred. The degradation of 
chlorophyll-a is rapid and can happen within a few days (Zhang et al., 
2009). In this case, the microcosms were installed close to the surface of 
the pit lake, which potentially could intensify the degradation. The in-
crease in chlorophyll-a concentration in the fertilized microcosms was 
considerably higher than in our previous study (Paulsson and Wider-
lund, 2021). The highest measured chlorophyll-a values in the two 
studies were 108.7 μg/L (N + P80) and 3.4 μg/L, respectively. This 
shows that further increases in algal growth can be achieved without 
supplying other nutrients/micronutrients besides P and N in the Åker-
berg pit lake. The only nutrient present in all the fertilizers used in this 
study is K, which is also present in the non-fertilized lake water 
(Table 4). The initial K concentrations in the lake were higher than the 
decrease in filtered K over time in the microcosms, showing that K was 
not a limiting factor for algal growth in the lake. 

The specific conductivity did not change much during the experi-
ment, except in the P9 microcosms, suggesting that water loss through 
evaporation from the microcosms was limited. Increasing specific con-
ductivity in the P9 microcosms over time could be due to a continuous 
dissolution of the coarse bottom ash. In comparison, no increase in 
specific conductivity was observed for the finer BA ash which could 
mean that the dissolution is more rapid. Decreased chlorophyll-a con-
centrations at day 15 in the BA microcosms supports the hypothesis of 
rapid nutrient release, leading to an earlier chlorophyll-a peak than in 
the P9 microcosms (Fig. 5). However, a shorter sampling interval would 

Fig. 2. Schematic figure of the nutrient additions used for the various microcosm groups in the experiment.  
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be necessary to confirm this. On the other hand, the filtered P concen-
tration increased rapidly in the P9 samples suggesting that the dissolu-
tion of the ash and the availability of P should not have restricted algal 
growth. Hence, it is unclear from the results if the ash dissolution rate 
affected algal growth. 

4.2. Limitation of algal growth 

Algal growth in aquatic systems depends on several factors, such as 
light, nutrient availability and water temperature, which affect different 
algal species in different ways. In some cases, photosynthetic rates can 
be higher at a certain water depth due to light intensities exceeding 
saturation close to the water surface of a lake, which can result in 
photoinhibition (Wetzel, 2001). Although photoinhibition has been 
found to have a higher impact in mid-latitude lakes, it has been observed 
in lakes across various regions (Staehr et al., 2016). On day 15, the data 
suggest that both the P9 and the N + P 80 microcosms had sufficient 
concentrations of filtered P to sustain further algal growth (Table 2). 
Although the P concentrations were lower in the BA microcosms 
throughout the experiment, they were still higher than the initial P 
concentration in the lake. The NO2–N + NO3–N concentrations were 
highest in the microcosms fertilized with ash, and were never below the 
detection limit, as was the case in the other microcosms. Due to the 
experimental setup, with microcosms fixed close to the lake surface, it is 
possible that the algae were affected by photoinhibition. However, if 
that was the case, all the microcosms would have been similarly 
affected. Considering that the euphotic zone of the lake reaches down to 
a depth of 20–25 m (Paulsson and Widerlund, 2021), maximum algal 

Table 1 
Microcosm set-up in the Åkerberg pit lake.  

Group Info N source N concentration P source Ash added P concentration 

Group I Control Lake water <60 μg/L (NO2+NO3 as N) Lake water – 1.15 μg/L (<0.2 μm) 
Group II N + P KNO3 289 μg/L KH2PO4 – 40 μg/L 
Group III N + P KNO3 578 μg/L KH2PO4 – 80 μg/L 
Group IV Ash KNO3 1445 μg/L BA ash 20 mg/L 200 μg/L 
Group V Ash KNO3 1445 μg/L P9 ash 26.04 mg/L 200 μg/L  

Fig. 3. Installed microcosms in the Åkerberg pit lake.  

Fig. 4. Water quality sonde measurements in the fertilized microcosms in the Åkerberg pit lake at days 0, 5, 10 and 15. Displayed data are averages of the three 
microcosms per group. Error bars show the standard deviation. All data can be found in Supplement, Table 3. 
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growth may occur some distance below the lake surface. A different 
experimental setup with microcosms located some distance below the 
surface could potentially result in even higher, or lower, algal growth 
rates across all microcosms. 

4.3. Algal element uptake 

Fig. 6 shows molar element/P ratios in the particulate phase (>0.2 
μm), expressed as the slope of the regression line, for elements that are 
correlated with P (microcosms fertilized with ash are excluded). The 
amount of P in the particulate suspended phase is larger (≤8 x 10− 6 mol/ 
L) in microcosms fertilized with ash compared with microcosms with no 
ash added (≤2x10− 6 mol/L). This suggests that the ash contributes to the 
P concentration in the particulate suspended phase and the correlation 
between P and other elements in the particulate suspended phase is a 
poor indicator of algal element uptake in the microcosms fertilized with 
ash. The data in Fig. 6 with no ash added should therefore give a better 
approximation of the element uptake of the algae. Element/P ratios in 
microcosms fertilized with ash are shown in Supplement, Fig. 1. 

In our previous study (Paulsson and Widerlund, 2021) we found that 
Cd, Co, Ni, and Zn were sorbed by algae, either through active biological 
uptake or through surface sorption. In support of these findings, these 
elements also correlate with P in the suspended particulate phase in the 
current study, although the correlation is weaker for some elements, 
notably Co. However, in this study there are also additional elements 
that are correlated with P (Table 3). 

Table 3 displays the correlations between P and elements in the 
particulate phase with R2 values higher than 0.25. The uptake in % is 
shown as a range and is expressed as % of the filtered element concen-
trations measured on five occasions in the surface water of the Åkerberg 
pit lake. Four of these measurements were the same as the ones we 
previously used to estimate the uptake (Paulsson and Widerlund, 2021). 
These were measurements from depths of 1 m and 4 m on the 26th of 
June and the 28th of August 2018. The fifth measurement is the surface 
water sample collected on day 0 of this study. The uptake is based on the 
linear relationship between P and the elements in the suspended phase, 
excluding the microcosms fertilized with ash. The average concentration 
in the particulate suspended phase of the lake water on day 0 was used as 
the starting point, and the average concentration in the suspended phase 
of the N + P80 samples on day 15 was used as the endpoint. For P, these 

values were 5.2 x10− 8 and 1.66 x10− 6 mol/l, respectively. 
Some elements showed an uptake larger than 100% of their filtered 

starting concentration (Table 3). We believe these large apparent 
element uptakes reflect analytical or filtration artefacts or a combination 
of these two factors. Element uptakes exceeding 100% are mainly seen 
for elements forming tri- or tetravalent ions (REEs, Cr, Hf, Sn, Th, Ti, Zr), 
and Pb, i.e., elements that are known to be particle-reactive in natural 
waters (Geibert and Usbeck, 2004; Leybourne and Johannesson, 2008). 
For many of these elements, their filtered starting concentration was 
close to the detection limit. This may have resulted in erroneously high 
particulate/filtered concentration ratios and overestimated their par-
ticulate uptake. 

In addition, colloids can clog filters and, as a result, decrease the 
effective pore size. This increases the amount of colloids that collect on 
the filter, which will tend to overestimate suspended particulate element 
concentrations (Horowitz et al., 1992; Morrison, 2001). Several ele-
ments with an uptake exceeding 100% in Table 3 are scavenged by Fe 
oxyhydroxide and organic colloids (Leybourne and Johannesson, 2008). 
If inorganic and organic colloids were clogging the filter, an increased 
concentration of REEs associated with these colloids could be measured 
in the particulate suspended phase. It is also possible that the clogging 
effect was more significant in the microcosms where most of the algal 
growth occurred, which was used as the endpoint for calculating the 
particulate uptake. In addition to organically bound P in algae, sus-
pended particulate P appears in inorganic forms, either as secondary Fe 
phosphate minerals or sorbed to other precipitates such as Fe oxy-
hydroxides, which has been observed in mine waters (Simmons, 2010). 

The P increase in the suspended particulate phase (50 μg/L or 1.6 x 
10− 6 M) exceeded the Fe uptake (7.70 μg/L or 1.38 4x 10− 7 M) by a 
factor of 10, suggesting that co-precipitation with Fe oxyhydroxides or 
the precipitation of Fe phosphate minerals was not the main process 
resulting in the P increase in the particulate suspended phase. 

Table 4 shows that the lowest filtered element concentrations were 
measured on Day 10 for the N + P80 samples and that the concentrations 
had increased again on Day 15 for Cd, Co, Mn, Ni, Si, and Zn. This 
suggests that these elements may have been released back into the water 
after an initial uptake. However, in the particulate suspended phase 
(Table 5), the concentrations were highest on Day 15, suggesting that 
the element uptake continued throughout the entire study. For some 
elements, such as Ca, the uptake is relatively small compared with their 

Fig. 5. Chlorophyll-a in the lake at the start of the experiment (Day 0) and in the microcosms on days 5, 10 and 15. Error bars show + -20%.  
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filtered concentration. This means that uptake seen in the particulate 
suspended phase would be hard to detect as a decrease in the filtered 
phase. For other elements where the uptake is higher relative to their 
filtered concentration, such as Mn, the difference is noticeable. 

4.4. Stimulation of algal growth as an alternative to liming in acidic pit 
lakes 

Wood ash can potentially be used as an alternative to liming as it 
achieves much of the same effect. It raises the pH of the waters, as it is 
alkaline, which can initiate precipitation of e.g., Fe-hydroxides and 
potentially subsequent adsorption of elements (Lu, 2004). In addition, it 
can increase algal growth, which can further support the uptake of 
various elements, given that nutrients are available and other conditions 
necessary for algal growth are fulfilled in the lake. As an additional 
benefit, the algae also have the potential to sequester CO2 and thereby 
reduce the radiative forcing that is driving climate change (Daneshvar 
et al., 2022). 

We previously calculated that 55 kg of P and 400 kg of N are needed 
to reach a filtered P concentration of 100 μg/l in the euphotic zone of the 
Åkerberg pit lake (Paulsson and Widerlund, 2021). A one-time full-scale 
experiment in the Åkerberg pit lake with similar concentrations of P as 
in this study would require approximately 11 tonnes of ash if photo-
synthesis occurs throughout the entire euphotic zone down to a depth of 
20 m. In forestry, the benefits are maximized at low dose rates of about 
10 tonnes per 10.000 m2 in one forest rotation cycle, which depends 
highly on the tree species, e.g., >10 years for Populus spp. (Niemczyk, 
2021; Pitman, 2006). Even though the one-time application of ash in the 
pit lake is smaller compared to traditional wood ash fertilization in 
forestry, the application in the pit lakes will most likely be carried out 
annually or even more often during high algae production seasons. 
Comparison to conventional pit lake liming shows that the slightly 
larger Rävlidmyran pit lake, which has a surface area of approximately 
34 000 m2, was treated with 200 tonnes of lime in 2003 (Lu, 2004). 
Since then, the pit lake has been treated with smaller amounts of lime 
(15–65 tonnes Ca(OH)2) on several occasions. In 2018, the average price 
of lime delivered to a doser in Sweden was 704 SEK/tonne, while the 
average price for spreading the lime with a boat and helicopter were 
1223 SEK/tonne and 1855 SEK/tonne, respectively (Havs-och Vatten-
myndigheten, 2020). Hence, there might also be economic incentives to 

Table 2 
Filtered phosphorus (<0.2 μm), nitrogen and DOC (<0.7 μm) concentrations in 
the Åkerberg pit lake at day 0, 5, 10 and 15 (01.07., 06.07., 11.07., and 
16.07.2021, respectively), in the fertilized microcosms.  

ID Date P 
(μg/ 
L) 

±

SD 
NO2+NO3 as 
N (mg/l) 

± SD DOC 
(mg/l) 

±

SD 

Lake Day 
0 

0.8 0.4 <0.06  1.05 0.21 

Lake Day 
0 

1.5 0.8 <0.06  1.49 0.3 

Control 
1 

Day 
5 

1.2 0.6 <0.06  1.19 0.24 

Control 
2 

Day 
5 

1.4 0.7 <0.06  1.11 0.22 

Control 
3 

Day 
5 

1.2 0.6 <0.06  1.15 0.23 

Control 
1 

Day 
10 

1 0.5 <0.06  2.03 0.41 

Control 
2 

Day 
10 

0.9 0.5 <0.06  1.29 0.26 

Control 
3 

Day 
10 

0.8 0.4 <0.06  1.31 0.26 

Control 
1 

Day 
15 

1.5 0.7 <0.06  1.76 0.35 

Control 
2 

Day 
15 

1.6 0.8 <0.06  1.54 0.31 

Control 
3 

Day 
15 

1.9 0.9 <0.06  1.32 0.26 

N + P40 
1 

Day 
5 

26.2 13.1 0.19 0.04 1.28 0.26 

N + P40 
2 

Day 
5 

26.4 13.2 0.21 0.04 1.22 0.24 

N + P40 
3 

Day 
5 

27.4 13.7 0.22 0.04 2.05 0.41 

N + P40 
1 

Day 
10 

5.1 2.6 <0.06  1.53 0.31 

N + P40 
2 

Day 
10 

3.3 1.6 <0.06  1.65 0.33 

N + P40 
3 

Day 
10 

3.3 1.7 <0.06  2.24 0.42 

N + P40 
1 

Day 
15 

5.9 2.9 <0.06  2.19 0.44 

N + P40 
2 

Day 
15 

7 3.5 <0.06  1.86 0.37 

N + P40 
3 

Day 
15 

6.8 3.4 <0.06  1.84 0.37 

N + P80 
1 

Day 
5 

73.6 36.8 0.62 0.12 1.18 0.24 

N + P80 
2 

Day 
5 

70.8 35.4 0.61 0.12 2.27 0.45 

N + P80 
3 

Day 
5 

74.2 37.1 0.61 0.012 1.24 0.25 

N + P80 
1 

Day 
10 

11.3 5.6 <0.06  2.45 0.49 

N + P80 
2 

Day 
10 

23.1 11.5 <0.06  1.72 0.34 

N + P80 
3 

Day 
10 

8.3 4.1 <0.06  1.57 0.31 

N + P80 
1 

Day 
15 

33.8 16.9 <0.06  2.32 0.46 

N + P80 
2 

Day 
15 

37.3 18.7 <0.06  2.4 0.48 

N + P80 
3 

Day 
15 

21.9 11 <0.06  2.44 0.49 

BA 1 Day 
5 

1.5 0.8 1.48 0.3 1.56 0.31 

BA 2 Day 
5 

3.8 1.9 1.18 0.3 1.23 0.25 

BA 3 Day 
5 

2.2 1.1 1.48 0.3 1.17 0.23 

BA 1 Day 
10 

2.7 1.4 1.2 0.24 1.6 0.32 

BA 2 Day 
10 

3.2 1.6 1.19 0.24 1.42 0.28 

BA 3 Day 
10 

3.4 1.7 1.14 0.23 1.74 0.35  

Table 2 (continued ) 

ID Date P 
(μg/ 
L) 

±

SD 
NO2+NO3 as 
N (mg/l) 

± SD DOC 
(mg/l) 

±

SD 

BA 1 Day 
15 

3.9 2 0.98 0.2 2.09 0.42 

BA 2 Day 
15 

3.5 1.7 1.04 0.21 2.12 0.42 

BA 3 Day 
15 

3.3 1.7 0.99 0.2 2.34 0.47 

P9 1 Day 
5 

63.9 31.9 1.51 0.3 1.13 0.26 

P9 2 Day 
5 

65.6 32.8 1.47 0.29 1.03 0.21 

P9 3 Day 
5 

62.7 31.4 1.46 0.29 1.04 0.21 

P9 1 Day 
10 

28.6 14.3 0.89 0.18 1.48 0.3 

P9 2 Day 
10 

34.7 17.4 0.93 0.19 2.26 0.45 

P9 3 Day 
10 

23 11.5 0.83 0.17 1.74 0.35 

P9 1 Day 
15 

22.5 11.2 0.58 0.12 2.89 0.58 

P9 2 Day 
15 

32.2 16.1 0.68 0.14 2.52 0.5 

P9 3 Day 
15 

14.5 7.2 0.42 0.08 2.06 0.41  
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find alternative solutions to liming. 4.5. Implications of a full-scale experiment compared to a microcosm 
study 

There are some difficulties in scaling up microcosm results to full- 

Fig. 6. Molar element/P ratios in the particulate suspended fraction (>0.2 μm) expressed as the slope of the regression line. Microcosms fertilized with ash 
are excluded. 

Table 3 
Correlation between P and other elements in the suspended particulate phase (R2), uptake in the particulate phase expressed as % of element concentrations in the 
filtered phase (<0.2 μm), and uptake in the particulate suspended phase expressed in μg/L. The microcosms fertilized with ash are not included in the calculations.  

Element R2 Uptake in % Uptake ug/L Element R2 Uptake in % Uptake ug/L 

Min Max Min Max 

Mg 0.92 0.5 0.7 20.3 Yb 0.61 47.5 88.9 0.00092 
Sr 0.92 0.4 0.5 0.49 Hf 0.6 14.1 319.7 0.0004 
Ca 0.9 5 0.6 122 Er 0.59 51.6 111.9 0.0011 
Tl 0.89 19.5 36.2 0.01 Pr 0.59 31.8 96.5 0.0045 
Cs 0.88 3.3 3.8 0.014 Zr 0.59 28.8 495.8 0.012 
Mo 0.88 0.1 0.2 0.0046 Nd 0.58 31.4 93.8 0.017 
Ba 0.87 2.7 3.1 0.24 Ce 0.57 37.2 112.5 0.031 
Ni 0.82 32.9 35.6 2.26 Tm 0.57 37.7 113.7 0.00014 
Pt 0.82 82.4 530.1 0.00041 Fe 0.56 202.9 1043.9 7.7 
Cr 0.78 329.6 659.5 0.14 W 0.56 15.9 21.8 0.014 
Y 0.75 42.6 94.7 0.013 Sb 0.53 0.1 0.3 0.0015 
Zn 0.75 21.9 65 6.71 Li 0.52 0.1 0.2 0.02 
Be 0.73 40 78.4 0.0035 Th 0.51 107.7 440.3 0.0012 
Rb 0.73 2.9 3.6 0.15 Mn 0.5 38 99.8 0.74 
B 0.72 0.3 0.5 0.082 Cu 0.48 11.2 16.6 0.22 
Dy 0.71 46.2 125.5 0.0019 Nb 0.45 2.2 618 0.0019 
Ti 0.71 1066.9 2277.2 0.55 Sc 0.45 48.6 139.7 0.0027 
Lu 0.7 40.7 100.8 0.00016 Ga 0.44 29.3 59.5 0.0022 
Si 0.7 34.8 39.4 856 Sn 0.44 137.5 679.3 0.057 
Ho 0.68 39.4 109 0.00032 Pb 0.41 82.5 1395.5 0.037 
U 0.67 2.1 2.9 0.14 I 0.4 3.3 4.2 0.028 
Tb 0.65 44.2 99.2 0.00033 Co 0.38 20.4 46.7 0.19 
Cd 0.64 21.8 53.6 0.016 S 0.38 22.1 29.4 3240 
La 0.64 29.1 88.1 0.021 Ir 0.35 189.8 1904.4 0.00006 
Sm 0.64 35.2 124.3 0.0031 K 0.32 6.9 8.5 138 
Gd 0.63 44.1 112.1 0.0028 Re 0.32 0.1 0.3 0.00002 
V 0.61 6.6 8 0.016 Na 0.28 0.6 0.8 17.3  
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scale studies of pit lakes (McCullough et al., 2020). For example, the 
high ratio of microcosm surface area to volume and “wall effects” from 
the containers are effects that might have impacted the results of this 
study. We attempted to overcome some challenges by placing the mi-
crocosms in situ in the pit lake rather than in a laboratory. At the same 
time, microcosms offer a better possibility of gathering statistically 
significant results than full-scale experiments. They can therefore be a 
more practical and efficient way to test hypotheses at an early stage. 
Logical follow-up studies would include testing whether stimulation of 
algal growth with wood ash would also work for an acidic pit lake, 
initially through another microcosm study. With positive results, a 
full-scale experiment could later be conducted in an acidic pit lake. 

4.6. Wood ash composition and N:P:K ratios in pit lakes 

One potential problem with fertilizing a pit lake with wood ash is 
that ashes not only contain nutrients required to support algal growth, 
but also other elements that could potentially have a detrimental impact 
on the environment. Therefore, an assessment is necessary, where the 
impact is evaluated against the positive effects of fertilization and other 
potential solutions to remediate pit lake water quality. 

In this study the concentrations of several elements (e.g., Cd, Co, Mg, 
Mn, Ni, and Zn) were higher in the suspended particulate phase for the 
microcosms fertilized with wood ash than the other microcosms 
(Table 5). For example, the wood ash contains relatively high concen-
trations of K (Supplement, Table 1) and the concentrations of filtered K, 
therefore, increased in the microcosms (Table 4). 

During traditional wood ash application in forestry, the goal is to 
increase the pH in the adjacent stream water while minimizing the risk 
of increasing the concentrations of toxic metals. A similar approach 
should be used when applying wood ash to pit lakes. Usually, wood ash 

from forest biomass has low levels of trace metals. Still, it has been 
observed that recycling contaminated wood ash could elevate the levels 
of metals, organic pollutants, and radioactive caesium in soil and water 
(de Jong et al., 2017; Huotari et al., 2015; Olsson et al., 2017). Studies 
on wood ash application are limited to forested areas and adjacent water 
bodies. As an example, Cd behaviour has been studied when wood ash 
was used as a fertilizer in forestry (Ingerslev et al., 2014). The study 
showed that there was little or no effect on the soil, runoff waters, plants, 
or fungi during the ash application due to a low Cd bioavailability. To 
avoid part of the problem, partial pre-combustion of the ash before it is 
applied has been recommended as a way to reduce the content of 
organic pollutants and trace metals (SFA, 2019). 

Both ashes used in this study (BA and P9) successfully stimulated 
algal growth to approximately the same extent, and the results were 
consistent over the six microcosms where ash was added. However, if a 
lower P concentration had been chosen it is possible that the available P 
would have been consumed. This could have resulted in a more signif-
icant variation of the chlorophyll-a concentrations between the micro-
cosms since the P concentrations in the BA microcosms were lower than 
in the P9 microcosms throughout the entire experiment (Table 2). The P 
concentration differed in the BA and P9 ashes (Supplement, Table 1), 
which could have affected the amount of P added to the microcosms. It is 
possible that this effect would have a greater impact if a smaller amount 
of a more heterogenous ash is used. On the other hand, if the aim is to 
fertilize an entire lake, varying ash concentrations might be less of a 
problem as larger quantities will be used and the average ash concen-
tration will have higher importance. Although the ash was homogenized 
before fertilization, it is possible that inhomogeneities still remained in 
the ash composition. 

The N concentrations in the Åkerberg pit lake are below the detec-
tion limits both for NO3

− /NO2
− (0.06 mg/L) and NH4

+ (0.04 mg/L) making 

Table 4 
Average filtered element concentration (<0.2 μm) for the different microcosm setups.  

ID  Ca Cd Co K Mg Mn Ni Si Zn 

Filtered concentrations (μg/L)a 

Lake Day 0 21600 0.071 0.73 1830 3240 1.89 6.9 2270 30.7 
Control Day 5 21600 0.054 0.71 1760 3110 1.60 6.6 2170 12.1 
Control Day 10 21900 0.052 0.62 1800 3150 1.28 6.8 2220 11.9 
Control Day15 21700 0.050 0.59 1720 3340 1.24 7.2 2440 11.9 
N + P40 Day 5 21600 0.042 0.57 2790 3120 0.69 6.5 1810 7.1 
N + P40 Day 10 21500 0.018 0.29 2600 3090 0.15 4.0 1020 0.5 
N + P40 Day15 21800 0.018 0.36 2610 3400 0.28 4.6 984 1.2 
N + P80 Day 5 21200 0.040 0.60 3730 3060 0.91 6.4 1740 7.0 
N + P80 Day 10 21400 0.014 0.29 3640 3040 0.13 3.1 625 0.6 
N + P80 Day15 20900 0.016 0.52 3740 3260 0.51 4.5 1030 1.2 
BA Day 5 23300 0.026 0.07 7580 3300 9.42 2.9 2080 1.3 
BA Day 10 23600 0.024 0.04 7370 3290 1.81 1.0 394 0.9 
BA Day15 21100 0.023 0.09 6840 3090 1.34 1.5 936 1.5 
P9 Day 5 22100 0.032 0.40 7260 3100 2.66 5.3 1970 3.8 
P9 Day 10 20700 0.017 0.15 6980 3070 0.77 2.7 300 0.5 
P9 Day15 16400 0.013 0.21 7100 3200 0.97 2.5 96 0.8 
Comparison with initial lake concentrations (%)a,b 

Control Day 5 100 76 97 96 96 89 96 96 39 
Control Day 10 101 73 85 99 97 71 99 98 39 
Control Day 15 101 71 81 94 103 69 105 107 39 
N + P40 Day 5 100 60 79 153 96 38 95 80 23 
N + P40 Day 10 99 26 40 143 95 9 58 45 2 
N + P40 Day 15 101 25 50 143 105 15 67 43 4 
N + P80 Day 5 98 57 82 204 94 51 94 76 23 
N + P80 Day 10 99 20 40 200 94 7 45 28 2 
N + P80 Day 15 97 21 71 205 100 28 66 45 4 
BA Day 5 108 36 10 415 102 524 42 91 4 
BA Day 10 109 34 6 404 102 101 15 17 3 
BA Day 15 97 33 12 375 95 75 22 41 5 
P9 Day 5 103 45 55 398 95 148 77 87 12 
P9 Day 10 96 24 21 382 95 43 40 13 2 
P9 Day 15 76 18 29 389 99 54 37 4 3  

a Average concentration of replicates 1–3. 
b Expressed as % of the starting concentration at Day 0. 
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it impossible to calculate a N:P:K ratio. However, the Åkerberg pit lake 
requires addition of both N and P to stimulate algal growth (Paulsson 
and Widerlund, 2021). Based on N, P, and K data from 2001 to 2002 (Lu, 
2004), N:P:K ratios were calculated for the acidic pit lakes Udden and 
Rävlidmyran. For Rävlidmyran the average concentrations were N 650 
μg/L, P (as PO4) 0.54 μg/L and K 8590 μg/L, and for Udden: N 736 μg/L, 
P (as PO4) 6,24 μg/L and K 12880 μg/L. The corresponding N:P:K mole 
ratios are 2660:1:12600 at Rävlidmyran and 260:1:1640 at Udden. This 
shows that the N:P ratios in these pit lakes are considerably higher than 
the 16:1 Redfield ratio (Redfield, 1934), and their N concentrations are 
higher than the highest N additions used in this study (578 μg/L). Po-
tassium should not be a limiting factor for algal growth in the Udden or 
Rävlidmyran pit lake as their K concentrations are much higher than the 
138 μg/L of K that was taken up in this study (Table 3). It is therefore 
possible that algal growth could be stimulated in the Udden and 
Rävlidmyran pit lakes by wood ash fertilization, without requiring an 
additional source of N, as is the case in the Åkerberg pit lake. 

5. Conclusions 

Algal growth was successfully stimulated in the Åkerberg pit lake by 
adding wood ash and KNO3 to microcosms. The measured chlorophyll-a 
concentrations in the microcosms (53–77 μg/L) were approximately 100 
times higher than initial lake water concentrations (0.3–0.8 μg/L). The 
results suggest that several elements are either actively biologically 
assimilated or sorbed to the surfaces of algae. For Ni, Zn, and Cd, the 
filtered element concentrations (<0.2 μm) were reduced by 33–36%, 
22–65%, and 22–54%, respectively. This suggests that fertilizing pit 
lakes with wood ash potentially can be used as a remediation method for 
improving pit lake water quality. 
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