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Abstract:   

Eutrophication has proven to be a fundamental ecological problem for lakes and other bodies of water all around 
the world. The process of eutrophication can be defined as a lake containing increasing concentrations of 
nutrients from external and/or internal input over time. The increase of nutrients in the lake has several 
consequences for the lake ecosystem, such as the increase in algal blooms (sometimes containing toxic and 
harmful cyanobacteria) and the decrease of macrophytes. One nutrient that plays a key role in the eutrophication 
process is phosphorus. To restore eutrophic waters, the external and internal input of phosphorus needs to be 
reduced. External input can be decreased by reducing the run-off from industrial areas or agriculture. Internal 
input can be reduced by disrupting the in-lake phosphorus loading processes, which are connected heavily to 
the lake sediment. The internal phosphorus loading processes can be caused by several different processes. One 
is the mineralization of organic biomass on the sediment which releases phosphorus into the water, another is 
the release of previously iron-bound phosphorus from the sediment. Different treatments can be implemented 
in a lake system to disrupt these internal processes of phosphorus loading and consequently restore the water 
quality of the lake. Such treatments also influence the biota of the lake and the ecosystem services, because of 
their effect on water quality. Biomanipulation treatments and aluminum treatments were implemented in lake 
Växjösjön in Sweden to restore the lake to a more natural and balanced state. Both treatments were effective in 
reducing the eutrophic conditions of the lake, improving water quality, biota, and the ecosystem services. Local 
human populations benefit from these improvements, for example by receiving increased revenue from lake 
recreation. More research is however needed to discern the long-term effects of the treatments in the Växjö 
municipality, thereby aiding local government and policy makers in their future decisions regarding restoration. 
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Summary: To sustainably develop is to create a world where all future living things on the planet can benefit 
from the same resources that are available now. So many of these resources come from the natural world, and 
even though this fact is known to many, very few meaningful actions are done today to ensure sustainable use 
of these natural resources. One aspect of the natural world that has faced worsening conditions for many years 
already is the planets’ aquatic ecology. Water quality in lakes and other water bodies all over the world has 
deteriorated for centuries already due to a process called eutrophication. Eutrophication is the process of a body 
of water becoming increasingly enriched with nutrients. These nutrients can come into the water externally 
through groundwater and water run-offs, for example from the fertilizer used in agricultural practices. They can 
also come from internal processes within the aquatic ecosystem, through nutrient loading of the sediment and 
decomposing of organic matter. One nutrient, phosphorus, plays a key role in the eutrophication process. 
Although certain levels of phosphorus are needed for all life forms on the planet to develop and thrive healthily, 
too much of it can cause severe problems. Lakes that become eutrophic are known to shift from a plant 
dominated ecosystem to an algal dominated ecosystem, which means that the balance of the ecosystem becomes 
impaired. The algae thrive on the high levels of phosphorus which causes algal blooms to occur during the 
warmer, summer months. These algal blooms can contain toxic bacteria which prove to be harmful to animals 
and humans alike. Treatments to combat eutrophication often focus on reducing phosphorus loading in the lakes 
by firstly reducing the external input. This can be done through the innovation of agriculture and the filtering 
of industrial wastewater. Furthermore, the treatments focus on reducing internal phosphorus loading. This can 
be done by chemically binding phosphorus to certain metals so it can be stored in the sediment, or by changing 
certain biological aspects of the lake. This biomanipulation can for example come in the form of removing 
certain species of fish that are known to disrupt the sediment (thereby releasing phosphorus stored in the 
sediment), or by decreasing the overall biomass in the lake so there will be less decomposing organic matter. 
Two of such treatments, biomanipulation in the form of reduction fishing and the adding of aluminum to the 
lake, were implemented in lake Växjösjön in Sweden. This study analyzed the implications of these treatments 
on the lake system, specifically looking at water quality, biota, ecosystem services. Due to the treatments, there 
were improvements in all three of these areas. More attention will however need to go to research looking into 
the possible long-term effects, and the specific characteristics of lakes that may impact the effectiveness of such 
treatments.  

Keywords: Sustainable Development, eutrophication, phosphorus, internal loading, aluminum, biomanipulation 

Cleo Bakker, Department of Earth Sciences, Uppsala University, Villavägen 16, SE- 752 36 Uppsala, Sweden  
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1. Introduction 

Eutrophication, the process whereby a water body becomes increasingly enriched with nutrients, is 
proving to be one of the most challenging environmental problems in present time (Bhagowati & 
Ahamad 2019). Eutrophication is a natural phenomenon which usually advances very slowly, but 
now due to human actions the process is being accelerated in bodies of water all around the world. 
Ecosystems of eutrophic lakes often fail to adapt to this human-induced pace, which results in the 
disruption of their natural balance and consequently causes the ecosystems to change. Eutrophication 
is, for example, known to cause a gradual shift in primary producers from an ecosystem dominated 
by rooted macrophytes, to a system dominated by algae (Marques et al. 2003). Such a shift has 
implications for many aspects of the aquatic ecosystems. A known implication is the occurrence of 
Harmful Algal Blooms (HABs). These blooms consist of microscopic algae. Some types of these 
algae are toxic and can cause illness or death in humans, fish, seabirds, marine mammals, and other 
aquatic life by the transference of the toxins through the food web (Anderson 2009). An example of 
such toxic microscopic algae are cyanobacteria, or blue-green algae. Cyanobacteria produce toxins 
that can cause severe illness in animals and people. HABs with cyanobacteria are expanding globally 
and the mitigation of these CyanoHABs is proving to be a major challenge for researchers and 
policymakers worldwide (Paerl et al. 2016). They are, for example, known to cause long-term public 
health issues by entering the drinking water of a certain region (Backer 2009). CyanoHABs can be 
decreased by restoring eutrophic lakes to a more natural, macrophyte dominated state using nutrient 
reduction measures. This is not only good for restoring natural ecosystems and balances, but also for 
protecting the health of humans and animals.  

One notorious nutrient in the eutrophication process is phosphorus. Phosphorus (P) as a nutrient is 
essential for all life forms. Its presence is important for many fundamental biochemical reactions, 
such as the transfer of energy, and it is a key player for providing the structural support of organisms 
using membranes and bone (Ruttenberg 2003). However, when P is present in excessive amounts, it 
is one of the most common causes of eutrophication in freshwater lakes (Correll 1998). P increase 
can either be caused by external inputs from, for example, industrial sites or agriculture or wastewater 
from cities and households, or it can be caused by internal processes that enhance P release and 
cycling from the sediment. In the last 20-30 years, efforts have been made in Western Europe and 
North America (among other regions) to restore eutrophic lakes to a more natural state by reducing 
external P loading first (Jeppesen et al. 2007). A decrease in nutrient run-off from sewage plants and 
industrial sites was observed, mainly due to technological innovation. In lakes where nutrient loading 
reductions where observed the response was usually positive. In an analysis of 35 European and 
North American lakes, Jeppesen et al. (2005) found that in most of the cases a new balance regarding 
total phosphorus was reached after 10-15 years of nutrient loading reductions. The recovery was, 
however, delayed by internal P loading in the lakes. Internal P loading can be caused by numerous 
highly dynamic processes, usually coupled to the lake sediment (Søndergaard, Jensen & Jeppesen 
2003). Figure 1 depicts the internal P loading processes that can occur in shallow and deep lakes, 
with lake sediment playing a key role in both. Lake sediments retain, store, and release P in different, 
but often interconnected, processes. When lake sediment is oxidized it can store P by binding it to 
iron (III) compounds (Søndergaard, Jensen & Jeppesen 2003). This process can also occur in the 
water column, both resulting in the decrease of P loading in the water. Oxygen is needed in this 
process to bind the P to the iron compounds. In autumn and spring, the water in deeper lakes is usually 
oxic, making the binding process possible which results in decreased P levels. However, during 
summer (and sometimes winter due to ice covering the lake), deeper lakes tend to stratify, meaning 
that differing layers can occur in the lake depending on their temperature. Deeper and colder layers 
receive little oxygen in these months since atmospheric diffusion is impossible and they are too dark 
to support oxygen-producing plant life. During such times, the oxygen-rich layer in the sediment 
thins out, and the bound P-iron particles dissolve. The released P returns to the water column, 
increasing the internal P loading of the lake (Søndergaard, Jensen & Jeppesen 2003). This process 
can thus still occur in lakes where external loading reductions have taken place because the storage 
of excess P in the sediment occurred during the time that total P loading was still high (Jeppesen et 
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al. 2007).  

  

 

 

Several factors in a lake system can influence the retention and release of P from the sediment and 
thus the internal P loading. The amount and type of aquatic species in a lake can have an effect 
through disturbance of the sediment and the decomposing of organic matter (Søndergaard, Jensen & 
Jeppesen 2003). Benthic invertebrates and certain species of fish can disturb the sediment which 
releases bound and unbound P into the water column, increasing internal P loading. They can however 
also inhibit P release by oxidizing the sediment, thereby supporting the retention of P, and decreasing 
internal P loading. Whether the species have a decreasing or increasing effect depends on the amount 
of iron compounds present in the sediment and the season. High biomass in a lake can influence the 
sediment by providing a high level of decomposing organic matter, which releases P into the water 
and the sediment due to oxygen consumption by bacteria as they mineralize/break down the organic 
matter (Søndergaard, Jensen & Jeppesen 2003). When oxygen and iron are high, P can be more easily 
bound and stored in the sediment. In stratified lakes during summer however, when organic matter is 
high due to the blooming and dying of algae and oxygen is low, the released P cannot be bound 
resulting in increased internal P loading. In shallow lakes, where stratification does not occur, high 
biomass is the main cause for internal P loading. The high amounts of algal blooms in those lakes 
during summer which continuously bloom and die in that season create a layer of organic matter on 
the sediment. This layer releases P into the water column and sediment during high pH events. This 
because the increase in water pH stimulates the mineralization process of the organic matter (Jensen 
& Andersen 1992). 

Another factor that can influence the retention and release of P from the sediment is resuspension. 
Resuspension can be wind-induced or caused by bioturbation (Søndergaard, Jensen & Jeppesen 
2003). Resuspension can cause bound P particulates and decomposing organic matter to be suspended 
several times before settling on the sediment permanently. While resuspension can increase the 
internal P loading by increasing sediment release rates, it does not necessarily have to. This depends 

Fig.1. Internal P loading processes in shallow and deep lakes (sourced and adapted from: Huser, Löfgren 

& Markensten 2016) 
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on the conditions between water and sediment and the number of algae present that take up P when 
suspended.  

To combat internal P loading in lakes and thus accelerate their recovery, several restoration measures 
can be employed. These measures are often targeted towards facilitating the binding and storage of 
P in the sediment or the removal of P containing sediment. Such restoration techniques are, for 
example, removing sections of sediment from the lake or administering mineral treatments with 
aluminum and iron salts (Jeppesen et al. 2007). Oxygen or nitrate injections to the sediment have 
been used specifically in stratified lakes. This because the added oxygen or nitrate will provide 
sediment bacteria with electron acceptors (a form of nutrition), something the bacteria otherwise 
receive by using iron from the sediment. The oxygen and nitrate thus provide an alternative to iron 
for the bacteria so that the iron ‘frees up’ and can bond with P, increasing the storage of P in the 
sediment and decreasing internal P loading. This measure is however only effective for a short while 
since the oxygen and nitrate is present in limited amounts, causing the bacteria to revert again to iron 
when the oxygen and nitrate is depleted.   
Many measures to decrease internal P loading are often effective but differ in their feasibility 
depending on the characteristics of the specific lake. Sediment removal, for example, is often 
expensive for most lakes due to transport and disposal. It may also be less effective in lakes where 
resuspension and redistribution of sediment is common since this can make the removal of the upper, 
nutrient-rich sediment layers difficult. 

Biomanipulation is another restoration method often used to decrease internal P loading. This method 
can, for example, be used in the form of reduction fishing to partially remove certain fish species that 
cause disturbance to the sediment and to decrease total fish biomass so that nutrient release from 
biomass mineralization is decreased. It can also mean changing the ecosystem of the lake by 
introducing or removing certain types of fish and thereby enhancing a top-down control of 
phytoplankton (Jeppesen et al. 2007). In contrast to sediment removal and mineral treatments, 
biomanipulation measures are relatively cheap. Their stability is however uncertain since a return to 
previous ecosystem states is often observed when tracking such lakes for a longer period of time. 
This because the main problem within the lake, elevated nutrients due to internal P loading, is not 
solved by employing biomanipulation treatments only. A combination of biomanipulation and 
mineral treatments (or sediment removal) is therefore frequently needed. 

For this study, we analyzed the effectiveness of certain in-lake restoration measures used in lake 
Växjösjön in Sweden. External measures had already been implemented in the past to reduce the 
nutrient input from the surrounding watershed. However, decades of excess inputs led to the 
accumulation of nutrients in the sediment which supported internal P loading and sustained the 
eutrophic conditions of the lake. In November 2015, the municipality started a biomanipulation 
treatment which was focused on the reduction fishing of cyprinid and prey fish, fish species known 
for disturbing the sediment (Växjö kommun 2020). The treatment was implemented to stimulate the 
establishment of underwater vegetation, improve the ecological structure, and improve the possibility 
of achieving the intended effect with the aluminum treatment which would be implemented in the 
future. The reduction fishing ended in May 2018, when a total weight of around 17370 kg of cyprinid 
and prey fish was extracted from the lake. This translated to the removal of approximately 92 kg of 
P from the lake, stored in the removed fish biomass (USDA 2019). To improve the water quality 
further and reduce internal P loading in the lake, especially during the summers when the lake would 
stratify, the municipality started an aluminum treatment of the lake on May 23rd, 2018. The 
aluminum was added in the form of polyaluminum chloride (PAX XL 100). Overall, Växjösjön was 
treated with approximately 300 tons of PAX XL 100, spread out over several different areas of the 
lake. This amount of PAX XL 100 corresponded to 50 grams of aluminum per square meter of the 
lake. The aluminum treatment was implemented to increase the binding of P in the lake sediment, 
thereby decreasing internal P loading and improving the water quality in the lake (Växjö kommun 
2020). Contrary to iron, aluminum is not affected by low oxygen conditions and will therefore not 
release P during stratification. This makes the binding and storing of P in the sediment using 
aluminum more stabilized and constant over a longer period of time.  
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This study analyzed the results of the biomanipulation and aluminum treatments in lake Växjösjön, 
focusing on their effectiveness for water quality, biota, and ecosystem services. The hypothesis for 
this study is that the treatments led to improvements in all three of these aspects of the lake system. 
As mentioned in the introduction thus far, eutrophication affects both the water quality and biota of 
a lake through the increase of nutrients and the corresponding change from a macrophyte dominated 
state to an algal dominated state. These changes lead to consequences for other aspects of water 
quality and biota as well, for example affecting the water clarity and the fish populations. It is 
therefore needed to observe changes in both water quality and biota when assessing the effectiveness 
of eutrophication reducing treatments since focusing on just one of these aspects will not give an 
accurate description of all the changes occurring in the lake system. Assessing the ecosystem services 
provided by the lake system is needed as well since these services are important for the human 
populations living in or near the lake watershed. Lakes, such as Växjösjön, can provide several 
different ecosystem services to the population of their watershed, depending on the type of lake and 
the climate of the region. By providing biodiversity, a lake can indirectly contribute to provisioning, 
supporting/regulating, and to cultural services (Schallenberg et al. 2013). Other services include 
climate change mitigation, fisheries, recreation and tourism, hydrological regulation, and sediment 
and nutrient retention and processing. When a lake ecosystem gets degraded by eutrophication these 
services become impaired, leading to costs to the local environment and population. When assessing 
the effectiveness of certain treatments to reduce eutrophication, looking at the impacts on ecosystem 
services can show how the changes in the lake system are affecting the human population benefiting 
from this lake. This can be especially important information for policy makers or local governments 
since it impacts the economic and cultural value of the region.  
 

2. Materials and methods  

Lake Växjösjön is located in the Växjö municipality in the south of Sweden (figure 2). The lake is 
surrounded by a densely populated urban area and lays in the middle of Växjö city. It is also close to 
an industrial area (Östra industriområdet) and multiple other lakes in the same municipality. 
Växjösjön has a total surface area of 0,772 km2 and is deep enough for stratification to occur during 
summers and some winters (when the lake is covered with ice). For administering the aluminum 
treatments, the lake was divided in three zones (figure 3). The edge of the lake that was too shallow 
(less than 2 meters in depth) was not included. The administration of the polyaluminum chloride was 
done in five sessions, spread out over the three different zones of the lake. The amount of PAX XL 
100 per session was determined based on the size of the lake area treated in that session and the depth 
of the area (Växjö kommun 2020).  
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Fig.2. Aerial map of Växjösjön with other surrounding lakes and part of Växjö municipality (Source: Växjö 

FVO 2020) 
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Fig.3. Overview of the zone distribution in Växjösjön for aluminum administration (left) and the 5 separate 

sessions of PAX XL 100 application (right) (Source: Växjö kommun 2020)  
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To analyze the effectiveness of the restoration treatments, data from 2010 - 2020 were provided by 
the Växjö municipality and analyzed for several variables of interest for water quality and biota. To 
analyze the effects of the treatments on ecosystem services, we analyzed the most important variables 
by reviewing literary studies regarding ecosystem services and eutrophic lakes, and by making 
comparisons with other eutrophic and restored lakes. The variables of interest for water quality were 
turbidity, chlorophyll, water clarity, total phosphorus (TP), and heavy metals. Turbidity regards the 
loss of transparency of water due to the presence of suspended particles. It was determined using 
FNU (Formazin Nephelometric Unit) by measuring scattered light through the water at a 90-degree 
angle from a light source. Chlorophyll is a green pigment found in algae (Rundquist et al. 1996). By 
measuring this compound, one can indicate the number of algae present in a body of water. Water 
clarity regards how far down light can penetrate through the water column, measuring using the 
Secchi disk. Unlike turbidity, water clarity also looks at particles absorbing light (such as algae). 
Heavy metals were included as well because they are highly polluting due to their toxicity, 
accumulation, and persistence. Like P, they enter lakes and other water bodies through run-off from 
industrial sites and agriculture. They have a strong association with sedimentary particles and can 
thus be incorporated into bottom sediments (Zan et al. 2011). Heavy metals are related to the 
eutrophication process since nutrients that are strongly absorbed by metal oxides are released into 
the water column due to mobilization of metals in the sediment. The variables for water quality were 
measured either at the surface of the lake or at the bottom (or for some variables at both). Measuring 
at the surface means that the measure is taken at approximately 0.5 meters of depth. A bottom measure 
is taken 1 meter above the sediment. The variables of interest for biota were cyanobacteria, fish, and 
macrophytes.   
Analysis of the measured data for water quality and biota was done by comparing the data from 
before the treatments to the data from after the treatments, thereby analyzing the changes and 
discerning which processes were possibly involved. Statistical analyses were also performed on the 
data for TP, water clarity, and macrophytes, to determine if the observed changes were statistically 
significant. Statistical analyses were only performed for these three variables since they are of 
particular interest when analyzing lake restoration in a eutrophic lake.   
 

3. Analysis 

The analysis section of this report is divided into three subsections, namely water quality, biota, and 
ecosystem services. The variables of interest for these aspects of the lake system, mentioned in the 
materials and methods section, are analyzed in the corresponding subsection. The graphs concerning 
turbidity, chlorophyll, water clarity, TP, and cyanobacteria depict specifically the data from the 
warmer months May – October since internal P loading occurs most prominently during the warmer 
seasons, as explained in the introduction.  

  

3.1. Water quality 

Turbidity 
Figure 4 show the average turbidity in lake Växjösjön over the measured years. The variance in the 
figure is depicted using 95% confidence intervals. The figure shows the average turbidity for both 
the bottom (a) and surface (b) measurements. The figure show that 2014 was characterized by 
relatively high turbidity and high variance between measurements. The beginning of the 
biomanipulation treatment in 2015 introduces a decrease in average turbidity over the following three 
years for both the surface and bottom measurements, albeit that the surface measurements show a 
slight rise again in 2017. This indicates that the biomanipulation treatment could have played a role 
in effectively decreasing turbidity in the lake. After the ending of the treatment in 2018 turbidity 
grew slightly again with the biggest increase in 2020. This could signal that the fish populations were 
restoring slowly. The aluminum treatments, starting in 2018, do not seem to have a specific increasing 
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or decreasing effect on turbidity when looking at the bottom measurements. This is according to the 
expectations, since biomanipulation would be expected to have the most prominent effect on turbidity 
on the sediment by decreasing biomass in the lake and decreasing sediment disturbance from certain 
fish species. The aluminum treatments do seem to influence turbidity when looking at the surface 
measurements, showing decreased average measures and decreased variance after 2018. This could 
be related to the treatments reducing algal growth at the surface, thereby clearing the water, 
increasing the transparency of the water and decreasing turbidity. Overall, figures 4a and b show a 
gradual and steady decrease in turbidity, especially in the bottom of the lake, after the start of the 
biomanipulation treatments.   
 

 

 

 

 

 

 

 

 

 

 

Fig.4. The average measurements of turbidity with variance (using 95% confidence intervals) from 

Växjösjön between 2012 and 2020 for the months May – October, depicting for both the bottom (a) and 

surface (b) measurements. The boxed years indicate the years that biomanipulation was implemented, the 

arrow indicates the start of the aluminum treatments   
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Chlorophyll 
Figure 5 shows the average, surface measured chlorophyll concentrations in the lake from 2010 - 
2020. Characteristic before 2016 is high variance between the measurements, most likely caused by 
fluctuations in algae populations due to temperature differences between months (see figure 9). After 
the start of the biomanipulation measures in November 2015, it can be seen that chlorophyll does 
decrease in the following warm season in 2016. There is, however, still a high variance and no steady 
decrease in 2017 as well, showing that biomanipulation alone is most likely not enough to decrease 
algae populations over multiple years. The start of the aluminum treatments in May 2018 does show 
a big change in both the average amount of chlorophyll in the water and the amount of variance that 
occurs between the months. After the aluminum treatments, the amount of chlorophyll found in the 
lake is more stable and on average lower than the years before. The decreased variance persists over 
the following years. The average measure of chlorophyll rises slightly again in 2019 and 2020.   

 

 

 

 

 

 

 

Fig.5. The average surface measurements of chlorophyll with variance (using 95% confidence intervals) 

from Växjösjön between 2010 and 2020 for the months May – October. The boxed years indicate the years 

that biomanipulation was implemented, the arrow indicates the start of the aluminum treatments   
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Water clarity  
Figure 6 shows the average water clarity in the lake between 2010 and 2020, derived from surface 
measurements. The figure shows that before 2016 average water clarity was relatively steady, 2011 
being a slight outlier, with relatively steady and low variance. In 2016, after the start of the 
biomanipulation treatment in November 2015, the average water clarity starts to increase. This could 
be caused by the decrease in biomass due to the reduction fishing, which reduces sediment 
disturbance and thus the murkiness of the water from free floating sediment. Less fish consuming 
and uprooting water plants in the lake also causes more and bigger water plants to grow, which can 
clear and filter the water through natural processes. It could also hypothetically be caused by 
decreased algae populations. This, however, does not match with figure 5 depicting the chlorophyll 
data. In this figure, as said above, the algae populations are especially low after 2018, presumably 
because of the aluminum treatments. This reflects in figure 6 also, seeing that water clarity increases 
again in 2018, presumably due to the aluminum treatments reducing algal growth. This improved 
result after 2018 is reflected in the turbidity surface data as well, as seen in 4b and mentioned above. 
After 2018, water clarity decreases slightly over the following two years, perhaps due to the 
biomanipulation measures ending in 2018 and the lake balancing out again after the aluminum 
treatments. Another notable effect in figure 6 is that in 2017 and 2018 the variance between the 
measures was higher compared to other years. Perhaps this can be explained by a bigger relative 
difference in water clarity between the colder and warmer months. The colder months were so clear 
that measures during these months differ strongly with the measures in summer, the time when water 
clarity is decreased due to sediment disturbance by fish and algal growth. The variance can then be 
higher compared to previous years, even when overall water clarity during summer is increased.  

 

Fig.6. The average surface measurements of water clarity with variance (using 95% confidence intervals) 

from Växjösjön between 2010 and 2020 for the months May – October. The boxed years indicate the years 

that biomanipulation was implemented, the arrow indicates the start of the aluminum treatments   
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A one-way ANOVA test was conducted to determine if these changes in water clarity (presumably 
due to the treatments) were statistically significant. This was done by comparing the measurements 
from the years before the treatments (2010 – 2015), to the measurements from the years where the 
separate treatments were implemented (2016 – 2017 for biomanipulation, 2018 – 2020 for aluminum). 
This resulted in three time periods total, of which two were treatments periods. The one-way ANOVA 
showed that the effect of the treatments was significant, F (2, 63) = 46, p < .001. Table 1 depicts the 
Tukey post hoc tests comparing the three time periods with each other, showing that the before 
treatment period (2010 – 2015) differed significantly from the biomanipulation period. This indicates 
that water clarity improved significantly after the implementation of biomanipulation. The two 
treatment periods also differed significantly from each other, showing that aluminum had an added 
improving effect after biomanipulation was already implemented.  

 

Total phosphorus  
Figure 7a shows the average TP in the lake for the bottom measurements. There is clear pattern of 
relatively high TP before 2016 with very high variance in each year. This variance can be explained 
by the sediment internal P loading effect and stratification that occurs specifically in the warmer 
summer months, giving a massive peak in TP during the warmest period. When looking at the specific 
TP bottom measures per month in those years, this effect can be observed. Figure 8a shows the TP 
per month for the bottom measures for the period 2012 – 2020. In this figure, large consistent peaks 
in TP can be observed in August for the years 2012 - 2015. August is the month with the most 
consistent high temperature in Växjö, as can be seen from figure 9. This figure shows the median 
temperature measures for all the months between 2010 and 2020. Although July shows the highest 
measured temperature during these years, the temperature in July tends to vary too much for 
stratification to occur. The temperature in August is more consistent and in median the highest, giving 
the perfect conditions for stratification, which leads to oxygen depletion and thus the release of P 
from iron. High consistent temperatures also increase the breakdown of organic matter containing P, 
which releases the P into the water. Figure 7a further shows that in 2016 TP first decreases, reacting 
to the start of the biomanipulation measures. The same average for TP is seen in 2017, showing a 
steady level for TP during these years with low variance. In May 2018, the aluminum treatments 
started which results in a further decrease in TP. The variance does increase slightly during this year, 
perhaps due to the ending of the biomanipulation measures or due to natural variability within the 
lake. In 2019 and 2020, TP slightly increases again compared to 2018, but, overall, the average TP 
in these years is low and steady. This hopefully indicates a new baseline for TP in the lake.  

The TP measurements from the surface of the lake are depicted in figure 7b. These measurements 
show that TP concentration also starts to decrease in 2016, with a continued further decrease in 2017 

 

Table 1. The Tukey post hoc comparisons of treatment periods for water clarity   
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and 2018. The variance during these years is however still high, depicting changes between months 
in TP, possibly due to changes in internal P loading (figure 8b). After the aluminum treatments in 
2018, the overall average TP concentration rises again slightly in 2019 and 2020, but the variance 
decreases heavily. This is possibly due to a delayed effect of the aluminum treatments. The added 
aluminum in 2018 made it possible to store much more P in the sediment during the following colder 
and oxidized months, resulting in a lessened internal P loading effect during the summer months. 
Even when lake stratification caused oxygen depletion during these months, the P would not release 
from the sediment since aluminum bonded P does not release in anoxic conditions. The variance in 
TP concentrations in 2019 and 2020 is thus much lower. Natural variability in the lake could 
furthermore explain why the average TP rose slightly in 2019 and 2020. This could also be related to 
2018 being a very warm and dry year, leading to less external loading from the city which would 
have led to an added decrease in average TP during that specific year.   

 

 

 

Fig.7. The average measurements of total phosphorus with variance (using 95% confidence intervals) from 

Växjösjön between 2012 and 2020 for the months May – October, depicting for both the bottom (a) and surface 

(b) measurements. The boxed years indicate the years that biomanipulation was implemented, the arrow 

indicates the start of the aluminum treatments   



20 

 

 

Fig.8. Average concentrations in total phosphorus per month for each measured year, for both the bottom 

(a) and surface (b) measurements  
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A one-way ANOVA test was conducted for both the surface and bottom measurements for TP. The 
same treatment time periods for water clarity were used for TP as well, namely 2010 – 2015 for 
before treatments, 2016 – 2017 for biomanipulation, and 2018 – 2020 for aluminum. The one-way 
ANOVA test for the bottom measurements showed a significant effect of the treatments on TP, F (2, 
51) = 10.84, p < .001. Table 2a shows the Tukey post hoc tests for the bottom measurements. The 
before treatment period and the biomanipulation period differed significantly from each other, 
meaning that a significant improvement in TP was achieved in the biomanipulation period compared 
to the before treatment period. The before treatment period and the aluminum period also differed 
significantly, meaning that the improvements during biomanipulation were maintained and there was 
no increase in TP to before treatment concentrations. However, the biomanipulation period and the 
aluminum period did not differ significantly from each other for the bottom measurements. This could 
indicate that the aluminum treatments did not add a significant improvement in TP at the bottom of 
the lake compared to the concentrations of TP during the biomanipulation period, therefore 
suggesting that the biomanipulation treatments were more effective in reducing TP than the aluminum 
treatments. Even though this could be true based on previous studies on biomanipulation treatments, 
it is not according to the expectations for the effects of the aluminum treatments. An explanation of 
this could be that the number of measurements during the aluminum period were too few to accurately 
measure statistical significance (there were only 18 bottom measurements for this three-year period). 
There were, namely, improvements in TP due to the aluminum treatments, as was previously seen in 
figure 7a. It could thus be that certain statistical necessities and rules prevent this improvement in 
TP from being significant, for example the rule that sample sizes need to sufficiently large when 
trying to prove statistical significance.   
For the surface data, the one-way ANOVA showed that the effect of the treatments on TP was 
significant, F (2, 51) = 25.85, p = <.001. Table 2b shows the Tukey post hoc tests for the surface 
data, which indicate that all three time periods differed significantly from each other. This means 
that the concentrations of TP at the surface of the lake in the biomanipulation period improved 
significantly compared to the before treatment period, and that the aluminum treatment added 
significant improvement in TP after the biomanipulation treatment as well.   

 

 

Fig.9. The median temperature of the lake water with variance (Q1 and Q3) per month over the period 

2010 - 2020  
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Heavy metals  
Heavy metals are among the most widespread pollutants due to their toxicity, accumulation, and 
persistence. They enter lakes and other water bodies through run-off from industrial sites and 
agriculture. They have a strong association with sedimentary particles and can thus be incorporated 
into bottom sediments (Zan et al. 2011). Heavy metals are related to the eutrophication process since 
nutrients that are strongly absorbed by metal oxides are released into the water column due to 
mobilization of metals in the sediment. Figure 10 shows the concentrations of eight heavy metals in 
lake Växjösjön between 2010 and 2020, measured from an outflowing canal of the lake. The metals 
are chromium (Cr), lead (Pb), cobalt (Co), cadmium (Cd), nickel (Ni), arsenic (As), copper (Cu), and 
zinc (Zn). Figure 10a shows the concentrations of chromium, lead, cobalt, and cadmium. Before the 
biomanipulation treatments at the end of 2015, the concentrations of these metals were highly 
variable. Especially chromium and lead show high variance in concentrations. After the 
biomanipulation treatments the metals reduce in average concentrations and show less variance over 
time. This effect can be explained by the biomanipulation treatments leading to less disturbance of 
the sediment, which facilitates the sedimentation of the metals. This sedimentation consequently 
leads to a decrease in metals in the water column. The metals also seem to follow the same overall 
pattern, namely a less variable and decreased level in concentrations after 2015, which is only 
disturbed by two peaks during the springs of 2018 and 2020 (figure 10a). This pattern could be 

 

Table 2. The Tukey post hoc comparisons of treatment periods for total phosphorus for both the bottom 

(a) and surface (b) measurements   
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explained by increased disturbance of the sediment by fish and other species during spring due to, 
for example, spawning and nest building. This same pattern is seen for the metals nickel, arsenic, 
copper, and zinc (figures 10b & 10c, zinc being on the secondary y-axis for both figures). Before the 
manipulation treatments (figure 10b), the variance in concentration of the metals is high. After the 
treatments (figure 10c), the metals seem to show less variance and decrease in average 
concentrations, and notable peaks can be observed during the springs of 2018 and 2020 for copper 
and zinc. Nickel and arsenic do not show these peaks, but they do show less variance and decreased 
concentrations after 2015. The aluminum treatments, which started in 2018, could explain why the 
spring peak was not observed in 2019. However, this could also be due to natural variance within the 
lake.    
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Fig.10. The average concentrations of metals per month and year, measured from an outflowing canal of the lake. 

Graph A depicts the metals chromium, lead, cobalt, and cadmium for the period 2010 – 2020. Graphs B and C 

depict the metals nickel, arsenic, copper, and zinc, B for the years 2010 – 2015, C for the years 2016 – 2020  
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3.2. Biota 

Cyanobacteria 
Figure 11 shows the average amount of cyanobacteria in the lake between 2010 and 2019. The figure 
indicates that before 2015 the amount of cyanobacteria was steadily rising, with a peak in 2014. This 
year, 2014, is also the year with the highest variance between measurements. This high variance in 
cyanobacteria is likely related to cyanobacterial blooms, which are dependent on high TP (> 25 µg/l) 
and warm temperatures (> 25°C) (World Health Organization 2015). After 2014 the amount of 
cyanobacteria starts to decrease. However, until 2017, the variance between measurements remains 
quite high, likely related to peaks in TP exceeding 25 µg/l during the warm summer months which 
cause for cyanobacterial blooms to grow. The variance only starts to decrease greatly from 2017 and 
onwards, even completely disappearing in 2018 and 2019. This is most likely related to the absence 
of TP peaks in the warmest summer month (August) of these years (figure 8b). However, if the 
decrease in average and variance in 2017 was caused by the biomanipulation treatments, then the 
question introduces itself why this did not already happen immediately after the introduction of the 
treatment in 2015. The answer could be that the delay was caused by the time that it took the 
municipality to remove enough fish from the lake for changes to occur. Only in 2017 had the 
municipality removed enough fish from the system to see the effects from the treatment in the rest of 
the lake ecosystem. In 2018 and 2019, the variance between the monthly measurements disappeared 
completely (figure 11). This disappearance is most likely caused by the introduction of the aluminum 
treatments in 2018. Unlike the biomanipulation treatments, the aluminum treatments do not take time 
to implement and therefore have a quicker effect on the system.  

  

 

 

 

Fig.11. The average surface measurements of cyanobacteria with variance (using 95% confidence 

intervals) from Växjösjön between 2010 and 2020 for the months May – October. The boxed years indicate 

the years that biomanipulation was implemented, the arrow indicates the start of the aluminum treatments   
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Fish  
Figures 12a and b show the changes in number of fish per species in the lake from 2006 until 2019. 
Figure 12a shows the changes in cyprinid species. The biomanipulation treatments, which were 
started at the end of 2015, focused specifically on reducing the number of cyprinid fish in the lake. 
This because cyprinid fish tend to disturb the sediment by digging into it in search for food, causing 
nutrients to be released and internal P loading to increase. In figure 12a the common bleak, the 
common bream, and the roach start to decrease in number after the biomanipulation treatment 
between 2014 and 2017. Especially the roach decreases significantly, as can be seen on the secondary 
y-axis of the figure. In 2017, the three fish species have decreased greatly in number which stays 
steady until the final measurements in 2019. The white bream initially does not decrease in number 
after the start of the treatments in 2015, only starting to go down from 2017 and onwards. The 
common rudd does not decrease in number after the start of treatments, it instead starts to increase 
in number. Perhaps the common rudd was less of a priority to catch compared to other cyprinid 
species and was able to grow in number due to the removal of other competitive cyprinid species in 
the lake.  

Figure 12b shows the changes in numbers for the other non-cyprinid species in the lake. The pike 
and zander fish do not appear to change much in number due to the treatments in the lake. The 
Eurasian ruffe grows slightly in number in 2017, perhaps responding to less competition in the lake. 
However, this growth does not proceed, and the number of Eurasian ruffes decreases again in 2019. 
The fish species showing the biggest change is the perch, a carnivorous fish feeding mostly on smaller 
fish, shellfish, and insect larvae. The perch shows a great spike in number in 2017, following a steady 
increase since 2012. Perhaps the perch could grow in number due to the biomanipulation treatments, 
reacting to the decrease in food competition with the cyprinid species. After 2017, however, the 
number of perch decreases again, returning to previous numbers in 2019. It could be that the perch 
was able to profit from the changes in the lake for a short period of time before the lake system 
balanced out again into a new steady state.  
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Fig.12. The average number of fish per species for cyprinid fish (a) and other fish species (b) for the years 2006, 

2010, 2012, 2014, 2017, and 2019 
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Macrophytes 
The change in macrophytes, or underwater plants, in Växjösjön can be seen in figures 13a, 13b, and 
13c. The green bars show the presence of macrophytes in certain depths of the lake. The 23 transects 
are investigated on all present plants and are in each figure spread out over four different parts of the 
lake, namely the eastern (östra), southern (södra), western (västra), and northern (norra) parts. Figure 
13a shows the presence of macrophytes in 2015, before the implementation of the treatments. Figure 
13b concerns the presence of macrophytes in 2017, showing the changes after the start of the 
biomanipulation treatments. Figure 13c shows the changes in macrophytes in 2020 after the start of 
the aluminum treatments. When comparing the three figures it stands out that the number of green 
bars in the graphs increases over time, with 2020 clearly showing the highest presence of macrophytes 
(figure 13c). The depth at which macrophytes are measured also increases, seeing that the green bars 
become longer and more to the bottom of the graph in figure 13c. This trend can also be observed in 
table 3a. This table shows the average depth of macrophyte growth and the total percentage of 
coverage per year. Average depth of growth increases from 1,28 m in 2015, to 1,72 m after treatments 
in 2020. The total amount of macrophyte coverage in the lake increases from 2% coverage in 2015, 
to 46% coverage in 2020. An explanation for the increase in average coverage and average depth of 
growth could be the increase in water clarity due to the treatments, allowing for more light to 
penetrate at deeper levels of the lake which improves the conditions for macrophyte growth. This 
link can be seen in the data as well. Water clarity roughly increased from 1,5 m in 2014 to 4 m in 
2018 (figure 6). This seems to correspond with the macrophyte depth which, when looking at the 
difference between 2015 and 2020 in figure 13, grew from being between 1 and 1,5 m in 2015, to 
being between 0 m and 4 m in 2020. 

Table 3b shows the number of measurements in which certain species of macrophytes are found in 
the lake over time. This table thus gives an idea of how the macrophyte biodiversity has changed 
after the biomanipulation and aluminum treatments. In 2015, there is very little occurrence of the 
species in the measurements. Only Nitella flexilis/opaca, red pondweed, and curled pondweed can be 
observed, and in only 1 to 3 of the 23 measurements. In 2017, there is a first increase in total amount 
of macrophytes and number of species after the biomanipulation treatments. Blunt-leaved pondweed 
is now also observed, and the other observed species have grown in numbers. In 2020, there is a clear 
increase in total amount of macrophytes and number of species after the start of the aluminum 
treatments. All the species of interest are found and the amount of macrophytes per species has also 
grown. Only curled pondweed seems to have decreased slightly compared to 2015. Perhaps this is 
due to more competition on the sediment with other macrophyte species.  
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Fig.13. The coverage and depth of macrophytes per transect and zone for the years 2015 (a), 2017 (b), and 

2020 (c)  
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A one-way ANOVA test was conducted to statistically measure the differences in macrophyte 
coverage and depth between 2015, 2017, and 2020. The three measured years were used as the 
treatment periods, 2015 begin the before treatment period, 2017 the biomanipulation period, and 2020 
the aluminum period. Firstly, for percentage of macrophyte coverage, the one-way ANOVA showed 
a significant effect of the treatments, F (2, 68) = 42.4, p < .001. The Tukey post hoc tests in table 4a 
shows that 2015 and 2017 did not differ significantly from each other, meaning that the 
biomanipulation treatment alone did not induce significant improvement in macrophyte coverage 
(although 2017 did report higher total % of macrophyte coverage, as can be seen in table 3a). 
However, the post hoc tests also show that 2015 and 2020 did differ significantly from each other 
concerning macrophyte coverage, as well as 2017 and 2020. This indicates that the aluminum 
treatments had a significant effect in increasing macrophyte coverage in the lake, which is according 
to the expectations for the aluminum treatments. Secondly, for average depth per transect, the one-
way ANOVA also showed a significant effect of the treatments, F (2, 68) = 23.05, p < .001. The 
Tukey post hoc tests in figure 4b show a similar result as for total percentage of coverage, namely 
that 2015 and 2017 did not differ significantly from each other, but that 2015 and 2020, and 2017 
and 2020 did.  Even though average depth per transect was increased in 2017 compared to 2015 due 
to the biomanipulation treatments (table 3a), the effect was apparently not enough for a significant 
increase. The aluminum treatments did, however, change the average depth per transect enough for 
a significant increase in average depth to occur in 2020 after the biomanipulation treatments had 
already been implemented.   
 

 

Table 3. Increase of average depth of growth and total % of coverage over the treatment years (a), and the 

occurrence of individual plant species found for all transects over the treatment years (b) 
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3.3. Ecosystem services 

As mentioned before in the introduction, the quality of the ecosystem services provided by a lake are 
closely related to the quality of the lake system itself. When a lake ecosystem gets degraded by 
eutrophication the services become impaired as well, leading to costs to the local environment and 
the local human population. Mueller et al. (2016) developed a systematic approach to evaluate the 
damage costs created by eutrophic degradation and applied this approach to Lake Rotorua in New 
Zealand. They found that eutrophication of the lake led to social costs, by creating a loss of income 
from impaired recreation and tourism and reduced property values. They also found ecological costs 
caused by algal blooms and a decline in habitat quality for aquatic flora and fauna, impairing the 
biodiversity and fisheries services. In pure monetary value Mueller et al. (2019) calculated that 
eutrophication would cause potential damage costs of $14 – 48 million per year. For lake Växjösjön, 
a significantly smaller lake compared to Lake Rotorua (0,772 km2 vs. 79,8 km2), the impact and costs 
of lake eutrophication would be around 100 times lower (when purely looking at the sizes of the lakes 
and dividing the costs correspondingly). However, in a country such as Sweden where many smaller 
lakes and waterbodies are scattered over one region, the costs can still add up when several of these 

 

Table 4. The Tukey post hoc comparisons of treatment years for macrophytes for both the average coverage (a) 

and average depth (b)   
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lakes degrade and become eutrophic. The costs can also increase due to lake Växjösjön being an 
urban lake, with many local users and a heavily populated area surrounding the lake. Since Växjösjön 
and several neighboring lakes in the Växjö municipality were degraded due to eutrophication before 
the treatments in 2015 and 2018, it is likely that the region suffered at least some of the costs 
mentioned above. For example, the recreation possibilities in the lakes would have decreased, 
including less opportunities for watersports and recreational fishing. It would also most likely have 
decreased the esthetics of the lakes, affecting the appeal of the region for tourists and residents. After 
the treatments, as seen in the rest of this analysis section, several aspects of Växjösjön lake improved. 
These improvements restore the lake to a more natural, balanced, and toxic-free state, giving the 
chance again for the ecosystem services to be utilized.   
 

4. Discussion 
Based on the analysis of the data provided by the Växjö municipality, it can be said that both the 
biomanipulation treatments and the aluminum treatments were effective in restoring Växjösjön to a 
certain degree. The previously stated hypotheses, namely that the treatments would lead to 
improvements in water quality, biota, and ecosystem services, can therefore be confirmed. In terms 
of water quality, the treatments led to reduced turbidity, reduced algal growth (chlorophyll), 
increased water clarity, and reduced TP in the lake. Thus, the treatments decreased internal P loading 
within the lake, restoring it and reducing eutrophic conditions. This can also be seen in the biological 
data. Macrophytes increased greatly within the lake due to the treatments, signaling a return from an 
algal dominated system to a plant dominated system, which reduced eutrophic conditions further. 
The biological data also show a reduction in cyanobacteria. This does not only mean the reduction of 
microscopic algae in the lake, but it also means decreased toxicity potential and increased safety for 
animals and humans. This also, most likely, influenced the ecosystem services, making the lake safer 
for watersport, recreation, and supporting the ecological environment and other wildlife. The fish 
data specifically show the results of the biomanipulation treatments, showing a steep decrease in 
cyprinid fish within the lake. Certain other fish species gave a short-term reaction to the treatment as 
well, but this reaction did not last long. It is to be expected that the cyprinid species will grow in 
number again the coming years, following the end of the reduction fishing in 2018. This could pose 
a problem, namely that when the density of the bottom-feeding fish gets high enough they will 
decrease the macrophytes by consuming and uprooting them, leading to a decrease in water quality. 
New biomanipulation treatments may then be needed to restore the balance again. However, the 
biomanipulation treatments from 2015 and onwards were successful in their goal of stimulating 
underwater vegetation, improving ecological structure, and prepping the lake in such a way that the 
aluminum treatments would have an increased chance of succeeding. The aluminum treatments were 
then able to tackle the main problem, namely the elevated nutrient counts within the lake.  

Even though this data gave a clear picture of the short-term effectiveness of the treatments in 
Växjösjön, it does not give any information about the long-term restoration of the lake. A study by 
Huser et al. (2016) analyzed 83 lakes to determine the longevity and effectiveness of aluminum 
treatments for reducing sediment P release and restoring water quality. This study found that three 
factors were most important for driving both short-term changes in water quality, as well as treatment 
longevity. These factors were the watershed to lake area ratio (WA:LA), the dose of aluminum used 
during treatment, and the morphology of the lake. Information about these factors was not available 
from the data used in this study, making it difficult to determine the long-term effectiveness of the 
treatments. Future research into Växjösjön and surrounding lakes could focus on including these 
factors, so longevity of treatments can be determined and possible recommendations for treatments 
in eutrophic lakes in the same area can be made. Such studies would not only be helpful for guiding 
municipalities in their choices for treatments, but they could also maximize the chances of long-term 
lake restoration, saving costs and increasing benefits in the process. Another factor concerning the 
long-term restoration of the lake is the choice of Växjö municipality to add less aluminum to the lake 
during the treatments in 2018 than was recommended. The municipality added around 300 tons of 
PAX XL 100 to the lake in 2018, which was only 60% of the recommended amount of 500 tons. The 
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500 tons of PAX XL 100 was recommended since that amount would bind all the mobile/releasable 
P in the sediment, restoring the lake for the long term. Since only 60% of this amount was added, 
internal P loading will eventually come back. In the future, the remaining 200 tons of PAX XL 100 
will have to be added to the lake to prevent this return of internal P loading.   

One external factor that could currently endanger the long-term restoration of Växjösjön is the 
external input of P in the lake. Even though this input was decreased before the biomanipulation and 
aluminum treatments were employed, there are still possible uncertainties within the region that could 
raise external input again. The south of Sweden, for example, has multiple regions where big parts 
of the land is utilized for intensive agriculture. Jeppensen et al. (2007) state in their study that external 
P loading was often reduced due to a decline in loading from sewage and industrial sites, but that 
nutrient input from diffuse sources often remains high, particularly if that source is intensive 
agriculture. This predicts a potential danger for the Växjö area, namely that the intensive agriculture 
in the region could support a reduced but steady external flow of P into the lakes. This flow could 
also increase, depending on the decisions made in the future by the municipality and the overall 
country. If external input of P were to increase, the eutrophic state of Växjösjön could intensify again, 
potentially triggering increased internal P loading as well. New treatments would then be needed to 
bring the lake back to its restored state. This cycle could continue if the main problem, the input of 
external P, is not solved. Innovation and research into sustainable forms of agriculture are therefore 
needed, not only to sustainable support food production, but also to protect local environments and 
ecosystems.  
 

5. Conclusion 
As this study has shown, eutrophic lakes in Sweden could benefit from biomanipulation and 
aluminum treatments to reduce internal P loading and restore water quality. Subsequent 
improvements in biota are then likely to emerge as well by bringing, for example, the lakes back 
from an algal dominated state to a microphyte dominated one. When water quality and biota improve, 
ecosystem services also tend to improve in quality and quantity due to the lakes being able to support 
these services again. This leads to increased revenue for human populations surrounding the area and 
leads to better ecosystem services for the surrounding natural environment. Lake restoration due to 
treatment is most likely to occur, however, when one keeps the specific characteristics of the 
eutrophic lake system in mind when implementing the restoration treatments. Deeper lakes contain 
different internal processes which can affect P loading, such as stratification during warmer months. 
Shallow lakes do not stratify, but they do face other complications which deeper lakes do not, such 
as wind-induced resuspension of P from the sediment. Considering these specific characteristics and 
challenges within the lakes is important when deciding on restoration treatments since they could 
affect the efficacy. Local government and policymakers are therefore advised to perform sufficient 
analysis before starting the restoration process.   
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The world is indeed full of peril, and in it there are many dark places; but still there is much that is 
fair, and though in all lands love is now mingled with grief, it grows perhaps the greater.  

- J.R.R. Tolkien  



35 

7. References 

Anderson, D. M. (2009). Approaches to monitoring, control and management of harmful algal blooms 
(HABs). Ocean & coastal management, 52, 342-347. 

Backer, L. C. (2002). Cyanobacterial harmful algal blooms (CyanoHABs): Developing a public 
health response. Lake and Reservoir Management, 18, 20-31. 

Bhagowati, B., & Ahamad, K. U. (2019). A review on lake eutrophication dynamics and recent 
developments in lake modeling. Ecohydrology & Hydrobiology, 19, 155-166. 

Correll, D. L. (1998). The role of phosphorus in the eutrophication of receiving waters: A review. 
Journal of environmental quality, 27, 261-266. 

Huser, B. J., Egemose, S., Harper, H., Hupfer, M., Jensen, H., Pilgrim, K. M., ... & Futter, M. (2016). 
Longevity and effectiveness of aluminum addition to reduce sediment phosphorus release and restore 
lake water quality. Water research, 97, 122-132. 

Huser, B., Löfgren, S., & Markensten, H. (2016). Internbelastning av fosfor i svenska sjöar och 
kustområden. Swedish University of Agricultural Sciences, report 2016:6 

Jensen, H. S., & Andersen, F. O. (1992). Importance of temperature, nitrate, and pH for phosphate 
release from aerobic sediments of four shallow, eutrophic lakes. Limnology and Oceanography, 37, 
577-589. 

Jeppesen, E., Søndergaard, M., Jensen, J. P., Havens, K. E., Anneville, O., Carvalho, L., ... & Winder, 
M. (2005). Lake responses to reduced nutrient loading–an analysis of contemporary long‐term data 
from 35 case studies. Freshwater biology, 50, 1747-1771. 

Jeppesen, E., Meerhoff, M., Jacobsen, B. A., Hansen, R. S., Søndergaard, M., Jensen, J. P., ... & 
Branco, C. W. C. (2007). Restoration of shallow lakes by nutrient control and biomanipulation—the 
successful strategy varies with lake size and climate. Hydrobiologia, 581, 269-285. 

Marques, J. C., Nielsen, S. N., Pardal, M. A., & Jørgensen, S. E. (2003). Impact of eutrophication 
and river management within a framework of ecosystem theories. Ecological Modelling, 166, 147-
168. 

Mueller, H., Hamilton, D. P., & Doole, G. J. (2016). Evaluating services and damage costs of 
degradation of a major lake ecosystem. Ecosystem Services, 22, 370-380. 

Paerl, H. W., Gardner, W. S., Havens, K. E., Joyner, A. R., McCarthy, M. J., Newell, S. E., ... & 
Scott, J. T. (2016). Mitigating cyanobacterial harmful algal blooms in aquatic ecosystems impacted 
by climate change and anthropogenic nutrients. Harmful Algae, 54, 213-222. 

Rundquist, D. C., Han, L., Schalles, J. F., & Peake, J. S. (1996). Remote measurement of algal 
chlorophyll in surface waters: the case for the first derivative of reflectance near 690 nm. 
Photogrammetric Engineering and Remote Sensing, 62, 195-200. 

Ruttenberg, K. C. (2003). The global phosphorus cycle. Treatise on geochemistry, 8, 682. 

Schallenberg, M., de Winton, M. D., Verburg, P., Kelly, D. J., Hamill, K. D., & Hamilton, D. P. 
(2013). Ecosystem services of lakes. Ecosystem services in New Zealand: conditions and trends. 
Manaaki Whenua Press, Lincoln, 203-225. 

Søndergaard, M., Jensen, J. P., & Jeppesen, E. (2003). Role of sediment and internal loading of 
phosphorus in shallow lakes. Hydrobiologia, 506, 135-145. 

USDA (2019), Category: Finfish and Shellfish products. Nutrients of fish, carp, cooked, dry heat, 
U.S. Department of Agriculture, viewed 1 June 2021, https://fdc.nal.usda.gov/fdc-app.html#/food-
details/174185/nutrients 

Växjö FVO 2020, Naturupplevelse runt våra sjöar, Växjösjöarnas fiskevårdsområde, viewed 11 May 
2021, < https://vaxjofvo.se/natur/> 



36 

Växjö kommun (2020). Fosforfastläggning i Växjösjön -miljöeffekter av sediment-behandling med 
aluminiumklorid [Phosphorus fixation in Växjösjön -environmental effects of sediments- treatment 
with aluminum chloride]. Synlab. Accessed 7 March 2021.  

World Health Organization. (2015). Management of cyanobacteria in drinking-water supplies: 
Information for regulators and water suppliers (No. WHO/FWC/WSH/15.03). World Health 
Organization.  

Zan, F., Huo, S., Xi, B., Su, J., Li, X., Zhang, J., & Yeager, K. M. (2011). A 100 year sedimentary 
record of heavy metal pollution in a shallow eutrophic lake, Lake Chaohu, China. Journal of 
Environmental Monitoring, 13, 2788-2797. 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


