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Abstract: A considerable number of lakes in Sweden have high phosphorus internal loading from
the sediments which cause cyanobacterial blooms every summer. Due to potential risks with such
blooms for human health, drinking water supply, and ecosystem services, measures need to be taken
to control the phosphorus content. Measures to control the phosphorus input from the surrounding
land has been in focus. However, the measures have not been sufficient. This is because phosphorus
deposited at the bottom of the lakes for many years are finally starting to leak to the water phase
when the decomposition of sediments leads to anoxic conditions. In order to determine effective
and efficient lake restoration measures, methods for lake restoration decision support by a multi-
criteria analysis and the application of a decision analysis are developed. The multi-criteria analysis
includes the determination of costs, longevity, and efficacy of six common lake restoration measures
to reduce internal phosphorous loads in two lakes selected as a case study. The results show that
aluminum treatment combines a highest efficacy with a high-cost efficiency being thus the optimal
identified measure. The method involves adding an aluminum solution to the lakes’ sediment,
which binds phosphorus, preventing it to be released to the water column. The multi-criteria model
is integrated to a decision analytical model. The decision analytical model is used to identify the
monetary socio-economic and environmental boundaries for the implementation of the optimal lake
restoration measure.

Keywords: Bayesian decision analytical model; lake restoration; aluminum treatment; internal
phosphorus load

1. Introduction

In European water policy, the Water Framework Directive (WFD) aims to improve
the chemical and ecological quality of European surface waters to achieve good ecological
status in all rivers, lakes, coastal, and transitional waters [1]. Currently, more than half of
European water bodies are in a degraded condition, and nutrient enrichment [2] is one of
the main problems [3]. Eutrophication in lakes often leads to a negative loop, where high
levels of phosphorus (P) in the water lead to excessive phytoplankton growth. When the
phytoplankton die and fall to the bottom, they are decomposed which requires oxygen
which leads to low oxygen levels of the bottom water of the lake. Low oxygen levels in
turn releases P from the bottom sediment and makes it available to the phytoplankton. In
this way, P added to a lake years ago can cause eutrophication today. This phenomenon is
called internal loading [4], and it is a common problem in lake restoration projects when
preventing nutrients from land from entering a lake will not be enough to prevent blooms
of phytoplankton.
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Phosphorus (P) can be released from sediments via several processes. If there is oxygen
in the bottom water, P is strongly bound to metals in the sediment, such as iron, aluminum,
and calcium. These complexes are difficult to dissolve and make the P unavailable to
phytoplankton and other plants, and it does not contribute to eutrophication [5]. However,
changes in oxygen and pH can dissolve complexes, making the P bioavailable by diffusion
from the sediment to the overlying water column [6]. For example, the binding of P to
iron (Fe), is sensitive to low oxygen conditions which lead to a decrease in the reduction-
oxidation (redox) potential at the sediment-water interface, causing release of Fe bound P
(PFe) from the sediment to the water column via the reduction in ferric Fe (Fe III) to water
soluble ferrous Fe (Fe II) [7]. P release from sediment is also affected by pH because the
solubility of Fe and Al increases at both low and high pH, whereas the solubility of calcium
(Ca) bound P (PCa) decreases at low pH [8]. Elevated P release from Fe and Al complexes
during high pH conditions has been observed in several studies [8,9], which is generally
caused by excessive photosynthetic activity/phytoplankton growth, which increases the
pH by fixation of carbon dioxide during photosynthesis [9].

Many efforts have been done for lake management, such as assessment of external
and internal nutrient loading [10], identifying and analyzing existing lake management
strategies [11], and lake restoration approaches [12].

There are mainly two ways of reducing P loading, either through removing the P
from the lake or lake sediment or through stabilizing P in the sediments. The most studied
methods for such lake restoration are aluminum treatment, Phoslock, oxygenation, mixing
of the water, dredging, and reduction fishing. Each method with different success rate,
longevity, and costs [13,14]. Aluminum treatment, Phoslock, oxygenation, and mixing aim
to bind P in the sediments. Dredging and reduction fishing physically remove P [14].

Stora and Lilla Ullfjärden are two lakes situated close upstream to Lake Mälaren, the
third largest freshwater lake in Sweden. High P concentrations have been a problem for a
long time in this lake system, and it causes phytoplankton blooms every summer. Due to
large volumes of toxin-producing cyanobacteria in Lakes Stora and Lilla Ullfjärden, they
pose great potential threats downstream in Lake Mälaren, which is used for drinking water
for approximately 2 million people [15].

Until now, the external phosphorus load has been reduced by minimizing known
sources of P leakage from land, e.g., by better manure management and fields fallowed only
during growth season in summer [16,17]. Despite these measures, the P concentration in
the lakes remains high due to internal loading of P. The costs for removing P from the lakes
are high and local authorities have been hesitating for many years to use such methods
to improve status of the lakes more drastically. So far, no standards are available for local
decision makers to determine which lake restoration measures to implement in lakes with
internal loading of P.

Based on the outlined challenges, this paper aims to develop methods, and to advance
scientific understanding for lake restoration decision support by the performance of a multi-
criteria analysis and the application of a decision analysis. Both is exemplified through a
case study. The multi-criteria analysis encompasses costs, longevity, and efficacy of six lake
restoration measures determined by a meta-analysis. Additionally, it is examined whether
the cost of the selected treatment can be justified by highlighting the economic values of
the lakes. The ecosystem services of the lakes are identified, and each service is assigned
an estimated economic value. A Bayesian decision analytical model is used to determine
the optimal lake restoration measure and the monetary socio-economic and environmental
boundaries for implementation.

This is, to the knowledge of the authors, the first application of a using multi-criteria
model integrated to a decision analytical model for water resources management. The
study gives answers to the questions: (i) What is the most suitable lake restoration measure
to reduce the internal loading in a specific case regarding costs, longevity, and efficacy?
(ii) Can the cost of the selected treatment be justified by highlighting the economic values
of the lakes?
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2. Materials and Method
2.1. Case Study
2.1.1. Lakes Stora and Lilla Ullfjärden

The two lakes belong to the innermost part of the large, multi-basin Lake Mälaren and
are separated by narrow passages, partly from each other, partly from the next basin which
eventually empties into the Baltic Sea, with the outlet in central Stockholm, Sweden. Stora
and Lilla Ullfjärden can be considered independent lakes, instead of coves to Lake Mälaren,
Figure 1. Lilla Ullfjärden is one of the deepest lakes in the multi basin Lake Mälaren system
with a maximum depth of 53 m and mean depth of 22 m. The lake area is 1.88 km2 and the
drainage area 8.51 km2, dominated by forest (69%), and only a small area of farmland and
urban area. Stora Ullfjärden has a maximum depth of 27 m and a mean depth of 15.2 m. The
lake area is 2.8 km2 and the drainage area 48 km2 including the upstream Lilla Ullfjärden.
Farmland are dominating (39%) followed by forest (36%), farmland (10%) and urban areas
(5%) [16,17]. Both lakes are dimictic and usually covered by ice and snow during winter.
The lakes are interesting in many respects. First, the lakes and their surroundings have a
high nature value with a nature reserve at the lake shore, the Uppland hiking trail passing
by, a public bathing area, and possibilities of fishing. Second, Stora Ullfjärden is home to a
highly threatened underwater plant, and the deep Lilla Ullfjärden harbors glacial relicts,
i.e., cold-water species that have been trapped and remained here since the ice age [18].
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Figure 1. (a) Overview map showing the location of the lakes, shared by Stockholm County
and Uppsala County, Sweden © Lantmäteriet; (b) Lilla Ullfjärden is an innermost cove of Lake
Mälaren entering Stora Ullfjärden which empties into the next basin of Lake Mälaren © Lantmäteriet;
(c) Satellite image from 31 August 2021 showing dark waters north of Stora Ullfjärden, Stora Ullfjär-
den with some cyanobacterial bloom, and Lilla Ullfjärden with a strong bloom. Original images: ESA
Copernicus Sentinel Data, Syke [19].

2.1.2. Need for Lake Restauration

According to the EU Water Framework Directive (WFD), good ecological status must
apply in all lakes [20]. The ecological status based on total P of Stora Ullfjärden is bad
(51 µg P/L), and in Lilla Ullfjärden poor (59 µg P/L) which means that measures need to
be done to reduce the concentration to around 9 µg P/L, which is a P-level that corresponds
to good ecological status based on phytoplankton [5,6,21] and will reduce the problems
with cyanobacterial blooms.
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2.2. Multi-Criteria Analysis of Lake Restoration Measures
2.2.1. Cost, Longevity and Efficacy

A meta-analysis comprising costs, longevity, and efficacy was performed for the six
well-studied measures to reduce internal phosphorous loading. Input data for the analysis
can be found in Appendix A, which is based on a literature review. Many references are
retrieved from the report Internal load of phosphorus in Swedish lakes [13], but several
references were added or removed if they were not considered relevant, such as all lakes
with a lake surface area of less than 10 hectares. Included in the analysis are both results
from completed studies and estimated results from planned measures.

To compare costs based on studies conducted in different years, inflation informa-
tion was used to recalculate the cost to a corresponding monetary value in 2021. In
cases where cost-information came from a study abroad, the cost was first recalculated to
Swedish currency (SEK) using the exchange rate that prevailed in the year the measurement
was conducted.

2.2.2. Cost in Long Term

Lake restauration measures have different longevity and thus costs over a considered
period accumulate according to inflation and discounting rates. To illustrate this, the total
cost was calculated for three different time horizons, 5, 10, and 50 years. A measure that
is implemented far in the future will have a lower cost due to discounting. The discount
rate used was 1.0225 determined with a discount rate for a public decision maker and the
current inflation developments [22].

Since the aluminum treatment has an average longevity of 12 years (Table A1, Appendix A)
the cost after 5 and 10 years will be the same as after 1 year, Equation (1). For reduction
fishing, with an average longevity of 3 years, the start-up cost will have to be paid twice in
5 years (start year and third year), Equation (2), and 4 times in 10 years (start year, third
year, sixth year, and ninth year), Equation (3). For oxygenation and mixing an operating
cost is also added each year. For oxygenation with a longevity of 20 years, the start-up cost
will have to be paid three times in 50 years (start year, 20th year and 40th year), and the
operating cost is paid every year during the 50 years, Equation (4).

Total cost 5 years, Aluminum treatment (longevity 12 years):

Total cost = startup cost (1)

Total cost 5 years, Reduction fishing (longevity 3 years):
Total cost = startup cost + (startup cost/1.02253)

(2)

Total cost 10 years, Reduction fishing (longevity 3 years):
Total cost = startup cost + (startup cost/1.02253) + (startup cost/1.02256) + (startup cost/1.02259)

(3)

Total cost 50 years, Oxygenation (longevity 20 years):
Total cost = startup cost + (startup cost/1.022520) + (startup cost/1.022540) + (operating cost × 50/1.022550)

(4)

2.3. Decision Analysis of Lake Restoration Measures
2.3.1. Bayesian Decision Analysis

Bayesian decision analysis constitutes a comprehensive methodology for decision
support when the outcomes cannot be predicted with certainty [23]. A recent research effort
constitutes connecting the decision theory to environmental impact quantification [24].
Rational decisions are about choosing the option that provides the maximum expected
utility or the minimal risk according to the expected utility theorem [25]. In this study,
Bayesian decision analysis is based on a risk analysis. Each system state is assigned a
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probability of occurrence and consequences. Risks are calculated as the product of the
probability and the consequences:

R(A) = P(A) × c(A) (5)

R is the total risk of system state A, P is the probability that system state A occurs, and
c is the expected consequences of system state A. The system state can be modified, in our
case with lake restoration measures, ri. The measures will influence the probability of the
system state, i.e., P(A|ri) , and will have costs c(ri). The total risks and cost for the measure
ri are then calculated with Equation (6):

R(A|r i) = P(A|r i)× c(A) + c(ri) (6)

The objective function to determine a decision about a restorative measure is then
the minimization of the expected value (operator E) of the costs and consequences overall
system states Aj according to the expected utility theorem, Equation (7). The type of
decision analysis is called a prior decision analysis.

RPrior = min
ri

EAj

[
c
(
Aj, ri

)]
(7)

2.3.2. Probability of Good Ecological Water Status

The probability of good water status in a lake after aluminum treatment is based on
a previous project in Lake Växjö, in the south of Sweden [26]. Lake Växjö was treated
with aluminum in May to August 2018. Before the lake was treated, reduction fishing
was conducted in the lake to stimulate the establishment of underwater vegetation and
improve the possibilities of achieving the intended effect with the aluminum treatment [26].
The target value for good water status in Lake Växjö regarding total phosphorus was
15.2 µg/L [27]. The probabilities of achieving good water status in Stora and Lilla Ullfjärden
were calculated based on the outcome of the aluminum treatment of Lake Växjö assuring
similar success rate (Figure 2). The probability of good ecological water status before
measure is 4%, and 92% after aluminum treatment.
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Figure 2. Total phosphorus concentration in Lake Växjö before measures (year 2010–2015), after
reduction fishing (year 2015–May 2018) and after aluminum treatment (May 2018–2020) [28]. The red
dashed line indicates the limit of good status (15.2 µg/L) in the lake with respect to total phosphorus.

2.3.3. Economic Value of the Lakes

Ecosystem services may be valued economically, not least for activation of resources
in society [29]. Listing the services of the specific lakes gives an overview of many aspects
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that contribute to the value of lakes [30], which is performed based on studies from the
same region of Sweden. The various ecosystem services contributions by lakes have an
economic value that is either comprehensive (has a market value), can be valued (by using
estimates and assumptions), or is not comprehensive (has no market value). In this way, all
aspects and attributes surrounding the lakes can be highlighted [30].

2.3.4. Socio-Economic Profitability Assessment of Aluminum Treatment

Restoration of lakes is costly. However, a lake that does not attain good water status
also imply consequences and costs. Examples of a bad status are, e.g., increased costs
for an adjacent drinking water treatment plant, there may be increased costs for bathing
sites located at the lake or reduced value for nearby houses, etc. Since it is difficult
to calculate the cost of not having a good ecological status, this study examines what
economic consequences need to be surpassed to justify a measure. If the cost of the measure
cannot justify the benefit that the measure implies, it is not socio-economic profitable for the
measure to be conducted. These consequences are determined with the Bayesian decision
analysis. Since there is no value for the cost if good status is not achieved (cost not good
status), the Bayesian decision analysis can be used to determine the minimum consequences
of a not good lake status to compensate for the costs of the measure.

3. Results
3.1. Multi-Criteria Analysis of Lake Restoration Measures
3.1.1. Cost, Longevity and Efficacy

A summary of the scientific literature-based data in Appendix A is presented in Table 1
and shows the average value for start-up cost, operating cost, longevity, and efficacy for six
lake restauration measures focusing on reducing internal phosphorus loading. For more
details and the literature sources, please see Appendix A.

Table 1. Average value for start-up cost, operating cost, longevity, and efficacy for the six lake
restauration measures to decrease internal phosphorous loading. For the start-up and operating cost,
the cost is recalculated to a cost valid in 2021 using an inflation calculator [31].

Measures: Start-Up Cost Operating Cost Longevity Efficacy

[SEK/hectare] [SEK/year/hectare] [years] [%]
Al. treatment: 43,300 - 12 90

Phoslock: 139,200 - 30 1 60
Oxygenation: 58,900 3700 20 2 40

Mixing: 13,600 700 20 3 0
Dredging: 185,800 - 2.5 25

Reduction fishing: 36,700 - 3 5

Notes: 1 As the binding capacity does not decrease with time [32] a service life of 30 years is estimated. 2 This is
the expected longevity of the pump aggregate to provide oxygen (air), which is expected to be 20 years [13]. 3 Just
as for oxygenation, the longevity is assumed to be the expected longevity of the aggregate, which is estimated to
20 years.

3.1.2. Cost in Long Term

Lake restauration measures have different longevity and thus costs accumulate accord-
ing to inflation and discounting rates over the periods of 5, 10, and 50 years. A measure
that is implemented far in the future will have a lower cost due to discounting. In Table 2
the cost of each lake restauration measure of the considered periods are documented.

From Table 2 it is understood that dredging is by far the most expensive option
regardless of time horizon. Mixing remains the least expensive option regardless of time
horizon followed by aluminum treatment as the second least expensive option.
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Table 2. Cost of each lake restauration measure depending on time, based on start-up cost, operating
cost, and longevity. A discounting rate of 2.25% have been used.

Measures: Cost 5 Years Cost 10 Years Cost 50 Years

[SEK/hectare] [SEK/hectare] [SEK/hectare]
Al. treatment: 43,300 43,300 136,200

Phoslock: 139,200 139,200 210,600
Oxygenation: 149,100 162,100 332,600

Mixing: 16,700 19,200 39,400
Dredging: 361,500 690,000 2,305,000

Reduction fishing: 71,000 133,200 385,600

3.1.3. Cost-Effectiveness Comparison

To make a cost-effective comparison of the lake restauration measures, a simplified
multi-criteria analysis is performed. In Table 3 a ranking (0 to 5) for the efficacy and the
costs of a period of 50 years is introduced and the ranks are added.

Table 3. Results of the multi-criteria analysis for possible lake restoration measures to reduce internal
phosphorous loading. By efficacy is meant reduction of internal load, making the option with the
highest efficacy to receive the rank 5 and the lowest the rank 0, based on Table 1. For the category
cost 50 years, a low cost is preferred, making the option with the lowest cost to receive a 5 and the
highest cost a 0, based on Table 3. A high total score is desirable.

Measures: Efficacy Cost 50 Years Total

Aluminum treatment: 5 4 9
Phoslock: 4 3 7

Mixing: 0 5 5
Oxygenation: 3 1 4

Reduction fishing: 1 2 3
Dredging: 2 0 2

Aluminum treatment scores the highest in the multi-criteria analysis. This is because
it is the method that most effectively reduces the internal phosphorus load and is also the
second least expensive method in the long term.

3.2. Decision Analysis of Lake Restoration Measures
3.2.1. Economic Value of the Lakes

To estimate the value of the lakes Stora and Lilla Ullfjärden, all services that contribute
to the value are examined and listed in Table 4.

Table 4. Summary of all services contributing to the value of Stora and Lilla Ullfjärden.

Services: Relevance

Surface water of good quality: Drinking water production downstream.

Capture nutrients and pollutants:
Bottom sediments act as settling basins for
nutrients, metals, and Polycyclic Aromatic

Hydrocarbons (PAHs).
Tourism: Shop at the bathing site Ekillabadet.

Bathing site: Ekillabadet, public bathing site.
Fishing: Extensive recreational fishing in the lakes.
Boat life: Boat club in Lilla Ullfjärden.

Lake view for nearby houses: Increased property value.
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Table 4. Cont.

Services: Relevance

National nature value:

Particularly valuable species occur in the lakes,
such as the underwater plant Baltic water-plantain
(Alisma wahlenbergii), several species of glacial

relicts (Crustacea), and red-listed fish species.

Recreation values: Lake shore with two Natura 2000 areas next to the
lakes. The Uppsala trail passes through the area.

Aesthetic values: The lakes contribute to emotional well-being.

Scientific values:
The lakes have been the subject of limnological and
hydrological research for more than a century (but

are more sparingly investigated since the 70s).

Establishment of the WFD:

It states that lakes, watercourses, and coastal
waters must reach good ecological and good

chemical surface water status. The current water
status must not deteriorate in any respect.

In Table 5, each service is qualitatively assigned an expected value. In this way, all
aspects and attributes surrounding the lakes can be highlighted. Table 5 shows that the
majority of the services do not comprehensibly influence the financial value of Stora and
Lilla Ullfjärden.

Table 5. Summary of qualitative expected values for the services of Stora and Lilla Ullfjärden.

Services: Value 1
Reduced Value if

Good Status Is Not
Achieved 2

Valuing
Possibility

Surface water of good quality: High Minor
ComprehensibleCapture nutrients and pollutants: High High

Tourism: Minor Middle

Bathing site: Middle Middle

Can be valued
Fishing: Minor Middle

Boat life: Minor Minor
Lake view for nearby houses: High Minor

National nature value: High Middle

Not
comprehensible

Recreation values: High Minor
Aesthetic values: High High
Scientific values: Middle Middle

Establishment of the WFD: High High

Notes: 1 The expected Value is presented on the qualitative scale: “High” (millions of SEK), “Middle” (hundred
thousand SEK), “Minor” (less than one hundred thousand SEK). 2 The expected Reduced value if good status is
not achieved is presented on the qualitative scale: “High” (75–100% reduced value), “Middle” (25–75% reduced
value), “Minor” (less than 25% reduced value).

3.2.2. Socio-Economic Profitability Assessment of Aluminum Treatment

With Bayesian decision analysis, it is possible to determine the economic consequences
of a not good lake status by weighting the total risks and expected costs against a good lake
status with restorative measures. Figure 3 illustrates finding the tipping point, when the
expected not good status consequences with and without the measure are balanced. The
balancing is achieved by reducing the probability of a not good status with the measure
according to its efficacy.

The inputs needed for the Bayesian decision model to calculate the cost of not achieving
good status are the probability of good status and measure cost (start-up cost + operating
cost). The lake restauration measure with the lowest total risk is chosen (Equation (7)),
which constitutes aluminum treatment, see also Section 3.1.3. The input to the analysis is
presented in Table 6.



Water 2023, 15, 668 9 of 16

Water 2023, 15, x FOR PEER REVIEW  9  of  18 
 

 

Table 5. Summary of qualitative expected values for the services of Stora and Lilla Ullfjärden. 

Services: Value 1 
Reduced Value if Good 

Status Is Not Achieved 2 
Valuing   

Possibility 

Surface water of good quality: High  Minor 

Comprehensible Capture nutrients and pollutants: High  High 

Tourism: Minor  Middle 

Bathing site: Middle  Middle 

Can be valued 
Fishing: Minor  Middle 

Boat life: Minor  Minor 

Lake view for nearby houses: High  Minor 

National nature value: High  Middle 

Not   

comprehensible 

Recreation values: High  Minor 

Aesthetic values: High  High 

Scientific values: Middle  Middle 

Establishment of the WFD: High  High 

Notes: 1 The expected Value is presented on the qualitative scale: “High” (millions of SEK), “Mid‐

dle” (hundred thousand SEK), “Minor” (less than one hundred thousand SEK). 2 The expected Re‐

duced value if good status is not achieved is presented on the qualitative scale: “High” (75–100% 

reduced value), “Middle” (25–75% reduced value), “Minor” (less than 25% reduced value). 

3.2.2. Socio‐Economic Profitability Assessment of Aluminum Treatment 

With  Bayesian  decision  analysis,  it  is  possible  to  determine  the  economic  conse‐

quences of a not good lake status by weighting the total risks and expected costs against 

a good lake status with restorative measures. Figure 3 illustrates finding the tipping point, 

when the expected not good status consequences with and without the measure are bal‐

anced. The balancing is achieved by reducing the probability of a not good status with the 

measure according to its efficacy.   

 

Figure 3. Illustration of the tipping point for when total risks and expected costs is the same for the 

options “no action measure” and “aluminum treatment”. 

The inputs needed for the Bayesian decision model to calculate the cost of not achiev‐

ing good status are the probability of good status and measure cost (start‐up cost + oper‐

ating cost). The lake restauration measure with the lowest total risk is chosen (Equation 

(7)), which constitutes aluminum treatment, see also Section 3.1.3. The input to the analy‐

sis is presented in Table 6. 

Figure 3. Illustration of the tipping point for when total risks and expected costs is the same for the
options “no action measure” and “aluminum treatment”.

Table 6. Input data in the Bayesian decision analysis. The cost for aluminum treatment has been
multiplied by 500 because the combined lake surface area of Lilla and Stora Ullfjärden is 500 hectares.

Probabilities and Costs: Probability of Good
Ecological Water Status

Areal Cost
12 Years

Total Cost
12 Years

Unit: [%] [SEK/hectares] [SEK]
No measure: 4 0 0

Aluminum treatment: 92 43,300 21,650,000

Figure 4 shows how the input data (Table 6) is used in the Bayesian decision analysis
to determine the cost for a not good status, which result in the alternatives “no measure”
and “aluminum treatment” to have an equal risk. If the cost of a not good status increases
further than shown, aluminum treatment will be the option with the lowest risk.
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From Figure 4, it can be stated that if the cost not good status is higher than SEK
24.6 million over a 12-year period, the lakes should be treated with aluminum.

4. Discussion and Limitations

The measures presented in this study represent six well-studied measures to reduce
internal phosphorus loading. These measures will only have a long-term effect together
with continuous efforts to reduce the external phosphorus supply [14].

The six measures to reduce the internal phosphorus loading have different longevities.
The costs have been calculated, discounted and accumulated to total costs representative
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for different time spans. For 10 years, the aluminum method (with a longevity 12 years)
only needs to be conducted once, while reduction fishing (longevity 3 years) needs to
be conducted four times. Apart from mixing, which according to previous studies does
not show a reduction in internal load, the aluminum method is the least costly method,
on a 1, 5, 10, and 50 year horizon. It is also the measure that reduces the internal load
most effectively.

The probability of good ecological status after a measure is conducted, has been deter-
mined based on a previous lake restoration project in Lake Växjösjön, Sweden [26]. From
this project there are measurement data for the lake’s phosphorus levels before measures,
after reduction fishing, and after aluminum treatment. The fact that reduction fishing was
conducted before the aluminum treatment may affect the good status probability of the
aluminum treatment. Since reduction fishing did not have a high effect and a longevity
of only 3 years, it was concluded that the effect of reduction fishing before aluminum
treatment can be neglected.

The ecologic societal services of Stora and Lilla Ullfjärden are presented in Tables 4
and 5. The expected value of the services and the expected reduced value if good status is
not achieved are based on similar studies. Listing the lake’s services in this way is done to
give an overview of the various services a lake contributes, to give examples of how the
value of different services can be estimated and, above all, to highlight and emphasize the
importance of all the lake’s services, even services that do not have a market value.

With the help of the Bayesian decision analysis, it can be shown that the lakes should
be treated with aluminum if the consequences of poor water status is higher than SEK
24.6 million over a 12-year period. If this cost is compared with Table 5, which shows
expected reduced values for all of Stora and Lilla Ullfjärdens’ services if good status is not
achieved, the decision whether the lakes should be treated with aluminum treatment or
not can be supported. It should further be noted that the value of the lakes lies mainly in
services that do not have a direct monetary value, such as national nature value including
valuable species occurring in the lakes, recreational values, and aesthetic values. However,
if the status does not meet a good condition, then this intangible value reduction can be
very significant.

Regardless of which measure is chosen for the case study lakes, more site-specific
studies need to be conducted to dimension the measure and to confirm the behavior simi-
larities of Lake Växjösjön and the Stora and Lilla Ullfjärden lakes. If aluminum treatment is
chosen as a measure, sediment samples need to be taken to investigate which phosphorus
fractions are dominating in the sediments, as this affects what dose of aluminum is needed.
A dose that is too high can cause aluminum remaining in inorganic form, which is toxic
to plants and animals. However, a dose that is too low instead gives a too short-lived
result causing continuous summers of toxin-producing cyanobacteria, which it is also toxic
to plants and animals. Therefore, a long-term, adequate monitoring program, including
proper determination of external loading, is crucial to document the effect of aluminum
treatment on sediment phosphorus release and water quality in the lake [33].

We have some further limitations of the study. First, our reference data for the deter-
mination of the status probabilities are limited to one lake restoration project in a Swedish
lake. Different type of lakes might have other chemical and biological characteristics that
might influence the effect of treatment methods. Future work may include different types
of lakes. Second, we did not include the external loads effect and how they impact the total
phosphorus load and the water quality dynamics.

5. Summary and Conclusions

According to the WFD, good ecological surface water status must apply in all lakes [20].
However, this is not the case in Stora and Lilla Ullfjärden, two lakes close to Lake Mälaren,
which is of high value for the capital of Sweden and the surrounding areas. Several
measures have already been conducted in the lakes to reduce eutrophication. These
measures had the aim of reducing the external phosphorus load, i.e., the nutrient released
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from surrounding soil. Despite these measures, Stora and Lilla Ullfjärden still suffer
from phytoplankton blooms every year. Because the lakes have a long history of external
phosphorus loading, phosphorus has accumulated in the bottom sediments and causes
internal phosphorus loading. To reach the desired total phosphorus concentration in the
lakes, the internal phosphorus load must be decreased by further measures.

In order to determine effective and efficient lake restoration measures, methods for lake
restoration decision support by a multi-criteria analysis and the application of a decision
analysis are developed and exemplified with a case study. The multi-criteria analysis
is developed to determine costs, longevity, and efficacy of six common lake restoration
measures to reduce internal phosphorous loads. The multi-criteria model is integrated to a
Bayesian decision analytical model. The decision analytical model is used to determine the
optimal lake restoration measure and boundaries for measure implementation.

From the study it can be concluded that aluminum treatment is the most reasonable
choice to reduce the internal load in the case study lakes Lilla and Stora Ullfjärden. This
well-studied method effectively reduces the internal load of phosphorus, and the method
is also cost-effective both in the short and long term compared to other measures. However,
more site-specific studies are required for dose determination and transferability of measure
characteristic underlying this study.

Aluminum treating both lakes, which have a total lake surface area of 500 hectares,
is estimated to cost around SEK 21.7 million. However, not achieving good ecological
status in the lakes may have monetary consequences and may touch intangible nature
values (as discussed). The lakes have a high nature value and contribute to many cultural
ecosystem services, such as bathing, fishing, and recreation. With the help of Bayesian
decision analysis, a lower boundary value for these socio-economic consequences in the
Stora and Lilla Ullfjärden lakes has been established, namely 24.6 million SEK aggregated
over a 12-year period.

Future research efforts can be directed towards accounting for measurements to
support the restoration measure implementation, which would specifically address the
dose determination for aluminum treatment. The performed multi criteria and the decision
analyses may also form the basis for the development of a decision support tool in the
DiCyano project (funded by VINNOVA).
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Appendix A

Table A1. Aluminum treatment: background data for the multi-criteria analysis.

Source Lake Lake Type Method Treatment
Year

Treated
Area

Start-Up
Cost

Start-Up
Cost

Reduced
Internal
Loading

Longevity

[Year] [Hectare] [SEK] [SEK/Hectare] [%] [Year]

[34] Långsjön Shallow Sediment injection 2006 29 3,530,756 121,750 90 >9
[34] Flaten Deep Sediment injection 2000 40 3,212,260 80,307 95 >15

[35] Calhoun Deep Hypolimnetic water
application 2001 130 1,833,000 14,057 100 >14

[36] Harriet Deep Hypolimnetic water
application 2001 47 1,034,687 22,015 85 5

[35] Cedar Deep Hypolimnetic water
application 1996 60 1,657,000 27,849 95 13

[13] Spring Deep Hypolimnetic water
application 2014 39 3,907,000 23,679 >1

[13] Long Deep Hypolimnetic water
application 2009 102 1,360,000 61,818 >6

[13] Medical
Lake Deep Hypolimnetic water

application 1977 122 934,000 14,594 >40

[13] McCarron Deep Hypolimnetic water
application 2005 77 680,000 30,909 >10

[13] Bryant Deep Hypolimnetic water
application 2008 74 2,120,000 29,444 >7

[37] Hjälmaren Deep Hypolimnetic water
application 20,000 615,000,000 30,750 100

[26] Växjösjön Deep
Hypolimnetic water

application
and sediment injection

2018 65 5,400,000 69,948 60

[38] S.Bergundasjön Shallow
Hypolimnetic water

application
and sediment injection

2019 310 15,500,000 35,880

Average value aluminum
treatment:

43,300
(±31,500)

90
(±14) >12

Table A2. Phoslock: background data for the multi-criteria analysis.

Source Lake Lake Type Treatment
Year

Treated
Area

Start-Up
Cost

Start-Up
Cost

Reduced
Internal
Loading

Longevity

[Year] [Hectare] [SEK] [SEK/Hectare] [%] [Year]

[39] Lake
Rauwbraken Shallow 2008 4 517,170 129,292.5

[39] Lake De Kuil Shallow 2009 7 1,461,999 208,857

[13]
The average cost

of some small
lakes

2013 79,565

[13] Summary,
Table 10B 30–90

Average value Phoslock: 139,200
(±6500)

60
(±30) 30 *

Note: * Because the binding capacity does not decrease with time [32] a longevity of 30 years is estimated.
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Table A3. Oxygenation: background data for the multi-criteria analysis.

Source Lake Treatment
Year

Treated
Area

Start-Up
Cost

Start-Up
Cost

Operating
Cost

Operating
Cost

Reduced
Internal
Loading

Longevity

[Year] [Hectare] [SEK] [SEK/Hectare] [SEK/Year] [SEK/Year/Hectare] [%] [Year]

[13] Pine Lake 1981 36 765,278 21,258 297,608 8267

[40] San Vincent
Reservoir 1975 405 7,834,985 19,346 607,211 1499

[13] Average
15 lakes 2001 113 20,156,230 178,374 1,004,491 8889

[41]
Stubbs Bay

(Lake
Minnetonka)

2004 81 4,336,573 53,538 340,123 4199

[13] Tegel 2002 400 32,916,685 82,292 565,759 1414

[13] JC Boyle
Reservoir 2009 170 3,188,657 18,757 398,582 2345

[13] Marston
Reservoir 2009 251 19,929,104 79,399 117,343 468

[13] Bear Creek
Lake 2002 45 2,994,680 66,548 261,925 5821

[42] Cherry Creek
Reservoir 2002 342 3,492,338 10,212 88,182 258

[13] Summary,
Table 10B 30–50 20 *

Average value
oxygenation:

58,900
(±52,800)

3684
(±3300)

40
(±10) 20 *

Note: * The expected lifetime of the aggregate [13].

Table A4. Mixing: background data for the multi-criteria analysis.

Source Lake Lake Type Treatment
Year

Treated
Area

Start-Up
Cost

Start-Up
Cost

Operating
Cost

Operating
Cost

Reduced
Internal
Loading

Longevity

[Year] [Hectare] [SEK] [SEK/
Hectare] [SEK/Year] [SEK/Year/Hectare] [%] [Year]

[43] Iskmosunden Shallow 2014 30 332,857 11,095 11,095 370
[44,45] Jordan Lake Water tank 2014 4636 10,856,617 2342 6,263,433 1351 0

[44] Lake
Houston Water tank 2006 243 6,680,995 27,494 82,054 338 0

Average value
mixing:

13,644
(±12,800)

686
(±580) 0 20 *

Note: * The expected lifetime of the aggregate [13].

Table A5. Dredging: background data for the multi-criteria analysis.

Source Lake Lake Type Treatment
Year Treated Area Start-Up

Cost
Start-Up

Cost

Reduced
Internal
Loading

Longevity

[Year] [Hectare] [SEK] [SEK/Hectare] [%] [Year]

[46] Finjasjön Shallow 1991 111 95,985,075 864,730 0
[26] Trummen Shallow 1970 99 21,346,647 215,623 0
[26] Växjösjön Deep 1990 87 45,037,065 517,667 0
[26] South Bergundasjön Shallow 1992 430 50,514,179 117,475 0
[47] Lillsesjön alt. 1 2014 55 5,422,886 98,598
[13] Clear Lake Shallow 2009 1468 79,716,418 54,303
[13] Half Moon Lake 1991 53,4 256,159 4797
[13] Lilly Lake 1991 35,6 366,374 10,291
[13] Lenox Lake 1991 13,4 400,959 29,922
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Table A5. Cont.

Source Lake Lake Type Treatment
Year Treated Area Start-Up

Cost
Start-Up

Cost

Reduced
Internal
Loading

Longevity

[13] Nutting Lake 1991 31,6 1,337,916 42,339
[13] Collins Park Lake 1991 24,3 2,137,369 87,958

[13] Summary,
Table 10B 0–50

[48] Dongqian Lake,
China 2

[49] Lake Taihu, China 3

Average value dredging: 185,791
(±268,000) 25 2.5

Table A6. Reduction fishing: background data for the multi-criteria analysis.

Source Lake Treatment
Year Treated Area Start-Up

Cost
Start-Up

Cost

Reduced
Internal
Loading

Longevity

[Year] [Hectare] [SEK] [SEK/Hectare] [%] [Year]

[50] Östhammarfjärden 2011 121.6 1,915,876 15,756
[51] Borringesjön 295 1,409,950 4779
[51] Yddingesjön 213 1,030,348 4837
[51] Havgårdsjön 57 292,836 5137
[46] Finjasjön 1993 111 11,192,836 100,836
[52] Ringsjön 2005 39,5 6,766,026 171,292
[53] Växjösjön 2013 79 5,979,626 75,691
[53] Trummen 2013 76 2,184,338 28,741
[13] Ryssbysjön 2010 6152

[13] Average of four
lakes 1989 263 2,375,224 9018

[13] Nokomis 2014 81 964,189 11,904
[13] Nokomis 2010 81 477,008 5889

[13] Summary,
Table 10B 0–10 2–5

Average value reduction
fishing:

36,669
(±52,700) 5 3
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