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Summary

FuturelLakes assessed how six major European lake restoration programmes perform—not only on
water quality and biodiversity—but also on climate regulation and resilience, societal values and
economic returns. The Demonstration Sites are Lake Vesijarvi (Fl), Kartuzy Lakes (PL), Lake lJssel
complex (NL), Lake Karla (GR), Loch Leven (UK), and Lake Vansjg (NO). This report aims to document
the broad range of benefits and impacts delivered by the six restoration programmes, as well as the
associated costs, to inform smarter investment, monitoring and upscaling of effective measures across
Europe.

The FuturelLakes team adapted the MERLIN systemic assessment framework to lakes and selected 11
criteria grouped into environment, climate, society and economy (WFD status, biodiversity, zero
pollution, nutrient loading, climate regulation and resilience, health & wellbeing, inclusivity,
recreation, costs and benefits). Common indicators were used for quantitative comparison where
possible; where not, site-specific indicators and expert judgement were applied. Before—after
comparisons were undertaken when timeseries allowed.

Main findings
1) Environmental outcomes: progress, but uneven and often hidden by current reporting rules

e WFD status: Most Demonstration Sites remain at moderate ecological status; some basins
improved (e.g., Lake Vesijarvi basin 2; parts of the Kartuzy Lakes), while others fluctuated or
declined (e.g., Lake Karla after initial recovery). The WFD’s “one-out-all-out” rule often masks
real improvements in individual biological and water quality parameters and masks the
successes of lake restoration programmes.

e Nutrients and phytoplankton: Long-term declines in total phosphorus (P), total nitrogen (N)
and chlorophyll a are evident at several sites following sewage diversion, catchment measures
and in-lake actions (e.g., biomanipulation, P-inactivation), highlighting success with the main
goals of restoration at most sites. Diffuse agricultural nitrogen remains the most stubborn
pressure. Some systems (e.g., Loch Leven) show recent rebounds in algae consistent with
climate warming and internal loading, highlighting the need for expansion and adaptation of
restoration programmes.

e Biodiversity: Five of six sites are important for wetland birds; four are designated Natura 2000
sites. Habitat creation (e.g., Marker Wadden in the Lake lJssel complex) and water quality gains
have supported documented macrophyte and fish recovery at some sites (e.g., Loch Leven,
Kartuzy Lakes, Lake Karla). This strong qualitative evidence of restoration success is poorly
supported by the lack of regular biodiversity monitoring over time, which prevents a more
guantitative evaluation of success.

2) Climate outcomes: restoration helps regulate methane, boosts resilience

e Methane (CH,) regulation: Using a Bayesian model that links chlorophyll a to methane (CH,)
emissions, most sites show substantial emission reductions (=46—-57%) between “before” and
“after” periods. However, estimates are typically 10-14x higher than IPCC reservoir defaults,
indicating current IPCC accounting, which doesn’t account for water quality changes, may
underestimate lake emissions and gains from lake restoration programmes. More measured
data are needed to validate these modelling approaches.

e Resilience: Lakes are central to drought and flood management (e.g., Lake lJssel complex’s
active water-level control; flood-risk measures at Lake Vansj@g). Combining NbS (wetlands,
riparian buffers, floodplains) and targeted engineering (sluices, embankments, controlled
storage) is the prevailing strategy. Controlled outflows of lakes can lead to conflicts between
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climate and WFD policy goals. This needs greater recognition and mechanisms to ensure policy
coherence.

3) Societal value: health, well-being and recreation rise with water quality and access

Recreation & wellbeing: Lake Vesijarvi, Loch Leven, Lake Vansjg and Lake lJssel complex now
support year-round, high intensity recreation (e.g., beaches reopened, multiuse trails, sport
fishing, events), with Kartuzy Lakes moving from limited to emerging recreation, while Lake
Karla remains restricted (agriculture and nature focus). Nature-positive access and
infrastructure (paths, hides, beaches) often amplify recreational benefits, underpinned by
water quality gains.

Inclusivity: Multi-actor governance (e.g., Vesijarvi Foundation; Morsa Water Board at Lake
Vansjg) correlates with sustained restoration efforts. Lake Karla remains more centralised but
is evolving.

4) Economics: benefits typically outweigh costs, but reporting is inconsistent

Implementation costs (indicative): Lake lJssel complex = €1.03 billion (shoreline NbS/BfS incl.
island creation, refuge area, natural foreshore creation, river connectivity); Lake Karla =~
€432.7 million (wetlands, artificial islets, tourism infrastructure); Kartuzy Lakes ==
€13.7 million (sediment and biomass removal, recreational infrastructure, P inactivation);
Loch Leven =~ €11 million (sewage upgrades); Lake Vesijarvi ~ €11.2 million (sewage
treatment, biomanipulation, aeration, wetlands and sedimentation ponds); Lake Vansjg =~
€50.2 million (treatment facilities, sedimentation ponds, wetlands, buffer strips)

Estimated annual benefits (orders of magnitude): Lake Vesijarvi =~ €1.8 billion/yr (water
quality improvement, decreased P loading, groundwater abstraction, recreational activities,
fisheries); Kartuzy Lakes =~ €149 million/yr (incl. P recovery, job creation); Lake Vansjp =~
€143.5 million/yr (drinking water, irrigation water, recreational activities). Smaller benefits
reported for Loch Leven = €8.6 million/yr (fisheries, reduction of phosphorus, algal blooms
reduction), Lake Karla = €6 million/yr (recreational activities, job creation) and Lake IJssel
complex =~ €4.3 million/yr (fisheries, in-lake wind energy production). These point to a
significant benefit over cost in several sites, though methods and boundaries vary.

Information gaps that limit evaluation

Monitoring gaps: Sparse or inconsistent biodiversity trends (esp. non-bird taxa), lacking
priority substances (PFOS, heavy metals, microplastics), nutrient load and internal loading data
uneven; limited social/recreational data and metrics

CAPEX and OPEX often not distinguished; cost series not harmonised to a common baseline
CH, accounting diverges strongly between Bayesian and IPCC methods
WFD hazardous substance list lacks emerging pollutants

Policy coherence: One-out-all-out obscures progress; diffuse agricultural N largely remains an
uncontrolled pressure; climate warming can offset nutrient reduction gains, suggesting some
targets and tools are not yet climate-proof.

Small lakes (<50 ha) excluded from national WFD monitoring

What policy makers can do next

1.

Make monitoring fit for purpose (EU & national)

o Require standardised indicator sets across lakes for nutrients (including
winter:summer diagnostics for internal loading), chlorophyll, biodiversity (plants,
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invertebrates, fish, birds), priority substances (PFAS, microplastics, heavy metals), and
societal metrics (access, visitation, inclusivity). Include small lakes (<50 ha). Tie public
funding to open data delivery.

2. Modernise chemical and climate accounting (EU)

o Update WFD hazardous substances lists, add guidance on microplastics/PFAS
monitoring.

o Mandate lake appropriate CH; methods (with uncertainty bands), and support
validation so the GHG benefits of lake restoration are fairly accounted for in national
inventories.

3. Target the stubborn pressures (EU CAP & national)

o Incentivise diffuse nutrient controls (nutrient budgeting, buffers, wetlands, controlled
drainage)

o align atmospheric N policies with eutrophication goals.
4. Adopt adaptive, climate-proof restoration (basin authorities)

o Pair NbS (wetlands, riparian restoration, reconnection) with grey assets (water level
management, embankments) and long-term maintenance; plan for warming and
extremes to safeguard phytoplankton and macrophyte gains.

5. Strengthen governance and social acceptance (regional/local)

o Support multi-actor lake platforms (municipalities, water boards, farmers, NGOs,
utilities) with stable funding; embed access & recreation infrastructure to convert
ecological recovery into durable societal benefits of health/tourism value.

6. Require comparable economics (EU & national funders)

o Standardise cost reporting (CAPEX/OPEX, discounting to a common year) and benefit
valuation templates; report benefit—cost ratios and distributional effects (e.g., who
pays, who benefits).

With coordinated, adaptive programmes that combine NbS, targeted grey infrastructure and in-lake
solutions and inclusive governance, European lakes can deliver measurable water quality and
biodiversity gains, lower methane emissions, and substantial social and economic benefits. To
accelerate and scale success, policy should modernise monitoring and accounting, tackle diffuse
pollution, and ensure comparable, long-term societal and economic benefit reporting.

Disclaimer

Views and opinions expressed are those of the author(s) only and do not necessarily reflect those of
the European Union, European Commission or UKRI. Neither the European Union nor the granting
authorities can be held responsible for them.
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Glossary

Biodiversity-focused Solutions (BfS): Solutions focused primarily on active biodiversity restoration,
such as habitat creation.

Birds Directive (BD): environmental legislation adopted in 1979 that creates a comprehensive scheme
for the conservation, management, and regulation of all naturally occurring wild bird species within
the European Union.

Capital expenditures (CAPEX): The up-front investment required for planning and designing activities,
permitting and compliance, implementation and construction costs needed to physically implement
the restoration solutions and land acquisition costs acquired to implement the restoration solutions
and costs of site preparation.

Circular Blue-economy Solutions (CBS): Actions that include recovery of resources (nutrients,
biomass) in the restoration process stimulating a blue economy around restoring freshwaters.

Combined Sewerage Overflows (CSOs): overflows from (older) sewer systems that release a mixture
of untreated human waste, industrial sewage, and stormwater directly into local water bodies during
heavy rainfall or snowmelt.

Demonstration Site: (A group of) Lake basins (lake and catchment) in the project that are a focus in
WP4 for evaluating an integrated programme of measures (NbS, CBS, BfS, policy, finance, etc.) for lake
status, biodiversity, society and economy (Green Deal indicators).

Habitats Directive (HD): a European Union law adopted in 1992 aimed at ensuring biodiversity by
conserving natural habitats and wild fauna/flora.

Heavily Modified Water Bodies (HMWB): Bodies of water which, as a result of physical alteration by
human activity, are substantially changed in character and cannot, therefore, meet “good ecological
status” (WFD)

Innovation: an innovation introduces a new technical approach, policy, or behaviour (“niche idea”) to
lake management (the “mainstream” approach or market)

K€: thousands of euros

Nature-based Solutions (NbS): Actions to protect, conserve, restore, sustainably use and manage
natural or modified ecosystems, which address social, economic, and environmental challenges
effectively and adaptively, while simultaneously providing human well-being, ecosystem services and
resilience and biodiversity benefits. This UNEP definition builds on prior definitions from IUCN and the
European Commission.

Operational expenditure (OPEX): The recurring annual costs to operate, maintain, and ensure the
solutions continue delivering benefits over time. Typical OPEX items include operation and
maintenance, monitoring & reporting, labour and management costs needed for upkeep and repair of
the restored area.

Restoration: the process of assisting the recovery of a damaged or degraded ecosystem towards a
target state, such as good status (WFD) or favourable condition (HD).

Stakeholder: people/groups with an influence on, or interest in, lake protection and restoration

Water Framework Directive (WFD): European Directive established in 2000 intended to protect and,
where necessary, restore water bodies and to prevent deterioration. Good status means both good
chemical and good ecological status.

Funded by 2
the European Union 1



Demonstrating Successful Restoration /w

LAKES

1 Introduction

1.1 Background

Globally, many lakes are in poor ecological condition, characterised by widespread biodiversity loss and
frequent harmful algal blooms (HABs). In Europe, only 54% of lakes achieve the Water Framework
Directive (WFD) target of good ecological status. In countries such as the Netherlands, Germany and
Poland, more than 60% of surface waters are classified as less than good (European Environment
Agency, 2024). Such degradation undermines biodiversity, ecosystem functioning and the ecosystem
services that support social and economic well-being (e.g., Janssen et al., 2020).

Restoring lake ecosystems is particularly challenging because lakes often act as sinks for pollutants from
their catchments (Adrian et al., 2009). Nutrients and contaminants from wastewater, agriculture and
industry can accumulate in sediments for decades, sustaining internal loading long after external
pressures have been reduced (Sgndergaard et al., 2003). Consequently, progress in restoration is often
slow. Contributing factors include poorly targeted or insufficient measures, conflicting policy objectives
(Carvalho et al., 2019), inadequate financing (Poikane et al., 2024) and long ecological response times
that frequently span decades (Abell et al., 2022).

Understanding barriers, recovery lags and long-term ecological trajectories is, therefore, essential for
designing restoration programmes that can be sustained over time. In this report, we analyse the
restoration programmes and long-term recovery of freshwater lakes across six European Demonstration
Sites. We assess physical, chemical and biological responses alongside social, economic and climate
resilience benefits, and relate restoration costs to the benefits delivered.

The Demonstration Sites—located in Greece, Finland, the Netherlands, Norway, Poland and the UK
(Figure 1)—showcase diverse combinations of catchment, shoreline and in-lake measures addressing
issues such as eutrophication, biodiversity decline and flood risk. Although legislative frameworks, such
as the WFD, shape many current restoration objectives, most programmes originated decades earlier
in response to deteriorating ecological and recreational quality or concerns about water scarcity.

To help address persistent barriers to restoration, three key areas of innovation offer new opportunities
for more effective lake management:

- Nature-based Solutions (NbS)
- Circular and Blue Economy Solutions (CBS)
- Biodiversity-focused Solutions (BfS)

Nature-based Solutions are increasingly promoted in European and global policy as approaches that
address societal challenges—such as climate adaptation—while supporting biodiversity. Circular
economy approaches, including nutrient recovery and biomass reuse, are recognised in EU strategies
such as the Water Resilience Strategy for their potential to reduce pollution while generating economic
value. Biodiversity-focused Solutions explicitly target habitat creation and restoration to accelerate
ecological recovery and strengthen resilience—an aspect often overlooked in traditional interventions.

Despite the wide benefits of these approaches, societal outcomes such as recreation, flood protection
and local economic opportunities are rarely assessed systematically. Evaluations of social and economic
impacts exist only for a limited number of projects (e.g., Kowalski et al., 2023; Haande et al., 2016; May
et al., 2022; Temminck et al., 2021). Yet such benefits are essential for maintaining long-term public,
private and political support. Integrating environmental, social and economic goals into restoration
assessments can help ensure that programmes align both with policy objectives and with local priorities
(Gann et al., 2019).
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Because many of these innovative restoration measures are still emerging, robust and systematic
assessment frameworks are needed to evaluate their effectiveness, build trust among lake managers
and communities, compare outcomes across sites and guide future investments. To date, few
evaluations consider restoration programmes as integrated, catchment scale interventions. This report
aims to help fill that gap by supporting learning from integrated programmes of measures, informing
systematic assessment approaches and guiding the upscaling of effective lake restoration across
Europe.

Lake Vesijarvi
Lake Vansje 2
]

Loch Leven
°
Kartuzy Lakes

Lake |Jssel complex
®

Lake Karla
[ ]

Figure 1: Locations of the six FutureLakes Demonstration Sites

1.2 This report

This report aims to document the broad range of benefits and impacts delivered by the six restoration
programmes, as well as the associated costs, for three main purposes:

To evaluate progress toward restoration goals in each lake basin, including compliance with key
European environmental policies on sustainable water use (WFD) and biodiversity protection and
restoration (HD & BD). These assessments can inform adaptation of local basin management plans and
support national restoration plans being developed by Member States under the NRR.

To co-create knowledge with stakeholders on the wider societal and economic impacts of the
restoration programmes, including synergies and trade-offs with climate policy and key economic
sectors, such as agriculture, energy, water supply and recreation/tourism.

To provide learning and support practice improvement in lake restoration, informing the upscaling of
successful measures across Europe. These insights will underpin the project’s final output, the
FutureLakes Blueprint.
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1.3 Climate change

Climate change is expected to significantly influence lake ecosystems. Rising temperatures and
intensifying summer droughts increase the risk of cyanobacterial blooms (Richardson et al., 2018).
Warmer conditions also alter ice phenology and oxygen dynamics (Jansen et al., 2024; Jansen et al.,
2025), while changes in precipitation and runoff may disrupt local water cycles (Nile et al., 2025). These
impacts are already evident in several of our Demonstration Sites. For example, Lake Vesijarvi has
experienced rising surface water temperatures and shorter ice cover periods (DS-Annex a). In Lake
Vansjg and in Lake Karczemne (one of the Kartuzy Lakes), extreme rainfall events have increased local
flooding and associated nutrient loadings (DS-Annexes f and b).

Climate-driven increases in freshwater demand will strongly shape future lake management. For Lake
Karla, the primary restoration goal is to re-establish water supply functions and subsequently improve
biodiversity. Similarly, the Lake lJssel complex constitutes an important future freshwater reservoir, a
role that may increasingly dominate other management objectives.

While these climate-related challenges are important, the effects of climate change on restoration
outcomes—or on the current condition of the lakes—was not in the scope of this study and are not
analysed in this report.
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2 Methods

For a comprehensive assessment of a broad set of ecological and socio-economic indicators, we set up
an evaluation framework (Figure 2). Each Demonstration Site applied this evaluation framework to their
case study which resulted in six detailed individual reports (see DS-Annexes a to f). Based on these
individual reports, we were then able to evaluate and synthesize the impacts of the six large European
lake restoration programmes. Calculations of the external loadings (2.2.4) and the determination of
costs and benefits were not based on the individual reports (2.2.11 and Annex |). Details of the methods
that were used to compare the outcomes of our research can be found in the different sections of this
chapter. Section 2.1 explains the FutureLakes framework for evaluation.

2.1 The monitoring and evaluation framework

The systemic monitoring and evaluation framework that was adopted within this task was based on an
approach developed in the MERLIN project (Carvalho et al. 2024). The MERLIN framework was originally
developed to evaluate the impact of nature-based solutions on the broad goals of the European Green
Deal (EGD) (EC 2021). The focus of the MERLIN project was on rivers and wetlands.

To develop a framework for FuturelLakes, the MERLIN framework was modified. First, the three main
Mission Restore Ocean and Waters goals (protecting and restoring freshwater ecosystems and
biodiversity, preventing and eliminating pollution, making the sustainable blue economy carbon-neutral
and circular) were adapted. In addition, the FuturelLakes framework includes impacts on the tourism
and recreation sector. The FuturelLakes approach also places greater emphasis on public engagement
in lake restoration, which is considered a key Mission enabler for upscaling restoration across regions
and across Europe. The modified framework evaluates impacts around 11 criteria grouped into 4
themes (Figure 2). These criteria include environmental, climate and societal elements, but also outline
additional data needed to benchmark the benefits of restoration programmes versus costs. Contextual
data also help us to understand not just what impacts were delivered at a site, but the potential reasons
for the magnitude of success, or failure, to support further learning from restoration programmes.

Zero
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Biodiversity framework
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Figure 2: Criteria for evaluating restoration success in FutureLakes Demonstration Sites
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Each of the 11 criteria has several indicators associated with them (see Annex Il) and Futurelakes
Milestone report). Using this fixed set of indicators allowed us to provide a solid starting point for the
evaluation of the positive and negative impacts of restoration measures.

Even though the criteria and indicators in Annex Il cover a broader range of goals than most lake
restoration programmes evaluate, they still represent a basic framework that typically needs
supplementing. There are often additional indicators specific to individual restoration projects, that are
important locally or regionally, that should come from consultation with all local stakeholders. For
example, there may be local or regional biodiversity priorities that are not necessarily species of
international significance listed in the EU Habitats and Bird Directives. Principle 5 in the international
restoration standards (Gann et al., 2019) highlights that it is important that a final set of clear goals and
indicators to be evaluated in a restoration programme is agreed after meaningful consultation with local
stakeholders. Thus, after being provided with the fixed set of indicators, each Demonstration Site team
discussed indicators and availability of data with their stakeholders before a final set of indicators and
consistent evaluation approach was defined for each Demonstration Site. Demonstration Site leads
were also asked to consider how combinations of measures were needed to contribute to the
overarching restoration goals, the costs of the restoration programme and the potential for replicability
of measures for implementation elsewhere.

In certain instances, there might be no, or little, data on some of the framework indicators. It should be
noted that lack of available data could mean several things. It could mean that a certain criteria is not
relevant, and thus no data were collected, or that the criteria are relevant but no data were collected
because monitoring is too time-consuming, complex or too expensive.

Each Demonstration Site was asked to summarise their lake-specific restoration programme including
the timing of measures taken at the catchment scale and in-lake. In addition, each Demonstration Site
collated data for the selected criteria and indicators. These individual basin results are presented in a
separate document which contains 6 Annexes to this main synthesis report, with each Annex dedicated
to one Demonstration Site. In the present document we refer to DS-Annex a, DS-Annex b etc. The
Demonstration Site Annexes form the basis for this synthesis. This document includes three additional
Annexes (I, Il and Ill) giving more details on certain subjects.

2.2 The evaluation criteria

Specific details pertaining to the synthesis of the data have been described per criterion (Table 1) in the
sections below.

2.2.1 WFD

Based on the information present in the DS-Annexes (a — f) we were able to compare the WFD status,
normalized ecological quality ratio (nEQR) for phytoplankton and the concentrations of total nitrogen
(N), total phosphorus (P) and chlorophyll a (Chl a) between the different sites.

To compare the WFD status, we collected the official ecological and chemical status for all lakes
between 2009 (the first round of River Basin Management Plans (RBMPs)) and present. According to
the WFD, two values are used to assess the state of surface waters: the ecological status and the
chemical status. The ecological status refers to the overall health of a water body and is based on the
condition of the ecosystem. This status combines information from three different sources: 1) biological
quality elements such as phytoplankton, macrophytes, invertebrates and fish, 2) quality elements for
natural flow and physical features such as the shoreline modification, and 3) physico-chemical quality
elements that can be influenced by human activities such as nutrients or temperature. The selection of
quality elements underlying overall ecological status differs per country and per water body type and
has not been reported here. However, the nEQR for phytoplankton, the chl a concentrations and the
total N and total P concentrations that we have collected for each Demonstration Site provide insight
into the previously mentioned underlying sources 1 and 3. The Chemical status is based on an additional
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list of priority substances and EU wide standards (Environmental Quality Standards, or EQS) have been
set for these substances. If concentrations exceed the standard for a certain water body, this water
body will fail to meet a good chemical status. See section 2.2.3 Zero pollution (priority substances), for
more information on (a selection of) priority substances measured at the Demonstration Sites.

To compare the phytoplankton status amongst the six Demonstration Sites, we collected the normalized
ecological quality ratios (nEQRs) for each basin. Exact nEQR values were available for Lake Karla, Lake
Vansj@, Lake lJssel complex, and Lake Vesijarvi. To arrive at exact nEQR values (required for plotting) for
Loch Leven, we transformed the available phytoplankton status classes to nEQR values as follows Bad =
0.1, Poor = 0.3, Moderate = 0.5, Good = 0.7, with each value representing the middle of that status class.
To arrive at an nEQR value for the Kartuzy Lakes, we transformed the available PMPL index value (that
had a range between 0 and 5) with the formula nEQR = 1 - (PMPL index value / 5).

To compare nutrient (total P and total N) concentrations and Chl a concentrations between the different
Demonstration Sites, we calculated yearly growing seasons averages for these substances. However,
the duration of growing season differed per region and in some cases, monitoring changed over time.
For Loch Leven, Lake lJssel complex, Kartuzy Lakes and Lake Karla, the growing season was defined as 1
April — 30 September. For Lake Vesijarvi, the growing season was defined as 1 June — 30 September. For
Lake Vansjg the growing season was defined as 1 May — 31 October, with the exception of total N before
2005. In the case of total N before 2005 the growing season was defined as 1 June — 30 September. Note
that this approach means that the values in this report may differ from officially reported WFD values.
Total N data was not available for Lake Karla, to still provide an estimate of total N, we have included
dissolved inorganic nitrogen (DIN) concentrations for Lake Karla in the total N results. If threshold values
for status class boundaries were available for total N, total P and Chl g these have been added as
coloured backgrounds to the time series showing the concentration changes across status classes. As
the Demonstration sites span lakes of different lake type and in different biogeographic region, the
reported class boundary thresholds differ by site.

2.2.2 Biodiversity

For biodiversity impacts, we mainly focused on indicators relevant to EU biodiversity policy (HD and BD).
This includes indicators on area under protected status, condition of priority lake habitat types and the
presence and condition of priority vulnerable or threatened species. For these criteria, there was not a
large amount of quantitative data. Therefore, we largely adopted a qualitative, narrative analysis of
these biodiversity measures and changes observed for each lake.

2.2.3 Zero pollution: priority substances

Each Demonstration Site was asked to provide data on the following priority substances: heavy metals,
microplastics, and PFOS. In the DS-Annexes a-f, just some sites were able to provide results as data were
scarce and, therefore, no synthesis comparison over the six lakes could be made. Existing results were
compared to EQS thresholds, showing where thresholds were exceeded.

2.2.4 Zero pollution: nutrient loading

Decreasing nutrients flows into lakes is part of the zero-pollution strategy. The analysis of nutrient loads
from lake catchments is a very important component in developing lake restoration programmes. We,
therefore, consider assessment of external nutrient loading as a distinct sub-chapter and apply a general
model to allow comparison across sites. The data were, therefore, not derived from the DS-Annexes,
albeit estimates of nutrient loading were given to some of the Demonstration Sites using country-
specific modelling tools (e.g., Lake Vesijarvi, DS-Annex a and Lake llssel complex DS-Annex c) or
measured programmes (e.g. Loch Leven, DS-Annex e).

As national nutrient loading estimates could not be obtained for all the Demonstration Sites, we
compared the loads of nitrogen and phosphorus using general, theoretical models (OECD models)
elaborated by Vollenweider (1968, 1976). Vollenweider models were originally developed for deeper
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lakes, and their intention was for the prediction of nutrients and Chl a level in lakes in the near future.
The limitation of this method has been discussed in the scientific literature (e.g. Fenocchi et al. 2025,
Jones and Lee 1986, Burden et al. 1986). According to Jones and Lee (1986) and Burden et al. (1986),
the main issue is that OECD models omit internal nutrient loading in lakes, as well as using total N and
P instead of directly available nutrient forms (Jones and Lee 1986). At the same time, these authors
recommended using OECD models for developing eutrophication management strategies for water
bodies. For this reason, it was applied to all six Demonstration Sites lakes because it allows for some
comparison for lakes with different morphometrical, hydrological and catchment properties.
Vollenweider’s models give information about the potential size of the external nutrient loading in
connection to the properties of individual lakes, and an estimate of the permissible and critical loads for
its specific natural conditions.

The permissible load is the external nutrient load that does not accelerate eutrophication of the lake,
whilst the critical load is the limit where, once exceeded, will cause eutrophication. The comparison of
external loads between various lakes is difficult to interpret without taking a lake’s morphometric and
hydrological data into consideration. Vollenweider’s models are a relatively simple tool for such
comparison.

Total P permissable and critical external loadings were assessed using the following formulae
(Vollenweider 1976):

La=10xqgsx (1 + ‘/‘cw) (mg/m? /year)

Lh=20xqs x (1 + \/‘cw) (mg/m? /year)

where:
Lg - external permissable total P loading [mg/m?/year],
Ln - external critical total P loading [mg/m?/year],
Os - hydraulic loading [m/year],
Qs = Qr/A
A -lake area
Tw - lake water residence time,
Tw =V/Qr=Zave/QS
Vv - lake water volume,
Q - outflow volume per year

Zave-mean depth of lake

Total N permissable and critical external loadings were calculated using the following formulae
(Vollenweider 1968):

400 zave 6 (mg/m? /year)
800 zave ¢ (mg/m? /year)

Lan

I-nN

The assessment of spatial total P and total N external loads were assessed using the formula
(Grochowska 2015):
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lo=Aag X Wag + Aw x Wy + Af x W+ A, x Wy, (kg/year)

where:

lo- total P or total N spatial external loading [kg/year],

Asg — agricultural land area [ha]

Wag— coefficient of the total P or total N runoff from agricultural land in the catchment area
[kg/ha x year],

Ay - area of wasteland in [ha],

W, - coefficient of the specific spatial runoff of total P or total N from wasteland {kg/ha x year],
As - area of forests in the catchment area [ha],

Ws- coefficient of the specific spatial runoff of total P or total N from forests in the catchment
area [kg/ha x year],

Ay - area of built-up (urban) areas [ha],

Wy- coefficient of specific spatial runoff of total P or total N from built-up areas [kg/ha x year].

The assessment of spatial nutrient loading for Demonstration Site lakes is based on using coefficients
available in the literature (Kajak 2001, Grochowska 2015). In this model, agricultural areas are the
highest nitrogen exporters to water bodies (coefficient of the total P or total N runoff between 2.6 -
26.7 kg total N/ha/year). In the case of phosphorus, urban areas are the biggest sources of P export to
water bodies (1.0 - 5.3 kg total P/ha/year). Among different forms of catchment land-use, forest cover
is the most optimal option (exporting between 0.02-0.8 kg total P/ha/year and between 1.62- 10 kg
total N/ha/year). The total nutrient load from spatial sources is dependent on the catchment slope as
well.

The atmospheric deposition of nutrients was also taken into consideration basing on EEA data and Pan
et al., (2021), and it was calculated using the formula (Grochowska 2015):

l. = W, x A (kg/rok)

where:

la - atmospheric total P or total N loading, entering the lake surface area [ kg/year],

W.- coefficient of the specific atmospheric deposition [kg/ha x year],
A —lake area [ha]

2.2.5 Climate regulation

Climate regulation, in this context, has been defined as the emission of greenhouse gases (in this case
methane; CHs) from lakes. It has been shown that emissions increase with higher levels of
eutrophication (measured as Chl a concentrations). The Chl a data from six restoration case studies have
been examined to determine whether reducing Chl a concentrations by restoring lakes would reduce
CH4 emissions from lakes. Changes in methane emissions over time have been estimated using a
Bayesian model constructed from a global dataset of ground-based measurements and satellite-derived
Chl a data published by DelSontro et al. (2018). The results are explored in relation to the likely impacts
of a range of restoration measures implemented across the sites and the long-term average value has
been compared to the CH, emissions estimated for each lake using the IPCC guidance value for
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reservoirs of 1.46 tonnes CO,-eq/ha/year (Pelsma and Kox 2025; Net et al., 2024). It should be noted
that, because the IPCC calculation does not take changes in water quality into account, it cannot be used
to estimate the potential impacts of lake restoration measures implemented. The Bayesian modelling
approach was developed in FutureLakes WP5 and has been applied to the Demonstration Lakes here. It
should be noted that the modelling approach currently includes high levels of uncertainty that are, at
least partly, generated by applying global models at an individual lake scale.

2.2.6 Climate resilience

Lakes provide ecosystem services that increase the resilience of their catchments to climate change.
Based on the information in the DS-Annexes (a to f) we have focused on ecosystem services related to
water quantity such as water supply, droughts and flooding. As there is insufficient comparable data
for a quantitative comparison between lakes, a qualitative analysis is provided.

2.2.7 Health & well-being

Health and well-being outcomes were co-evaluated across the Demonstration Sites based on the
information in the DS-Annexes (a - f). To ensure consistency, data regarding core indicators were
collected. These core indicators were selected based on public health relevance, focusing on
recreational activities and, if applicable, on bathing water quality (according to EU Directive 2006/7/EC
concerning the management of bathing water). Then, by data filtering, the related information was
extracted and organized into a comparative table. There, we have listed the recreational use of the
different Demonstration Sites and if applicable, their bathing water quality, to identify how water
guality improvements enhance the availability of physical health activities.

2.2.8 Inclusivity

Inclusivity metrics were developed by comparing and synthesizing qualitative lake governance data
across the Demonstration Sites, based on the information reported in the DS-Annexes (a to f) and the
information collected by Szulecka (2025) as part of FuturelLakes’ stakeholder mapping exercise
(Deliverable 2.1). Data regarding core indicators were collected, focusing on inclusivity in lake
management. The related information was extracted and organized into a comparative table. There, we
have ranked the Demonstration Sites according to their ability to foster inclusivity, varying from very
inclusive, multi-sectoral approaches to more centralised models. A colour-scale system was applied to
represent the governance complexity, providing a visual gradient.

2.2.9 Recreation & Tourism

For assessing recreational impacts, based on the information in the DS-Annexes (a to f), we have
collected and filtered the data regarding the recreation metrics. These metrics covered recreational
intensity, the availability of nature-oriented recreation, the infrastructure available for promoting
nature recreation, and the seasonality of the activities. The related information was extracted, assessed
using a 3-level scale, and organized into a comparative table. Then, we compared the recreational
gradient at the six Demonstration Sites. Moreover, based on the information in the DS-Annexes (a-f),
tourism metrics regarding the main activities, the type of available infrastructure, the accessibility, the
number of visitors and the frequency or duration of visits were also assessed. Data gathered form this
overview were organized in a table to show how strategic investments multiply recreational value.

2.2.10 Costs of measures

Based on the data presented in each of the DS-Annexes, we have created an overview of the different
restoration measures that were taken at each Demonstration Site and presented these in tandem with
their costs.

To estimate the costs of each restoration programme, we combined site-specific data collected by demo
leads (in collaboration with local stakeholders) with literature-based cost estimates at the catchment
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scale. The implemented solutions, and thus, their associated costs, depend on the initial degradation
state of each lake and different country economic contexts. Accordingly, our aim is to perform a simple
comparison of costs and monetary benefits at the individual lake scale rather than comparing
implementation costs across the six lakes.

Each demo lead was asked to provide information on both capital expenditure (CAPEX) and operating
expenditures (OPEX), as restoration costs generally include both. CAPEX refers to the up-front
investment required for planning and design activities (engaged during the preparation of restoration
programmes such as feasibility studies, training session, environmental assessments, planning and
detailed design), permitting and compliance (e.g. regulatory approvals, monitoring equipment setup,
etc.), implementation and construction costs needed to physically implement the restoration solutions,
including green infrastructures, labour, material and equipment (Ruangpan et al. 2024; Vicarelli et al.
2024). The CAPEX also covers acquisition costs of land acquired to implement the restoration solutions
and costs of site preparation. These costs are usually proxied by the opportunity costs i.e. the foregone
benefits that would have been received if land use was not changed (e.g. agricultural revenues). OPEX
refers to the recurring annual costs to operate, maintain, and ensure the solutions continue delivering
benefits over time (Pistocchi, 2022; Qiu et al. 2021). Typical OPEX items include operation and
maintenance (e.g. sediment removal, replanting), monitoring & reporting (e.g. biodiversity surveys,
water quality), labour and management costs needed for upkeep and repair of the restored area. Both
CAPEX and OPEX include transaction costs, referring to legal fees, communication, quality control and
decision-making processes.

The reported cost data did not allow separate estimation of the CAPEX and OPEX. OPEX are long-term
costs that are, in most cases, scarce or inconsistent. They depend on several variables, which may be
very project or context-specific, relating thus to the design of restoration, regional variations in labour
or energy costs. Accordingly, for each lake, the total implementation cost was determined by summing
the costs of the measures that have been implemented, as detailed in Table I.1 in Annex |. We note that
some measures were excluded from this calculation due to the absence of cost information. To ensure
consistency and comparability, all historical data were systematically adjusted to a common baseline by
converting them into 2025 values.

2.2.11 Benefits of restoration

Restored lakes provide a wide range of direct and indirect benefits which can be systematically assessed
through economic valuation approaches. To make these benefits explicit, we employ the concept of
ecosystem services formalized by Costanza et al. (1997) and widely disseminated through the
Millennium Ecosystem Assessment (2005). Several classification frameworks exist which differ in
structure and level of detail, including those of the Millennium Ecosystem Assessment (2005), TEEB
(2010), and CICES classification developed in 2013 by Haines-Young and Potschin.

We apply the typology defined by the Millennium Ecosystem Assessment (2005), the following
ecosystem services:

e Provisioning services are defined as the products obtained from ecosystems, such as water
supply and food production

e Regulating services are the benefits obtained from the regulation of ecosystem processes,
such as water purification, flood control, air quality or climate regulation

e Cultural services are the intangible benefits that ecosystems provide to people, including
recreational opportunities, aesthetic appreciation, spiritual fulfilment and intellectual
growth.
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A fourth category is added in relation to indirect benefits generated by the restoration programmes,
including job creation and increased revenues of local businesses as well as farmers. The benefits were
recorded in Karla, Loch Leven and Kartuzy Lakes.

The economic valuation of ecosystem services depends on their type. The provisioning services
identified in the demo sites include groundwater abstraction (Lake Vesijarvi), food and in-lake wind
energy production (lJsselmeer), irrigation and drinking water abstraction (Lake Karla and Lake Vansjg),
fisheries (in Lake Karla, Lake Vesijarvi and Loch Leven) and P reuse after recycling the removed sediment
(Kartuzy Lakes). Their valuation relies directly on the market since they are already subject to economic
exchange (Rijkswaterstaat, 2018; CBS, 2025; Grochowska et al. 2019, Thiemer et al. 2025). Accordingly,
it is sufficient to observe existing prices and adjust them to estimate the real value of the resource.

However, this method quickly reveals its limitations when considering services without a clear market,
such as regulating services. To overcome this obstacle, economists have developed indirect methods,
which consist of estimating the value of a service based on the costs it avoids or the expenses that would
be necessary to replace it. For example, the role of a lake in water purification can be measured by
calculating the cost of building and maintaining a treatment plant that provides the same service. This
is known as avoided or replacement cost logic, widely used for regulating services (de Groot et al.,
2012). The valuation of water quality improvement (Lake Vesijarvi) and carbon sequestration (Lake
IJselmeer) were reported in the DS-Annexes based on the work of Lehtoranta (2013) and Baren et al.
(2025), respectively. The valuation of algal blooms reduction in Loch Leven was conducted by (May et
al., 2024) using the avoided costs method. The estimated cost of a single outbreak of algal blooms is
based on loss of income to the fishery, hotels, restaurants and other local businesses. The economic
value of phosphorus reduction (P entering) in Loch Leven is based on the abatement costs at the Scottish
catchment scale and was extracted from (Vinten et al. 2017).

Another approach involves observing individuals' actual behaviour to reveal the value they place on
ecosystems. These methods, known as revealed preference methods, use data from related economic
activities. They are particularly useful for valuing non-market services such as landscapes, cultural or
recreational services. For example, the travel cost method estimates the recreational value of a natural
site based on the expenses incurred by visitors to get there. When observing behaviour is insufficient,
declarative methods can be used, which directly ask individuals about their willingness to pay to
preserve a service or improve its condition.

The cultural services reported in the demo DS-Annexes are limited and only cover Lake lJselmeer and
Lake Karla. We complement this data with other economic valuation reported by McDougall and Craig
(2020) that applies a contingent valuation in Loch Leven. A rough estimate of recreational activities,
including boating, bathing, and fishing in Lake Vansjg and Kartuzy Lakes, was conducted based on and
the number of visitors, the length of the summer season and the average daily cost of these activities
in the region and using results from Zienkiewicz (2016) and Cichon (2019).

Estimating the economic outcomes is challenging due to data gaps, uncertainty, and the complexity of
valuing ecological and social co-benefits. The reported economic values derive from demo-specific
reports and from academic studies conducted at the Demonstration Sites. To ensure consistency and
comparability, all historical data were systematically adjusted to a common baseline by converting them
into 2025 values and reported in Table 1.2 of Annex .
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3 Results

Although the common goal is water quality and ecological improvement, the dominant pressures and
specific restoration goals vary from lake to lake. In this synthesis we have collected information from
lakes in six Demonstration sites across Europe with the aim to better understand the impacts of
measures, associated scales (time and space) and costs of the restoration efforts. We have evaluated
the restoration programmes in terms of water quality and biodiversity, factors that are commonly taken
into account when looking at the impacts of restoration efforts. In addition, we have included impacts
on societal, economic and climate outcomes, factors that are less frequently considered in most
restoration studies. The results are presented along the four themes of the FuturelLakes evaluation
framework: environmental, climate, societal and economic (Figure 2).

FutureLakes’ six Demonstration Sites represent different contexts of pressures and lake restoration
targets (Table 1). The lakes vary in size and their mean depth varied from 1.3 to 9.2 m. Two of the
Demonstration Sites (Lake lJssel complex and Lake Karla) are Heavily Modified Water Bodies (HMWB)
impacted by shoreline modifications with nature restoration goals focusing on restoring the natural
functioning of habitats. The four remaining Demonstration Sites (Lake Vesijarvi, Kartuzy Lakes, Loch
Leven and Lake Vansjg primarily suffer from eutrophication problems. Their main restoration targets
relate to improved water quality (Table 1).

Table 1. Demonstration Site characteristics. For additional details please refer to DS-Annexes a - f). *The
maximum depth in Lake lJssel complex is due to local sandmining

Demonstration (Basin name Mean and |Direct

catchment
area (km?)

Finland Control of

EICAEHIET A Basin 1 and 2 6.8 [40]

eutrophication

LERIPAR ETCEE Mielenko 0.078 1.3 [2] <1 Poland Control of

eutrophication
Karczemne 0.404 1.97 [3] <1

Klasztorne 0.137 8.1[20] 22
Duze

Klastorne 0.575 4.8[9] 103

Male
Lake lssel Lake lssel 1130.7 4.58[21*] 18770 The Flood/Drought
complex Netherlands protection
Freshwat
lake Marken 6752 3.91 [31%] reshvater
supply
Biodiverse
ecosystem
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Lake Karla 349 2.2 [5] 434 Greece Control of water
scarcity
Biodiverse
ecosystem

Loch Leven 13.3 3.9 [26] 145 Scotland Control of
(UK) eutrophication

Lake Vansjg Storefjorden 23.8 9.2 679.91 Norway Control of
[41] Eutrophication

Vanemfjorden 12 3.7
[17]

3.1 Restoration measures

Avast number of external and in-lake measures have been applied at FutureLakes’ Demonstration Sites,
mostly prior to the enactment of WFD. In Lake Vesijarvi, restoration began in 1976 with the
establishment of sewage treatment. Since the late 1970s, an extensive number of NbS water protection
measures including sedimentation ponds, buffer zones, wetlands, a two-stage channel, green
infrastructure and other stormwater management measures have been established to reduce the
nutrient load to the lake. Annual biomanipulation by removal of planktivorous fish and stocking of
predatory fish began in 1989 and aeration was conducted in 1979-1984 and 2007-2019. Additionally,
harvesting of macrophytes has been conducted on selected shoreline areas since 2015 to prevent
macrophyte overgrowth.

The restoration of Kartuzy Lakes has included construction of combined sewer systems, stormwater
retention reservoirs and pretreatment facilities in years 2015-2017. Additionally, biomanipulation was
conducted in Lake Mielenko in 2020-2022 and a sequential application of aluminium (PAX) and iron
coagulants (PIX) were also introduced to the lake. Similar sequential application of coagulants were
introduced to Klasztorne Mate and Klasztorne Duze in 2021-2022 where biomanipulation was also
conducted in 2021-2023, and to Lake Karczemne in 2022-2023 in conjunction with biomanipulation.
From Karczemne Lake, 240,000 m?® of sediment was also removed in 2020-2023.

In Lake lJssel and Lake Marken, several NbS and BfS have been implemented to support restoration of
fish, macrophyte, invertebrate and waterfowl populations by e.g. setting restrictions to fishing (2004;
2014), creation of nature compensation areas (2005), construction of an artificial island (Marker
Wadden, 2016-2019), and construction of a fish migration river between the Wadden Sea and the Lake
IJssel complex (2020).

The water levels of Lake Karla was restored in 2000-2006 by damming and regulating water inflows
from the Pinios River to combat water scarcity in the surrounding area. In between 2007-2013, artificial
wetlands were created, and native species were reintroduced to the lake. Additionally, nesting habitats
for birds have been established, and reed beds and wet meadows managed during 2014-2020.

At Loch Leven, restoration and water protection measures were put in place between 1985 and 1997.
The measures focused on reducing the external nutrient inputs from point sources by improving
wastewater treatment works. In addition, in 1995, buffer strips were installed along some of the rivers
that drain into the loch to reduce runoff from land entering the lake.
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The restoration of Lake Vansj@ began in 1970s with the establishment of sewage treatment. Since 2002,
an extensive set of NbS measures, such as sedimentation ponds, buffer zones, grass covered water ways
and flood-prone areas have been established, in addition to promoting avoidance of autumnal tillage to
reduce external nutrient loading to the lake.

3.2 Environmental outcomes
3.2.1 WFD

In the following sections we have grouped together the results on WFD ecological and chemical status,
the information on supporting nutrient concentrations (total N and P) and more specific information on
the phytoplankton quality element (Chl a concentrations and nEQR phytoplankton scores).

3.2.1.1 WHFD status

The ecological status of the FutureLakes Demonstration Sites shows no change in status between 2009
and 2025 in 50% of the basins across the six demonstration sites, an improvement in 33% of the basins,
and a worsening condition or fluctuating condition in the remaining basins (Table 2). The lakes that did
not change in status have either remained in moderate status (Lake Vesijarvi basin 1, Lake lJssel and
both basins of Lake Vansjg) or in a bad status (two basins from the Kartuzy Lakes). Only one basin had
reached good ecological status by 2024: Lake Vesijarvi basin 2. However, it is at risk of falling back to
moderate in the upcoming assessment due to the failure of one element (following the one-out-all-out
principle in status assessment). Six (50%) of the basins had obtained moderate status by 2024, while
three (25%) basins still have poor status and two (17%) have bad status.

The chemical status of the Demonstration Sites shows that in the latest reported year (2023/2024) six
(50%) of the basins failed to achieve good status, three (25%) of the basins were in good status and
three (25%) do not have information on their chemical status (Table 3). The basins that have recently
achieved good status are two of the Kartuzy Lakes and Lake Karla.

Table 2: WFD Ecological status since the first RBMPs (2009).

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Lake Vesijarvi Basin 1
Basin 2
Kartuzy Lakes Karczemne Lake

Klasztorne Duze Lake

Klasztorne Mate Lake

Mielenko Lake

Lake lJssel complex | Lake lssel

Lake Marken

Lake Karla -

Lake Vansjg Storefjorden

Vanemfjorden

Color code: Blue = High, Green = Good, Yellow = Moderate, Orange = Poor, Red = Bad.
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Table 3: WFD Chemical status since the first RBMPs (2009).

WEFD - Chemical status
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Lake Vesijarvi Basin 1
Basin 2
Kartuzy Lakes Karczemne Lake

Klasztorne Duze Lake
Klasztorne Mate Lake
Mielenko Lake

Lake lJssel complex | Lake Jssel

Lake Marken

Lake Karla

Loch Leven

Lake Vansjg Storefjorden

Vanemfjorden

Color code: Blue = Good, Red = Failing to achieve good.

3.2.1.2 Nutrient concentrations

Data availability and trends for total N and total P differ per Demonstration Site (Figure 3 and Figure 4).
The total P concentrations of Lake Vesijarvi have declined substantially since the sewage diversion in
1976, the implementation of consistent biomanipulation in 1989 and implementation of several water
protection structures in the catchment area since the establishment of Vesijarvi Foundation in 2007
(Figure 3Error! Reference source not found.; Salonen et al. 2020, DS-Annex a). In basin 1 of Lake
Vesijarvi, which was the basin most affected by domestic and industrial wastewaters during the 20
century, the total P concentrations mainly indicated moderate status since the mid-1990s and in basin
2, the total P concentrations have mainly indicated good status since the early 1990s (DS-Annex a). The
median total N concentrations during the growing season in Lake Vesijarvi basins 1 and 2 have mainly
indicated good and high ecological status, respectively, since the early 1990s (Figure 4). The
hypolimnetic aeration, that was conducted at basin 1 between 1979-1984 and 2010-2019 had no impact
on epilimnetic nutrient concentrations despite the improved hypolimnetic oxygen conditions (DS-Annex

a).

The Kartuzy Lakes Mielenko, Karczemne, Klasztorne Mate and Klasztorne Duze have experienced
marked decreases in total P concentrations after the implementation of restoration efforts in the early
2020s (Figure 3, DS-Annex b). The most pronounced decline has occurred in the most eutrophic Lake
Karczemne, where both sediment removal (2020-2023) and P inactivation (2023) were conducted.
Despite the decline in total P concentrations, this basin still fails to achieve concentrations supporting
good ecological status. In the other Kartuzy Lake basins, that had lower initial total P concentrations,
current total P levels are at levels supporting good ecological status due to P inactivation measures. The
improvements in the total N concentrations of Kartuzy Lakes have caused at least two out of four basins
to reach a good status (Figure 4).

At the Lake lJssel complex the total P concentrations have improved from levels indicating a moderate
ecological status to good or high since 2010 (Figure 3, DS-Annex c), likely mainly due to measures aimed
at nutrient reduction in the Rhine catchment for Lake lIssel (Frenken et al. 2023) and due to a
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combination of in-lake and catchment measures for Lake Marken. The total N levels, in turn, have also
improved over the years. In Lake Marken these improvements have led to a good to high status since
the early 2000s, while in Lake lJssel these improvements have recently led to a moderate status (Figure
4).

Lake Vesijarvi (1) (FI) Lake Vesijarvi (2) (FI)

; o,

Karczemne Lake (PL) Klasztorne Duze Lake (PL)

Klasztorne Mate Lake (PL) Mielenko Lake (PL)

Lake status
B High
Good

Lake Marken (NL) Lake IJssel (NL) ghdefa‘e
T T oor

[ Bad

. Failing to achieve good

160

Lake Karla (EL) Loch Leven (UK)

G e

0

Total P concentration (growing season avg ug/l)

Vansje ( Storeforden (NO) Vansje (Vanemforden

401
30+ N‘.’\'\_\ﬂ,
204 .
0

1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020

Figure 3: Average total phosphorus (P) concentrations (ug/l) across the growing season per basin. The
dashed line indicates the enactment of the WFD. Note that the y-axes differ per basin. Total P values
displayed here may differ from officially reported WFD values.

After the reconstruction of Lake Karla in 2013, the total P concentration was expectedly high, indicating
a failure to achieve concentrations supporting good ecological status (Figure 3, DS-Annex d). Ever since,
the total P concentration has improved and currently indicates a slightly better condition, including
reaching a level supporting good ecological status once in 2020. The DIN concentration, in turn, has
increased from the initial levels, currently indicating severe pressures, although thresholds for this
Demonstration Site have not been defined yet (Figure 4).

In Loch Leven, the restoration and water protection measures were implemented mainly before the
enactment of the WFD (DS-Annex e). The water quality in the lake improved over time reaching the
total P targets that had been set by the mid-1990s (Figure 3). However, since 2018, the total P
concentration has started to rise again and algal blooms have returned, despite inputs of total P from
the catchment not changing. Recent data suggests that P release from the sediment is starting to
increase again as the water temperature increases. The total N concentrations in Loch Leven fluctuated
in between levels supporting moderate and good ecological status from the 2000s onwards (Figure 4).
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In Lake Vansjg, the total P concentration has mainly remained on a level supporting moderate ecological
status in both lake basins since the 1980s (Figure 3, DS-Annex f). From these basins, the total P
concentration of Storefjorden has displayed more fluctuation due to the higher susceptibility of the
basin to external, climatic incidents such as landslides and flood events forcing erosion (Skarbgvik et al.
2025). In Vanemfjorden, the total P concentrations have been slightly higher since the beginning of
monitoring in 1980s. Additionally, floods and years of high precipitation have caused increases in the
total P concentrations in Vanemfjorden (DS-Annex f). The total N concentration in Storefjorden has
fluctuated between moderate and poor ecological status, whereas in Vanemfjorden the total N
concentrations have mainly displayed levels supporting good or moderate ecological status (Figure 4).
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Figure 4: Total nitrogen (N) or Dissolved Inorganic Nitrogen (DIN) (in the case of Lake Karla)
concentrations in ug/l in the growing season per basin. The dashed line indicates the enactment of the
WEFD. Please note that the y-axes differ per basin. The total N or DIN values displayed here may differ
from officially reported WFD values as we prioritized comparability among the different Demonstration
Sites (see methods).

3.2.1.3 Phytoplankton

Similar to nutrient levels, the Chl a concentration has also experienced a decline in many of the
Demonstration Sites but there has also been fluctuation (Figure 5). In Lake Vesijarvi basin 1, Chl a levels
first were at bad or poor ecological status but have declined to levels generally indicating moderate
status after the sewage diversion in the 1970s and the onset of continuous biomanipulation (1989)

Funded by 29
the European Union



Demonstrating Successful Restoration %

FUTURELAKES

(Figure 5). Chl a data from Kartuzy Lakes are only available for five years starting in 2019 but suggest a
decline since the implementation of biomanipulation and sequential application of coagulants in the
early 2020s (Figure 5). Similar to changes in Total P, the Chl a concentration in Loch Leven first decreased
over time but has increased again since 2018. The initial improvement of Chl a concentrations in the
1970s in Loch Leven was due to the fact that the inflow from pesticides into the lake from a nearby
woolen mill was stopped. This reduction in pesticide pollution subsequently allowed for the return of
phytoplankton-grazing Daphnids. Nutrient reduction efforts in this lake started later, in the late 1980s.
In Lake Vansjg, the Chl a levels have fluctuated between levels indicating high to moderate status
(Storefjorden) and poor to good status (Vanemfjorden) with highest concentrations recorded in the
early 2000s. Continued inputs of P due to increased precipitation, storm events and warmer winters
counteract with nutrient reduction measures. Nonetheless, after the impact of a big flood in 2000 finally
dissipated around 2008, Chl a levels have started to decline again.

In the Lake lJssel complex, Chl a concentrations display decreasing trends since the enactment of WFD
with current levels indicating good ecological status in Lake Marken and moderate status in Lake lJssel
(Figure 5). However, longer time series (DS-Annex c) indicate that the decrease in Chl a started in the
1980s, due to nutrient reductions measures taken in-lake and in the catchment when nutrient reduction
was still an important goal for these basins. In Lake Karla, where the primary restoration goal was to
combat water scarcity, the Chl a levels after the reconstruction of the lake have somewhat increased.
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Figure 5: Chlorophyll a concentrations (ug/l) in the growing season per basin. The dashed line indicates
the enactment of the WFD. Please note that the y-axes differ per basin. The Chl-a values displayed here
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may differ from officially reported WFD values as we prioritized the comparability among different
Demonstration Sites (see methods)

The phytoplankton nEQR of most Demonstration Sites appears to have been improved since the
beginning of monitoring (Figure 6). In Lake Vesijarvi basin 1, the phytoplankton nEQR has mainly
indicated good to moderate ecological status since the sewage diversion and the onset of
biomanipulation in 1989. Although the sewage diversion in 1976 reduced the Total P concentration in
Vesijarvi 1 epilimnion by circa 40%, the cyanobacterial blooms were still frequent in the early 1980s
(Salonen et al. 2023). Consistent biomanipulation since 1989 has further reduced the Total P and
improved the structure of the food web, consequently reducing the prevalence of harmful algal blooms
(Horppila et al. 1998; Salonen et al. 2020; Salonen et al. 2023). In most Kartuzy Lakes and Loch Leven,
the phytoplankton nEQR has substantially improved after the reduction of external and internal loading.
Also in Lake Marken, the phytoplankton nEQR has improved since the active restoration measures have
taken place while in Lake lJssel the nEQR has remained on levels indicating poor to moderate ecological
status. With the increment of Lake Karla’s Chl a concentration after the lake’s reconstruction (Figure 5),
the phytoplankton nEQR has also gotten worse over the years (Figure 6). At Lake Vansjg, where no clear
trend in nutrient concentrations can be observed over the years (Figure 3, Figure 4), the phytoplankton
nEQR seems to have declined during the 2000s.
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Figure 6: Phytoplankton nEQR scores of FutureLakes Demonstration Sites.
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3.2.2 Biodiversity

In this section, we report on the impact of the restoration programmes of the Demonstration Sites on
biodiversity goals as set out in European policies. Table 4 summarises the area of protection under the
two directives and the specific habitat or species features that they were designated for. Five of the six
sites are particularly important for wetland bird populations, with 4 of these designated as Natura 2000
sites under the Birds Directive. Lake Vansjg is not designated as Norway has not implemented the
Habitats and Birds Directives. Of the 4 sites designated, 100% of the lake area is protected for 3 sites,
whereas only 6% is protected for Lake Vesijarvi (Table 4). Only parts of the Lake lJssel complex and Lake
Vesijarvi were designated for their lake habitat types (aquatic plant communities) under the Habitats
Directive: with “naturally eutrophic” and high alkalinity “Hard oligo-mesotrophic” lake types notified
features. Loch Leven and Lake Vansj@ are not designated under the Habitats Directive but these two
sites also have diverse and species rich communities of aquatic plants, characteristic of these HD high
alkalinity lake types, and also include nationally red-listed plant species. The Lake lJssel complex, Lake
Karla and Lake Vansjg are also recognised for their fish communities. The Lake lJssel complex is also
designated for a HD priority bat species that is dependent on open surface waters for feeding on flying
insects.

Table 4: The level of protection as set by European biodiversity directives: the Bird Directive (BD) and
the Habitat Directive (HD).

Demonstration Basin BD area HD area Reasons for designation
Site Special Special Areas
Protection of

Area (ha) Conservation
(ha)

Lake Vesijarvi Lake Kutajarvi 639 152 30 bird species, 2 plants and
and five bays at L. (6% of L. 1 invertebrate. 3 habitat
Vesijarvi Vesijarvi) types (1 lake type, 2
(Kirkonselka, wetland types). Ramsar site.
Laasonpohja,

Lahdenpohja,

Teravaiset and

Kailanpohja)

Kartuzy Lakes Not
designated
as a Natura
2000 site
Lake lssel Lake Marken 68463 1109 For two lake habitat types, 2
Complex (100% of the fish sp.eC|es, 1 batand 2
breeding and 18 non-
lake) . . .
breeding birds species.
Lake lssel 113341 2441 For six habitat types, 1 bat,
(100% of 1:I;h, 1dr.odent:jl?,§lant and
the lake) reeding an non-

breeding bird species,
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including Vulnerable and
Endangered species.

Lake Karla Lake Karla 12,669 ha Designated for 32 wetland
(100% of the bird species including the
lake) endangered Dalmatian

Pelican and also 4 IUCN red-
list fish species that may be
dependent on water levels
in streams and wetlands
around Lake Karla

Loch Leven Loch Leven 1330 1330 A SPA (pre-Brexit) and
(100% of the RAMSAR site designated for
lake) 9 wintering waterbird

species. Also recognised
nationally for its species-rich
wetland and aquatic plant
communities and rare
shoreline beetles.

Lake Vansjg Vestre Vansjg National nature reserve. Not Norway does not implement

nature reserve designated as a Natura 2000 that Habitats or Birds
site Directive. Nationally it is

important for its species-
rich fish (21 species) and
bird communities with 58
bird species and 6 aquatic
plant species red-listed for
Norway.

Moskjeera nature  National nature reserve. Not
reserve designated as a Natura 2000
site

Results on the condition of species and habitats of conservation interest are summarized in Table 5.
Despite their high conservation status as protected areas for birds and other species and habitats,
regular monitoring and recent condition assessments were very limited for most sites, with little
opportunity for any assessment of trends in biodiversity status in response to restoration
programmes.

Despite this lack of quantitative evidence on the impacts of restoration measures on biodiversity,
several sites document a deterioration in biodiversity, including loss of characteristic species, during the
periods in each lake when there was the most severe pollution and improvements in biodiversity that
coincide with improvements in water quality delivered by the restoration programmes. These
qualitative trends in biodiversity are reported for each site below.

The condition of habitats (3150) and macrophyte species within the Natura 2000 areas of Lake Vesijarvi,
based on the latest assessment in 2023, are unfavourable: declining. The condition of both is weakened
by helophyte overgrowth, eutrophication and human activities. Lake Vesijarvi is among Finland’s most
valuable lakes for diverse aquatic flora, hosting endangered species such as watermilfoil (Myriophyllum
sibiricum) as well as brackish water relics from its Baltic Sea past. Eutrophication in the mid-20th century
altered macrophyte communities, favouring competitive species like hornwort (Ceratophyllum
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demersum) and common reed (Phragmites australis), while sensitive species such as the slender naiad
(Najas flexilis) declined due to habitat loss from shoreline construction and small-scale dredging
activities. Restoration efforts in the 1990s improved water clarity, shifting dominance toward oligo-
mesotrophic species, though eutrophication-tolerant plants persisted and N. flexilis has not been
observed. Today, the lake supports 81 recorded species, including invasive Canadian pondweed (Elodea
canadensis), and recent surveys indicate good ecological status despite ongoing pressures from human
activity. The condition of dragonflies listed in the HD Annex IV(a), in turn, is favourable: stable. Recent
dragonfly surveys in Lake Vesijarvi’s Natura 2000 bay areas have recorded 19 species, including lilypad
whiteface and large white-faced darter (Leucorrhinia caudalis and L. pectoralis). These species thrive in
fertile bays with submerged vegetation and have favourable conservation status in Finland, despite
declines elsewhere in Europe. They likely benefit from improved water quality of Lake Vesijarvi, as both
prefer eutrophic but not hypertrophic conditions. Additionally, the moor frog (Rana arvalis) is
widespread in Finland and reproduces successfully in Lake Vesijarvi, particularly in Lahdenpohja bay
where hundreds of individuals have been observed. The Natura 2000 areas within Lake Vesijarvi area
are among the most important inland resting sites for wetland birds during aviation. However, especially
the breeding waterfowl population of Lake Vesijarvi has declined remarkably since the 1970s, following
eutrophication and decline of submerged vegetation, reduced shoreline grazing, invasive alien
predators, hunting and increased recreational boating. While eutrophication in the 1970s supported
abundant piscivorous bird species (e.g. Podiceps cristatus), improvements in water quality and habitat
changes in the 1990s reduced the reed beds and weakened the breeding success of species like great
crested grebe, coot (Fulica atra), and black-headed gull (Chroicocephalus ridibundus). More tolerant
species have since become dominant, reflecting a broader national trend driven by land-use changes,
invasive predators, and shifting gull colony sizes. Today, endangered species have largely disappeared
from Natura 2000 areas, with black-headed gull numbers drastically reduced, though some large
colonies persist on artificial islands outside Natura 2000 areas. However, Branta leucopsis has
remarkably increased in the Lake Vesijarvi area during aviation, consistent with the national trend.

Before restoration, the Kartuzy Lakes were in poor condition, with sparse or absent submerged
vegetation communities and massive phytoplankton blooms. After completing restoration, submerged
macrophytes have been observed (Chara sp.). The fish community was dominated by cyprinid species,
typical of highly eutrophic waters, and included the invasive gibel carp (Carassius auratus gibelio).
Following biomanipulation, predatory fish were introduced (pike, zander, and asp) and excess cyprinids
were harvested. These measures reduced the proportion of gibel carp and increased the presence of
native predatory fish, especially in the shallow lakes Mielenko and Karczemne. In the deeper lakes,
however, the predator-to-cyprinid ratio remained largely unchanged, likely due to higher angling
pressure on predatory species. There are no available data on birds.

Lake lJssel complex. The latest reported conservation status of several (non-bird) species, that the lake
and adjacent areas are notified for, is highly unfavourable. For example, the pond bat population has
declined significantly across the Netherlands since the 1990s, but the population for the Natura 2000
site is reported to be in good condition. The bird populations with conservation designations also
experienced sharp declines since the 1980s, particularly benthivorous and piscivorous species. Despite
these declines, the area maintains internationally important populations of overwintering and moulting
waterbirds. The building of the nature islands Marker Wadden created an increase of available habitats
for several Natura 2000 species, such as common tern, avocet, ringed plover, little plover, Kentish
plover, black-headed gull, little tern and sand martin. Creating new habitat for these species will almost
certainly support recovery of these species and have positive impacts for EU Biodiversity and NRR policy
goals.

Before drainage, Lake Karla harboured the most important wetlands in Greece and served as a hot-spot
for biodiversity. After refilling and restoration measures, the new waterbody was given Protected Area
status as a Natura 2000 site under the Habitats and Birds Directives. Nowadays, in Lake Karla, there are
records of 201 and 16 bird and fish species, respectively. Among them, 50 bird species referred to in
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Article 4 of EU Directive 2009/147/EC and listed in Annex Il of Directive 92/43/EEC are all in good
conservation status (GR1430007). Furthermore, 4 fish species referred to in Article 4 of EU Directive
2009/147/EC and listed in Annex Il of Directive 92/43/EEC are present in the Lake Karla area
(GR1420004). The conservation status is good for one fish species and average or reduced for the other
three. In general, Lake Karla is of great importance for many breeding bird species in the area. According
to the Hellenic Ornithological Society, over 200 different species of birds have been documented. The
area is of particular importance for the endangered Dalmatian pelican (Pelecanus crispus). The first
guantitative surveys of key bird species were carried out in 2024. It is, therefore, difficult to establish
the precise quantitative effect of the numerous measures on (bird) biodiversity improvement due to a
lack of regular monitoring data.

Loch Leven is recognized for its over-wintering waterbird species, especially internationally important
populations of pink-footed geese and shoveler. It is also recognised nationally for its species-rich
wetland and aquatic plant communities and a rare shoreline beetle, Thanatophilus dispar, a specialist
feeder on dead fish or birds. Nationally, it is designated as a protected area as the largest naturally
eutrophic loch in lowland Scotland with exceptional aquatic plant diversity, including stonewort species
of conservation interest such as the rough and clustered stoneworts (Chara aspera, Tolypella nidifica
var. glomerata), and nationally scarce vascular plants such as mudwort (Limosella aquatica) and
slender-leaved pondweed (Potamogeton filiformis). Historical surveys dating back to 1905 reveal
significant fluctuations in species richness and macrophyte growing depth over decades, with a notable
decline from 16 taxa and growing depth of 4.5 m recorded in 1905 to only 7 taxa recorded in 1966
followed by a recovery in the late 1990s to mid-2010s to 13 species and growing depth over 4 m
recorded in 2008. During the period of recovery, algal blooms reduced and water transparency
increased. This enabled submerged macrophytes to re-establish themselves in deeper water (DS Annex
e; May & Carvalho, 2010) with one species (Potamageton praelongus) re-appearing after an absence of
almost 100 years (Dudley et. al., 2012). There is some evidence that the recovery in water quality has
benefited some of the priority bird species, especially two herbivores, Coot and Pochard, reliant on
macrophyte beds and two divers, Great Crested Grebe and Tufted duck which over-winter and are
thought to have benefitted from longer ice-free conditions (Carss et al., 20212). All four species show
stable or increasing population trends compared with declines nationally (Carss et al., 2012). In addition,
pollution intolerant benthic invertebrate species also became more abundant along a similar timeline
(Gunn et al., 2012). Latest surveys confirmed that Loch Leven maintains a favourable conservation
status under the EU Habitats Directive.

Lake Vansjg is one of the most species-rich lakes in Norway when it comes to fish, with 21 identified
species, of which 11 are native. Lake Vansjg is one of the few locations in Norway where
Pikeperch/Zander (Sander lucioperca) is native. According to the Norwegian Biodiversity Information
Centre (Artsdatabanken) and their database Artsobservasjoner.no, where volunteers can register
observations, several species on the Norwegian red list were found in and around Lake Vansjg from
2000 to 2025. Moor frog (Rana arvalis) and European crayfish (Astacus astacus) are also registered.
Several invasive species are also registered in and around Lake Vansjg, mainly terrestrial, e.g. the
predatory mammal, mink (Neovison vison). Due to strict regulations on activities in the nature reserves,
such as Vestre Vansjg and Moskjzera, scientists have not been able to enter the protected areas in order
to make any evaluation of the breeding success for nesting birds, and the current productivity in the
nature reserves are, therefore, more or less unknown. Some recent monitoring using drones has,
however, indicated that Moskjaera is less attractive to birds than expected, with very few breeding pairs
of some previously abundant species. Numerous professional and non-professional volunteers have
frequently recorded bird life in and around Lake Vansjg, and these observations are available from the
Norwegian Biodiversity Information Centre (Artsobservasjoner.no). A total of 206 species were
recorded between 2000 and 2025, of which 58 are red listed according to the Norwegian red list for
birds (Stokke et al. 2021) and three are regarded as invasive species.
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Table 5. Summary of present status of bird and non-bird species and an expert judgement on the impact
of restoration on the biodiversity of the six Demonstration Sites.

Demonstration
Site

Lake Vesijarvi

Kartuzy Lakes

Issel

Lake
complex

Lake Karla

Loch Leven

Funded by

Non-bird species

Favourable conditions
for dragon flies and
moor frog. Hosting
endangered littoral
vegetation,
unfavourable condition
for flora

Recently new spots of
submerged
macrophytes and
improvement of native
fish species

Three of the five
designated species have
a highly unfavourable
status for the
Netherlands, including
the Bullhead fish and
the pond bat. The
spined loach fish is
stable.

No regular monitoring
data available on non-
bird species. Presence
of 16 fish species.

Diverse macrophyte
community that
declined in richness in
the most eutrophic
period (1960s to 1990s)
and an improving trend
in richness, area
coverage and maximum
growing depth post-
2000

the European Union

Birds

The waterfowl
population has declined
significantly since the
1970s.

No data available.

Bird populations with
conservation objectives
have experienced sharp
declines since the
1980s. Despite these
declines, the area
remains internationally
important for
overwintering and
moulting waterbirds

Records of circa 200
bird species. The lake is
a base for some
endangered species like
Dalmatian pelican
(Pelecanus crispus).

The last published
assessment from 2009
indicated all 9
designated bird species
were maintaining
favourable condition.

Impact of restoration on biodiversity

Reduction of eutrophication has
increased the water clarity with
subsequent implications for the
littoral vegetation. However,
piscivorous waterfowl have declined
due to removal of planktivorous fish.

Reduction of algal blooms has led to
positive effects on submerged
vegetation and biomanipulation has
been positive for native fish species in
the shallower lakes

Building the nature island created
increased bird habitat. A number of
bird species are using this new habitat
and are contributing to improved
Natura 2000 status and BD and NRR
goals.

The condition of the non-bird species
is for the Netherlands as a whole and
not for the Lake IJssel complex

Refilling the lake has revived the
location for bird and fish biodiversity
(including invasive fish species). 50
bird species under Directives
2009/147/EC and 92/43/EEC and are
all in good conservation status. 4 fish
species under Directives
2009/147/EC and 93/43/EEC, 1 in
good conservation status and 3 in
average or reduced. In parallel, there
are also records of otter (Lutra lutra).

Improvement in water quality and
clarity appear to have contributed to
improvement in the richness and
abundance of aquatic plants.
Improving trends in 5 bird species
and pollution intolerant benthic
invertebrate species are also
reported along similar timescales to
the trends in improving water quality
and macrophyte habitats.
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Lake Vansjo Favourable  condition 206 bird species were The impact of restoration measures
has been reported for recorded between 2000 on biodiversity is largely unknown.
several species like moor and 2025, of which 58 The bird species diversity appears to
frog and cray fish are red listed according be maintained including breeding

to the Norwegian red pairs of fish-eating ospreys.

list. In Moskjeera drone

observations did not

indicate nesting birds.

3.2.3 Zero pollution; priority substances

The results for zero pollution are discussed under three categories: heavy metals, microplastics and
PFOS.

Heavy Metals

No data were presented on heavy metals in five Demonstration Sites (DS-Annexes a to e). Lake Vansjg
is the exception, where in the Vanemfjorden part, in 1999, Hg concentrations in pike muscle tissue were
analyzed and its content was determined to be 730 pg/kg wet weight. In 2000, Hg was quantified in
the muscle tissue of zander — 220 pg/kg wet weight and perch — 440 pg/kg wet weight. Mercury content
studies in the perch population in Storefjorden were performed in 2014 - 2016. In the liver of these fish,
mercury concentrations ranged from 317.0 to 598.4 pg/kg wet weight. Environmental Quality Standards
(EQS) indicate the permissible level of mercury in organisms at 20 pug/kg wet weight. Thus, the results
from Lake Vansjo are considered very high, exceeding the permissible standards many times.

Microplastics

Data on the presence of microplastics in FutureLakes Demonstration Sites is scarce. In Lake Vesijarvi,
bottom sediments were examined for microplastic content in areas adjacent to urban areas. 400 MPs/kg
were recorded (Scopetani et al. 2019). Snow (120 MPs/| of snow) and ice (8 MPs/I of ice) were also
examined. Microplastics consisted of synthetic fibers, which constituted >99% and fragments <1%. No
foils, granules, or pellets were detected. It was assumed that the main source of microplastics was fibers
released from clothing during recreational use of the lake. Microplastic content is likely lower in lake
bays, where the edges are less urbanized. MPs have also been detected in zooplankton samples taken
from Enonselka Bay but their volume has not been assessed.

There are no precise data on microplastics in the Lake lJssel complex, but Margaret Schoor (advisor for
Ecology and Water Quality at Rijkswaterstaat) estimates that between 60 and 70 million pieces of plastic
entered Lake lJssel via the lJssel River in 2023.

In Lake Vansjg@, water was analyzed for microplastics both before and after treatment. Tests revealed
the presence of 2-3 particles per liter of water, which was considered low and did not constitute a
restriction on the use of water from the lake for water supply purposes.

Microplastic data was not available for the other lakes. It is a relatively new kind of assessment and is
not standard in typical lake monitoring in EU countries. Microplastics assessment could be included in
future water monitoring strategies.

PFOS

In the case of Lake Vesijarvi, it is not possible to assess the trend in PFAS occurrence, as only one PFAS
analysis result is available, from the lake's catchment area. PFAS levels of 3070 ng/g (of 2150 ng/g PFOS)
were recorded in the muscle of perch from Kajaanselka Bay, resulting in Lake Vesijarvi being designated
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as an area with high PFAS contamination. The suspected sources of contamination are two sewage
treatment plants, two pulp mills, and a waste incinerator in the catchment area.

The chemical condition of Lake Vansjg's Storefjorden Bay has been deemed poor due to PFOS
contamination. The persistent chemicals mainly originate from fire extinguishers used at the Rygge
Military Airport, which adjoins the lake. While the use of fire extinguishers has been discontinued, PFOS
will remain in the lake for many years to come. Bottom sediment was collected from Storefjorden Bay
(eastern part of Lake Vansjg) in 2006. Analysis showed that they contained an average PFOS
concentration of 1.9 ug/kg d.w., which is above the AA-EQS (average annual threshold) and below the
MAC-EQS (maximum annual concentration). Simultaneously, muscle tissues of roach, pike, and perch
were analyzed, and concentrations of 7.5, 24.8, and 57.2 ug/kg d.w., respectively, were recorded. The
latter two values are above the EQS standards for organisms, although the liver is the matrix preferred
by PFOS. In the Storefjorden section of Lake Vansjg, PFOS concentrations averaged 173 pg/kg dw in
2014 and 346.2 pg/kg dw in 2015, exceeding the EQS for organisms at 9.1 pug/kg dw. The final site for
PFOS testing in Lake Vansjg was the narrow bay between Storefjorden and Vanemfjorden, where
persistent chemicals were analyzed in bottom sediments and pike muscle tissue. The bottom sediments
contained PFOS at levels of 1.15 pg/kg dw. i.e., above AA-EQS (0.23 pg/kg d.w.), but below MAC-EQS
(72 pg/kg d.w.). Recent evaluations (2020-2021) of pike, perch and pikeperch tissue samples showed
values of 9.1 pg/kg d.w., which was also above the EQS thresholds.

3.2.4 Zero pollution; nutrient loading

The average P load from the atmosphere into water in Europe was assessed as 0.29 kg P/ha/year (Pan
et al. 2021). As demonstrated in Figure 7, the risk of exceeding N atmospheric deposition is higher in
areas of intensive agriculture. In some areas of Europe, N atmospheric deposition is enough to support
high primary production in surface waters separately to other sources.

|
Risk of eutrophication measured ‘
as exceedance of critical loads of ‘
nitrogen deposition in Europe, in |
2023
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Figure 7: Map of eutrophication risk of European waterbodies due to nitrogen (N) atmospheric
deposition measured as exceedance of critical loads in 2023. Source: EEA (2025).
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Figure 8: Eutrophication caused by atmospheric nitrogen deposition in Europe. Adapted from EEA (2025).

In the case of Lake Vesijarvi, the reduction of external loading was assessed (since 1991) from 2752.2
mg N/m?/year to 2277.6 mg N/m?/year for nitrogen compounds. Estimated external phosphorus loads
were also lower (from 137 mg P/m2/year in 1991 to 120.9 mg P/m?/year now) (Figure 9, Figure 10 and
Table 6). For both nutrients, external loading falls below Vollenweider’s critical loads level. Therefore,
Lake Vesijarvi seems to have the highest resistance level against diffuse pollution amongst all six
Demonstration Sites, whilst also having a low proportion of agricultural land in the catchment area.
Nitrogen deposition from the atmosphere in Finland is the lowest among all Demonstration Site
countries. It should be noted that an operational, national-scale nutrient load model WSFS-Vemala
(Huttunen et al. 2016) suggests orders of magnitude higher annual loads of P (223 mg P/m?/a) and N
(4582 mg N/m?/a) to Lake Vesijarvi, respectively. Furthermore, a national Lake Load Response model
(Kotaméki et al. 2015) suggests lower critical loading levels (130 mg P/m?/a and 2595 mg N/m?/a,
respectively) compared to Vollenweider’s estimates (Figure 9, Figure 10, Table 6). This national model
indicates that the critical loads to Lake Vesijérvi are exceeded and reductions of ca. 93 mg P/m?/a and
1988 mg N/m?/a would still be required to manage external loading within tolerable boundaries.

The present total P loading is below critical load for three Kartuzy Lakes (Mielenko, Klasztorne Mate
Lake and Klasztorne Duze Lake). For the Lake Karczemne, Vollenweider’s critical loads are currently
exceeded (Figure 9, Figure 10 and Table 6). The restoration measures which were applied in the Kartuzy
Lakes catchment (sewage cut-off, sewerage system modernization) were able to successfully decrease
the external nutrient loadings.

The assessed nitrogen loading to Lake lJssel (via lssel River) decreased from almost 43000 mg
N/m?/year (in the 1970’s) to 6000 mg N/m?/year (present values), and from 4171 mg P/m?/year to 225.3
mg P/m? year (archive data for 1970’s from Frenken et al. 2023). The current loading for the Lake lJssel
complex is shown in Figure 9, Figure 10 and Table 6. The external loads of nutrients decreased amongst
others due to wastewater treatment developments and catchment measures (DS-Annex c).

In the case of Loch Leven, a substantial decrease in the external nutrient loadings for N and P was
observed. Although present N loadings still exceed Vollenweider’s critical level (Figure 9, Figure 10 and
Table 6).

Historical nutrient loadings were not available for Lakes Karla and Vansjg, although it is possible that
the external nutrient inputs were higher in the past as this was noted for other Demonstration Sites.
The development of wastewater treatment infrastructure was made in every Demonstration Site
catchment in the past, as described in the DS-Annexes a-f. Also, for example, EEA reported, that the
atmospheric N deposition was lower in the Demonstration Sites countries, as shown in Figure 8. Hence,
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we can assume some nutrient loading reduction to the Lakes Karla and Vansj@. The assessed current
loadings for these sites are higher than the critical N and P levels, indicating that the protective measures
in the catchment of both lakes may be insufficient. In the catchment of both lakes, sewage treatment
plants were constructed (DS-Annexes d and f) and wastewater management is developing.
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Figure 9: Assessed current phosphorus loading to Demonstration Sites from land and atmospheric
sources compared to Vollenweider’s permissible and critical P loads based on Vollenweider model (1976)
(present loads as the sum of loads from land and atmospheric sources, with exception of Kartuzy Lakes,
where all present loads were assessed; no historical data about loads were available for Vansjg & Karla)
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Figure 10: Assessed present nitrogen loading to Demonstration Sites from land and atmospheric sources
in comparison to Vollenweider’s permissible and critical P loads, based on Vollenweider model (1968)
(no historical data about loads were available for Vansjg and Karla)
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Table 6. Estimated external nutrients loading reduction after implementing protective measures in the
catchment of Demonstration Sites.

External loading

reduction since
. Present Vollenweider's
beginning of

Demonstration Site ) critical load exceeding
restoration

measures

TotalP TotalN Total P TotalN

Lake Vesijrvi I

Kartuzy Lakes Karczemne
Klasztorne Mate

Klasztorne Duze

Mielenko J
Lake lJssel complex

Lake Karla I

Loch Leven
Lake Vansjg

Legend above 75% - no excess
50%-75% up to 100% excess
25%-50% 100-200% excess
0-25% 200-300% excess
no historical data 300-400% excess

400-500% excess

3.3 Climate outcomes

3.3.1 Climate regulation

The overall methane (CH,) emission from Lake Vesijarvi, estimated for 1974-2025 using the Bayesian
modelling approach, was found to be 0.690 Gg CH4-C/year (27,498 t CO,-eq/year). In contrast, when
IPCC guidance was used to calculate this value, the CH4 emission was estimated to be 15,914 t CO,-
eq/year — 42% lower than that derived using the Bayesian method. Error! Reference source not
found. shows the temporal variation and levels of uncertainty within the dataset that underpin these
calculations. The ‘before’ and ‘after’ restoration comparison for this Demonstration Site is shown in
Table 7.
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Figure 11: Combined ebullitive and diffusive methane (CH4-C) emissions from the two main basins of
Lake Vesijdrvi, predicted from average summer chlorophyll a concentrations (June - September) using
the Bayesian model. 95 % credible intervals (a Bayesian measure of uncertainty) are indicated in blue
shading.

The overall CH; emissions from the Kartuzy Lakes, estimated for 2019-2025 using the Bayesian
modelling approach, were found to be 0.48 Gg CHs-C/year (1,912 t CO,-eq/year). In contrast, when
IPCC guidance was used to calculate this value, the CH4 emissions were estimated to be 174 t CO,-eq
per year. This value is 91% lower than that derived using the Bayesian method. Figure 12 shows the
temporal variation and levels of uncertainty within the dataset that underpin these calculations. The
‘before’ and ‘after’ restoration comparison across all Demonstration Sites is shown in Table 7.
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Figure 12: Changes in combined (ebullitive and diffusive) methane (CH,-C) emissions for Lakes
Karczemne, Klasztorne Duze and Klasztorne Male (Kartuzy Lakes), calculated from their annual average
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chlorophyll a concentrations using the Bayesian model. 95 % credible intervals (a Bayesian measure of
uncertainty) are indicated in blue shading.

The CH4 emission from the Lake lJssel complex, estimated for 2005-2023 using the Bayesian modelling
approach, was found to be 87.2 Gg CH;-C/year (3,472,853 t CO,-eq/year). This contrasts markedly with
that calculated using the IPCC guidance value, i.e. 263,661 t CO,-eq/year — a value that is 92% lower
than that derived using the Bayesian method. Figure 13 shows the temporal variation and levels of
uncertainty within the data that underpin these calculations. The ‘before’ and ‘after’ restoration
comparisons for this Demonstration Site are shown in Table 7.
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Figure 13: Changes in the combined (ebullitive and diffusive) methane (CH4-C) emission estimates for
Lakes lissel and Marken within the Lake lJssel complex calculated from their annual average chlorophyll
a concentrations using a Bayesian model. 95 % credible intervals (a Bayesian measure of uncertainty)
are indicated in blue shading.

The overall CH; emission from Lake Karla, estimated for 2013-2023 using the Bayesian modelling
approach, was found to be 3.206 Gg CH4-C/year (127,739 t CO-eqg/year). In contrast, when IPCC
guidance was used to calculate this value, the CH4 emission were estimated to be 5,099,050 t CO,-
eq/year which as 3892% higher than that derived using the Bayesian method. Figure 14 shows the
temporal variation and levels of uncertainty within the dataset that underpin these calculations. The
‘before’ and ‘after’ restoration comparison for this Demonstration Site is shown in Table 7.
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Figure 14: Combined ebullitive and diffusive methane (CH4-C) emissions for Lake Karla based on average
annual growing season (May - September) chlorophyll a concentrations, estimated using the Bayesian
model. 95 % credible intervals (a Bayesian measure of uncertainty) are indicated in blue shading.
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The overall methane (CH4) emission from Loch Leven, estimated for 1968-2024 using the Bayesian
modelling approach, was estimated to be 0.676 Gg CH;-C/year (26,932 t CO,-eq/year). In contrast,
when IPCC guidance was used to calculate this value, the CH4 emissions were estimated to be

1,942 t COr-eqg/year a value that is 9% lower than that derived using the Bayesian method. Figure 15
shows the temporal variation and levels of uncertainty within the dataset that underpins these

calculations. The ‘before’ and ‘after’ restoration comparison for this Demonstration Site is shown in
Table 7.
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Figure 15: Combined ebullitive and diffusive methane (CH4-C) emissions from Loch Leven based on
average annual chlorophyll a concentrations, estimated using the Bayesian model. 95 % credible
intervals (a Bayesian measure of uncertainty) are indicated in blue shading.

The overall CH; emission from Lake Vansjg, estimated for 1979-2024 using the Bayesian modelling
approach, was found to be 0.305 Gg CH4-C/year (12,160 t CO,-eq/year). The equivalent value estimated
using when following the IPCC guidance was 5,227 t CO,-eq/year, which was 57% lower than that
predicted using the Bayesian method. Figure 16 shows the temporal variation and levels of uncertainty
within the dataset that underpin these calculations. The ‘before’ and ‘after’ restoration comparison for
this Demonstration Site is shown in Table 7.
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Figure 16: Combined ebullitive and diffusive methane (CH,-C) emissions from the two main basins of
Lake Vansjg, predicted from average summer chlorophyll a concentrations (June - September) using the
Bayesian model. 95 % credible intervals (a Bayesian measure of uncertainty) are indicated in blue
shading.
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Table 7: Estimated changes in annual CH4-C emissions, estimated using the Bayesian model, before and
after restoration at the Demonstration Sites. ‘Before’ data are the earliest available records for each
lake; ‘after’ data are the most recent available records — 10 years where possible.

Demonstration Site Before/after Data used Estimated Estimated change
restoration emission in emission (%)
(Gg CH4-C/y)

Lake Vesijarvi Before 1979-1988 +50%
_ After 2016-2025 0.556
Kartuzy Lakes Before 2019 0.063 +46%
_ After 2023-2025 0.034
Lake lJssel complex Before 2005-2016 97.923 +47%
Lake Karla Before Lake bed dry 0 No data
_ After 2013-2023 3.206
Loch Leven Before 1968-1984 0.871 +57%
_ After 2005-2024 0.489
Lake Vansjg Before 1979-1988 0.257 -10%
_ After 2015-2024 0.283

This represents an estimated overall decrease of 44.1 Gg CH4-C/y across the Demonstration Lakes due
to the restoration measures implemented.

Comparison of methods

The estimated annual average emissions of CH, from the study lakes is shown in Table 8. In general, the
Bayesian method estimated emission values for each lake that were 10-14 times higher than those
estimated using the IPCC method. This suggests that the IPCC method currently being used may be
underestimating the level of contribution to global warming driven by these emissions.

Table 8: Estimated CH4 emissions from the study lakes calculated using two different methods, Bayesian
and IPCC

Demonstration Site Surface area Bayesian estimate  IPCC estimate Ratio of
(ha) (t CO2-eq/y) (t CO2-eq/y) Bayesian cf.

IPCC estimates
Lake Vesijarvi 10,700

27,498 15,914 1.73

119.4 1,912 174 10.97
180,590 3,472,853 263,661 13.17
3,492,500 127,739 5,099,050 0.03
13,300 26,932 1,942 13.87
3,580 12,160 5,227 2.33
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The combined CH;-C emissions from all of the Demonstration Sites, calculated over a standardised area
of one square metre, are compared in Figure 17. The total emissions estimated from each lake varied
among the Demonstrations Sites with higher emissions being predicted from the larger lakes. However,
Figure 17 shows that the emissions per unit area also differed among these lakes with some (e.g. Lake
Vesijarvi and Lake Vansjg) having values of less than 0.05 kg CH4-C/m2/y while the estimated emissions
from Loch Leven were consistently higher (up to 0.1 kg CHs-C/m?/y).

The combined CH, emissions per unit area of lake surface are compared for all of the Demonstration
Sites in Error! Reference source not found.. The data show that CH;-C emissions per unit area differ
enormously from lake to lake, strongly suggesting that the one one-size-fits-all approach based on lake
area proposed in the IPCC guidance is an oversimplification of reality that leads to CH4 emissions from
lakes being incorrectly estimated.

There are very few measured CH,; emissions data for the Demonstration Sites. However, some do exist
for Lake Vesijarvi and Loch Leven. These are 2,090 t CO,-eq/y (Lopez Bellido et al., 2011) and 4,013 CO,-
eq/y (unpublished data, 2022-2024), respectively — values that differ, again, from the values predicted
by the Bayesian and IPCC models (Error! Reference source not found.). This also suggests that more
work is needed to validate these models before they can be used confidently in large scale greenhouse
gas assessments.
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Figure 17: Combined emissions of CHs-C per unit area (kg m?vy?!) across all Demonstration Sites,
estimated using the Bayesian method.
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3.3.2 Climate resilience

Lakes provide ecosystem services that increase the resilience of their catchments to climate change. We
have focused on ecosystem services related to drought and flood resilience.

No changes in Lake Vesijarvi area have occurred over recent decades that would affect the lake’s water
storage capacity. The lake has been regulated by a dam on its outflow since 1925 keeping the water
level at 81.06 — 81.35 m above sea level, so there has been no change in the lake volume for a century.
Moreover, the in-lake restoration efforts of Lake Vesijarvi have not affected the lake’s water storage or
retention capacity. However, the external water protection solutions such as constructed wetlands,
restoration of streams and a stormwater management programme in the City of Lahti contribute to
flood and drought mitigation by reducing the volume of waters discharging to the lake.

The Kartuzy Lakes water supply system is an open-circuit ring system, with water being distributed to
approximately 32,000 residents via 37 wells and 13 water treatment plants. In the Kartuzy area, surface
water is not used for water supply and groundwater resources are not under threat from climate
change.

The Lake lJssel complex provides water supply for citizens, crops and livestock, space for wildlife,
recreation and transportation. The water levels of the lake complex are constantly monitored and
adjusted to maintain water supply services. Under drought conditions, water allocation is prioritised to
deliver water to the most vital elements of Dutch society. In contrast, when there is a possibility of
flooding, water is pumped out of the lake to reduce the risk. Programmes are in place to ensure water
security under different climate change scenarios.

The Lake Karla area follows the National Strategy on Climate Adaptation plan that was introduced in
March 2025. NbS (wetland re-establishment, riparian restoration, reedbeds, buffer strips) were
combined with targeted engineering (embankments, controlled storage) to manage floods and
droughts while delivering ecosystem services. However, since 2023, there have been calls for systemic
change: strengthening flood defences, re-thinking floodplain use, moving dykes, restoring river
connectivity, restricting new construction on floodplains, and reconsidering water-hungry cropping (e.g.
cotton) to increase resilience to climate change.

At Loch Leven, the water level was reduced by 1.4m when sluice gates were installed on the outflow in
1850. The outflow was also straightened to increase the rate of flow. Although these engineering works
were put in place to supply a reliable source of water for industrial use downstream, these industries
no longer exist and the sluice gates are now managed to maintain pre-agreed water levels within the
loch, providing climate change resilience.

Flooding is a frequent occurrence around Lake Vansjg and its catchment. It has been documented that
the implemented nutrient mitigation measures would have been even more effective if the year 2000
flood had been prevented. To increase climate resilience, the outlet capacity of the lake should be
increased, e.g. by building a flood tunnel, at estimated cost of appr. M€ 8.8. It has also been suggested
that rivers within the catchment need to be made more resilient to erosion and flooding, at an estimated
cost of appr. M€ 9.

Overall, climate change resilience was demonstrated at all Demonstration Sites through monitoring and
strategic water management. Nature-based solutions (wetland restoration, river connectivity,
floodplain use, buffer strips, etc.) have been combined with targeted engineering works (embankments,
controlled storage) to reduce the impacts of droughts and floods while continuing to deliver ecosystem
services.
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3.4 Societal outcomes

Lake restoration projects consistently deliver benefits beyond ecological recovery, significantly
enhancing cultural/recreational ecosystem services, and bolstering community well-being. The
synthesis of social outcomes and recreational benefits across the six Demonstration Sites confirms that
the extent of societal and recreational benefits is strongly linked to water quality improvements,
supportive infrastructure and inclusivity in management. Which of these three had greatest impact on
tourism is very hard to disentangle. It is likely that infrastructure — providing accessibility — had a greater
impact on tourism levels than water quality improvements.

The restoration trajectories across the six Demonstration Sites expectedly reveal some differences
depending on the targets of restoration programmes. In Lake Karla and Lake lJssel complex, the main
restoration effects target mostly habitat restoration and biodiversity conservation on these complex
ecosystems. On the other hand, in Lake Vesijarvi, Lake Vansjg, Loch Leven, and Kartuzy Lakes, the
primary driver of restoration is focused on water remediation, the improvement of water quality and
the development of infrastructure to support direct human uses, such as drinking water supply, safe
bathing waters and intensive recreational activities.

3.4.1 Health and well-being

Across the Demonstration Sites, restoration has significantly influenced how local communities use and
experience their lakes. In Lake Vesijarvi, the initial recovery was driven by sewage diversion and
improved sanitation, after which biomanipulation and efforts to manage diffuse nutrient inputs became
the central restoration strategies. As water quality improved, recreational activities gradually returned
to the lake. Lake Vansjg is distinctive as a direct source of drinking water, supported by advanced
treatment technology and continuous monitoring. These measures not only safeguard water quality but
also enable extensive recreational use, including swimming and water sports.

A similar pattern occurred in the Kartuzy Lakes, where extensive sewage diversion and sanitation
upgrades formed the foundation of the restoration programme. The resulting improvements allowed
the reopening of public beaches and stimulated waterfront development. At Loch Leven, a suite of
wastewater treatment improvements played a key role in the lake’s recovery. These interventions have
led to safe water contact conditions for much of the time and supported year-round recreation,
although recent years, dense blooms of harmful cyanobacteria in some summers has restricted
recreational use involving direct water contact.

The Lake lJssel complex—an important drinking water source—already supports extensive recreational
use. However, the water quality at bathing sites can be challenged during heavy rainfall events that
wash bird droppings and other materials from the shoreline into the lake. In contrast, Lake Karla is
currently used primarily for agriculture. Here, restoration has strengthened nature connection,
improved wellbeing and enhanced water security for local farmers, although these gains remain
constrained by ongoing restrictions. Recreational use of the lake is still low and largely occasional.

Table 9 gives an overview of the six Demonstration Sites presenting their bathing water quality and
water related activities. The mentioned activities are not (environmental) measures aimed at lake
restoration. The activities are mostly facilitated by infrastructural measures providing access to the
lakes. The activities can be considered as societal outcomes of the environmental measures since people
will not perform recreational water-related activities when the water quality is extremely poor (algal
blooms, dying fish etc).
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Table 9. Overview of Demonstration Sites presenting Bathing water quality and recreational use.

Demonstration Site Bathing Water quality Water-related and other recreational
activities

Lake Vesijarvi Excellent/Good Year-round swimming, routes, winter skiing,

(elimination of bathing triathlons (approx. 10k athletes and staff),
bans) fishing, harbour, summer housing, boating,
birdwatching

Kartuzy Lakes Improved quality in the 5km promenade, summer activities SUP
last years but swimming  hiking paths, summer-oriented, water bike
is discouraged (public rentals, photography
beach expected to open
in 2026)

Lake lJssel complex Varies from excellent to Extensive sailing, long distance trails, 40+
not suitable for bathing spots, boating and fishing networks
swimming attracting nearly half a million sport fishers

occasionally. Widespread swimming,
angling, (kite) surfing and boating.

Lake Karla Not applicable since Occasional hiking biking photography and
swimming and water birdwatching

sports are prohibited

Loch Leven Good (supports safe All ability Heritage Trail, mobility scooter
water contact activities)  rental available, (kayaking, paddleboarding,
angling), bird hides
Lake Vansjg Good (high recreational Hiking paths, skiing, ice-skating, widespread
value, bathing bans due swimmingin some parts of the lake, angling,
to cyanobacterial blooms and boating. community-maintained paths
occur more rarely)

3.4.2 Inclusivity

Table 10 below ranks inclusivity in lake management by the ability of the Demo sites to foster inclusivity
in their lake governance. Governance arrangements span from very inclusive, multi-actor, multi-sectoral
approaches, also actively involving the public, to more centralised models. In general, participatory
water management, when combined with coherent national regulation, broad public awareness and
effective knowledge sharing, tends to deliver the most successful and resilient outcomes.

Table 10. Inclusivity in restored waterbody management from highly inclusive/bottom-up to
centralised/top-down control. The darker the shade, the stronger is the inclusivity in lake management.

Demonstration Site Inclusivity in lake management

Lake Vesijarvi

Kartuzy Lakes Mixed model/Local collaboration. Meaningful engagement among local
authorities, residents, NGOs, but institutional fragmentation remains a
barrier.
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Lake lJssel complex Numerous NGOs, but decision-making around nature conservation and/or
recreation can be challenging because lake is used as a strategic water
resource of freshwater for drinking and agriculture.

Lake Karla Centralised top-down control, limited stakeholder engagement, but local
engagement seems to be increasing.

Loch Leven Mixed model/conservation-led integrated management by organizations,
locals and public agencies within the National framework.

Lake Vansjg Strong multi-level collaboration through Morsa Water Board. Local
collaboration. Up to 75% of local farmers are in environmental contracts
around Vanemfjorden.

3.4.3 Recreation

Recreational effects seem to follow a gradient of three levels, with Demonstration Sites Lake Vesijarvi,
Loch Leven, Lake Vansjg and the Lake lJssel complex supporting the most diverse and intensive
recreation activities, Kartuzy Lakes representing the transformation towards emerging recreation
activities and Lake Karla remaining the most restricted system, where water-based activities are
prohibited and recreation is limited (Table 11). The main recreational activities and more specific
tourism characteristics, such as the type of available infrastructure, accessibility and the number of
visitors are presented below (Table 12).

Table 11. Recreational gradient across lakes.

Demonstration Recreational intensity Nature-oriented recreation Infrastructure to Seasonality

Site promote nature
recreation

High Moderate Low  Strong Growing Limited High  Developing Low All- Season- Irregular
season  focused
Lake Vesijarvi X X X X
Kartuzy Lakes X X X X
Lake lssel X X X X
complex
Lake Karla X X X X

: : : :
Lake Vansjg X X X X
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Table 12. Summary of recreation and available tourism metrics across lakes.

Demonstr
ation Site

Lake
Vesijarvi

Kartuzy
Lakes

Lake lss
complex

Recreational
Intensity

High/
Multidimension
al

Moderate/
Emerging
(Developping)

|8 High/
Multidimension
al

Funded by
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Main activities

Sports activities
(walking, hiking
etc.), triathlons,
recreational
fishing,
swimming,
skiing,
birdwatching

Waterfront use,
SUPs, cycling,
angling,
promenades,
hiking paths,
pedestrian
paths (5 km),
water bikes

Recreational
fishing, water
sports, boating,
sailing, angling,
cycling,
birdwatching,
swimming,
tourism,
canoeing, SUPs

Type of
infrastructure

Public beaches,
180 km of outdoor
routes and skiing
tracks, 30 km
nature trails, 4 bird
hides for
birdwatching,
passenger harbour,
summer, >1,300
cottages/holiday
apartments

5 km hiking/
pedestrian paths,
small-scale
architecture
elements (benches,
info boards etc.),
14 hotels and
apartments close
to the lakes,
restaurants,
cafeterias. City
beach opening
planned before
summer 2026.

130 marinas
(20,000 berths),
450 traditional ship
sails, 25 holiday
accommodations
(campsites,
bungalows, hotels,
guest houses),
(9,000 pitches),
restaurants, paths,
40 official bathing
locations,
waterfront
promenade for
cycling and

Accessibility

Lahti/Enonselka basin is
the center of many
recreational services,
available linkage between
waterways and marinas.

Paths safe for wheelchair
users, cyclists and
pedestrians. Supported by
public and rail transport
linkages.

Lake lJssel complex has
extensive navigation and
boating networks, there
are transport regulations.

Number of
visitors/

Type of
tourism/
Frequency or
Duration of visit
Annually 9,000
recreational
fishermen (75%
in wintertime),
10,000 athletes
and staff
attending the
triathlon events
(until 2023),
holiday
apartments
availability
encourage long
stays. Year-
round activities.
Increasing
demand,
growing short-
term rentals and
new
infrastructure
for staying.
Mostly summer
use, in transition
from limited use
to an actively
developed
waterfront.
Proximity of
Kartuzy to
Tricity (Gdansk,
Sopot and
Gdynia) is also
favourable for
recreational
uses. It is
recommended
by tourist
information
centers.

Nearly half a
million sport
fishers
occasionally.
Locals, visitors
from the
Netherlands and
international
ones. Available
infrastructure
for high visitor
numbers and
long stays,
multiple
recreational
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Low/
Limited

Lake Karla Birdwatching,
wildlife photo,
occasional eco-
tourism,
outdoors
activities/routes
(running,
cycling, horse-
riding)

Loch
Leven

High/
multi-
dimensional

Walking, hiking,
cycling, angling,
kayaking,
paddleboarding,
birdwatching,
cultural heritage
(heritage trails),
guided walks
and tours
(bumblebee
trail, bat walk,
boat tours,
heritage tours)
High/ Swimming,
Multidimension  angling,

al watersports,
winter activities
(ice-skating,
skiing), hunting,
fishing,
canoeing,
camping, hiking

Lake
Vansjg
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walking, beaches,
birdwatching
locations, small
and large
attractions, long-
distance walking
trail, long-distance
cycling route
around the lakes.
Dykes for hiking
and cycling.
Information center
and exhibitions
about local
biodiversity. Local
museums, 6
walking routes,
limited number of
cafeterias,
canteens,

restaurants (<5), 2-

3 accommodation
choices, in total 12
businesses provide
touristic and
recreational
services.

Heritage trail,
paths, wildlife
hides, trails, visitor
center
accommodation
available

Maps, routes,
cabins, summer
camps, beaches,
marinas, upgraded
hiking routes,
farmhouses/farms,
venues

FUTURELAKES

Limited infrastructure,
primary accessibility is
through occasional land-
based activities.

Heritage trail: accessible
route for walking, running
and cycling and use of
mobility scooters from all
age groups, YouTube live
streaming of red squirrel
feeding station. Boat tours
available. Low-emission
mobility opportunities

Upgraded lit paths,
appropriate for wheelchair
users and strollers. Several
venues close to the shore
offer accommodation.
Local transport available.

activities
support water-
based tourism.

Approximately
2,000 visitors in
lake area (2018),
1,000 visitors
(2018) in the
information
center and in
permanent
exhibitions
about local
biodiversity,
plus approx.
presentations in
300 students
from schools in
the regional
area. Schools,
families and
environmentally
aware people
(eco-tourism
tours). Mostly
daytrips, less
than 400
overnight stays
annually.
Approx. 300,000
visitors annually.
Year-round
activities, locals,
families with
children, dog
walkers, cultural
tourists etc.
Local
accommodation
available so trips
longer than daily
are possible.
Outdoor
activities,
culture, summer
camps for
children
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3.5 Economic outcomes

3.5.1 Costs of measures

The types of measures undertaken at the six Demonstration Sites are summarised in Table 13. Measures
were classified by landscape in which they were applied (agricultural, urban, lake shoreline, in-lake, or
other). The measures were also classified by the type of measure: NbS, CBS, BfS, Grey-infrastructure,
land management, blue economy, or other. NbS measures in agricultural landscapes were the most
common measures. Grey infrastructure measures in urban landscapes largely related to sewage
treatment upgrades and stormwater management and Biodiversity-focused measures in-lake or along
shorelines were also commonly implemented. Biomanipulation of fish communities was also a common
in-lake measure. This typically involved removal of zooplanktivorous and benthivorous fish to reduce
internal nutrient loading and re-structure the food web to increased macrophytes. Consequently, this
measure can, therefore, be considered an NbS and BfS measure and sometimes even a CBS measure if
the fish are sold for food/feed.

Table 13. Count of measures of different types at each Demonstration Site.

Demonstration | |,.q Nbs / | Blue
Site management CBS CBS Economy Total
13 10 6

29

EVCAESIENRY

Kartuzy Lakes 1 1 1 5 8

Lake lJssel

complex? 4 82 1 13

Lake Karla 3 2 1 5 11

Lake Vansjg 5 4 13

Y Shoreline and in-lake measures only.

2 Making the lakes a more fish friendly environment has been grouped into one NbS measure, however,
this measure consists of >20 fish passages and/or adjustments made to sluices.

A vast number of external measures at Demonstration Sites have been applied on either agricultural or
urban landscapes and have represented different kinds of land management practices, and
establishment of different water protection measures such as buffer strips, constructed wetlands and
stormwater management structures (Table 14). Wetlands and sandbars have been established along
the lake shorelines and transition zones. In-lake measures applied have included removal of different
forms of lake biomass and sediment as well as creation of islands and doses of chemical precipitates for
P inactivation.
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Table 14. Number of measures applied at Demonstration Sites classified under landscape and type of

measure.
Landscape Measure NbS CBS BfS NbS / Grey Land Blue Other
CBS management Economy

/ BfS

Vi1 |N Pond/wetland creation 10

N=24 Floodplain/Riparian 9

restoration (incl. buffer

strips)

Grass covered 1

waterways

Grass on flood-prone 1

areas

Catch crops

Environmental contracts
No tilling in autumn

N

Reduced use of fertilizers

Industrial waste 1
discharge stopped

Improved sewage 10

treatment

Combined sewer 4

overflows and

stormwater

management

Shoreline Natural foreshore 3

N=6 creation along dyke

Wetland 2
creation/restoration

(reed beds)

Sandbar & recreational 1
zone construction

Sandbar construction 1
Island creation 1

Refuge area (wind break 1
dam)
Biomass removal - fish 8

Biomass removal - 4

macrophytes

Sediment removal from 1

lake

P inactivation agent 1
doses

Aeration 5

Barrier removal 1

(connectivity)

Dyke to create 1
freshwater lake

Recreational 1
infrastructure

Total 20 1 14 8 14 4 1 8
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The reported implementation costs are summarized in Figure 18 and cover mostly the capital
expenditure (CAPEX), including construction, planning, land price and legal affairs related to the NbS,
CbS and grey solutions implemented at the Demonstration Sites.

1000000
800000
600000
400000
200000 I
0 - — — —

Lake llssel Lake Karla Lake Vansjg  Kartuzy Lake Loch Leven
complex Lakes Vesijarvi

K€; est. 2025

Figure 18: Estimation of the total implementation costs of the restoration measures per Demonstration
Site (in thousands of euros, K€)

The Lake lJssel complex is characterized by relatively high costs (more than 1 billion €) covering NbS
and BfS measures taken in-lake or along the shoreline, sometimes in combination with flood protection
structures, implemented since 1989 and for which records were publicly available. The most important
costs items are the natural foreshores created in tandem with dyke renewal (KE786900), the nature
islands Marker Wadden (K€96 300), and the fish migration river structure (K€67000). The total
implementation costs of restoration measures implemented in Lake Karla are around K€ 432 663. This
estimation covers the period 2002—2020 and measures such as artificial wetlands (K€ 41 040), artificial
islets (K€ 202 851), tourism infrastructure (K€14310) as well as water transportation and irrigation
projects (KE 68 644). We note that the Kartuzy Lakes and Loch Leven show relatively low
implementation costs. This is mainly explained by the short costing period (3 to 4 years) as well as the
lack of records. In the Loch Leven case, the expenditures are mainly associated with the sewage
treatment measures, including the tertiary treatments (ranging between K€67 and K€225),
establishment of a WWTP (K€ 7 700) and the redirection of the WWTP effluent (K€ 3 100). The total
implementation expenditure at the Kartuzy Lakes is due to sediment removal and the creation of
recreational infrastructure, of a total value of K€ 11 000 and 2 326, respectively. The reported CAPEX of
Lake Vansjg is around 50273,1 K€ and cover the time-period 1999-2012. They include the costs
associated with different restoration solutions, such as agricultural measures (14 222 K€), establishment
and restoration of riparian zones (220K€) and addition to the sewage treatment (35825 K€). Similarly,
the estimated implementation costs in Lake Vesijarvi covers a limited number of costs reported
between the 1970s and 2017. These include the establishment costs of the wastewater treatment
facilities (8 500 K€), biomanipulation (K€ 67.4), aeration (K€ 560) as well as establishment of
sedimentation ponds and wetlands (K€ 520). Overall, the total CAPEX are estimated around 11 227 K€
and include the costs of implementing the wastewater treatment plant (K€ 8 500) in addition to total
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costs of two major restoration programmes, namely Vesijarvi “project I” and “project 1”, accounting for
K€ 2 300 and K€ 1 580, respectively.

3.5.2 Benefits of restoration

Table 15 summarises the total economic streams considered for restored lakes reported in Table A.2,
covering non-market and market-based benefits. The breakdown of these benefits into provision,
regulation, and cultural services is illustrated in Error! Reference source not found.. The valuation
covers the revenues and cost-saving streams generated by the restoration measures and programmes.

Table 15. Summary of the economic valuation of the benefits generated per Demonstration Site.

Demonstration Annual Evaluation Evaluated benefits
Site Benefits in KE period

(est. 2025)

EICAVESIERYEN 1 836 181,3 2004 - Recreational fishing,  Fisheries, @ Water quality

2025 improvement, farmers revenues' increase, decreased P
loading, groundwater abstraction, recreational activities
(boating, bathing, ice skating), increased value of built
land around the lake

LERUPAAETCI 148 970 2019-2025 Recreational activities (SUP paddle) during summer,
recycling the removed sediment for P reuse, job creation

Lake lssel 4 380 2022-2025 Fisheries, in-lake wind energy production, carbon
complex sequestration

Lake Karla 6 063,4 2025-2026 Irrigation water, drinking water supply, fisheries,
recreational activities, job creation

Loch Leven 8608,2 1995-2024 Fisheries, water view, revenue increase of local
businesses, reduction of phosphorus (P entering), algal
blooms reduction

Lake Vansjg 143 550 2025 Drinking water, irrigation water, recreational activities
(boating, bathing, ice skating, fishing)

The economic benefits estimation in Lake Vesijarvi covers indirect benefits such as the CAP subsidies
for farmers to maintain wetlands, as well as direct regulating services (i.e. water quality improvement,
decreased P loading), and other provisioning services (fisheries, groundwater abstraction, recreation,
value of estates around the lake shorelines). Lake Vesijarvi demonstrates that combined measures for
restoration can deliver substantial annual economic value of up to 1.8 billion €. We note that the
provisioning services account for more than 99% of the net yearly benefits of the lake, wheareas cultural
services are less than 0.3%. However, the value of several recreational activities, such as boating,
bathing, tracking, time spent at summer houses around the lake etc. could not be estimated due to lack
of data, and we highlight that the value of cultural services is probably higher than represented here.

Kartuzy Lakes shows total annual benefits of 149 million €, with provisioning services (K€148 800)
accounting for the entire value (>99%), whereas cultural (K€4) and indirect job creation associated with
the restoration programmes (K€166) remains negligible. The economic valuation of the polish demo
case is narrowly defined around direct use values and was based on observable market transactions to
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monetise the provisioning (recycling the removed sediment for P reuse) and cultural (SUP paddle
boarding during summer) services. The marginal representation of additional cultural and regulating
services is explained by the absence of non-market valuation methods.

The benefit assessment for the Lake lJssel complex covers a relatively narrow subset of direct
ecosystem services for which data are known, specifically two provisioning services (i.e. commercial
fisheries and in-lake wind energy production) and one regulating service, carbon sequestration. The
total estimated annual economic value generated within the Lake lJssel complex is valued at 4.4 million
€. Provisioning services constitute the dominant share of this value, accounting for approximately 99%
of total quantified benefits. In contrast, the monetary valuation of the regulating service is
comparatively modest, estimated at approximately €32.6 thousand per year.

Lake Karla has also recorded similar annual benefits estimated at more than 6 million €/year. The
valuation includes three provisioning services (namely irrigation water, drinking water supply and
fisheries), recreational activities and local job creation. The value structure is strongly dominated by
provisioning services (92%) to the generated benefits, followed by the indirect job creation (6%) and
cultural services (2%), while regulating services are not reported.

Loch Leven generates 8,6 million € annually and exhibits the most balanced value composition among
the lakes assessed. Cultural services i.e. water view (K€3900) represent a substantial share of 45%,
followed by regulating services (K€2766), provisioning services i.e. fisheries (K€592), and indirect
benefits (KE1350) associated with revenue increase of local businesses. Unlike most other sites, Loch
Leven’s valuation structure is diversified and less dominated by provisioning services. The relatively high
share of cultural and regulating benefits suggests active recreational use and recognition of ecosystem
regulation functions such as algal bloom reduction and water purification.

The total benefits recorded by the restored Lake Vansjg are estimated around 143,5 million €/year. The
valuation is based on the provisioning services (53% of the total value), namely drinking and irrigation
water, as well as recreational activities (47%) associated with the lake. This near parity between cultural
and provisioning services indicates a multifunctional lake system with strong recreational or amenity-
based value alongside productive uses.

This analysis highlights a strong cross-site heterogeneity, reflecting ecological, socio-economic, and
methodological differences. The results also show a strong dominance of market-based provisioning
services in total monetized value and an underrepresentation of regulating services relative to their
likely ecological importance.
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Figure 19: Estimation of annual direct and indirect economic outcomes in thousands of euros (K€), by
type of ecosystem services and by Demonstration Site.
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Figure 20: Cost-to-benefit ratios of the Demonstration Sites.
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4 Discussion on effectiveness of lake restoration

Successful lake restoration requires a sound understanding of how both large-scale drivers (e.g. climate
change) and more local pressures (e.g. land-use) control a lake's water quality, biological structure and
ecosystem functioning. At a local catchment scale, factors like hydrological cycles, weather events, and
external loading are relevant. In addition, physical aspects of the lake and in-lake processes, such as
food web structure, contribute to determining the final status of the lake.

Although the common goals of most lake restoration programmes are achieving sufficient water
guantity, good water quality and ecological improvement, the dominant pressures and specific
restoration goals vary from lake to lake. In this synthesis we have collected information on six
Demonstration Sites across Europe with the aim to understand the impacts of measures, associated
scales (time and space) and costs of the restoration efforts better. We have evaluated restoration
programmes in terms of water quality and biodiversity, factors that are commonly taken into account
when looking at the impacts of lake restoration efforts. In addition, we have included impacts on climate
regulation, climate resilience and societal factors like health and well-being, inclusivity and recreation
(Error! Reference source not found.). Through this, we have evaluated the costs and benefits of
restoration programmes.

4.1 Cost-benefit analysis
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Figure 21: Cost-to-benefit ratios of the Demonstration Sites.

A comparison of the estimated net implementation costs and the annual benefits across the six
Demonstration Sites show a wide variety in cost-to- benefit ratios (Figure 21). The cost-to-benefit ratio
of each lake is calculated by dividing the net restoration costs by the total expected annual benefits.
This ratio represents the payback period in years, i.e. the number of years required for the annual
benefits to recover the initial net investment.

Net implementation costs (in K€; est. 2025) represent the difference between the total implementation
costs and the total funding and financing received for the restoration programmes. As reported in Table
16, financing in all lake basins has largely been covered by public funds in addition to some private (Lake
Loch Leven) and blended (Lake Vansjg and Lake Vesijarvi) financing schemes.
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While costs may vary widely, annual benefits exceed costs by a substantial margin in Lake
Vesijarvi, Lake Vansj@, Loch Leven and Kartuzy Lakes, highlighting the strong economic viability for
implementing lakes restoration measures. Lake Vesijarvi demonstrates (Figure 21) exceptionally low
cost-benefit ratio of 0,006 meaning that the initial restoration investment is recovered in less than one
year. Lake Vansjg has also recorded a low cost-to-benefit ratio (0,35) due to relatively balanced net
implementation costs (K€50273,1) and generated economic benefits (K€143550). On the other hand,
the negative implementation cost recorded by Kartuzy Lakes indicates net funding surplus in addition
to a significant monetary benefit. Loch Leven shows relatively low annual benefits (KE8608,2) compared
to the estimated net implementation costs (KE10448). The cost-benefit ratio is around 1,2 suggesting
that the initial investment (implementation costs) is recovered in about 1.2 years through the benefits
generated by the restored lakes (excluding any yearly operational costs).

Table 16. Funding and financing schemes of FutureLakes Demonstration Lakes

Country Funding Years Source of funding
(K€; est.

2025)

Lake Vesijarvi Finland n.d. Since 2007  Ministry of the Environment,
Ministry of Agriculture and
Forestry, EU, Leader Finland,
blended finance (municipalities,
private companies)

Kartuzy Lakes Poland 15 700 2019-2023 Operational Programme
Infrastructure and Environment
2014-2020 (EV)

Lake lJssel complex BIE 8 500,60 Since 2000 Regional, national,
Netherlands EU funding (Natura2000)

Lake Karla Greece 604 Since 1997 ERDF, National Programme of
Rural Development (CAP)

Loch Leven UK 644 Since 2013 Government, United Distillers
under the Guiness PLC "Water of
Life Scheme"

ECAVET [ Norway n.d. Since 2004  Ministry of the Environment,
Ministry of agriculture, blended
finance (local municipalities and
landowners)

On the other hand, both Lake Karla and Lake lJssel complex show high cost-to-benefit ratio according
to Figure 21. Lake Karla shows significantly low annual benefits (K€ 6063,4) compared to the
implementation costs (K€ 432 663), suggesting low economic return of the restoration measures. In
Lake lJssel complex the benefits are incomplete, but the available estimates do show the importance
of the lake for the region. Furthermore, although the costs for restoration seem substantial in the Lake
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IJssel complex (K€1025799,4) they are a fraction of the costs of water infrastructure measures taken in
the same area.

From the economic benefits perspective (section 3.5.2), the results suggest that the estimated benefits
primarily capture direct, marketable ecosystem services, while broader welfare contributions -
especially regulating and non-market cultural services - are likely underrepresented in most
demonstration cases. Consequently, the reported total annual benefits likely represent conservative
estimates of the full social value generated by these lake ecosystems. The absence of regulating service
values likely reflects limited scope in regulating service assessment rather than ecological insignificance.
The relatively small cultural outcomes could be explained by the limited recreational activities (Lake
Karla, Kartuzy Lakes) or limited data and amenity valuation (e.g. Lake lJssel complex).

The current EU market and institutional structures fail to economically value freshwater ecosystems (in
particular lakes), thus contributing to their over-exploitation and generating substantial social and
economic costs. This analysis is a valuable support for upcoming policies such as the EU Nature Credits
Roadmap as well as the Carbon Removals and Carbon Farming Regulation.

The available data did not allow separate estimation of the capital and operational expenditures.
Therefore, we note that this cost analysis is only based on the implementation costs and does not
account for the yearly operational expenditures. We note that the costs associated with restoration
measures are highly context-dependent and consequently difficult to standardize. In several cases, the
cost-benefit analysis was further constrained by the limited availability of data on indirect and direct
benefits, explaining the relatively low value of annual benefits (e.g., Lake Karla and Lake lJssel complex).
Lake practitioners should systematically monitor costs to support informed, adaptive, and sustainable
decision-making. Coupling cost monitoring with assessments of economic impacts would enable
practitioners and policymakers to better evaluate the relative cost-effectiveness of lakes restoration to
demonstrate the benefits of restoration, adapt future restoration programmes and ensure efficient
allocation of, often public, restoration funds.

4.2 Environmental

Most monitoring data were found for the environmental criteria. Therefore, for these indicators we
were able to compare the different lakes. The recovery times against specific individual measures are
not evaluated in this study, as many measures have been undertaken, some simultaneously, making it
near-impossible to evaluate the outcomes of individual measures, which can take many years to take
effect. Rather we focus here on an evaluation of the restoration programmes as a whole, across many
years or decades.

4.2.1 WFD chemical and ecological status

All six Demonstration Sites that were part of this project currently fall under the Water Framework
Directive. However, not all improvements can be attributed to the restoration programmes established
under WFD Programme of Measures (PoM), as the WFD was established in 2000 and restoration efforts
for a subset of the lakes were initiated much earlier. In Loch Leven, Lake Vesijarvi, Lake Vansjg and the
Lake lJssel complex restoration efforts were already being taken, mainly in the catchment, since the late
1970s or early 1980s, due to issues associated with eutrophication (e.g., toxic algal blooms, fish kills)
heavily impacting the water quality and recreational value of these lakes. These restoration efforts were
likely also stimulated by the Urban Waste Water Treatment Directive that was established in 1991.

In contrast, the restoration programme at Lake Karla had only just started in 2000 and the restored lake
came under the WFD later, while the Kartuzy Lakes did not enter into a restoration programme until
2019, mainly due to local municipal goals to restore the lake for recreational use. Subsequently, the
availability of WFD status reports differs per Demonstration Site (Table 2 and Table 3).

WFD chemical status data does not show any improvements for the lakes reporting data that were part
of the WFD the longest (Loch Leven, Lake lJssel complex, Lake Vansj@) and that also have had the longest
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track records of restoration efforts. Conversely, only Lake Karla and two sub-basins from the Kartuzy
Lakes have achieved Good chemical status in recent years. Part of the issue for the lack of improvement
for many lakes might be found in the strictness of the WFD that takes a one-out-all-out approach. This
means that even though there might be substantial improvements for certain substances, this will not
be reflected in the final status: that will remain a “failing” as long as just one substance is above its
defined threshold. Additionally, a number of substances have been added to the list of priority
substances in 2013 and thresholds have become stricter over the years. At the same time, it might be
difficult to resolve legacy pollution of certain remaining substances, e.g., even though certain
substances such as pesticides and PFOS have been forbidden, they remain present in the system due to
their persistent nature.

A similar story can be found in the WFD Ecological status for all of the lakes. In fact, only Loch Leven,
Lake Vesijarvi basin 2 and two basins from the Kartuzy Lakes (n.b. these are the same two lakes that
show an improved chemical status) currently show improvements of their ecological status class. All
other basins in the six Demonstration Sites show no improvement in status class (Lake Vansjg, Lake
lJssel in the Lake lJssel complex), or sometimes even a worsening status (Lake Marken in the Lake lJssel
complex). The reasons underlying the failure vary from high nutrient and Chl a concentrations (Lake
Vansjg, Lake Vesijarvi, Lake lJssel complex, Kartuzy Lakes, Loch Leven), but also inadequate migration
options for fish and lack of shallow land-water transitions (Lake lJssel complex). The one-out-all-out
principle makes achieving good ecological status difficult, even when supporting water quality or
individual component biological quality elements have improved. For instance, Lake Vesijarvi basin 2 is
at risk of falling back to Moderate ecological status despite the low nutrient and Chl a concentrations.
In this case, the one out determinant is the abundant fish stock that continues to indicate worse than
good ecological status, even though biomanipulation has successfully rebalanced the structure of fish
communities and the abundance of piscivorous fish stock is high (Ruuhijarvi et al. 2023, DS-Annex a).

Another factor that is likely to play a role in some cases is that in response to restoration, degraded
systems may also have resistance and negative resilience to remain in a degraded state (Carpenter et
al. 2001, Lake 2012). Because of this, shifts between trophic state are often hard to obtain and require
long-term commitment to reduce pollution pressures and sets of “disruptive” perturbations, such as
biomanipulation, to break down the resilience of turbid, eutrophic states. Such negative resistance is
likely e.g., in Lake Vesijarvi, where epilimnetic nutrient levels have experienced a long-term gradual
decline after the sewage diversion in 1976 and sets of restorative measures taken since the late 1980s.
Despite these actions, however, the internal P flux from deeper reactive sediment layers is slowing
down the full recovery of the lake (Jilbert et al. 2020).

In general, it seems that the longer time series, especially for the lakes with a long restoration history,
start with a sharp improvement, while the post-WFD trend is improving slower. Indeed, this is the case
for Lake Vesijarvi, where the most pronounced declines in epilimnetic nutrient and Chl a concentrations
occurred after the sewage treatment in 1976 and onset of consistent biomanipulation in 1989 (e.g.,
Horppila et al. 1998; Salonen et al. 2020; Salonen et al. 2023). Ever since, multiple measures have been
taken to further reduce the nutrient inputs. While the gradual recovery of the lake was initiated before
the enactment of WFD in 2000, this regulation leverages the continuum of implementing restoration
measures to date. Similarly, in Loch Leven, the main restoration measures were taken before the
enactment of WFD and the general long-term trends of P and Chl a have been declining. Despite these
declines, however, the values have mainly remained within the same WFD status class, demonstrating
the importance of evaluating time series data in detail in order to not underestimate the impacts of
restoration.

The “resilience” of overall ecological status to improve is masking real improvements in individual water
quality or biological indicators, that were the original target of the restoration programmes, such as
phosphorus concentrations or levels of algal biomass. The effectiveness of the restoration is, therefore,
more important to consider under these specific indicators — as is discussed in the following sections.
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4.2.2 Nutrients

Due to the close relationship between nutrient concentrations and (external) nutrient loadings we
discuss these two elements in tandem.

The primary goal of restoration in many of the FutureLakes Demonstration Sites, like elsewhere, was to
improve water quality by first reducing nutrient concentrations. Excessive external nutrient loads can
originate from diffuse (agricultural rainfall run-off) or point sources (wastewater). An example of a
typical point source is domestic or urban sewage that is directed into a lake. Hence, a very important
element of lake protection and restoration is constructing wastewater treatment plants and sewage
systems with sufficient capacity, and to have tertiary treatment to maximise nutrient removal. Excessive
diffuse loads are frequently more difficult to tackle, as they require a catchment approach, e.g.,
changing land management on agricultural fields.

Reduction of nutrients was predominantly achieved by reducing external point-source and diffuse loads
(Kartuzy Lakes, Lake Vesijarvi, Lake lJssel complex, Lake Vansj@, Loch Leven), as well as by application of
appropriate in-lake applications to reduce internal loads (Lake Vesijarvi, Kartuzy Lakes) (see details in
DS-Annexes a - f). For instance, in Lake Vesijarvi, sewage diversion initiated the recovery of the lake,
after which multiple measures taken at the catchment scale and in-lake measures have further reduced
nutrient loading. While aeration did not result in anticipated reductions in nutrient concentrations
(Salmi et al. 2014; Salonen et al. 2023), large-scale, regular biomanipulation since 1989 has led to
reductions in both P concentrations and cyanobacterial blooms (e.g., Horppila et al. 1998; Salonen et al.
2020; Salonen et al. 2023) together with the gradual recovery of zooplankton communities (Anttila et
al. 2013). However, the lake still suffers from internal and diffuse external loading slowing down the full
recovery of the lake (Jilbert et al. 2020). Indeed, the legacy of pollution present in the lake can
significantly delay the ecosystem's response to restoration measures.

Early restoration programmes have focused on reducing external nutrients loads (Lake Vesijarvi, Lake
Vansjg, Loch Leven, and the Lake lJssel complex), and this is still a best-practice, before measures to
reduce internal loading are carried out. While lost recreational amenities prompted the need for
improving sewage treatment at some of the Demonstration Sites already in the 1970-1980s (Lake
Vesijarvi, Lake Vansjg), the enactment of the Urban Waste Water Treatment Directive (Council Directive
91/271/EEC of 21 May 1991) has further supported the implementation of measures targeting
wastewater-derived pollution reduction. After reducing sewage inflows and implementing proper
sewage management, diffuse agricultural emissions have now become the more dominant form of
external nutrient load in many cases (Lake Karla, Loch Leven, Lake Vesijarvi, Lake Vansjg, Lake lJssel
complex), while diffuse nutrient pollution from urban environments (Kartuzy Lakes, Lake Vesijarvi) and
forestry (Lake Vesijarvi) is also a concern that needs addressing. While diffuse sources of pollution are
more difficult to control, the observed long-term trends of decreasing external nutrient loads at the
Demonstration Sites are, however, encouraging.

A comparison between the reductions of nutrients (3.2.1; DS-Annexes a — f) revealed that the reduction
of phosphorus pollution has been the focus on most lakes and has thus been managed more effectively
than nitrogen. This is likely due to the fact that nitrogen is a more mobile dissolved nutrient that can
take forms and transports easily through air, while phosphorus is transported mainly in particulate form
via slower processes in water and soil. Although a reduction of phosphorus concentrations in the water
can be an effective measure against phytoplankton blooms, a higher nitrogen level in lake waters can
also bring problems with harmful algal bloom control and increased toxicity of blooms (Scott and
McCarthy 2010).

Most of the lakes external nutrient loadings are now lower in comparison with historical loadings.
Hence, it could be concluded that pollution control measures at the catchment level, driven by
legislative process, have been successful at reducing nutrient loads (e.g., Urban Wastewater Treatment
Directive, National Plans for Sewage Treatment, Nitrate Directive or earlier national standards for
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pollutants concentration in the waterbodies). The implementation of these legislative acts have clearly
opened the possibility of funding for water protection initiatives (such as wastewater treatment plants
construction, catchment measures or full-scale lake restoration).

4.2.3 Phytoplankton

In four of the Demonstration Sites (Lake Vesijarvi, Kartuzy Lakes, Loch Leven, Lake Vansjg) the main
goals of restoration were related to eutrophication, including reducing algal (cyanobacterial) blooms.
Together with improved water quality and reduced nutrient levels (phosphorus in particular), Chl a in
these four lakes have successfully declined since the beginning of the restoration periods. Consequently,
Chl a status in these lakes has improved. However, several lakes are still not in Good ecological status
for Chl a (Lake Vesijarvi basin 1, Loch Leven and Lake Vansjg basin Vanemfjorden), and there are large
variations between lakes and fluctuations over time (Figure 5).

The results demonstrate how lake responses can vary considerably in relation to reductions in nutrient
levels, with lake characteristics and catchment contexts affecting the Chl a response, and it can be
difficult to predict the scale and timing of response with simple models. Initially, the implementation of
individual lake measures had clear effects on Chl a concentrations, mainly following point-source
reductions in bioavailable forms of nutrients (also see 4.2.2 Nutrients). However, in Lake Vesijarvi (basin
1), Loch Leven and Lake Vansjg the Chl a levels have increased again in recent years, due to other
external factors, including increased runoff and erosion from precipitation events, and warmer
temperatures. The lack of sustained long-term declines in Chl a has reflected changes in phytoplankton
communities and emergence of cyanobacteria (Lake Vesijarvi) or algal groups other than cyanobacteria
(Lake Vansjp; DS-Annex f). Contradictory to initial expectations, the concentrations of epilimnetic
nutrients in Lake Vesijarvi were not affected by hypolimnetic oxygenation despite the disappearance of
anoxia (Salmi et al. 2014; Salonen et al. 2023). Instead, oxygenation potentially increased the gas
ebullition from sediment with increased nutrient fluxes to the epilimnion, which consequently
intensified the cyanobacterial blooms (Salonen et al. 2023; DS-Annex a). However, the fluctuations in
the planktivorous fish population have substantially influenced the zooplankton and phytoplankton
communities in Lake Vesijarvi, demonstrating the impact of biomanipulation and top-down control
(e.g., Ruuhijarvi et al. 2020, Salonen et al. 2023). Loch Leven, in turn, has experienced a comeback of
cyanobacterial blooms, possibly related to increased water temperature and release of soluble reactive
phosphorus (SRP) from sediments (DS-Annex e). In the Kartuzy Lakes, restoration has only been
implemented in recent years, and the concentrations of Chl a have so far been successfully reduced in
three of the four lakes, showing clear immediate effects from the restoration measures (Figure 5).

Despite the still Moderate status for Chl a in Lakes Vesijarvi and Vansjg, restoration measures have been
successful in terms of reducing the frequency and extent of toxic cyanobacterial blooms, going from
annual blooms with frequent production of toxins, and consequent reduced recreational use of the lake,
to only sporadic blooms with several years between with no toxic blooms (DS-Annexes a, f). The same
is true for three of the four Kartuzy Lakes, where both Chl a and blooms of harmful cyanobacteria have
been reduced due to the restoration efforts (DS-Annex b). By contrast, in one Kartuzy Lake (Karczemne)
the reduction in nutrients and Chl a is significant, but not sufficient in order to reduce cyanobacterial
blooms, which are still occurring (DS-Annex b).

In the four lakes with restoration goals related to eutrophication and algal bloom problems, nutrient
reductions appear to have limited algal blooms and improved water quality. However, with increased
temperatures, precipitation events and flooding, increased external and internal loading of phosphorus
is occurring, water colour increasing at Vansjg (browning) and phytoplankton community assemblages
are changing in response to these. In Lake Vansjg, climate change in recent decades has led to browning
and consequent changes in the algal community composition with emergence of algal groups that
contribute to keeping Chl a concentrations high (e.g. Raphidophyta) even in lower nutrient
concentrations (DS-Annex f). Specifically in terms of reduction of cyanobacterial blooms, the restoration
in the four Demonstration Sites have been successful, even when not measurable by Chl a reductions.
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The two other Demonstration Sites, Lake lJssel complex and Lake Karla, were mainly focused on
restoring biodiversity and combatting water scarcity, respectively. Even so, Chl a levels have declined in
the Lake lJssel complex since 2000, due to improved wastewater treatment, improving the lake from
mainly Poor to Moderate status, with certain years also reaching Good status (DS-Annex c). Contrary, in
Lake Karla, Chl a has only been monitored since 2013, and has increased Chl a since 2020; the
phytoplankton community consisting of high amounts of cyanobacteria, with some years almost full
domination (DS-Annex d).

4.2.4 Biodiversity

Restoring biodiversity was a primary goal only at the Lake lJssel complex Demonstration Site, where
restoration focused on creating 8 km? of new island habitats to support internationally important bird
populations. At Lake Karla the primary goal for restoration was water supply, mainly for agriculture, as
well as biodiversity enhancement. The measures successfully restored 34.9 km? of open water habitat
required by the many bird species that the Special Protection Area was originally designated for. The
measures to increase water levels at Lake Karla should also have helped priority fish species that the
Special Area of Conservation was, in-part, designated for, by restoring associated wetland and stream
habitats used by the fish locally.

Several sites documented positive effects of restoration programmes on biodiversity. Many sites
documented an initial loss, or decline, of species of high conservation importance associated with the
most severely polluted years before restoration (i.e., Kartuzy Lakes, Loch Leven), or in the case of Lake
Karla, drying out of the lake. Recovery of species populations has coincided with improvements in water
quantity or quality delivered by the restoration programmes. For example, the return of pollution-
sensitive submerged plants at Loch Leven (Dudley et al., 2012) and at the Kartuzy Lakes (Augustyniak
pers. comm.).

Changes in highly mobile species, such as birds or migratory fish, can be more difficult to attribute to
local changes in habitat extent or quality as there are many contributing factors to changes in their
populations. Climate change, for example, results in milder winters (implicated in increasing trends of 2
bird species at Loch Leven). Some bird species changes also reflect broader national trends driven by
land-use changes and climate change shifting migration patterns. Populations of some birds (Loch
Leven) and dragonfly (Lake Vesijarvi) species, however, show stable or improving trends at the lake level
that buck national or European declining trends, indicating local biodiversity benefits from either the
protected area status of the lake, or direct responses to the restoration measures. Also successful was
the building of the nature islands Marker Wadden in the Lake lJssel complex, that created an increase
of available habitats for several Natura 2000 bird species.

Biological pressures, such as invasive non-native species, can further impact lake food webs and native
species. Introduction of non-native fish, mollusc and aquatic plant species is common across Europe and
this was also true for these sites of conservation importance (examples include Canadian pondweed at
many sites, and carp at the Kartuzy Lakes). At Lake Vansjg, continuing declines of bird breeding numbers
are thought to be associated with increases in the North American mink in the catchment, a non-native,
invasive predator, highlighting the need for restoration programmes to adapt to new challenges.
Recovery of some nutrient-sensitive species, such as the slender water-naiad (Najas flexilis), may also
require further littoral restoration measures, due to habitat loss from shoreline construction and
dredging (Lake llssel complex, Lake Vesijarvi). Hunting and increased recreational boating have also
been identified as contributory pressures (Lake Vesijarvi) and, like general recreational pressures
around lakes, require careful management to minimise impacts on priority species and habitats. The
construction of an all-access “Heritage Trail” around the entire Loch Leven perimeter is a positive
example of a recreational infrastructure measure designed carefully with biodiversity in-mind, to
manage access to the lake, avoiding key bird nesting and brooding areas, and providing well-managed
access through bird hides and viewpoints to encourage public engagement with nature.

Funded by 6
the European Union 7



Demonstrating Successful Restoration /w

LAKES

In summary, the water quality and quantity focused restoration programmes have delivered significant
positive impacts for biodiversity. Further improvements may require a range of different measures,
targeting hydro-morphological pressures and invasive species. Habitat creation and well managed
recreational access further strengthened lake basin management/restoration programmes. Combined
these measures contribute to increased resilience of biodiversity to growing pressures from climate
change, urbanisation and visitor pressures.

4.2.5 Zero pollution

Among the six Demonstration Sites the data on heavy metals, microplastics and PFOS concentrations
were gathered only (sparsely) for three lakes (Lake Vesijarvi, Lake Vansjg, and the Lake lJssel complex).
From these data it is clear that emerging pollutants, such as microplastics and PFAS, are already present
at the Demonstration Sites, often in quantities exceeding levels considered hazardous to animal and
human health (e.g., Lake Vansjg). Although some data are available, we do conclude that there is a
major monitoring gap in the data on these pollutants that are the target of the EU’s Zero Pollution
action. There is a knowledge gap on the concentrations of substances as well as on the sources that
clearly needs addressing.

Legislation in the area of monitoring obligations with regard to emerging contaminants is still under
development in the EU (Lewis et al. 2022, Aziz et al. 2023, Rakib et al. 2023). The available data from
the Demonstration Sites indicates that the level of pollution can pose a risk to ecosystems and human
health, especially if restored lakes are used for food production (fisheries), or as water supply sources.
EQS for heavy metals and PFOS were exceeded particularly in the case of Lake Vansjg (DS-Annex f).
Taking into consideration the potential harm for public and animal health as well as ecosystem health
highlights a strong need for a more integrated One Health approach for monitoring harmful pollutants

An additional concern is that some innovative restoration measures, such as biomanipulation and
sediment dredging, can result in new pathways for pollutants outside of the lake. A prime example of
good practice in avoiding such risk is the case of sediment dredging in the Kartuzy Lakes (Grochowska
et al. 2020, 2021). In this case, a thorough evaluation of the sediment pollution level was made, and
that data were used for further sediment treatment development in the Kartuzy WWTP. Similarly in
the Lake Ormstrup innovation site, careful testing of the transfer of pollutants in crops is a key aspect
of this pilot study site being considered in both EU FutureLakes® and FERRO? projects.

4.3 Restoration and Climate Change

In regard to restoration efforts and their GHG-emissions, the initial estimations indicate that lake
restoration might be an effective way to reduce GHG-emissions (demonstrating a GHG-emission
reduction up to 50%; Error! Reference source not found.). However, it should be stressed that more
work is needed to validate these model results before they can be used confidently in large scale
greenhouse gas emission inventories. Additionally, these results suggest that applying a single average
emission rate across all lakes (e.g. 1.46 t CO,-eq/ha/y), irrespective of water quality, as recommended
by the IPCC guidance — which was developed for reservoirs - could lead to large errors in the estimation
of CH4-C emissions from lakes. It is clearly important that models to predict emission changes following
water quality improvements are validated with monitoring data before they are used in large scale
assessments of greenhouse gas emissions. These measured data are becoming available (e.g. at Loch

L https://futurelakes.eu/innovation-measures/lake-ormstrup-denmark

2 https://ferroproject.eu/demonstration-sites
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Leven and Vesijarvi), but need further support to maintain monitoring and upscaling to other sites in
different lake, and climatic contexts.

Water protection and restoration measures have also successfully contributed to creating sponge
landscapes, i.e., increased the water retention capacity of some of the basins. For instance, restoration
of Lake Karla successfully re-established the natural hydrological functions and, due to the augmented
connectivity, an ability to store more water. The restoration programme at this site itself was, in part,
framed as a climate adaptation measure, addressing flood resilience following future projections
(Tzabiras et al., 2016) and water scarcity (Panagopoulos & Dimitriou 2020) under changing climate
conditions in the Mediterranean region. The existence of the reservoir enabled the degraded and
nitrogen polluted (Sidiropoulos et al., 2019) aquifer to recharge by 33.2 million m? per year, which is
almost 30 million m® more than the precipitation-based recharge from the same area (Panagopoulos et
al., 2023), adding thus an “extra line of defense” for drought resilience. Also, at Lake Vesijarvi and Loch
Leven, nature-based water protection structures (e.g., constructed wetlands, green infrastructure)
potentially contribute to flood and drought mitigation by increasing the water retention capacity of the
catchment areas. Additionally, the water level of both lakes is controlled, potentially providing climate
change resilience through adjusting the water volume of the lakes. However, the sluice gate of Loch
Leven also results in a failing status under the WFD, by increasing hydromorphological modification and
acting as a fish barrier as a trade-off. These trade-offs and conflicts between policies (WFD vs Climate
resilience) mean local stakeholder decisions are as important as individual policy goals, to ensure lakes
are managed for local community and national needs. The water level of Lake lJssel complex is also
being regulated to secure water allocation to the Dutch society and programmes are in place to ensure
water security under different climate change scenarios. Also, in Lake Vansjg, possibilities for increasing
the lake’s climate resilience by increasing the lake outlet capacity, building a flood tunnel and increasing
the erosion control of rivers draining to the lake have been assessed.

So far, limited information is available on the impacts of restoration programmes on the resilience of
FutureLakes Demonstration Sites to climate change. Although climate change is partly challenging the
success of restoration at FutureLakes Demonstration Sites, the restoration measures have successfully
reduced the nutrient concentrations in, for instance Lake lJssel complex, Loch Leven, and Lake Vesijarvi,
potentially reducing the risk of cyanobacterial blooms while the temperature of surface waters is
increasing. At this point in time there is no conclusive evidence for this statement of increased resilience
and should be considered as a working hypothesis. Habitat creation and enhancement also appears to
to make lake biodiversity more resilient to climate change (e.g., Lake Karla and Lake IJssel complex).

4.4 Societal impacts of restoration programmes

Comparative analysis of the six Demonstration Sites reveals that lake restoration is a strategic
investment rather than a mere environmental expense. Restoration generates societal benefits mainly
in the fields of health and recreation. Consequently, while initial costs are often perceived as barriers to
implementing measures, restoration projects typically carry high benefit-to-cost ratios (Table 15).

Systems with advanced ecological recovery, such as Loch Leven, Lake lJssel complex, and Lake Vesijarvi,
deliver substantial economic and recreational value when supported by integrated governance and
infrastructure (Li et al. 2025, Ding et al. 2023, Costanza et al. 2017). Restoring bathing water quality
immediately stimulates recreational demand and serves as an opportunity for economic development.
When combined with strategic infrastructure, restored lakes act as powerful multipliers, supporting
year-round activities, sustained revenue and increased local house prices. Conversely, in early-stage
systems like Lake Karla, returns are currently dominated by provisioning services (such as irrigation
water), which have economic value, but due to on-going water restrictions, the recreational use remains
minimal (Moore et al. 2023, Grizzetti et al. 2019). This suggests that further targeted investment in
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restoration and infrastructure, could unlock significant recreational and cultural revenues
(Kowalczewska-Madura et al. 2022).

Studies show that the availability of accessible, nature-friendly, visitor infrastructure and the
development of diverse activities is crucial for recreational development of lake-fronts (Shi et al. 2025,
Costanza et al. 2017). With the exception of Lake Karla, all Demonstration Sites have a well-developed
infrastructure to access and/or recreate near the lake. A wide range of available and accessible
infrastructure expands visitor numbers and the groups that can visit an area of interest (lannacconne et
al. 2024), leading to increased recreational value and generated economic impact.

Beyond direct economic benefits, restoration delivers efficiency through ‘avoided’ costs, such as
reducing nutrient loads to downstream coastal regions and decreasing the financial burden of water
treatment or mitigating flood risks (Poikane et al. 2024, Reynaud & Lanzanova 2017). Lake restoration
also delivers non-monetised societal benefits, such as enhancing physical and mental well-being and
fosters community engagement in nature (see paragraph 3.4).

Inclusivity can be seen as both a prerequisite for, and the outcome of, successful lake restoration. The
literature consistently frames inclusivity as a foundational requirement: without inclusive stakeholder
engagement from the start, restoration projects risk failure due to resistance, poor legitimacy or missed
local knowledge. Poor public engagement has been highlighted as one of the main obstacles to effective
restoration in the World Water Quality Alliance (WWQA) Global Survey of Lake Restoration
Practitioners, with more than half of respondents identifying stakeholder engagement as a decisive
factor for project success, ranking it higher than knowledge and available resources (Poikane et al.,
2024).

Successful restoration on the other hand can mobilize collaboration, foster inclusivity, build new ways
of working together, lead to better communication of lake related knowledge, even create new
institutions, as in the Lake Vesijarvi case where a dedicated Vesijarvi Foundation was established in 2007
to foster and coordinate the protection and restoration of the lake. Therefore, lake restoration can
significantly strengthen community cohesion and local stewardship. Community mobilisation (lake days,
citizen science campaigns, etc.) help build pride and a shared local identity, as residents, schools and
businesses assume joint responsibility for the lake. When people are directly involved, they develop a
sense of ownership that supports long-term monitoring and protection, encourages behavioral changes,
such as better waste management and reduced pollution, and ultimately makes restoration outcomes
more durable and effective.

Based on the above-mentioned, restored lake systems can serve as multipliers of social and economic
value, as well as pillars of heritage and recreation. Recreational activities generate socio-economic
benefits for the local communities (Prasanya et al. 2024; Poulsen et al. 2022). The six cases highlight
that the greatest recreational gains occur where ecological restoration is combined with long-term
investment in nature-positive, access infrastructure, supportive management, and integration of
environmental objectives within leisure and tourism development. However, careful planning and
sustainable management is essential, as increasing visitor numbers can increase the impacts of
anthropogenic pressures in the restored areas if not managed carefully (Murgante et al. 2023, Venohr
et al. 2023, Dynowski et al. 2019, Allan et al. 2015) and, therefore, balancing between these factors
remains a challenge.

4.5 Synergies and trade-offs between restoration and economic
sectors

Alongside the documented economic benefits of restoration programmes for the recreation and
tourism sectors, reported in the results, it is important to recognise that there can be both synergies
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and trade-offs with other economic sectors. Below a few possible synergy or conflicts are mentioned.
However, no quantitative data have been collected to substantiate the mentioned aspects.

The most apparent conflict is between certain restoration efforts and the agricultural sector. The use of
artificial fertilizers and manure in agriculture remains a substantial diffuse source of nutrient in many of
the case-studies.

Treating sewage has had benefits for health and water quality. The greatest impacts on improving water
quality and restoring biodiversity have stemmed from improvements of sewage treatment works and
diversion of effluents. These measures, many driven by the Urban Waste Water Directive, were costly
for the industry, although costs in most cases should have been recovered through water bills and local
taxes.

Lakes can be important for renewable energy production. Many lake outflows are managed to ensure
water supply for hydropower production (e.g., downstream of Loch Leven). The Lake lJssel complex has
many in-lake wind turbines, that produce enough energy to power almost 800 000 households per year.
Although hydropower and wind farms provide a relatively cheap source of renewable energy to regions,
they do still have documented conflicts with nature, particularly affecting migratory fish and wetland
bird species.

Floating solar installations have not yet been implemented at the six Demonstration Sites. The surfaces
of European lakes could be used to generate sustainable energy by placing floating solar panels. The
impact of floating solar however will impact the primary production of a freshwater lake (Van
Veenendaal et al. submitted). Lakes, including Loch Leven, have been considered as a source of energy
through heat pumps, as is operational on Lake Geneva. In summary there are strong synergies in
managing lakes for renewable energy production, but environmental impacts need consideration and
conflicts with wildlife need to be managed. Plans for using Klasztorne Mate Lake (Kartuzy Lakes) as a
heat source for heat pump are also considered (Augustyniak-Tunowska, pers. comm), and preliminary
research on this lake are planned in 2026.

5 Conclusions

The analysis across the six Demonstration Sites reveals several overarching lessons that are critical for
understanding both the progress made and the challenges that remain in lake restoration. Together,
these findings highlight common patterns, systemic gaps and emerging pressures that influence
restoration outcomes across Europe. Applying the criteria developed in this study can help to assess
both the positive and negative impacts of restoration. The main conclusions are summarised below.

The findings from the six Demonstration Sites underscore the inherent complexity of lake restoration.
Successful recovery demands time to show improvements, extensive coordination and the involvement
of numerous stakeholders, yet the results show that meaningful improvements are achievable despite
these challenges. Across the sites, restoration measures have been implemented and have already
produced clear environmental benefits.

In many Demonstration Sites, restoration efforts were initially driven by legislative obligations,
particularly the Urban Waste Water Treatment Directive (UWWD), the Water Framework Directive
(WFD) and the Natura 2000 (N2000) directives. Maintaining these improvements requires continued
protection of the restored systems. Local engagement has also proven essential for a robust success.
Examples such as Lake Vesijarvi, Loch Leven and the Kartuzy Lakes illustrate how stakeholder
cooperation and public pressure can effectively stimulate and sustain restoration progress.

Because lake ecosystems respond slowly, the results of restoration are often visible only after many
years. This highlights the need for robust, consistent and long-term dataset to track changes and
evaluate programme outcomes. The comparison across sites reveals two major gaps in current
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monitoring practices. First, there is a lack of data on the economic and societal costs and benefits of
restoration. Information on restoration expenditures is often sparse or hidden in grey literature, while
data on societal gains—such as increased recreation, rising property values or benefits to local
stakeholders—remain limited. Second, quantitative information on greenhouse gas emissions and
carbon storage associated with restoration measures is largely missing.

This evaluation also demonstrates the importance of assessing restoration at broader spatial scales.
While some benefits may not be immediately visible at the local level, they can emerge more clearly at
regional or national scales. For example, in-lake measure can strengthen regional tourism or support
national Natura 2000 conservation targets.

A wide variety of restoration measures have been applied across the Demonstration Sites (Table 5; DS-
Annexes a —f), and many ecosystems have shown signs of recovery. However, linking specific measures
to specific outcomes remains challenging due to the complexity of interacting pressures and
interventions. Long-term nutrient datasets—particularly total P concentrations for Lake Vesijarvi, Lake
Vansjg, Lake lJssel complex and Loch Leven—show declining trends that began even before the WFD
was introduced, indicating that earlier policy frameworks such as the UWWTD (1991) already played a
role in improving water quality.

Despite the progress we have observed in improving water quality and reducing harmful algal blooms,
none of the Demonstration Sites have yet achieved the over-arching WFD target for good status.
Although clear ecological improvements have occurred, these gains are not reflected in the formal WFD
status assessment, partly due to the one-out-all-out principle, which masks improvements visible in
individual parameters. Achieving the remaining targets is made more difficult by the fact that earlier,
easier measures (such as tackling point-source pollution) have already been implemented, leaving more
complex issues, such as diffuse agricultural pollution and atmospheric deposition, to be addressed.

Climate change adds an additional layer of complexity. Rising temperatures may counteract
improvements in phytoplankton biomass achieved through nutrient reductions, as observed in Lake
Vansjg and Loch Leven. Shifts in species distributions toward higher latitudes further complicates WFD
ecological assessments, which rely on the presence of specific indicator species. These climate-related
uncertainties, together with emerging pollutants such as microplastics and new chemical compounds,
highlight the need for restoration programmes to remain flexible and adaptive. Meanwhile, the WFD
list of hazardous substances has become outdated, limiting its ability to capture the impacts of emerging
contaminants entering aquatic ecosystems.

Another structural gap in monitoring concerns lake size. Under current EU practice, only lakes larger
than 50 ha are included in national monitoring programmes. As a result, many small but ecologically
important lakes—such as some of the Kartuzy Lakes—are excluded. This omission increases the cost
and effort required during restoration planning, as baseline data on trophic status, pollution levels and
historical impacts are often lacking for these smaller systems.
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1) Detailed costs and benefits

Table A. 1. Detailed implementation costs of restoration measures. Source: DS-Annexes a - f.

Demonstration Measure
Site

Lake Vesijarvi Biomass removal - fish
Lake Vesijarvi Aeration

Lake Vesijarvi Sedimentation
ponds/wetlands

Lake Vesijarvi Sewage treatment

Lake Vesijarvi Al
Lake Vesijarvi All
Kartuzy Lakes P inactivation agent

doses

Kartuzy Lakes Sediment removal from
lake

Kartuzy Lakes Biomass removal - fish

Kartuzy Lakes Recreational
infrastructure

1Jssel complex Island creation
ELTEIRG o Y8 Refuge area
ELTEIRG s Y8 [sland creation

lJsselcomplex R\EIUIE] foreshore
creation

lJsselcomplex B\EIUIE] foreshore
creation

Funded by
the European Union

Implementation
costs (K€; est.
2025)

67,4

560

520

8500

2300

1580

328

10942

74

2326

19200
48400
96300

786900

7800

Landscape

In-lake

In-lake

Agricultural

Urban

All

All

In-lake

In-lake

In-lake

Urban

In-lake
In-lake
In-lake

Lake
Shoreline

Lake
Shoreline

<

FUTURELAKES

Measure
type

NbS /CBS

Technical

NbS

Grey

Al

All

Other

CBS

NbS /CBS

Blue
Economy

BfS
BfS
BfS

NbS

NbS

Year

2007-
2014

2007-
2014

2015-
2017

1976

1989-
1994

2002-
2007

2020-
2023

2004

2005

2021

2026

2018
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Natural
creation

River connectivity

Lake Karla

Lake Karla

Lake Karla

Sewage treatment
Sewage treatment
Sewage treatment

Loch Leven

Lake Vansjg
Lake Vansjo
Lake Vansjo

Lake Vansjg

1Jssel complex

Sewage treatment

Riparian/Floodplain
restoration

waterways

Catch crops

Sewage treatment

Lake Vansjg Sewage treatment

Lake Vansjo Establishing

Funded by
the European Union

Grass covered

foreshore 8700

67000
202851,462
41040
13838,761

21060

19710

14310

68644,068
51208,635
225

67

7700

3100

N

0,1

21692

14133

and 220
restoring riparian zones

Lake
Shoreline

River
In-lake
In-lake
Agricultural

Agricultural

Urban

Lake
shoreline

Agricultural
Other
Urban
Urban
Urban

Urban

Agricultural

Agricultural

Agricultural

Urban

Urban

River

<
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NbS 2020

BfS 2026

Other

NbS

Grey

Land

management

Grey

Blue

Economy

Other

Other

Grey 1993

Grey 1997

Grey

Grey

NbS

NbS

Land

management

Grey 2002-
05
and
2006-
08

Grey 1999-
2012

NbS
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Lake Vansjo total costs for mainly 1422230 Agricultural 2013-
agricultural measures 2024
Table A.2. Direct and indirect economic benefits
Demonstration Site  Type of benefit Benefits Benefits annual
value (K€; est.
2025)
Lake Vesijarvi Regulating water quality 770 DS-Annex a, Lehtoranta
improvement (2013)
Lake Vesijarvi Indirect benefits CAP subsidy 4626 DS-Annex a
/farmer to
maintaining the
wetland
Lake Vesijarvi Regulating decreased P 300 DS-Annex a
loading by the
wetlands (water
purification)
Lake Vesijarvi Provisioning groundwater 1825000 DS-Annex a, Market price
abstraction of water sourced from
https://www.joo-
kodit.fi/en/water-unit-
prices?utm
Lake Vesijarvi Provisioning Fisheries 15.3 DS-Annex a (Annual catch
of cyprinids=18000 kg)
and using the industrial
value of 0.8€/kg for
cyprinid, sourced from
https://www.luke.fi/en/st
atistics/producer-prices-
for-fish/producer-prices-
for-fish-2024?utm
Lake Vesijarvi Cultural Recreational 5470 DS-Annex a
fishing
Kartuzy Lakes Cultural boating on SUP 4 Zienkiewicz (2016),
paddle boards Cichon (2019)
during summer
Kartuzy Lakes Provisioning recycling the 148 800 Volume sourced from the
removed Demo DS-Annex, Market
sediment for P price of P fertilizers
reuse after the sourced from

https://www.gospodarka.
sos.pl/najnowsze-ceny-
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remove of nawozow-fosforowych-
polluted sediment sierpien-2025-

32861152.html?utm

Kartuzy Lakes Indirect benefits Job creation 166 Based on median wage in
the country

IJssel complex Provisioning in-lake wind 57,1 Demo Annex, price of
energy energy sourced from
production https://zichtopenergie.nl/

prijsontwikkelingen/ontw
ikkelingen-

electriciteitsprijzen/

IJssel complex Regulating carbon 32,6 Demo Annex, Baren et
sequestration al.(2025), average carbon
generated by the price in the voluntary
constructed carbon market sourced
wetland from https://carbon-

pulse.com/412434/

IJssel complex Provisioning fisheries 4290 https://vakbladvoedingsi
ndustrie.nl/en/article/urk
er-fish-auction-solid-
turnover-thanks-to-pike-
perch?utm_

Lake Karla Provisioning Irrigation water 2 986 DS-Annex d

Lake Karla Provisioning DRINKING WATER 2 550 DS-Annex d
SUPPLY

Provisioning Fisheries 36,7 DS-Annex d
Cultural RECREATION 117,4 DS-Annex d
Indirect benefits Job creation 373,3 DS-Annex d
Provisioning Fisheries 592 DS-Annex d

Loch Leven Cultural Water view; Trail 3900 McDougall and Craig
quality; Riverbank (2020)
accessibility

Loch Leven Regulating algal blooms 2300 May et al. (2024)
reduction

Loch Leven indirect benefits Extra profits 1350 DS-Annex e
realised by
businesses
around the loch
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Demonstrating Successful Restoration %

FUTURELAKES

Loch Leven Regulating Reduction of 466,2 Vinten et al. (2017)
phosphorus (P
entering)

Lake Vansjg Provisioning drinking water 65 250 based on estimations

source from
https://www.sandnes.ko
mmune.no/sti/vann-og-
avlop/kommunale-
avgifter/priser-vann-og-
avlop/

Lake Vansjg Provisioning water for 11100 Volumes are estimations

agricultural over a typical 4-month

irrigation summer irrigation season
in the country
Unit price is proxied by
the  standard  water
consumption fees payed
by farmers (connected to
a municipal water system)
charged by the
municipality:
https://www.moss.komm
une.no/alle-
tjenester/vann-og-
avlop/priser-og-gebyrer-
vann-og-avlopstjenester/

Lake Vansjg cultural recreational 67 200 canoe/kayak (person/half

activities day) = 400NOK = 34-35 €

(boating, bathing, 1 NOK = 0.085-0.088 EUR

ice skating, https://wildoslo.com/kay

fishing), ak/kayak-rental-vansjo-
moss/
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Demonstrating Successful Restoration

FUTURELAKES

Il) Indicators pertaining to the restoration criteria

Table II.1. Indicators pertaining to the restoration criteria.

BD1a Habitat condition <Habitats Directive habitat | % areain
code> favourable/good
condition (HD)
BD1b Habitat trend <Habitats Directive habitat | HD condition trend
code> (stable, improving,
deteriorating)
BD2a Species condition <Habitats Directive - Species condition
species Latin name> (abundance?)
BD2b Species trend <Habitats Directive - Species trend
species Latin name>
BD3a Bird condition <Birds Directive - species Bird species
Latin name> condition (bird
numbers) (BD)
BD3b Bird trend <Birds Directive - species BD trend
Latin name>
BD4 Total lake area under Area of habitat <HD (ha)
protected status habitat code>
BD5 Length of shoreline restored Length of habitat <HD km of shoreline
habitat code - shoreline> length
BD6 Area of island habitat created | Area (ha)
BD7 Presence of invasive non- <names of invasive (presence/absence,
native species species> abundance, trends,
controls)
BD10 Other (e.g. locally important <provide units>
species)
WFD1 Ecological status of waterbody | Status class of <name of WEFD status class (and
waterbody> EQR)
WFD2 EQR / Ecological status of BQE | Phytoplankton WEFD status class (and
EQR)
WFD3 EQR / Ecological status of BQE | Macrophytes WEFD status class (and
EQR)
WFD4 EQR / Ecological status of BQE | Benthic Invertebrates WEFD status class (and
EQR)
WFD5 EQR / Ecological status of BQE | Fish WEFD status class (and
EQR)
WFD6 Other <specify indicator> e.g. <provide units>
Zooplankton
ZP1 Chemical status of waterbody | WFD status class WEFD class
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Demonstrating Successful Restoration

coli)

FUTURELAKES

P2 EQS of specific priority <parameter name> e.g. EQS / status class
chemicals e.g. PFAS PFAS

ZP3 Supporting: Nutrient total nitrogen (mg/L)
concentrations

P4 Supporting: Nutrient orthophosphate- (mg/L)
concentrations phosphorus (PO4-P)

ZP5 Supporting: Nutrient nitrate-nitrogen (NO3-N) (mg/L)
concentrations

ZP6 Supporting: Nutrient ammonium-nitrogen (mg/L)
concentrations (NH4-N)

ZP7 Dissolved organic carbon Dissolved organic carbon (mg/L)
(DOC) (DOC)

P8 Biological oxygen demand BOD (mg/L)
(BOD)

ZP9 Pathogenic bacteria (e.g. E. <parameter name> (MPN/100 mL)

ZP10

Microplastics (<5 mm)

<parameter name>

(enter unit)

ZP11

Macroplastics (>5 mm)

<parameter name>

(enter unit)

ZP12 Other (e.g. measures to <parameter name> (enter unit)
reduce storm overflows)
FR1 Increased storage capacity of (m3)
lake
FR2 Increased storage capacity of (m3)
catchment wetlands
§
9 FR3 Area of newly designated (ha)
'g areas for flooding (ha)
3
o FR4 Area of rewetted wetlands in (ha)
'S
catchment (ha)
FR5 Other (could be a narrative <specify> <units>
about measures to reduce
% risks from storm events)
g DR1 Increased volume of lake (m3)
DR2 Increased volume of (m3)
catchment wetlands
§ DR3 Area of agricultural lands with (ha)
& applied schemes for water
§ retention (ha)
E DR4 Change of groundwater (m3)
[ .
3 abstraction by sector over
a time (e.g. last 20 years) (m3)
DR5 Change of surface water (m3)
abstraction over time (e.g. last
20 years)
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Demonstrating Successful Restoration

recreation around lake

FUTURELAKES
DR6 Number of households (no. of households)
implementing water-saving
technologies (no. of
households)
DR7 Other <specify> <units>
5 CR1 Greenhouse gas emissions equiv. g C / year
"_3 (measured or modelled)
=
8 g CR2 Carbon sedimented / g C/year
o 0 sedimentation rate
- N
£
S CR3 Other <specify> <units>
HWB1 Bathing water quality: Visible surface scums Presence/absence
cyanobacteria
HWB2 Bathing water quality: Biovolume mm3/ml
cyanobacteria
HWB3 Bathing water quality: E. coli cfu/100 ml
HWB4 Bathing water quality: cfu/100 ml
Intestinal enterococci
HWBS5 Other health-related <specify indicator> <units>
indicators (e.g. narrative
about measures to improve
well-being)
Inl Number of visitors to count
website(s) describing lake
protection and restoration
measures
In2 Total number of participants count
in information sessions about
lake protection/restoration
In3 Inclusivity in lake basin Specify row for each group | count
management board (See T2.1
& 2.4 classifications)
In4 Formal public consultation on count
restoration/management
plans
In5 Numbers involved in citizen count
science activities
In6 Numbers involved in lake count
management/restoration
activities
In7 Other inclusion indicators <specify indicator> <units>
Recl Numbers involved in angling count
Rec2 Numbers involved in count
swimming
Rec3 Numbers involved in water count
sports
Rec4 Numbers involved in count
birdwatching
Rec5 Numbers involved in general count
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Demonstrating Successful Restoration

Circular Economy

restoration activities

to restoration activities
(jobs created by
restoration activities
directly implemented by
the beneficiary and/or
outsourced to contractors)

FUTURELAKES
Rec6 Length of active travel routes <specify> km
around or connected to the
lake (walking/cycling)
Rec7 Features supporting nature- <specify indicator> narrative
friendly recreation (e.g. bird
hides, visitor centres)
Rec8 Other <specify indicator> <units>
CE1 Water capture for reuse/re- (m3)
allocation to the environment
CE2 Sediment reuse (weight) kg
CE3 Sediment reuse (value) €
CE4 Biomass harvested (weight) <specify> kg
CE5 Biomass harvested (value) <specify> €
CE6 Other <specify> <specify>
BE1 Jobs created attributable to Jobs created attributable (number)

=
£
<)
(=
o
(%]
w

Blue economy

Sustainable Agri

BE2 Jobs created attributable to Jobs created attributable (number)
restoration outcomes to restoration outcomes
(e.g. jobs created following
improved condition of
lake)
BE3 Net Value of establishments Turn-over and Gross and €/year
providing recreation and Net Value Added of
tourism services establishments associated
in and around lake (hotels,
camping sites, equipment
(e.g. canoe) rental
agencies, restaurants,
bars)
BE9 Value of fishery Based on number of €/year
fishing licenses sold or
value of harvested fish
BE10 Other <specify> <units>
Agril Inputs: Water consumption by | Water consumption (m3) m3/year
agriculture
Agri2 Inputs: Fertiliser application Fertiliser application tonnes/year
Agri3 Inputs: Pesticide application Pesticide application kg/year
Agrid Outputs: farm productivity Farm production kg/year
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Demonstrating Successful Restoration

FUTURELAKES

Agri5 Outputs: farm productivity Total farm income €/year

Agri6 Utilisation: Land cover (Corine | 2.1 Agricultural areas ha
class) (arable)

Agri7 Utilisation: Land cover (Corine | 2.2 Agricultural areas ha
class) (permanent crops)

Agri8 Utilisation: Land cover (Corine | 2.3 Agricultural areas ha
class) (pasture)

Agri9 Utilisation: Land cover (Corine | 2.4 Agricultural areas ha
class) (heterogeneous)

Agril0 Utilisation: Land cover (Corine | 3.1 Forests ha
class)

Agrill Utilisation: Land cover (Corine | 4.1 Inland wetlands ha
class) (marshes and peat bogs)

Agril2 Utilisation: Land cover (Corine | 5.1 Inland waters (water ha
class) courses and water bodies)

Tral

Measures to mitigate impact
of navigation: NbS, technical,
regulations (speed limits)

Navigation measures

(type and size of the
measures)

Tra2

Intensity and type of
navigation (cargo vessels,
passenger ships, sport boats

Navigation intensity

(type of boats per
day (P))

Tra3

-
1
o
a
w
c
©
S
s
2
)
©
=
©
S
w
>
A

Others

<specify> e.g. plant
biomass or sediment
removed for navigation

(narrative)

Sustainable energy

Sustainable tourism

Energyl Renewable energy production | Due to lake or catchment kWh
(e.g. hydropower, solar, heat measure
from lakes or catchment
measures)
Energy2 Energy consumption changes Due to lake or catchment kWh
as a result of lake or measures (e.g. artificial
catchment measures (kWh) aeration, harvesting
biomass)
Energy3 Other <specify> (e.g. Removed <units>
plant biomass, removed
sediment mass for
navigation)
Tourl Total visitor numbers (tourists | Total visitor numbers Count/year
and locals)
Tour2 Number of overnight stays in (number/year)
an area on an annual basis
Tour3 Number of businesses (number)
providing tourism and
recreation services
Tourd Catch-per unit effort of fishery | Measure of sustainability number
of fishery caught/hour/angler
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Demonstrating Successful Restoration

FUTURELAKES
Tour5 Infrastructure modification of | Negative infrastructure <specify>
lake shore for tourism (bank alterations <specify> (e.g.
protection, barriers, % of natural banks, m3 of
impoundments, dredging) dredging)
Tour6 Infrastructure supporting Positive infrastructure number or narrative
nature-friendly tourism (e.g. alterations
paths, visitor centres)
Tour7 Other <specify> number or narrative
WSS1 Total water consumption in m3/year
] catchment (supplied)
S s WSS2 Population not connected to count
S5 sewerage
3 =
P 5 WSS3 No. of storm overflows to lake Number per year
(7]
©
=
WSSs4 Other <specify>
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Demonstrating Successful Restoration

lll) Ecological indices

FUTURELAKES
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Lake Vesijarvi (1) (FI)
Lake Vesijarvi (2) (FI)
Karczemne Lake (PL)
Klasztorne Duze Lake (PL)
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Mielenko Lake (PL)
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Figure C.1. Ecological indices (not converted) at all Demonstration Sites. Data from Loch Leven has been
transformed from the status classes to numeric values with the values: Bad = 0.1, Poor = 0.3, Moderate

=0.5, Good =0.7.
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