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Annexes

a) Lake Vesijarvi

Authors: Laura H. HarkonerMarko Jarvineh Antti Taskineh Kristiina Vuori§ Kaisa VastitaKirsi
KuoppamakKi Sini Oliky Heikki Makineh

! Finnish Environment Institute (Syke)
2 University of Helsinki, Lammi Biological Station
3 Lake Vesijarvi Foundation

1.1 Lake detalils

Lake name: Lake Vesijarvi, Finland

Type of

. Characteristics Value
characteristics

Geographical coordinators (WGS84):

) L 25.53305E
- ongitude
Geographical 9 61.09569N
characteristics Latitude
_ 81.4
Altitude (m a.s.l.)
Area [knf] 107
Maximum depth [m] 40
Mean depth [m] 6.1
Water volume [rd] 700000 000

Depth index (mean depth to maximum dep

ratio) D

2 §SN) NBAARSYOS (AYS _ B
Lake characteristic ) Moderate, basin specific from 0.7 to
Residence type (short < 1 year, moderate yrs. Average 6.8 yrs

year, long > 10 years)

Shoreline development index

shoreline lenght 6.2
2V - lake area

Basinspesific from bradimictic td

Mixing type polymictic

Stratification Stratified
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Lakename: LakeVesijarvi, Finland

s qf : Characteristics Value
characteristics
Total catchment area [km2] 514
Direct catchment area [km2]
Landuse (CORINE) % of total catchment area
Agriculture 18
Catchment Urban 8
characteristics
Forests 51
\Wetlands 2
\Water bodies 20
{ OKAY Rt SNDa AYRSE 6g, .
lake areas to lake volume ratio) '
. Mean annual temp. 4.8C
Mean annual air temperature
L Mean annuaprecip. 600650 mm
Climate Mean annual precipitation
characteristics Maximum summer air temperature WP Eilzh €289 5E
(30 yearaverag€pays number > 15°C mean daily air temperar[:]ay?1 \7/\/;2 > 1;;52?” 06 e
1991-2020) per year ea ays ( )

Days with snow per year

Days with snow 11835 (Dec 6.6 ¢ Apri
10-20; 19912020)

Alkalinity (meqg/L), Alkalinity type (low <0.2
medium 0.21.0, high-> 1.0)

Medium (alkalinity 0.6 mmol/L. NB,
information on the ionic compositig
availableconversion  from  mmol
to meqg/L cannot be conducted)

Hydrochemistry an
trophic type
(situation in 2025)

Colour type (colour in HAZEN unitglear < 3(
humic 3090, polyhumic>90)

Clear (mearcolour 13 mg Pt/L)

Trophic  type  (oligotrophic,
eutrophic, hypertrophic)

mesotroph

Mesotrophic (mearepilimneticl5 g
P/L)

Calcium level (water hardnesssoftwater<2&
mg CalL, hardwater>25 mg Cal/L

No information on d

available Presumablysoftwaterbased

on low conductivity (meatt2 mS/m)
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1.2 Restoration Programme
1.2.1 Background

S

LAKES

Lake Vesijarvi (lake no. 14.241.1.001) is a-Kii7 seepage lake located in Southern Finland. It is
surrounded by the City of Lahti and municipalities of Hollola and Asikkala. The lake has four main basins:

Enonselk& (max. depth 33 m), Kajaanselka (42 m), Komonselké (10.5

m) and Laitialanselk& (18.5 m). In

addition, there are two smaller, shallower bays, Paimelardgitidselka (Paimelanlahti max. 14.5 m,
Véahaselkd max. 2 m) and Kirkonselkd (3 m). Kajaanselka is the only basin that has reached good
ecologi@l status, and the rest remain in moderate status based on the latest river basin management
planning (RBMP) assessment in 2019 (Figure 1). For the ongoing 4th RBMP cycle, L. Vesijarvi is divided
into three water bodies: Vesijarvi 1, Vesijarvi 2 and Vesifg. Vesijarvi 1 refers to basins Enonselka
together with Komonselkd and Paimelanlalfihdselkd; Vesijarvi 2 to Kajaanselkd; and Vesijarvi 3 to
basins Laitialanselk& and Kirkonselké. L. Vesijarvi belongs to a national water body type SVh (large clear
water and oligohumic lakes, corresponding to an EU broad ty@i& lowland, silicious).

The lake flows through the River Vaaksynjoki into L. Paijanne in the north, from where the waters
discharge to R. Porvoonjoki and, eventually, to the Gulf of Finland in the Baltic Sea.

Lake outflow

Ll

J(\/g Komonselka
C Laitialanselka
o . &, | Paimelanlahti-
g Vahéiselk
irkonselia ﬂ%
o
<

[ catchment area

Ecological status
[ Good
[ Moderate

CAIdz2NBE md ¢KS OFGOKYSyid I NBI 27

[F1S +£SaAiAa2NNBA |

(water bodies) in the RBMP assessment in 2019: Vesijarvi 1 (Enonselka, Komonselka and Paimelanlahti

Véahaselkd); Vesijarvi 2 (Kajaanselkd); and Vesig(aitialanselké and

Kirkonselkd). Contains data

from the National Land Survey of Finland and from the Finnish Environment Institute (License CC BY 4.0)

Lake Vesijarvi was formed after the ice age in between the two Salpausselkd | and Il ice marginal
formations. Based on ancient remains identified in the catchment area, the shorelines of the lake and
its surroundings were inhabited already during the stage. It has been estimated that the number of
inhabitants within the catchment area was around 4,000 in the beginning of the 19th century (Keto et
al. 2010). The borough of Lahti was established in 1878, after which the population grew rapidly.

Currently,around 100,000 inhabitants live in the catchment area.

Due to both international and national importance of lake to waterfowl, parts of it belong to the

designated Natura2009 S 62 NJ oaYdzil 2NNBSyY

I fdzS¢ X CLanoncnncbo©

(SAC) and as Special Protection Areas (SPA) (Figutee2)\afura 2000-area includes the largely
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overgrown Lake Kutajarvi on the south side of L. Vesijarvi and its five distinct bays that represent the
HD Annex | habitat type Natural eutrophic lakes with Magnhopotamion or Hydrochariype
vegetation (3150). Of these bays, Laasonpohja and Kutateng to the national waterfowl
protection programme and Laasonpohja also to The Ramsar Convention on Wetlands of International
Importance Especially as Waterfowl Habitat. In addition to its importance to waterfowl, the Natura
2000area has exceptionallyepresentative and versatile vegetation, which is threatened by
eutrophication and overgrowth. L. Kutajarvi was formerly a part of L. Vesijarvi, but it was detached
during the 18th and 19th centuries when the water table of L. Vesijarvi was lowered Istienaie of

3 min total (Salminen et al. 2021).

o
7 % p s //7 B . . . [ catchment area
/ . , ¥ «  Ancient remains
SR ’ > o ():1 Punctate objects
¢ Underwater object
® Above ground object
I Regional object
Natura 2000 -network
7 Natura 2000 - SAC
Natura 2000 - SPA

.
Kailanpohja

o Teravaiset . =

.
%hdenpoh)a
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)%
Qta}arw
B ' Laasonpohja

Figure 2. Identified ancient remains and the delimitations of Nature -2088 at L. Vesijarvi and its
catchment area. Contains data from the National Land Survey of Finland, the Finnish Environment
Institute and the Finnish Heritage Agency (License @@BY

Originally, L. Vesijarvi was a cleeaiter lake with some naturally eutrophic features present (Jarnefelt
1929). In the 20th century, the population growth, industrialization, mechanization of agriculture,
intensive drainage and utilization of artificiarfilizers all affected the lake that began to experience
water quality deterioration. The first signs of eutrophication of L. Vesijarvi, along with a first incidence
of cattle poisoning in Finland due to cyanobacteria, were recorded during the late 2880secame
obvious in 1960s when the lake became known as one of the most eutrophic large lakes in Finland (Keto
1982). The most southern part of the lake, Enonselkd basin in the vicinity of the City of Lahti,
experienced the worst deterioration as it waabject to domestic sewage and industrial wastewaters

for 60 years (Horppila et al. 1998; Keto 1982). Still in the beginning of the 1970s, the wastewaters of
60,000 inhabitants were discharged to the basin almost untreated (Salonen et al. 2020).

In 1976, a first step in the improvement of L. Vesijarvi water quality was taken with the establishment

of a wastewater treatment plant and sewage diversion, after which the effluent load was subsequently
cut to third (Keto 1982; Salonen et al. 2020) H& 1980s, the diversion of industrial wastewaters further
NBRdzOSR (GKS ydziNASYy(d t2FR o6& 9 wmp: ol 2NLIIAE L S
cyanobacteria remained in the 1980s, prohibiting the recreational use of Enonselka basitliagdaa
additional measures to advance the lake recovery from past loading. Consequently, an extensive series
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of restorative inlake measures and preventative external measures have been undertaken since mid
1970s (Figure 3) in that are described in more detail in sections 1.2.2 and 1.2.3.

1975 1976 19791980

Wetland/ Winter aeratiort 19821984 1989"!

1985
3 Intensive

Sewage Summer g
biomanipulatiort

P Wetlands/sediment aeratiort
diversiort basir?

Wetlanc?

sediment
basir?

19901993/! 19942006/ ! 2007.2014
Intensive Biomanipulatio 3 2007 Biomanipulatior 3
biomanipulatior River restoration = Estabhshm_g__nt 9f = Summer and winter aeration
Sediment basih (outflow)? Lake Vesijarvi ) , o
Foundation Wetlands, sediment basins, bottom wéirs

Series of wetlands Buffer zones River restoration (inflov)

20182019
Biomanipulatior 3 20202025
Macrophyte harvesting? 3 Biomanipulatiof: 3
Winter aeratiort Macrophyte harvesting? 3

Bottom weirs, sediment basins, Wetlands, sediment basins,
wetlands: 2 reed filters-2

Two-stage channél

20152017
Biomanipulatiof 3

Macrophyte harvesting? 3
Summer and winter aeration
Wetlands, sediment basihg: 3

River restoration (inflow)

Figure 3. Water protection and restoration measures conducted at Lake Vesijarvi since the establishment
of wastewater treatment plant in 1976. Upper indices display the basins to which measures have been
targeted (1 = Vesijarvi 1 (basins Enonselka, Paimtaditi-Vahaselkd and Komonselkd); 2 = Vesijarvi 2
(Kajaanselkd); 3 = Vesijarvi 3 (Laitialanselkd and Kirkonselkd)). Please refer to Figure 1 for information
on the location of these basins. The timing of the pioneering Vesijarvi Project | (VP |) and Vet

Il (VP 1l) are indicated by upper indices.

1.2.2 In-lake measures

The sewage inputs in the 20th century caused deoxygenation of L. Vesijarvi, due to which the first in
lake restoration measure initiated in the late 1970s was aeration of the hypolimnetic water to both
prevent wintertime fish kills and to reduce internautrient loading promoted by periodic hypolimnetic
anoxia and hypoxia (Salonen et al. 2023). At first, aeration was applied during the winter 1979, when
epilimnetic water was pumped from 1 m depth to the hypolimnion only in the deepest part of the
Enonselk basin (Vesijarvi 1). Between 1983 and 1985, aeration was extended to summer months (Keto
and Sammalkorpi 1988; Salonen et al. 2023), which, however, turned out to be less efficient than winter
aeration and the equipment was disturbed by wave action (e Sammalkorpi 1988).

After the first aeration period, a larggcale biomanipulation was carried out by mass removal of
planktivorous and benthivorous fish (mainly roach (Rutilus rutilus) and smelt (Osmerus eperlanus)) and
by stocking of predatory pikeperch (Sander luciope(8atltila et al. 2013; Salonen et al. 2020; Salonen

St Ftd HAnHoO® a4 LINI 2F (GKS SEGSYyaAr@94 mars a A 2 NNJ
than 1000 tons of cyprinid fish were removed from Enonselka basin (Vesijarvi 1, Figure 4) and 208,700
pikeperch fry were introduced to the lake (Sammalkorpi 1988). Ever since, the fish removal in Vesijarvi
1 (basins Enonselk&d, Komonselk&, Paimelanlahti) has continued with an average catch of 2,000 kg/ha/a.
Biomanipulation and stocking of pikeperch has alserbconducted in the other basins of L. Vesijarvi
(Vesijarvi 2; Kajaanselka and Vesijarvi 3; Laitialanselkd) since 1996. In Vesijarvi 3, the catch during late
1990s and 2000s has corresponded to that of Vesijarvi 1. In Vesijarvi 2, in turn, the catebrawe

modest (Figure 4).
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Figure 4. Annual biomanipulation catch of fish at the distinct RBMP water bodies of L. Vesijarvi (Vesijarvi
1 = Enonselkd, PaimelanlaMiihdselka and Komonselka; Vesijarvi 2 = Kajaanselka; and Vesijarvi 3 =
Laitialanselkd and Kirkonselka basins). Pleafgr to Figure 1 for information on the location of these
basins. Data from the City of Lahti. Note the different scales andxy-axes.

Another period of hypolimnetic aeration in Enonselk& basin by nine aeration stations (Mixox pumps)
was conducted between the years 2010 and 2017. This time, aeration was implemented not only during
the winter but also in the summer during periods when thgpolimnetic oxygen concentration
decreased below 4 mg/L (Ruuhijarvi et al. 2020). Due to aeration, the volume of hypoxic water and
duration of hypoxia decreased, but the temperature in hypolimnion expectedly increased, with
consequent implications for ineased mineralisation of organic matter and increased P recycling
(Niemistd et al. 2016). Despite high water temperature, the yeofithe-year smelt reached
exceptionally high abundance and increased predation pressure on zooplankton by smelt (Ruwathijarvi
al. 2020). Additionally, the summer aeration and the increase in hypolimnetic water temperature (up to
5 °C) increased the release of carbon dioxide, methane and nutrients from the sediment (Salonen et al.
2023).

Due to these adverse impacts, the summertime aeration was terminated after 2017 and aeration was
continued only during the winter until 2019, after which it was finally terminated as the water column
nutrient concentrations were not affected despite impea/hypolimnetic oxygen concentrations (Salmi

et al. 2014; Salonen et al. 2023). Additionally, it was observed that the shallower, oxygenated depths
also had a substantial impact to the release of sedimentary P, suggesting limitations to the usability of
aeration in lake restoration in general (Tammeorg et al. 2017; Tammeorg et al. 2013).
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Since 2015, harvesting of macrophytes (mainly common reed (Phragmites australis), but also the
invasive reed sweegrass (Glyseria maxima) has been conducted on the shoreline areas around L.
Vesijarvi to prevent macrophyte overgrowth for both preserving lfabitat value in Natura 206éreas

and securing the recreational amenities elsewhere.

1.2.3 External measures

To decrease the external loading and improve agricultural water management, 16 (series of) wetlands
have been constructed in the catchment since 1970s, 11 of which in2008 (Figure 3, Figure 5).

Most wetlands include a separate sedimentation basiraddition, 18 individual sedimentation basins

have been constructed, 17 of which in 26B014. To decrease channel erosion and thus the transport

of suspended sediment and particulate substances, 7 bottom weirs/rocky sills have been constructed in
streams nostly in 2018. Most of these structures have been maintained, typically by removing the
deposited sediment approximately every 7 years. Ten rapid sections in streams discharging to the lake
have also been restored by constructing dam bypasses and spaangiag, improving the sheltering,

and rearing habitats of particularly the locally naturally reproducing trout (Salmo trutta) in River
Hammonijoki.

Additionally, the City of Lahti has a designated stormwater management programme established in
2011, to enhance, plan and implement stormwater management at several locations (Lahden seudun
ymparistopalvelut 2010). It has been estimated that 30% of Pilgeattd the Enonselka basin originates
from urban runoff (Jarvelainen 2014). The stormwater management includes treatment of stormwaters
on site via different infiltration systems such as permeable pavements, green roofs, biofiltration
systems, vegetated gwessions, meandering channels, and designated stormwater wetlands. An
example of advanced stormwater treatment system is from Hennala subarea in the City of Lahti, where
substantial amount of stormwaters are first treated in a combined biofiltration/wedlaystem and

then diverted to River Porvoonjoki to completely bypass L. Vesijarvi (see details in Section 1.3.1.3.1).

Legend

I Agricultural area
B Urban_area
@ Constructed wetlands and
sedimentation basins
A Ecological status of lakes
; K - o f A PP " { w7 B Good
¥ N\ x ey y 5 ¥ Moderate
:) % :} oy - 3 ¢ 7 Poor
: " % v

[ Catchment area

Figure 5. Urban and agricultural areas, and constructed wetlands and sedimentation basins along
streams discharging to Lake Vesijarvi. Contains data from the Finnish Environment Institute, The Centre
for Economic Development, Transport and the EnvironnMatipnal Land Survey of Finland, and the
Finnish Food Authority (License CC BY 4.0).

1.2.4 Costs of restoration
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¢KS FyydzZ t O2ada NBIFfAT SR T2N 4 HaRainedsirésleeratibdNE 2 S O
and intensive biomanipulation) during 1989 dpn G SNB | NRPdzy R aendnckl ot
Lehtoranta 2013). Based on the costs of Vesijarvi Projechgreetary evaluation on the benefits of L.
+SAAS2NNDA NBal2NIGA2y STF2NIa oFa OFNNRARSR 2dzi Ay
jdzt t Ade ¢l a SatAYFdiSR G2 KIFI@S | Y2ySGFNE o0SySTAl
value 0f2025) exceeding the annual costs realized for the project (Lehtoranta 2013).

¢KS G2aGFft O02ada FT2NJ I &S HdzSyrO 335 NB+ Si& viahNIZA ALONERDE §
Kaupunki 2007). These included both external measures, such as establishment of wetlands and buffer
zones, education about proper wastewater treatmensparsely populated areas, andlake measures

such as biomanipulation, macrophyte harvesting and restoration of spawning areas byscatall

dredging. Additionally, the project included planning of aeration, extensive monitoring and different
engagementactivities such as organising different lake restoration related events, and multichannel
communications.

Since these two projects, the costs of restoration have been divided into numerous various sources and
have been financed from various sources including contributions from e.g., municipalities, support from
the state, national and Eprojects, and privatsector through donations. In the following sections, we
provide estimated costs for individual restoration and water protection measures since the two
pioneering Vesijarvi projects (Vesijarvi Project | and II).

1.2.4.1 In-lake measures

5dzNAYy3a GKS wnnnaz GKS SadAyYl (S R-1.20&didégendifiggoNihe A 2 Y Iy
method used (trawling, fyke nets, seining). Hence, based on the total catch from L. Vesijarvi (all basins),

the estimated annual costs of biomanipulation®i8& Hna AT | FGSNJ GKS a+SaiaNND
0SG6SSy O®60@avderdimgion the fish biomass removed. Since 2007, an estimate of
aeHIH AYy (0201t KFa 0SSy dzAaSR F2NJ 0A2YlF yALIzZ I GA2
obtained onthe costs of fish stocking. In 2023, introduction of predatory fish (éelgyilla anguillg,

pikeperch and trout$almo truttay 0 G2 [ ® *SAASNNBA O2a0SR ennXooc
information is only available for the introduction of eels, when the stocking of 27,500 individuals costed

Od eonzZnnnod

The annual total costs for aerationin20@7n nd ¢+ a8 ey>nnnkl GAGK 2y S 2LIS]T
9y 2y aSt N ol a&Ay T201% with Bightt operationdl Yyumps raimEnonselké basin; and

€ 0 p 2 n 0 n k2020 aken thetnmnaber of pumps was fourMlalin pers. comm. on 29 Sept. 2025).
Consequently, the total amount of funding spent on aeration since the two Vesijarvi projects | and Il has
0SSy O ecnnInnnod

1.2.4.2 External measures

The estimated costs of implementing constructed wetlands are shown in Table 1, and are based on unit
Oz2aita FTNRY O2YLINIrotS CAyyrAak OlFaSaod ¢KS dzyAid Oz
value), which agrees with the average costs in Fahl@Drtamala 2012). The estimated unit costs of
sedimentation ponds are rather similar as excavation masses are the largest cost factor. The lost
earnings for farmers and benefits were estimated following the methodology of Vastila et al. (2021).
Farmerslda G FASE R FNBI X RSONBFraiAy3a GKS @FftdzS 2F GKS ¢
ALISOATAO aStftAy3a LINAROSad ¢KS t2ad0 ONRLI @I fdsS 41 ¢
crk: 2F GKS FTASER | NBI O /ddidNpiBiged forénaintainkdgtheevptland,k K I K |
which is in most cases higher than the areal subsidies for crop cultivation but is needed for covering the
costs of the actual maintenance works. Wetlands are typically established on locations suffering from
floods and thus poor agricultural productivity. Hence, the lost earnings are actually lower, as the
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alternative to the wetland implementation would be to invest in improved water management, which
would generate alternative costs. The cost estimate does not include e.g. monitoring.

Those sites that fulfilled the criteria have been financed by-8B8 as neproductive investments.
Other sites have been financed e.g. by the municipalities of the L. Vesijarvi catchment and by public and
private sector through various projects implemedtby e.g. Lake Vesijarvi Foundation.

The estimated financial benefits of external water protection measures include decreased loading to L.
Vesijarvi, but the available data does not allow reliable direct evaluation of the P retention by the
wetlands. The share of wetland surface area is bwitth respective to the total catchment area (0.05%)
GKAETS (GKS 0SySFAaida INB @FtdsSR G eonnkNBIOlIAYSR |
Since the agricultural practices have also changed (Section 1.3.1.11), we consider-tféectisgeness

of WellLISNF2NX¥AYy3 az2AiAf | YSYRYSyda oepckl13a t0O & | NJ
range in benefit valuation, the decreased P loading to L. Vesijarvi (see Section 1.3.1.3) has had a
Y2YSiilINE SYy@ANRBY YSHad3tivYSSFEF NG I DB/0E5da aec ndm

Table 1. Estimated costs of constructed wetlands (2024 value) over a period of 30 years based on
representative conditions in Southern Finland.

Variable Units il c_o _sts | Costs Data source
guantities
Time frame years 30
ha 20 Lake Vesijarvi Foundation
Total area of wetlands 2025

Project = management  (plannir
stakeholder collaboration, securi€ K Kl 24,000 480,000  Ortamala 2012

financing)

Construction € K KIF 13,000 260,000 Ortamala 2012
Maintenance € K KI 1500 300,000 CAP 2022027
Land price € K KI 12,000 240,000 Vastila et al 2021
Lost crop value € K K I 1800 480,000 Vastila et al 2021
Total costs within 30 years € 1,760,00(

Total costs within 30 years € Ra 88,00(

1.3 Evaluation of existing restoration programme
1.3.1 WFD
1.3.1.1 Water quality and chlorophyll a

The sewage diversion in 1976 remarkedly decreased the epilimnetic growing season total phosphorus
(TP) and chlorophyll a (C&é) concentrations of Vesijarvi 1 (Enonselkd, Komonselkd, Paimelanlahti
Vahaselka basins) that was the area most subjected to wastewater loading. In between the sewage
diversion (1976) and the begin of biomanipulation (1989), the median TP concentratiqny/ (4 Were

on a level displaying poor status. After the period of intensive biomanipulation in-1983, the
epilimnetic TP cozentrations in the 1990s declined to levels indicating moderate status (26 pg/L) and
have further declined during the recent years (since 2020) to a level indicating good status (16 pg/L)
(Figure 6). Similarly, the Chl a in Vesijarvi 1 has experiencedbsiastial decline from the
concentrations in 1980s after the onset of consistent. However, elevated Chl a concentrations have
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been observed during the 2012D20s despite the reduced TP concentrations due to changes in
phytoplankton communities (Figure 6, Section 1.3.1. LB aeration of Enonselké basin in 221019
increased the hypolimnetic oxygen concentration (Horppila et al. 2015) but did not affect the
epilimnetic nutrient concentrations (Salmi et al. 2014; Salonen et al. 2023). However, increased
temperature and oxygn concentration in the hypolimnion promoted the benthic N removal via

increased denitrification and redudethe accumulation of ammonium in the hypolimnion during
stratification (Holmroos et al. 2016).
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Figure 6. Development of chlorophyll a (Chl a), total nitrogen (TN) and total phosphorus (TP)
concentrations in the three RBMP water bodies of L. Vesijarvi since the beginning of monitoring. Vesijarvi
1 refers to basins Enonselkd, Paimelani&f@haselkd ad Komonselkd; Vesijarvi 2 to Kajaanselkd; and
Vesijarvi 3 to Laitialanselkd and Kirkonselka. The reader is suggested to refer to Figure 1 for information
on the location of these basins. Note the different scales andcyaxes. The colours represenatsts

class boundaries for phytoplankton metric Chl a and the supporting elements TN and TP (blue = high;
green = good; yellow = moderate; orange = poor; red = bad).

In Vesijarvi 2 (Kajaanselkd), the median TP, TN and Chl a concentrations during the 1980s mainly
indicated moderate status. Since the 1990s, the Chl a concentration has mainly remained on a level
indicating good status, whereas the TP concentration haguiied between moderate and good
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status. Chl data from Vesijarvi 3 (Laitialanselkd and Kirkonselkda) are rather sparse and only available
from the 21st century. Since then, the Chl a concentration has been on a level mainly indicating
moderate ecological status.

In regards of TN, the median growing season {@aptember) concentrations at all L. Vesijarvi RBMP
water bodies (Vesijarvi-3) have mainly indicated good or high ecological status since the 1990s.

Considering nutrient limitation, L. Vesijarvi has earlier been estimated as P limited in a national
assessment based on TNA@®Ios of Finnish lakes (Pietildinen and Raike 1999). This is supported by a
comparison of monthly concentrations of soluble reaet phosphorus (SRP), dissolved inorganic
nirogen (DIN; i.e. the sum of nitrate, nitrite and ammonium nitrogen) and total organic nitrogen (TON;
difference between TN and DIN) in different subbasins (Figure 7). According to Maberly et al. (2002), P
limitatA 2y ¢2dz R 0SS LIRaaAroftS Ay Y2yiKa oKSyYy {wt A&
O2dz R 6S 5Lb ¢ nom Y3Ik[P® LY +SaAS2NNDA adzool aixya
limitation threshold, whereas the SRP concentrations arevedlte P limitation threshold especially

during the phytoplankton growing season (Julegust), also suggesting P limitation. However, it must

be noted that the thresholds suggested by Maberly et al. (2002) display the conditions in upland lakes

an may noftfully repserent the conditions at the lowland L. Vesijarvi. Indeed, a more recent study by
(Ojala et al. 2003) combining results of lelegm enrichment experiments with natural phytoplankton,

lake nutrient and chlorophyll a concentrations, elemental rat{tN:P, C:P, C:N) of particulate matter,

and analysis of P uptake using [33P] did not support P limitation in the Enonselk& basin. Instead, the N:P
ratios usually suggested the occurrence of N limitation (Ojala et al. 2003). Fluctuations between P and

N limitation were also observed in the growing season during 2024 (KVVY Tutkimus Oy 2025).
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Figure 7. Seasonal changes in surface watet (0) soluble reactive phosphorus (SRP), dissolved
inorganic nitrogen (DIN) and total organic nitrogen (TON) average concentrations in L. Vesijarvi
subbasins in 199@025. The threshold values for P (10 pgéttet line) and N (100 pg/L, dashed line)

are presented following Maberly et al. (2002). Vesijarvi 1 refers to the basins Enonselka, Paimelanlahti
Vahaselka and Komonselka; Vesijarvi 2 to Kajaanselkd; and Vesijarvi 3 to Laitialanselkd and Kirkonselka.
Thereader is suggested to refer to Figure 1 for information on the location of these basins.
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1.3.1.2 Phytoplankton

Before the sewage diversion and first restoration efforts taken in late 1970s, the phytoplankton BQE
metrics total biomass, proportion of harmful cyanobacteria and the phytoplankton trophic index (TPI)
in the subbasin Vesijarvi 1 indicated bad status (€i@). Since the mid990s, the phytoplankton
biomass metric in Vesijarvi 1 has fluctuated between levels indicating poor or moderate status. The
proportion of harmful cyanobacteria in phytoplankton biomass in Vesijarvi 1, in turn, has mostly
remained <16%ndicating as a single phytoplankton metric good status with some exceptions in the
21st century. For instance, in 2002, 2009, 2016 and 2018 the median proportion of cyanobacteria
indicated poor status (Figure 8), as both thdidNhg cyanobacteria and apobacteria in general were
abundant (Figure 9, Figure 10). During the periods of summer aeration ig201D, it was estimated

that the turbulence tolerant Planktothrix agardhii probably benefited from the aeraitholuced mixing
(Ruuhijarvi et al. 2020)The phytoplankton trophic index (TPI) indicated bad to poor status before the
sewage diversion and extensive biomanipulation. Ever since, this metric has fluctuated between levels
indicating good to poor status (Figure 8).

lf 6K2dAK (GKS &4S¢F3S RAGSNBEAZY Ay wmMptrc NBRAzZOSR
epilimnion by circa 40%, the cyanobacterial blooms were still frequent in the early 1980s (Salonen et al.
2023). Further reduction of TP by about®0% due to intasive biomanipulation in 1989993 reduced

the phytoplankton biomass and the percentage of cyanobacteria remarkably (Horppila et al. 1998;
Kairesalo et al. 1999; Salonen et al. 2023). Aeration periods did not have major impacts on
phytoplankton communitiesPrior to biomanipulation, the most abundant cyanobacterial genera in
Enonselkd basin were Planktothrix, Aphanizomenon and Dolichospermum. The turbulence tolerant
Planktothrix formed high biomass especially in 1970s and 1980s, as well as during aryearfeafter

GKS FTANBRG FSNIGA2Yy LISNAZ2RO® {AYyOS modbnz FGEGSNI G
declined and the N&xing cyanobacterium Dolichospermum replaced the -iN&afixing
cyanobacterium Planktothrix. However, in some yearsrauthe second aeration period, Planktothrix

has been the most abundant cyanobacterium.

Since the 1960s, the total biomass of phytoplankton has been markedly higher in Enonselk& compared
to Kajaanselka basin (Vesijarvi 2)(Figure 8, Figure 9). In Vesijarvi 2, the phytoplankton metrics total
biomass, the proportion of cyanobacteria and the ii@te mainly indicated good to moderate status
during the last couple of decades (Figure 8). In Kajaanselka basin, the proportion of cyanobacteria has
also been markedly lower compared to the Enonselka basin. However, in 2016 and 2018, the proportion
of cyanobacteria was high also in Vesijarvi 2, similar to Vesijarvi 1. This was attributed to the abundance
of both Nfixing cyanobacteria and other cyanobacteria (Figure 9). Although the phytoplankton biomass
is significantly lower in Kajaanselka, the speciescassion has been rather similar in both basins
(Salonen et al. 2023). In addition to cyanobacteria, diatoms, cryptomonads and dinoflagellates
dominate the phytoplankton community in both basins (Figure 9) (Salonen et al. 2023).

In Vesijarvi 3, where datare much sparser and only dates back to the beginning of the 2000s, the
phytoplankton total biomass metric has indicated moderate to poor status, and the proportion of
cyanobacteria and the TPl mainly good ecological status, respectively (Figure 8).
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Figure 8. Phytoplankton total biomass, proportion of harmful cyanobacteria of phytoplankton biomass
and phytoplankton trophic index (TPI) in the three RBMP water bodies of L. Vesijarvi since the beginning
of monitoring. Vesijarvi 1 refers to basins EndrsdPaimelanlahtvahaselka and Komonselka; Vesijarvi

2 to Kajaanselka; and Vesijarvi 3 to Laitialanselka and Kirkonselkd. The reader is suggested to refer to
Figure 1 for information on the location of these basins. Note the different scalesod yxaxes. The

colours represent status class boundaries for the phytoplankton metrics (blue = high; green = good,;
yellow = moderate; orange = poor; red = bad).
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Figure 10. The development of fiZing and noAN2-fixing cyanobacteria (other cyanobacteria) at
Enonselkd basin (Vesijarvi 1) since the beginning of monitoring 1965. Data represent average
cyanobacterial biomass from June to August. The data represergige/gearly biomasses from June to
August.

1.3.1.3 Fish

The fish community structure in L. Vesijarvi Enonselka basin has been evaluated since 2007 by random
sampling with Nordic mulinesh survey nets following standard methods described in Olin et al. (2002).
The catch as number per unit effort (CPUEN (ind/mght)) and biomass per unit effort (CPUEwW
(g/net/night)) has been used as an index of fish abundance. Despite continuous biomanipulation and
trawling, the abundance of fish in Vesijarvi 1 has been such high both in terms of CPUE, that it has mainly
indicated bad ecological status (Figure 12). However, the proportion eutrophieaiicative cyprinid
species, in turn, has often been on a low level indicating high status. Compared to the reference values
of large non humic lakes, the fish community inMesijarvi is abundant and indicates impacts of
eutrophication. However, the structure of the fish stock is good, as perch are abundant in relation roach
and the proportion of predatory fish is high (Ruuhijarvi et al. 2023). Changes in fish communities
correspond to the management goals of L. Vesijarvi.
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Figure 12. Fish community composition in L. Vesijarvi subbasins based the number of fish per gilinet
(CPUEN), biomass (g) of fish per gillnet (CPUEw) and proportion of eutrophidditiative cyprinids in
CPUEw. The colours represent status class boiasdar the respective fish metrics (blue = high; green

= good; yellow = moderate; orange = poor; red = bad).

In general, the most abundant fish species based on standard multimesh gillnetting in L. Vesijarvi 1, 2
and 3 during the 21st century have been perch (Perca fluviatilis), smelt and occasionally roach (Figure
13, Figure 14). Gillnetting at Vesijarvi 3 hasibconducted only since the late 2010s, after which perch,
ruffe (Gymnocephalus cernyiableak Alburnus alburnysand roach have been the most abundant
species within the catch. However, it must be noted that some of the species are systematically
underestimated by standard gillnetting, whereas the species with spiky structures (e.g. perch) are being
caught more easily. Hence, the size of the L. Vesijarvi smelt population is remarkably higher when
estimation is conducted by hydroacoustic assessment ealling, according to which smelt has been

by far the most abundant species in the pelagial of L. Vesijarvi since 2009 (Malinen and Vinni 2025).
Subsequently, changes in smelt population have affected the functioning of the lake's food web (Section
1.3.1.24). Fluctuations in the smelt population have originated from the changes in water temperature
and oxygen conditions both during hot summers and operation of summer aeration (Malinen and Vinni
2025; Ruuhijarvi et al. 2020), and also the strength of pregatish stock (Malinen and Vinni 2025),
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which is being supported by annual stocking of whitefiSsbrégonus lavaretjistrout, salmon $almo
salarm. sebagg, pikeperch and eeAnguillaanguilla).

The endangered eel population in L. Vesijarvi is completely dependent on its introduction and c¢. 10,000

fry are being introduced annually (Ruuhijarvi et al. 2023). Additionally, the departure of L. Vesijarvi eel
population on their reproductive migratiorotthe Sargasso Sea is prohibited by Vaaksy canal, which
forms a migration barrier. In2028n 1 n | LAt 234 F2NJ LINPY2GAy3 GKS SS
the assistance of professional fishermen who trapped and transported more than 900 indiva&als

Kymijoki (KVVY Tutkimus Oy 2025), which drains to the Baltic Sea. Currently, there are to continue the

and expand the operation to new areas.
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Figure 13. Fish community composition of L Vesijarvi RBMP water body Vesijarvi 1 (Enonselka,
Komonselkd, Paimelanlaiiahaselka basins) based on the number of most abundant fish species per
gilinet (NPUE).
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Figure 14. Fish community composition of L. Vesijarvi RBMP water body Vesijarvi 2 (Kajaanselk& basin)
based on the number of most abundant fish species per gilinet (NPUE).

1.3.1.4 Macroinvertebrates

In Vesijarvi 1 (Enonselka basin), data on benthic macroinvertebrates is available since 2010, after which
the most abundant species have be€hironomus plumosukimnodrilussp, Potamothrix/Tubifexsp.,
Procladiusp. andC. antracinugFigure 15). The benthic macroinvertebrate percent model affinity (PMA
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(Novak and Bode 1992)) and the profundal invertebrate community metrics (PICM) metrics in Vesijarvi
1 have mainly indicated moderate status since the beginning of 2000s.
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Figure 15. The abundance of selected macroinvertebrate specie82ann® depths of L. Vesijarvi
Enonselka basin in between 202020. Only the species that have occurred almost during all the years
of sampling are presented. Aeration of Enonselka botmduhe winter and summer took place in 2010
2017, and during the winter 2013019.

In Kajaanselka basin (Vesijarvi 2), data are only available from 2008, 2014 and 2020 and from the
deepest areas of the basin (depths from-3b m). The most abundant genera have been
Potamothrix/Tubifexsp., andC. anthrasinugFigure 16). In Vesijarvi 2, the PMA and PICM metrics since
2008 have mainly indicated moderate status.
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Figure 16. The abundance of selected macroinvertebrate species3n 8bdepths of L. Vesijarvi
Kajaanselka basin in between 268820. Only the species that have occurred almost during all the years
of sampling are presented.

In Vesijarvi 3 (Laitialanselké basin), where data are available for the depfl&réthe most abundant
genera in have beeRrocladiusp.,C. plumosudPotamothrixsp., andTubifexsp (Figure 17). The PMA
metrics in Laitialanselkd have mainly indicated moderate status and the PICM, instead, has mainly
indicated poor status.
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Figure 17. The abundance of selected macroinvertebrate speciesli® t6depths of L. Vesijarvi
Laitialanselkd basin in between 2020824. Only the species that have occurred almost during all the
years of sampling are presented.

Impacts of aeration on L. Vesijarvi Enonselka basin zoobenthos were evaluated in the early 2010s. In
2009, before the aeration, the number of profundal rudpth (G;15 m) macroinvertebrate taxa was

on average 9.5 (Tolonen and Hynynen 2012). After the oofsatration (9 Mixopumps, operation

during winter and summer) in 2010, the number of rigpth taxa reduced to an average of 7.5 in 2010

and 6.5 in 2011 (Tolonen and Hynynen 2012). In the deepest parts of Enonselka be@nni20the
number of taxa irR009 was on average 5.7, increased to 6.5 in 2010 after the onset of aeration and
again reduced to 4.5 in 2011 (Tolonen and Hynynen 2012). Before the aeration in 2009, the most
abundant genera in Enonselka basin wBaamothrixsp. andTubifexsp. together withProcladiussp.

and Chironomussp. After the onset of aeration, the abundance@fplumosugcreased remarkably,

as the species is well adapted to warm water (Self et al. 2011). The formerly observed §pecies
salinarius, Polypedilurap., Tanypusvillipennis Aulodrilus piquetiSlavina appendiculataArcteonais
lomondi and Vejdoskyella comatavere, in turn, no longer recorded in 2011 and the abundance of
Einfeldia sp. had clearly decreased. The diversity of genera after the onset of aeration was still scarce
and typical of eutrophied lake depths (Tolonen and Hynynen 2012).

The total abundance and biomass of macroinvertebrates, however, increased remarkably after the
onset of aeration. The total abundance in raepth during 2009 was on average 950 ind./m2, whereas

in 2011 it had increased to c. 2900 ind./m2. In the deepestspof the basin, the total abundance in
2009 was c. 1500 ind./m2 and increased to c. 5000 ind./m2 by 2011 (Tolonen and Hynynen 2012). The
total biomass in midlepth were 3fold, and in the deepest parts fbld in 2011 compared to the
situation in 2009 Tolonen and Hynynen 2012). The increments in total abundance and biomass were
mainly attributed to the increase &. plumosuand OligochaetaRotamothrixsp., Tubifexsp.) both in
mid-depth and in the deepest areas, resulting from increased temperature and increased oxygen
concentrations in the hypolimnia (Tolonen and Hynynen 2012). It was concluded that the aeration did
not improve the ecological status of the lakeskd on PMA and PICM macroinvertebrate metrics
(Tolonen and Hynynen 2012). In turn, the increased temperature in the hypolimnion fared
plumosuswhich is a species indicative of eutrophy.

1.3.1.5 Zooplankton

Zooplankton in general is not being monitored as part of WFD, despite its significance in lake foodweb
dynamics (Jeppesen et al. 20IMgverthelesszooplankton of the Enonselka basin (Vesijarvi 1) has been
monitored since theonset of consistent biomanipulation in the late 1980s @&adly 1990s. Based on
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longterm data, both the total zooplankton biomass abdphniasp. biomass during the growing season
(JuneSeptember) experienced a decline in RAGO0s, after which the total zooplankton biomass has
remained constant (Figure 19)aphniasp. biomass, in turn, has slightly increased after 2010s and the
biomass in 2024 was closer to the levels observed in early 2000s. According to Kuoppamaki (2025), the
biomass of cladocerans, such Bsphniasp., and copepods such &udiaptomus graciliand
Limnocalanus maurushave increased since 2015, while at the same time the biomass of rotifers has
decreased as an indication of a recovering food web. During the years when the biorDaghofasp.

has been lowest (2004, 2009), an increase in the phytoplankton biomass could expectedly be observed
(Figure 8).

Biomanipulation in the 1990s had a positive impact on the abundance of nutritionallyghaghy
phytoplankton, crucial for supportin@aphniaproduction, and the biomass of this keystone species,
GKAES GKS 2LJJ2aAGS 61 & F2dzyR F2fft26Ay3 GKS KeéLkRf
et al. 2019). Another plausible reason for the low biomassDaphniaRdzNA Yy 3 HAmMnQa &t
disappearance of the dark and lesxygen deepwater refuge against fish predation following the

mixing of water colum (Ruuhijarvi et al. 2020). It has earlier been reported that the fluctuations in L.
+SAASNNDAQA LI FYy|lGAG2NRdza ayYStd LRLWZIFIGA2Y KI @S
(Anttila et al. 2013; Nykanen et al. 2010; Ruuhijarvi et al. 2020) angrésence of dense smelt stock

inversely correlates with the size of herbivorous cladocerans (Ruuhijarvi et al. 2020). These impacts have
also been observed in the subfossil cladoceran zooplankton samples taken from the sediment in
Enonselkéd basin, wherb¢ mean size dbaphniaand Eubosmina crassicorréphippia and carapaces

increased significantly after the period of intensive biomanipulation in £9892 (Nykénen et al. 2010).

Also, the abundancd3iaphanosoma brachyuruamdLimnosida frontosincreased significantly, while

that of Ceriodaphniaand rotifers decreased. Increased water clarity due to biomanipulation was also
reflected to a recovery of littoral vegetation with consequent implications for the concentration of

littoral species in the deep danent core (Nykanen et al. 2010).
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Figure 19. The volumseighted average (xSE) annual carbon biomass of a) total zooplankton
(cladocerans, copepods and rotifers) and b) all Daphnia species in samples collected from Enonselk&
basin (Vesijarvi 1) from the depth of30 m between years 1992024. The years when samples have

not been analysed are marked with an x.
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1.3.2 Biodiversity net gain
1.3.2.1 Waterfowl

The waterfowl population of L. Vesijarvi has been monitored since the late 1970s, when the lake was
considered as a substantial waterfowl lake (Lammi and Kolunen 2010). During the 1970s, piscivorous
waterfowl were abundant due to eutrophication, abundaraipktivorous fish stock, and dense reed
beds. Especially the number of breeding and resndiceps cristatusas exceptionally high, and the

large shoals of small fish attracted gulls, common te8tsrfia Hirundpy common merganser$Agrgus
merganse) and redbreasted mergansersM. serrato)) to the lake during their autumnal aviation
(Lammi and Kolunen 2010). Additionally, demanding species such as the herbivaticasatra and

the dabbling duck#ythya ferina, A. fuligulaSpatula querquedulaandS. clypeatavere abundantly
breeding at the lake together with large colonies of blaeladed gulls @hroicocephalus ridibundus
(Lammi and Kolunen 2010).

The waterfowl population in L. Vesijarvi in general began to experience changes198disl after the
sewage diversion that took place in 1976, due to changes in agriculture as the number of cattle started
to decline with subsequent implications for regutshoreline grazing and pinching of former pastures,
and due to increased recreational boating at the lake near Laasonpohja where. egstatusvere
abundant (Lammi and Kolunen 2010). During the 1990s when the water quality of L. Vesijarvi began to
improve as a result of water protection and restoration efforts, the abundance and density of common
reed started to decline with subsequent negative implications for the breeding succBs<iftatus,

F. atraand C. ridibundus (Lammi and Kolunen 2010). At the same time, the abundaBgeisétum
fluviatile declined, andl'yphasp. started to expand to the rare, flooded meadows that were left. Since
1990s, breeding of more tolerant species suclaas platyrhynchg#\. creccaandBucephala clangula

has beome more common an@ygnus cygnusas settled down to the lake. A similar trajectory has
continued during the 2000s (Lammi and Kolunen 2010).

In general, the decline in breeding waterfowl populations observed in L. Vesijarvi is in line with the
general trend in Finland during the last decades (e.g., Lehikoinen et al. 2016). The identified reasons
behind this trajectory are, amongst others, themngral water quality deterioration and excess
eutrophication of surface waters due to changes in land use, and the predation pressure exerted by
invasive alien predatorsNgogale visionand Nyctereutes procyonoidgs(e.g., Holopainen and
Lehikoinen 2022;dhikoinen et al. 2016; Pdysa et al. 2013). In general, the breeding numbers of many
waterbird species are also shown to track the ldagn changes in the size of blabkaded gull colonies

due to its aggressive nest defence behaviour that benefits mahgroivaterfowl species to gain
protection against predators (Poysa et al. 2019).

The substantial decline in L. Vesijarvi breeding waterfowl populations afted &8@s can be clearly
observed in the data from the Natura 20@@ea (Figure 19). The endangered spediesc(istatus, A.
ferina) have substantially declined and the number or breeding breaded gulls in the Natura 2000
areas during the 2020s has been negligible. In general, it has been estimated that the numbers of
breeding birds at the Natura 200@rea may speciespecificaly represent 3660% of the numbers in

the wholeL. Vesijarvi (Lammi and Kolunen 2010). However, the number of breedingheladg&d gulls

only represents an estimate of 10% of the total numbers in the whole lake area (Lammi and Kolunen
2010). The breakwater at L. Vesijarvi harbour, Enonselk& basilargeaartificial island that hosts one

of Finland's largest colonies of blackaded gulls (Kekki et al. 2018).
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Figure 19. The numbers of selected breeding waterfowl and -hidted gulls (Croicocephalus
ridibundus) that are behind the protection of Natura280WXS I CLnoncnnc 066 Ydzil 2NNJ
beginning of monitoring in 1977.

1.3.1.2.2 HD Annex IV species

The dragonflies in Kutajarvi 20@@eawere mappedn 2007whena total of 19 species were discovered

from L. Vesijarvi bay areas (Kailanpohja, Terdvaiset, Lahdenpohja, Kirkonselkd, Laasonpohja) including
Leucorrhinia caudaliand L. pectoralighat are listed in Annex IVa of the European Union's Habitats
Directive(M&kinen 2007)The latter is also listed as one of reasons for the protection of Kutajarvi Natura
2000area. Both species were also observed in all these bay areas during the mapping in 2019
(Metsanen and Saikko 2019). This time, however, the occurrencethelr aragonflies was not
systematically evaluated nor recorded.

These two species generally inhabit ponds, lakes and bays with abundant submerged vegetation. In
larger lakes such as L. Vesijarvi, they occur in fertile bays. Both species have declined sharply in Western
Europe but are rather common in Southern Finlaatdthe northern limit of their range, where they

may be more sensitive to changes in the environment. However, in Finland, the conservation status of
both species has been favourable in 2019 and 2025. The species favour eutrophied lakes and bonds with
floating-leaf vegetation, but can be absent from hypertrophic, overgrown lakes and bbndsctoralis
favours relatively higher water transparency. In addition to the breeding site, the resting site includes
the protective vegetation surrounding the water area, in which the dragonflies take shelter at night and
during cloudy weather (Metsanen and Saikii12; Nieminen and Ahola 2017). Letegm time series

data on the occurrence of species in the area are not available. However, based on their habitat
requirements, both species may have benefited from the improvement in the water quality of L.
Vesijarvi. Both species have become more abundant in Finland since the early 2000s (www.laji.fi/en
[accessed on 30 Sept 2025]).

Among the HD annex IVa species, the moor fRané arvalishas also been observed in the Kutajarvi
Natura 2000 area including L. Vesijarvi bay areas (Laasonpohja, Kirkonselk&, Lahdenpohja, Teravainen
and Kailanpohja) (Lammi and Vauhkonen 2021). The species is found almost throughout Finland, but it
is most abundnt in the southern and central parts die country(Nieminen and Ahola 2017). The
species can be found in moist meadows, forests, and bogs (www.laji.fi/fen [accessed on 30 Sept 2025]).
In L. Ves§jrvi, Lahdenpohja is a particularly suitable area for the reproduction of the moor frog where
hundreds of spawning individuals have been observed (Lammi and Vauhkonen 2021).

Funded by 24
the European Union



Demonstrating Successful Restoration /w

LAKES

1.3.1.2.3 Macrophytes

L. Vesijarvi is one the most valuable lakes in Finland in terms of representative and versatile aquatic
flora, especially within the four bays (Kirkonselkd, Laasonpohja, Lahdenpohja, Teravaiset and
Kailanpohja) that are designated to Natura 200@twork. The endangeredlyriophyllum sibiricum
Callitriche hermaphroditicaChara braunjiand Rhynchostegium riparioiddsave been recorded from

the lake (Jarnefelt 1929), adhjas flexiliandN. tenuissimare among the justification for protection

of the Natua 2000-area. As a special feature, some brackish water species, s@hasmaphroditica
Potamogeton filiformisnd P. pusillusnhabit the lake as a remnant from the era when the lake was a
former bay of the Baltic Sea (Keto et al. 2010).

Eutrophication and the general water quality deterioration have affected the macrophyte communities
at L. Vesijarvi. For instanc€eratophyllum demersunwhich generally benefits from eutrophication,
formed mass occurrences during the 1970s and 1980s when the symptoms gitgo#tion were most
severe (Keto et al. 2010). Another species that begun to spread along with increasing eutrophication
wasPhragmites australiwhereasP. rutilusvas abundant at the lake in mitb00s but started to decline
remarkably in the 1980s (Keto et al. 2010). Although the water clarity increased during the 1990s due
to restoration efforts, the water quality improvement alone has not benefifedrutiluswhich has
suffered from the shoreline construction and srasthle dredging, harvesting of reed belts, and
exhaustion of sheltered habitats (Keto et al. 2010). SimilakljliexilisandN. tenuissimdave severely
suffered from eutrophication, and the construction and dredging of shoreline habitats that are linked
to increase recreational activities and increased occurrence of summer housing (Keto et al. 2010).

At the end of the Vesijarvi Project Il in 2006, the aquatic flora of Enonselkd basin had clearly changed
since the 1990s with increased abundancedViyfriophyllum alterniflorum, Ranunculus peltatus, P.
crispus, Fontinalis hypnoidesnd F. antipyretica(Lahden Kaupunki 2007). The abundances of
Ceratophyllum demersum, Phragmites australis, Nuphar latehEquisetum fluviatilein turn, had
remained more or less constant. In general, the abundance of-oiiggotraphents/mesotraphents
such adM. alterniflorumand R. peltatushad increased, whereas eutraphents had decreased (Lahden
Kaupunki 2007). In total 81 species have been recorded from the lake with a majority of them (43)
abundant with several habitats around the lake. Additionally, 17 species only inhabit certainoéreas
the lake, and 12 species have extremely limited occurrence (Keto et al. 2010). The iBladea
canadensisvas first observed in the lake in 1890s dBlgseria maxim& 1960s (Keto et al. 2010), and
they can be considered as lokgown nuisance.

The latest vegetation survey of L. Vesijarvi was done along transects in 2018, when the maerophyte
EQR indicated good ecological status (0.6).

1.3.1.3 Zero pollution
1.3.1.3.1 Nutrients

The external loading to Vesijarvi has substantially decreased already by the establishment of the
wastewater treatment plant in Lahti in 1976. Additionally, further decreasing trends in TP and TN loads

are observed in all the Vesijarvi saatchments betwen 1991 and 2024, likely caused by both the
implementation of extensive water protection measures (see Section 1.2.3) and changes in agricultural
practices (see Section 1.3.1.11). Gradual decreases in external loading since ~2008 could be expected
following the establishment of several wetlands and sedimentation basins. The influence of the water
protection structures on the external loads is expected to have reached an approximately constant level

since 2020 as only one major measure has been implemerfeid § NJ G Kl & o6 Cdzi dzZNB[ | { Sa
O2YO0AYSR albyR FAECGSNIFYR ¢SGflyRR24y | 2ff2f 1 Q& ad:
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Based on linear regression, the predicted total TP load to L. Vesijarvi has declined significantly between
1991 and 2024 with the decline being 27% (3.4 t/a) (Figure 20). For TN, in turn, the total loads to L.
Vesijarvi in 2024 are 23% (62 t/a) lower comgzhto the level in 1991, but the decline is insignificant.

For both nutrients, the lowest annual loads were estimated for the year 2013, as modelled by the
operational watershed model WSK@mala (Huttunen et al. 2016), which has been recently updated
and calibrated with 30064000 observations of TP and TN between years 1987 and 2022 from ~50
ditches/streams and constructed wetlands across the L. Vesijarvi catchment (Narikka and Huttunen
2023). The model also considers the diversion of part of the storewfiadm the L. Vesijarvi catchment

to another catchment through the Hennala stormwater treatment system. The calibrated water quality
model is expected to capture the potential trends in loads more reliably than water sampling that is
known to be biased tdow flows and typically lacks concurrent discharge data. Based on the water
samples only, there has been no clear trend in TP and TN concentrations in the ditches and streams
discharging to L. Vesijarvi since 2002 (Ketola et al. 2024).
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Figure 20. Changes in external TP and TN loading to Lake Vesijarvi from 1991 to 2024 based on the Water
quality and nutrient load model system for Finnish watersheds Wg8kKala (Huttunen et al. 2016).
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1.3.1.3.1.1 Stormwater treatment

The Hennala stormwater diversion and treatment project has been operational since 2020 and has since
then decreased the catchmestale loads to the lake by 1.9% for TP and 0.4% for TN (Table 2) simply
by diverting the stormwater to another catchment bying an existing backup sewer connection. The
average annual reductions have been more substantial for TP (6.6%) and TN (1.7%) when considering
only the most polluted Enonselkéa part of the lake to which the stormwater was priorly discharged to. In
20152024, stormwater constituted on average 23% of the TP and 8% of TN loading to the lake, and
50% of TP and 19% of TN loading to Enonselka basin. Thus, the diversion decreases the stormwater load
to the lake by 8.3% for TP and 5.5% for TN. These figures wémeatst based on flowveighted
sampling of the stormwater prior to the construction of the stormwater treatment system (Lahden
kaupunki 2018) and on the diverted water volume averaging 328,000 m3/a inZ21

Table 2. Load reductions to L. Vesijarvi and its Enonselka basin resulting from diversion of stormwater to
Hennala treatment plant.

Ente

E. roco
Storm- coli ccus PO4 NO3
water TN TP Cd Cr Cu Ni Zn Pb (CFU (CFU P N

volume (kg/ (kg/ (kg/ (kg/ (kg/ (kg/ (ka/ (kg/ SS TOC /100 /100 (kg/ (kg/
(m3/a) a) a) a) a) a) a) a) a) (tta) (ta) ml) ml) a) a)

Mean
annual 328,000 1020 196 0.02 051 3.05 0.83 104 0.17 46 3.83 797 463 6.73 530
reduction

Reduction

to L.

Vesijarvi

(%) 04 19 03 19 21 06 13 03 38 0.3 0.2 04

Reduction

to

Enonselka

(%) 1.7 6.6

The Hennala stormwater treatment system with its sedimentation pond, biofiltration area, wetland and
the channel network was established in 2018 and resulted in concentration reductions particularly for
TP (17%), TN (8.5%), copper (36%) and lead (46B®)finst 2 years of operation (Figure 21). However,
the performance appears to have generally weakened in thed8ndoperational years, resulting in
outgoing concentrations exceeding the ingoing ones. This is likely resulting from the filling up of the
sedimentation pond, which enables fine sediment to be transported further downstream, leading to
decreases in the conductivity of the biofilters, and to deposition and subsequenisgension from

the wetland and channels. For bacteria, the performanceitmgsoved after the 1st year. These results

are based on a limited number of water samples (15), several of which had concentrations lower than
the detection limit for lead.
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Figure 21. Average concentration changes between the outlet and inlet of the Hennala stormwater
treatment system (negative values indicate reductions). Data from the City of Lahti.

1.3.1.3.2 Emerging pollutants

Microplastics (MPs) are not routinely monitored but have been detected in the sediments near the
urban areas of L. Vesijarvi shorelines at concentrations of 400 MPs/kg in a study by Scopetani et al.
(2019). Concentrations have also been measured from srahice at L. Vesijarvi with concentrations

of 120 MPs/l/snow and 8 MPs/l/ice, respectively. In all these three sample matrices, synthetic fibres
have constituted >99% and fragments <1% while no film, granule or pellet type MPs have been found
(Scopetani eal. 2019). Main sources of the MPs in these samples were assumed to be the release of
fibres from clothes during recreational activities and stormwater discharge from the City of Lahti. The
occurrence of MPs is likely lower in most other, less urbatsgHrthe lake shores. Nevertheless, fibres

and other types of MPs have also been observed during inspection of zooplankton samples collected
from the Enonselk& basin by inverted microscopy, but their abundance has not been estimated (K.
Kuoppamaki, unpuighed).

The trend in PFAS cannot be evaluated as there is only one PFAS analysis result available from the
Vesijarvi catchment. The PFAS level of 3070 ng/g (with 2150 ng/g of PFOS) has been recorded in perch
muscle in Kajaanselka basin (Vesijarvi 2), due to whidtesijarvi has been denoted as a PFAS ot

area of which presumptive contamination sites include 2 sewage treatment plants, 2 pulp mills and a
waste incineration plant in the catchment (The Forever Pollution Project, https://foreverpollution.eu/
[acessed on 3 Oct 2025])).

1.3.1.4 Climate regulation

The predicted annual methane (gHmissions from L. Vesijarvi subbasins based on annual growing
season Chl a values have declined from the period of most severe eutrophication in the late 1970s
(Figure 22). Highest CH4 emissions are predicted to originate from Vesijarvi 1 that coh&ins t
Enonselka basin that was most subjected to wastewater loading during the 20th century.
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Figure 22. Predicted sum of ebullitive and diffusive methang @otissions from the three subbasins of

L. Vesijarvi based on average annual growing season-fugest) chlorophyll a concentration. The
diffusive and ebullitive methane predictions were made using a Bayesian model constructed from a
global dataset of gsundbased methane measurements and sateliexived chlorophyh data. The

data used to construct the Bayesian model is available as supplementary information in DelSontro et al.
(2018). Predictions conducted by E. Kitson, UKCEH.

Based on water samples and gas chromatography, the Enonselka basin (Vesijarvi 1) acted as a source of
CQ and CHto the atmosphere in the mi@000s during the opewater period with fluxes of 2.10
mol/m2 and 0.04 mol/m2, respectively (Linnaluoma 2012; Lépez Bellido et al. 2011). The highest CO
concentrations in the epilimnion and hypolimnion were recorded in late summer, i.e. at the time of
maximum water temperatures and hypolimnetic hypoxia (Linnaluoma 2012). On average, the surface
water concentrationg0¢30 cm) of C®in Enonselkd basin were Hald to that of the atmospheric
equilibrium. The CHconcentration in Enonselkéd basin, in turn, were highest during early autumn and
in the periods of hypoxia with remarkably highersCBncentrations in the hypolimnion compared to

the epilimnion (Linnaluoma 2012). The surface water concentratiar)(6m) of Clvaried from 0.020

to 0.460 pM in Enonselkd basin, being 45 times greater than that of the atmospheric equilibrium.
Consequently, the estimated total anal global warming potential (GWP) for Enonselka basin during
the stratification period was 3.10 mol €&quivalent/m2, of which the contribution of GMas 33%. It

was concluded that the degradation of autochthonous organic matter contributes to the carbon cycling
in the Enonselka basin and the productive lake sediments have a higher capacity to prodaeel CO
CH, which is reflected in the carbon gas fluxes (Linnaluoma 2012). Furthermore, the estimated annual
CQ and CH flux from the Enonselkd basin tthe atmosphere was approx. 0.70 mol C/m2/a,
corresponding to 7% of the terrestrial net ecosystem exchange (NEE) of forests and peatlands in
southern Finland (Riutta et al. 2007; Suni et al. 2003).

¢CKS AYLI OG 27F &adzyYSNJI I S NandiGllykes dvefe edafuatgdanR2018B N a 0 | a A y
separate study by Zhang (2014), who found that the meanfld©was >2.5 times higher than in the

reference year 2005 when the aeration was not implemented (Lopez Bellido et al. 2011; Zhang 2014).
Zhang (2014) concluded that the aeratimuced mixing of water column enhanced the release of CO

from surface water to the atmosphere. The hypolimnetic €bhcentrations, in turn, were on average

1/100 of that flom the concentrations in summer 2005 with prolonged hypoxia/anoxia and no aeration
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in operation (L6pez Bellido et al. 2011). Consequently, theflGkés were slightly decreased in 2013,
which was probably attributed the higher rate of &htidation in the hypolimnion but also to a limited

CH production under oxygenation (Zhang 2014). Earlier, it has been estimated that aeration may play
a significant role in limiting methanogenesis in the hypolimnion (Huttunen et al. 2001). However,
despite aeration, Enonselka basin still acted as a sour€idb the atmosphere (Zhang 2014).

1.3.1.5 Climate resilience

The area of constructed wetlands in L. Vesijarvi catchment area has increased during the last decades
due to advances in external pollution control (Section 1.2.3) and change in agriculture (Section 1.3.1.11)
subsequently increasing the resilience to fleodnd droughts via increased water storage capacity
within the catchment areas. Currently, there are c. 30 constructed wetlands and sedimentation basins
in L. Vesijarvi catchment, having an estimated total maximum area of ~20 ha. Assuming a maximum
mean deth of 1.5 m, their maximum storage volume is 0.3 Mm3. Considering the catchment area
excluding the lake, the theoretical maximum storage volume corresponds to an average design rain of
0.7 mm. However, the storage capacity is centred mostly to Laitidkeing®/ironjokiMatjarvi and
Mustoja subcatchments) and to Northern Kajaanselkda basins (agricultural-catdhment
Haransilméanoja) (Vesijarvi 3 and Vesijarvi 2, respectively). However, the stormwater management
programme in the City of Lahti facing the Beelka basin (Vesijarvi 1) on its part contributes to climate
resilience via increased management of stormwaters on site and reduced volume of stormwaters
discharged to the lake (Section 1.3.1.3.1).

L. Vesijarvi has been regulated since 1925 by a dam in the outflow to keep the water level in between
81.06;81.35 m above the sea level, due to which there have been no changes in the lake water volume
during the last century. Moreover, the restorationjof® + SAA2NNIWA AGaStF KlFa y2
water storage or retention.

The City of Lahti has a distinct Climate programme, established in 2023, with 9 indicators
(https:/Nlahdenymparistovahti.fi/indicators [accessed on 14 Oct 2025]) including actions and targets
related to emissions from heating, traffic, industry and alsocadture that has potential to indirectly
impact the climate resilience of L. Vesijarvi through changes in land use practices. Since the beginning
of 2025, the municipalities of Hollola and Asikkala have also had their own Cpneageamsguiding

their dimate and sustainability work in the upcoming years.

1.3.1.6 Health & Wellbeing

The establishment of the wastewater treatment plant and sewage diversion remarkably affected the
swimming water quality of L. Vesijarvi, as the bacteriological defects were eliminated within one year
(Keto 1982). Unfortunately, the data on the abundancdasfcal enterococci, coliform bacteria and
Escherichia coli in L. Vesijarvi water before and after the sewage diversion is rather sparse. However,
during the 1960s and early 1970s, when the lake was still subject to untreated wastewaters, the number
of faecal enterococci in Enonselk& basin was on average 14 ind./100 mL (&@&6./100 mL), and
coliform bacteria 120 ind./100 mL (rang€4®0 ind./100 mL). Data on E. coli before the sewage
diversion are not available. One year after the diversion in 18&/number of faecal enterococci was

0.2 ind./100 mL, coliform bacteria 0 ind./100 mL and E. coli 0 ind./100 mL, respectively. Since then, the
abundance of only faecal enterococci was measured in the Enonselk& basin until 1997, being on average
6 ind./100mL (range €1 ind./100 mL).

Vesijarvi has three EU beaches (Ankkuri, Mukkula and Messild), all of which are located in Enonselk&
basin (Vesijarvi 1). There are also two public beaches, Mukkula in Enonselka basin and Kalmari in
Kajaanselka basin (Vesijarvi 2). The EU Bathing Watmstilx (Directive 2006/7/EC (BWD)) requires
monitoring of E. coli and intestinal enterococci in bathing water, as they are important indicators of
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faecal contamination. They pose a risk to human health due to the potential presence of pathogens.
Following BWD, the quality of bathing water is classified as excellent, good, sufficient, or poor based on
the monitoring results. In general, based on th&/B assessment, the quality of the bathing waters of
Ankkuri, Messila and Mukkula (Vesijarvi 1) have been good or excellent since 2014.-20261the

status of Kalmari (Vesijarvi 2) beach was sufficient or poor, improved to good in 2017 and has remained
excellent since 201&(ate of bathing waters in 2024 | European Environment Ag¢acgessed on 26
September 2025]).

The cyanobacterial bloom situation on these public beaches is also being regularly monitored by trained
municipal health authorities at the same time with bathing water status assessment. The cyanobacterial
observations are recorded irirvimeriwikias part of a national cyanobacterial monitoring programme.
Monitoring has been conducted since 1998 with a weekly frequency inSepember evaluating the
bloom intensity by visual inspection from the beach on the scale of 0 = no cyanobacteria, 1 = some
cyanobacteria, 2 = abundant bloom, and 3 = very abundant bloom. In Mukkula beach, Enonselka basin,
the recorded cyanobacterial intensities since 1998 have mainly represented the level 1 (some
cyanobacteria) with some cyanobacteria observed (Figure 2Ralinari, Kajaanselka basin, in turn, the
recorded intensities have been higher despite the generally lower proportion of cyanobacteria in
phytoplankton biomass (Figure 8). This could perhaps be explained by the location of these public
beaches and the praiing wind direction in Finland which is southwest or between south and west
caused by low pressure from the Atlantic. As the Kalmari beach is located in the northeastern part of
Kajaanselka basin and Mukkula in the eastern side of Enonselkd basilikdlyighat the prevailing

winds have affected the cyanobacterial intensities at these sites.

3 - ®- ®

=

=

w

c 2 Y

5} .. %

b L it S

c : ° :

= : .:- H

clé es:: .

[= Y Lo :

o0 HE : '. R
0 b ® o000 d o e e ‘e
W H O NN OFNDNDO AT NOSTWLO~RNODOMOO ANM ST W
[y o) I = I v i e T e e Y o T e e e e e T, T e T e B B B B ) Y O
(800 o I o Y o T e TR s e T s Y e o [ e o [ s T o Y e [ o Y o (N e Y s [ e Y o Y e [ o s [ o Y o [ o Y o
an I o B I o I I I o I I o I o I I o I I I Y o o o )

--#.- Mukkula e--Kalmari

Figure 23. Annual maximum cyanobacterial bloom intensities on the public beaches of Mukkula
(Enonselka basin) and Kalmari (Kajaanselké basin). 0 = no cyanobacteria, 1 = some cyanobacteria, 2 =
abundant bloom, and 3 = very abundant bloom.

1.3.1.7 Inclusivity

After the impacts of eutrophication became visible in L. Vesijarvi during the 1960, the City of Lahti
decided to take serious actions to restore the lost recreational amenities of the lake. The development

of the City of Lahti as the strongest expert ampiementer in lake basin management amongst the

Finnish municipalities began in 1971, when Finland's first municipal environmental protection
committee was established in Lahti. The committee prepared the city's environmental protection
programme, thecor¢ T g KAOK gl & (GKS LINRGISOlA2Y 2F [d +Saic
first municipal limnologist position in Finland was also established in the City of Lahti in 1975.

Since then, the city has been pioneering lake management and taking care of environmental issues for
decades. In 2007, L. Vesijarvi restoration programme was revolutionized as a dedicated Lake Vesijarvi
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Foundation for the protection and restoration of the lake was established by the three municipalities
(Lahti, Asikkala, Hollola), and three private sector bodies (Kemppi Ltd, a society of industrial enterprises
in Lahti and the press company Esan kirjappin coordinate the management of L. Vesijarvi (Szulecka
2025).

The Lake Vesijarvi Foundation with its administrative bodies actively collaborate with various
stakeholders such as municipalities, consultants and water area owners to promote the protection and
restoration of the lake. A regularly meeting academic exggdup consisting of researchers from
universities and research organisations has been established by the Foundation to share expertise and
recent results from the lake to map future lake protection and restoration needs and to support their
planning. Addionally, the regional Centre for Economic Development, Transport and the Environment
also regularly organises working group meetings with representatives of stakeholders related to the
implementation of the WFD. Overall, c. 100 concrete actions to enhgutdic knowledge and
understanding on the lake status, pressures and restoration needs, and to promote restoration are
taken by the Foundation annually. These are arranged, for instance, in the form of educational
campaigns for high school kids, commutimaal Vesijarvi week each summer, and voluntary events for
e.g., harvesting invasive macrophyte species and repairing fishing gear. The local media have also been
active in supporting the Foundation for generating public discussions and increasing thelgen
understanding of L. Vesijarvi (Szulecka 2025).

Since 1970s, a total of c. 100 stakeholder organisations, including university researchers, governmental,
regional authorities, and municipal authorities, rprofit and nongovernmental organizations, private
companies, consultants, land owners, farmevater area owners, fishery owners, fishing communities,
local media, artists from different fields, and general public have participated in improving the ecological
status of the lake (Szulecka 2025).

Engagement with stakeholders has been stressed as a pivotal factor for the success of restoration
projects (Poikane et al. 2024). Indeed, the wide participation, cooperation and engagement of local
people, stakeholders and authorities were considered touse the comprehensive management
approach of L. Vesijarvi by Suoraniemi et al. (2000) already before the establishment of Lake Vesijarvi
Foundation. Participatory water management practices organized by the Foundation have also
increased the awareness general public about the lake, its ecosystem, status and management
targets. The Lake Vesijarvi Foundation is the only inland water management body in Finland that
continuously and actively seeks new corporate sponsors and partners to expand the funsinfpba
water management in the area. As the needs for water management increase due to climate change,
and state funding decreases, the local business community must take more responsibility for the future
condition of the waters. On the other hand, landdawater area owners need to be made even more
interested in discussing measures to reduce the external nutrient load originating from their areas and
to take part in implementing restoration and management measures within the lake.

1.3.1.8 Recreation

As a result of the improvement of L. Vesijarvi water quality and reduced frequency of HABs, the
recreational amenities have recovered and the recreational activities at the lake have increased
substantially. Still in the 1970s and 1980s, swimming in thipbeaches was occasionally banned due

to HABs. Currently, there are several public beaches (Section 1.3.1.6) with water quality compliant with
the EU BWD, thus allowing for swimming both during the summer and in the winter. The improved
status of L. Vagirvi was one of the reasons why the City of Lahti was able to host international triathlon
events for seven years until 2023 with circa 10,000 athletes and supporting staff attending, as the
swimming segment of the race was held in L. Vesijarvi.
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Within the City of Lahti, there are around 180 km of outdoor routes and skiing tracks near L. Vesijarvi.
During the winters, when the lake ice is thick enough, the skiing track also goes around the Enonselka
basin. Additionally, around 30 km of nature tsahave been established in the shorelines of Enonselka
basin. There are four bird hides located around the lake, in addition to which several shoreline areas are
suitable for observing birdlife (Kekki et al. 2018). There is also a passenger harbou€City tbeLahti

facing the Enonselk& basin, around which plenty of recreational services are being centred (Section
1.3.1.10, also Section 1.3.1.12).

Additionally, the impacts of eutrophication in 132080s were reported to weaken the possibilities for
fishing via staining and gluing the fishing gear and by causing muddy taste to fish, which hindered the
sales of fish catch (Lahden Kaupunki 2007) eSheimprovement of L. Vesijarvi water quality in 1990s,

the private sector, municipalities, and different fishing organisations have greatly developed fishing
opportunities and fishing grounds (Kairesalo and Vakkilainen 2004) and the number of re@kation
fishermen at the lake has increased. For instance, in 1987, it was estimated that c. 7400 recreational
fishermen operated at L. Vesijarvi, of which on estimate >90% conducted wimiifishing on ice
(Vesijarven kalastusalue 1987). In 2019, in turmyas estimated that there are ¢. 9000 recreational
fishermen visiting L. Vesijarvi annually, out of which 75% conduct wimerfishing on ice (Haro 2020).
Increased opportunities for fishing also create a link to blue economy (Section 1.3.1.10).

Improved status of the lake has presumably also affected the number of summer cottages at the lake.
In 1987, it was estimated that there are 1,200 summer housing in the catchment area of L. Vesijarvi
(Vesijarven kalastusalue 1987). In 27 during Vegirvi project Il, the estimated number of holiday
apartments in L. Vesijarvi catchment area had increased to 1,300 (Lahden Kaupunki 2007).
Unfortunately, no data can be obtained on the number of summer housing to date within the catchment
area. In generathe total number of freetime residences in the City of Lahti, and the municipalities of
Asikkala and Hollola has not remarkably changed since 2005
(https://stat.fi/tup/tilastotietokannat/index_en.html[accessed on 30 September 2025]).

1.3.1.9 Circular economy

Lake Vesijarvi restoration programme represents a pioneering link of biomanipulation to circular
economy with commercial utilization of the cyprinid catches by the local food industry (Tammeorg et
al. 2024). Approximately 20% of catch ends up in food prtidn, thus providing a link to the transition

to a blue bioeconomy (Section 1.3.1.10). Although cyprinids are not usually targeted in commercial and
recreational fishing, they offer quality protein and fatty acids for human consumption (Taipale et al.
2022).

1.3.1.10 Blue economy

The restored recreational value of the lake has stimulated the tourist sector in the local economy, and
AKALI YR o02FdG GNITFFAO KFa LINRPEAFSNIGSR O6YFANBaALl
building activity, as well as the value of land @&amd the lake, have risen with an estimated value of
aen®okYH FuplBesidk distriotslzh Liahii (Kairesalo and Vakkilainen 2004). The improvement
of the water quality has estimated to affect the economic profit/value of not only those estatestigir

on L. Vesijarvi shorelines but also of those that are not situated directly on the lakeside (Kairesalo and
Vakkilainen 2004). The City of Lahti has built a new harbour. Also, a concert and congress centre, the
Sibelius Hall, was established in 2000tloe lakeshore in a former pulp mill. In the Sibelius Hall, various
events from concerts, private parties to symposiums, are being organised with the global LahtiLakes
symposium for lake restoration amongst them. Lahti harbour is especially lively dbargummer
months with several cafés, restaurants, and shops centred near the harbour (Figure 24).
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Figure 24. Sunset at L. Vesijarvi harbour during June 2025. © Laura Harkbnen

Both recreational and commercial fishermen have also benefited from the improvement of L. Vesijarvi
water quality and from the ongoing restoration programme. In 2019, it was estimated in a saagey

thesis that there are c. 9000 recreational fishermasiting L. Vesijarvi annually, out of which 75%
conduct wintertime fishing on ice (Haro 2020). Furthermore, it was estimated that recreational fishing
FG [ +SaA2NNBA OFy 3ISYSNIGS dzZld G2 aendcking F2NJ
equipment locally (Haro 2020). Commercial biomanipulation (see also Section 1.3.1.9) provides
additional income for the professional fishermen who provide part of the-a@ter season catch for

food industry. For instance, in 2024, 26% (18,000 ktheoinnual catch of cyprinids was delivered to
further processing to e.g., canned roach, which is currently the most important end product of
commercial biomanipulation (Lahden Kaupunki 2025). Additionally, catch is being offered to anyone
interested, freeof charge, and is being utilised by households for e.g., food, feed and as carrion. The
rest of the catch is being utilised in biogas production.

¢CKS FNIYSE2N] F2N) O2YYSNOAFE O0A2YFYyALWzA FGA2Yy Ay
project, since when the circular use of catch has been promoted. Since 2014, the City of Lahti has
maintained an emailing list open to the general public to owmicate about available catch during the

days of biomanipulation. In 2024, distinct facilities were established near one of L. Vesijarvi marinas for

the professional fishermen who sort their catch in cold rooms securing the fresh processing.

1.3.1.11 Sustainable Agriculture

The reductions in the agricultural area, total number of livestock and changes towards more sustainable
agricultural practices are expected to be the main reasons for the decreased external TP and TN loading
to Lake Vesijarvi (see Section 1.3.1.3). Agticellcurrently comprises 18% of the catchment land use

and is the main external nutrient source to the lake generating 42% and 37 % of TP and TN loading
according to the WSPF%&mala model. The proper agricultural areas with the highest expected specific
loading, i.e. norwooded fields/pastures and fruit tree/berry plantations, have decreased by 9.8% in
20002018 according to Corine land cover classification (Figure 25), and by a further ~3.6% reduction in
20182024 based on municipal statistics. Most of tlecommissioned agricultural area is slowly
changing to forests and sematural areas with lower specific loading.
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Figure 25. Changes in catchment land use between 2000 and 2018 based on Corine classification. Data
from Finnish Environment Institute, Natural Resourses Institute Finland, Finnish Food Authority, LIVI,
DVV, EU, MML Maastotietokanta 01/2017).

The numbers of cattle and pigs have decreased by 46% and 41%, respectively, while the number of
poultry has practically decreased close to 0 in 20084 according to regional and stdygional
statistics (Figure 26). Only the number of sheep has increbgesl7% in 200Q2024. Although the
regional statistics cover a region substantially larger than the catchment, they are expected to be
roughly representative of the catchment. Considering 12080, the total number of cattle likely
substantially decreaseth the catchment (43% decrease nationally) while the number of pigs (25%
increase nationally) and poultry (no statistics available before 1995) likely increased.
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Figure 26. Regional changes in number of livestock. Statistics from Natural Resources Institute Finland.

The agricultural practices have also changed to a direction expected to result in decreases in nitrogen,
phosphorus and pesticide loads. Applied fertilizers per hectare farmland have decreased by 26% for N
and 74% for P in 1992022, and pesticide usage B$% in 2012018 nationally (Figure 27). Thus, the
regional N and P balances in farmland soil have systematically decreased: N balance decreased from
86% in 1990 to ~30% in 2020s while P balance decreased from 27% in 1990 to an average of O since
2009. Tle winter-time bare soil has decreased from 19 to 11% and ploughing from 50% to 32%-1in 2010
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2023 regionally, which are expected to decrease erosion and thus the leaching of particularly particulate
P.
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Figure 27. Masses of nitrogen (N) and phosphorus (P) fertilizers sold to farms (national figures), and the
proportion of fields with environmentally harmful agricultural practices (bare soil during the winter,
ploughing; regional figures) and of appliedspeides (national figures; only available for the years 2013

and 2018). Statistics from Natural Resources Institute Finland.

1.3.1.12 Sustainable Transport

The Vesijarvi harbour locates in the City of Lahti, at the southern shore of Enonselka basin, and it was
first established in the late 1800s. The Vaaksy canal in between L. Vesijarvi and L. Paijanne (in the lake
outlet in the north, See Figure 1) was camsted in R. Vaaksynjoki, and was opened in 1871 (Pekkarinen
2010). A couple of years earlier, a railway station had been established in the City of Lahti right near the
harbour (Pekkarinen 2010). Since the opening of Vaaksy canal, L. Vesijarvi wastlyeasssh for
navigation. A steamboat operated between these two lakes during the 20th century and the shipping
was at its busiest in the 1920s (Pekkarinen 2010). While the road traffic in Finland and Lahti region
started to increase in 1930s, the shippind-. Vesijarvi started to slowly decrease. However, the freight
traffic in Vaaksy canal remained substantial and the shipping lane passing through L. Vesijarvi from the
City of Lahti to Vaaksy was in frequent use still in late 1980s when six passepg@p&nated regularly

on the lake (Vesijarven kalastusalue 1987). The transportation of lumber and agricultural products by
barges was active all the way until 1986, when the operation of a sawmill in the City of Lahti was finally
terminated (Pekkarinen 2M; Vesijarven kalastusalue 1987).

The current Lahti railway station further away from the harbour was established in 1935 to better serve
the increased population within the Lahti region. The old railway station at the harbour was in use until
the 1960s. Today, the old station serves &= and the boating traffic in L. Vesijarvi mainly consists
of recreational boating during the summer months (Pekkarinen 2010). In addition to Vesijarvi harbour,
there are where five marinas around L. Vesijarvi and several smaller marinas for rowing boats

1.3.1.13 Sustainable Energy

The energy company of the City of Lahti (Lahti Energia Ltd) has an environmental permit to use L.
Vesijarvi water as a cooling and condensing liquid for the Kymijarvi power plants. The permit also sets
requirements for additional monitoring (water temperat, fish, Chl a).

The volume of water taken from the Enonselké basin is substantial (Figure 28, Table 3), and it is directed
back to L. Vesijarvi via the River Joutjoki. It has been estimated that the annual heat content of the
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returning liquid could increase the water temperature at Enonselka basim@®2 s/ o6¢F o6f S

Tutkimus Oy 2025)). In 2024, a total of ca. 15.3 Mm3 of cooling and process water was taken from L.

Vesijarvi, and 15.2 Mm3 of cooling liquid was directedRi Joutjoki back to L. Vesijarvi. According to

the environmental permit of Kymijarvi power plants, the maximum flow of R. Joutjoki can be 3.5 m3/s.

In 2024, maximum discharge was 1.41 m3/s and the mean discharge 0.48 m3/s (KVVY Tutkimus Oy
2025). The hedoad in 2024 was highest in Mduly (Figure 28).

The heat load and volume of cooling liquid have clearly decreased from 2010 as a result of shutdown of
Kymijarvil steam boiler in 2019 and the introduction of Kymijdil/bio heating plant (Table 3) (KVVY
Tutkimus Oy 2025). Cooling waters of Kymijaovigr plants keep the mouth of R. Joutjoki open in the
Niemi city district, which attracts overwintering waterfowl.
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Figure 28. Monthly volume and heat load of cooling water directed to River Joutjoki from Kymijarvi
power plants in Januafpecember 2024. Modified from: KVVY Tutkimus Oy (2025).
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Table 3. Volume of cooling liquid from the Kymijarvi power plants to L. Lake Vesijarvi-202@1and
estimated heat load transferred to the lake if happened at once. Source: KVVY Tutkimus Oy (2025).

Volume of coolini Energy conductec Increase of temperature ir Increase of temperature in L

Year liquid to Vesijarvi Enonselka basin Vesijarvi
million n¥ TJ .9 .9
2010 61.0 1071 15 0.4
2011 59.0 1246 1.7 0.4
2012 47.4 911 1.2 0.3
2013 76.0 1293 1.8 0.5
2014 74.6 878 1.2 0.3
2015 80.0 600 0.8 0.2
2016 63.0 519 0.7 0.2
2017 55.0 278 0.4 0.1
2018 60.0 807 1.1 0.3
2019 31.0 249 0.3 <0.1
2020 15.3 121 0.2 <0.1
2021 171 225 0.3 <0.1
2022 17.3 278 0.3 <0.1
2023 15.5 136 0.2 <0.1
2024 15.2 159 0.2 <0.1

1.3.1.14 Sustainable Tourism

The City of Lahti and the province of Paljiime have long profiled themselves as trendsetters in
sustainable development. The City of Lahti was the European Green Capital in 2021 and aims for nature
positivity by 2030. In 2021, the Lahti region was aleminated in the category of best responsible
destinations by European Best Destinations travel website
(https://www.europeanbestdestinations.com/destinations/lahtjaccessed on 15 Oct 2025]), as the
region attracts tourists to outdoor activities such as cycling, skiing, swimming and hiking. Visit Lahti
(Lahti Region Ltd), which is the key regional tourism organisation, is committed to the Sustainable Travel
Finland pogramme bttps://www.visitfinland.fi/en/liiketoiminnankehittaminen/vastuullinen
matkailu/sustainabldravelfinland [accessed on 14 Oct 2025]) to develop the sustainability of the
tourism industry and encouraging businesses in the region to obtain sustainable tourism certificates.
Subsequently, there are several accommodation and experience services within L. \fegjjénvihat

are labeled with a national Sustainable Tourism Finland certificate which is awarded to companies and
destinations that meet the criteria of sustainable tourism. In addition, the Salpauselka UNESCO Global
Geopark, which operates in the six nicipalities of PaijaHame (with Lahti, Hollola and Asikkala
amongst them), has played a significant role in the development of sustainable tourism in the region.
The European Capital of Smart Tourism competition recognizes European cities for sustauréste
practices. Lahti has demonstrated a strong commitment to sustainable tourism develogriengoal

is to achieve the Sustainable Travel Finland Destination status by 2025.

1.3.1.15 Water supply & sanitation
1.3.1.15.1 Water supply

L. Vesijarvi is a seepage lake that is located in between one of the largest areas of groundwater in
Finland, the Salpausselkd Ridges. Accordingly, there are several groundwater areas in the catchment
area of L. Vesijarvi. The water of L. Vesijarvi idyartiltrated from the shoreline areas thus forming
groundwater. However, the lake water itself is not directly used for water supply.
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According to the latest assessment in 2019, both the quantitative and qualitative status of these
groundwater areas was good. There are seven water intakes located at the groundwater areas near L.
Vesijarvi, which have valid environmental permits. Basedwhorization orders, these intakes could
theoretically abstract on average 2.8 Mm3/d of groundwater. In between Zi%l, the reported
groundwater abstraction has been on average 1.0 Mm3/d with some of the intakes having zero
abstraction.

1.3.1.15.2 Sanitation

In 20032006 during Vesijarvi Project Il, there were 4,614 households that were not connected to the
sewage (Lahden Kaupunki 2007). The estimated number of households that are not connected to the
sewage in the City of Lahti within L. Vesijarvi catchmesd ¢0 date is just a few and if they are found,

they are obliged to connect to the sewage by the authorities (J. Jarvelainen, pers. comm 13 Feb 2025).
The whole area of the City of Lahti that is located within L. Vesijarvi catchment area currently belongs
to the water supply area and is thus connected to the sewage following the national Act on Water
Services (119/2001). The Act obliges that, at a reasonable cost, enough sanitary and impeccable
domestic water, as well as appropriate sanitation must be setin terms of health and environmental
protection.

However, the water supply's operating area covers smaller districts in the municipalities of Hollola and
Asikkala (Figure 29), in which the number of households not connected to the sewage is higher. The
estimated number of households outside the sewagasikkala to date is c. 1,700 and has presumably
increased since the Vesijarvi Project Il that ended in 2006 as the water supply area only covers a limited
area near the L. Vesijarvi outlet in Vaaksy canal and the construction of holiday housing hasthcrea
(A. Jantti pers. comm on 7 Oct 2025).

Unfortunately, no estimation could be obtained from the municipality of Hollola. However, the sewage
network has expanded during the 2000s and it can be estimated that most of the properties within the
neighbourhood areas of L. Vesijarvi (Figure 29) an@ected to the sewage (R. Johansson pers. comm.

on 7 Oct 2025). Nevertheless, a vast majority of the catchment area is sparsely populated and outside
the operational areas of water supply. Consequently, the number of households not connected to the
sewageis likely close to that reported by Lahden Kaupunki (2007), and the importance of providing
advice and education about the proper treatment of wastewaters in areas of sparse settlement remains
severe.
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Figure 29. The neighbourhoods of the City of Lahti and the municipalities of Asikkala and Hollola in L.
Vesijarvi catchment area during 2024. These areas are mostly within the water supply areas and are
presumably connected to the sewage.

1.4 Unexpected results across criteria, synergies and trad#s

Increased recreational use, disturbance by boating and construction of shorelines were estimated to
hamper the breeding success of vegetatigpendent fish such as bream in the densely populated
shoreline areas already in late 1980s when the water qualfty.. Vesijarvi started to improve
(Vesijarven kalastusalue 1987). Similarly, these factors have limited the occurrence of such macrophyte
species that depend on sandy bottoms that are increasingly being harnessed to recreational activities
(Section 1.3.2.3). Increased harvesting of macrophytes and the reduced eutrophication and
subsequent implications for the abundance of common reed have estimated to negatively affect some
of the locally breeding waterfowl populations (Lammi and Kolunen 2010), wiilast be noted that

the declining trend in L. Vesijarvi waterfowl populations is well in line with their national plight (Section
1.3.1.2.1).

Contradictory to initial expectations, the concentrations of nutrients were not affected by hypolimnetic
aeration despite the disappearance of anoxia in deep water (Salmi et al. 2014; Salonen et al. 2023).
While the complete loss of oxygen in the hypoliomivas prevented, at the same time the temperature

and turbulence within the hypolimnion increased (Niemisto et al. 2016) with consequent negative
implications for organic matter mineralisation, P recycling, -ahothermic fish, zooplankton,
eutrophy-indicative macroinvertebrates, and GHG emissions (e.g., Niemisto et al. 2016; Ruuhijarvi et al.
2020; Salonen et al. 2023; Tolonen and Hynynen 2012; Zhang 2014).

1.5 Summary of effectiveness of restoration programme

As stated by the EEA (2024), L. Vesijarvi can be considered as a European flagship example of successful
restoration of a eutrophied lake. Establishment of wastewater treatment plant and the sewage
diversion 1976 first initiated the gradual recovery ofMesijarvi from nutrient loading. Since then,
multiple measures have been taken on both the catchment area and within the lake to reduce the
internal loading and improve the condition of habitats. While aeration did not result in anticipated
reductions in mtrient concentrations (Salmi et al. 2014; Salonen et al. 2023), the-ma@je, consistent
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biomanipulation since 1982993 has led to remarkable reductions in both P concentrations and HABs
(e.g., Horppila et al. 1998; Salonen et al. 2020; Salonen et al. 2023). Additionally, the introduction of
predatory pikeperch has successfully restored ésurally reproducing population (Ruuhijarvi et al.
2005), which is secured by fishing restrictions that are set to prohibit catching individuals <50 cm in total
length. Implementation of extensive water protection measures and changes in agriculturatesact
have managed to reduce the diffuse external loading to the lake.

Despite these improvements, however, it is evident that the recovery of L. Vesijarvi is still in progress.
Although the water quality in Enonselk& basin has improved considerably since 1976, the surface
sediment enrichment of P is still far in excess efpine-industrial background (Jilbert et al. 2020). It has
been estimated that, despite ongoing restoration actions, the magnitude of internal P flux in L. Vesijarvi
from deeper reactive sediment layers is similar to that of external P loading to theJidliert( et al.

2020). Consequently, the combined incoming fluxes of P are likely to retard the complete recovery of L.
Vesijarvi from eutrophication still by decades (Jilbert et al. 2020), which is essential to recognise in the
changing climate.

With the expansion of residential areas, and increase in road traffic (Kuoppamaki et al. 2014) the
stormwater management in L. Vesijarvi becomes more and more central in addition to the management
of diffuse pollution originating from agriculture and fotgs In this context, it is crucial to apply such
catchment water management, cropping and forest management strategies that prevent pollutants
from entering the water cycle while at the same time providing multipldenefits for several policy
goals (Heékonen et al. 2025). Additionally, continued establishment of effective NbS, such as
constructed wetlands and twetage channels, are needed to improve water and nutrient retention
within the catchment areas. However, their efficacy is likely hamperedirogte change and increased
runoff outside the growing season when the vegetation provides less protection against erosion and
biological processes of the water protection structures are weaker. The external P and N loads are
projected to increase by 180% and 1415%, respectively, to the different sdiasins of L. Vesijarvi in

the next 30y period compared to the last 3 period according to the WSK®mala simulations with

the RCP4.5A climate scenario. In fact, slightly increasing annual TP and Tthtoatiteady be seen
during the recent years (Figure 20) while the annual air temperatures and precipitation during the
summer months have increased and the snow cover during late autumn has decreased within the Lahti
region during the last ~30 years (Fig30).
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Figure 30. Mean monthly air temperature, precipitation sum and depth of snow in Lahti region (Lahti
Laune monitoring station) in 199¥024. Contains data from the Finnish Meteorological Institute,
Licence CC BY 4.0.
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Another visible impact of climate change is the shortening of L. Vesijareoves period since the
beginning of monitoring in early 1900s (Figure 31). In general, the lake has besovéred from
December to early May, but there has been high variaiiothe number of days between igs and
ice-out especially during the last couple of decades when the shortestager periods have been
recorded. For instance, during the winter of 2@2920, the number of iceovered days was only 61 as
the permanen ice-cover over the whole horizon was not recorded until 23 January 2020 and
disappearance from the entire horizon already on 24 March 2020. In contrast, the duratiorcoliee
period 100 years before in 19¢9920 was 169 d with the ieen recorded orl1l November 1919 and
ice-out on 28 April 1920, respectively. Similarly, the epilimnetic water temperature during the growing
season (Jun&eptember) has increased during the monitoring period since the 1960s (Figure 32).

250 Duration of L. Vesijarvi ieover period
200

150

100

Number of days

Figure 31. The duration of io®ver period in L. Vesijarvi Enonselké basin since the beginning of the 20th
century expressed as days between the formation and disappearance of permanent ice cover in the
horizon.
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Figure 32. Mean epilimneticOm) water temperature during the growing season (J8aetember) in
L. Vesijarvi since the beginning of 1960s.

Despite the overall reduced nutrient concentrations in L. Vesijarvi, the climate ciageed
increasing water temperatures may increase the risk for the proliferation of HABs, as cyanobacteria may
thrive also in oligotrophic freshwater systems underdarable temperature conditions (Reinl et al.
2021). In contrast, the shortening ioever period may benefit undece oxygen conditions in L.
Vesijarvi due to prolonged ventilation in fall and shortening of the oxygen drawdown period in winter
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similar to what has been observed in large northern hemisphere lakes (Jansen et al. 2025). However,
changes in iceover period and the thickness of ice have already impacted the feasibility of vtimier

fishing (Ruuhijarvi et al. 2023) and earlier@fein spring may lead to steepening thermal stratification

and increase the associated hypoxia. The adverse, uncertain implications of climate change for L.
Vesijarvi must be considered when setting future environmental targets for the management of the
lake. It is also important to inform both the general public and the funding organisations how climate
change influenceg; and likely prolongs; the recovery of L. Vesijarvi, while at the same time
demonstrate that without management actions the status ahd tecovery of the lake would be worse.

Lake restoration with durable outcomes requires theestablishment of idake processes improving

and stabilizing water quality and ecological diversity (e.g., Moss 1990). Due to the resistance of lake
ecosystems to disturbance, eutrophication often taldecades before the symptoms come apparent.
Similarly, restoration of a eutrophied lake can be considered as a disturbance to the prevailing
conditions, due to which a religotrophication is expected to take at least as much time. Despite the
expected déays in L. Vesijarvi recovery from past loading, the gradual positive response trajectories in
water quality, phytoplankton communities and the structure of food web since the diversion of
wastewaters in late 1970s due to management of diffuse externalimggand biomanipulation predict

that L. Vesijarvi is slowly on its way teakgotrophication. However, a positive development trajectory
requires managing the external loading within tolerable boundaries. Additional measures to tackle the
long-lasting nternal loading are still to be determined to provide L. Vesijarvi with the needed nudge
towards its full recovery. Additionally, the possible occasiontiinMation must be taken into account
when considering future restoration efforts.

All'in all, the combined management approach with multiple measures on external and internal scales
have substantially benefited L. Vesijarvi. Sustainability of this comprehensive lake basin management
strategy is secured by the coordination of Lake Vesij&oundation, with its wide inclusion of
stakeholders from researchers to practitioners, environmental authorities, private companies, and
general public to the planning and implementation of restoration and water protection measures. As
concluded by the&eEA (2024), the example of L. Vesijarvi showcases the four key pillars for successful
lake restoration (WWQA 2023) including a good scientific understanding of the causes of lake
deterioration and effectiveness of restoration measures; effective polimy governance for lake
management; publigrivate finance partnerships to sustain lake monitoring and management
programsover decades; and widespread local awareness of the social and economic benefits of
restoration.
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b) Kartuzy Lakes
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University of Warmia and Mazury in Olsztyn, Poland

1.1 Lake details
Tableb.1. Mielenko Lake basic data

Lake name: Mielenko Lake

Type of characteristics Characteristics Value

Geographical coordinators:

. - Longitude 9Y mMycwmn
Geographical characteristics Latitude bY pncwmd
Altitude (m a.s.l.) 203.7
Lake characteristics Area [knd] 0.078
Maximum depth [m] 1.9
Mean depth [m] 1.3
Water volume [ 102.9x 16

Depth index (mean depth to maximum dep
ratio)

2 G4SN NBaAaARSYyOS GAY
Residence type (short < 1 year, moderate
year, long > 10 years)

0.68

0.43 year
short

Shoreline development index 1.3
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shoreline lenght
2V - lake area
Mixing type
Bradimicticg short spring and autumn mixing
long stratification, thin epilimnion, steep an
thin thermocline
Tachymictie; long spring and autumn mixing
shorter stratification, thick epilimnion, no polymictic

steep thermocline

Eumicticg between tachy and bradymixis
Polymicticg shallow, all season mixing exce
ice cover presence period

Meromictic

Stratification

non-stratified

Catchment characteristics Total catchment area [k 3.82
Direct catchment area [kfh 0.221
% of total

Landuse (CORINE)

catchment area

Agriculture (meadows) 35%
Excluded
. (because of theg
Urban (11%; loose builtup) presence of

storm sewerage)

Forests (313 mixed forest) 65%
Wetlands
Water bodies
{ OKAYRf SND& AYyRSE 6
: 37.9
lake areas to lake volume ratio)
Mean annual air temperature 8.5°C
. . Mean annual precipitation 661.7 mm
Climate characteristics . .
(30 year average; 199020) Maximum summer air temperature 31.4°C
y ge, Days number > 15°C air temperature per y{ 23 days
Days with snow per year 38.5 days
Hydrochemistry and trophic  typ( Alkalinity (meg/L), Alkalinity type (low<0.2, hiah
(situation in 2025) medium 0.21.0, high-> 1.0) 9
Colour type (colour in HAZEN ung€lear <
30, humic 3890, polyhumic >90) humic
Troph|c_ type (ohgqtrophlc, mesotrophi eutrophic
eutrophic, hypertrophic)
Calcium level (water hardnegsoftwater <25
hardwater

mg CalL, hardwater>25 mg Ca/L

Tableb.2. Karczemne Lake basic data
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Lake name: Karczemne Lake
Type of characteristics Characteristics Value
Geographical coordinators:
. - Longitude 9Y MycCcMM
Geographical characteristics Latitude bY pncwmd
Altitude (m a.s.l.) 203.2
Lake characteristics Area [knd] 0.404
Maximum depth [m] 3.2
Mean depth [m] 1.97
Water volume [m] 798.3x 18
Depth index (mean depth to maximum dep,
h 0.62
ratio)
2 SN NBaAaARSYyOS GAY 169
Residence type (short < 1 year, moderate| "
moderate
year, long > 10 years)
Shoreline development index
shoreline lenght 14
2V - lake area
Mixing type

Bradimicticg short spring and autumn mixing
long stratification, thin epilimnion, steep an
thin thermocline

Tachymictie long spring and autumn mixing
shorter stratification, thick epilimnion, no polymictic
steep thermocline

Eumicticg between tachy and bradymixis
Polymicticg shallow, all season mixing exce
ice cover presence period

Meromictic

Stratification non-stratified
Catchment characteristics Total catchment area [kfh 5.15

Direct catchment area [kfh 0.449

% of direct

Landuse (CORINE) catchment area

Agriculture
Excluded

Urban (because of thg
presence off

storm sewerage)
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Forests 44.9
Barren lands 21.0
Water bodies
{ OKAYRt SNR& AYRSE ¢
. 7.00
lake areas to lake volume ratio)
Mean annual air temperature 8.5°C
. - Mean annual precipitation 661.7 mm
Climate characteristics ! .
(30 year average; 1991020) Maximum summer air temperature 31.4°C
y g€ Days number > 15°C air temperature per y{ 23 days
Days with snow per year 38.5 days
Hydrochemistry and trophic typ(| Alkalinity (meg/L), Alkalinity type (low<0.2, hiah
(situation in 2025) medium 0.21.0, high- > 1.0) 9
Colour type (colour in HAZEN unit€lear <
30, humic 3€90, polyhumic >90) humic
Trophic type (oligotrophic, mesotrophi .
eutrophic, hypertrophic) hypertrophic
Calcium level (water hardnegsoftwater <25 hardwater
mg Ca/L, hardwater>25 mg Ca/L
Tablebo® Yf I al d2NyS alosS [F1S .1rard REGE

[ F1S YyFEYSY Ytilal d2NyS

Type of characteristics

Characteristics

Value

Geographical coordinators:

. . Longitude 9Y mMmycwmM™
Geographical characteristics Latitude bY pncmd
Altitude (m a.s.l.) 202.3
Lake characteristics Area [kn?] 0.137
Maximum depth [m] 20.0
Mean depth [m] 8.1
Water volume [m] 1,106.0 x 19

Depth index (mean depth to maximum dep
ratio)

0.40

2 G4SN NBaAaARSYyOS GAY

Residence type (short < 1 year, moderate 0,52 year
short
year, long > 10 years)
Shoreline development index
14

_ shoreline lenght

B 2y - lake area
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Mixing type

Bradimicticg short spring and autumn mixing
long stratification, thin epilimnion, steep an
thin thermocline

Tachymictic long spring and autumn mixing
shorter stratification, thick epilimnion, no
steep thermocline

Eumicticg between tachy and bradymixis
Polymicticg shallow, all season mixing exce
ice cover presence period
Meromictic

meromictic

Stratification

stratified

Catchment characteristics Total catchment area [k

7.45

Direct catchment area [kfh

22.1

Landuse (CORINE)

% of direct
catchment area

Agriculture
Excluded
Urban (because of
presence of
storm sewerage)
Forests 100%
Wetlands
Water bodies
{ OKAYRf SND& AYyRSE 6
lake areas to lake volume ratio)
Mean annual air temperature 8.5°C
. - Mean annual precipitation 661.7 mm
Climate characteristics . .
(30 year average; 199020) Maximum summer air temperature 31.4°C
y ge, Days number > 15°C air temperature per y{ 23 days
Days with snow per year 38.5 days
Hydrochemistry and trophic  typ( Alkalinity (meg/L), Alkalinity type (low<0.2, hiah
(situation in 2025) medium 0.21.0, high- > 1.0) 9
Colour type (colour in HAZEN unit€lear <
30, humic 3690, polyhumic >90) humic
Troph|c_ type (ollgqtrophlc, mesotrophi eutrophic
eutrophic, hypertrophic)
Calcium level (water hardnegsoftwater <25 hardwater
mg Ca/L, hardwater>25 mg Ca/L
Tablebn ® Yl al G2NYyS 5d20S [F1S o6FaA0 RIGI
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Type of characteristics Characteristics Value

Geographical coordinators: 9Y MycCMH

Geographical characteristics Loqg|tude bY pncHn
Latitude 2023
Altitude (m a.s.l.) '
Lake characteristics Area [knd] 0.575
Maximum depth [m] 8.5
Mean depth [m] 4.8
Water volume [m] 2780.0 x 1®
Depth index (mean depth to maximum dep
. 0.59
ratio)
2 SN NBaAaARSYyOS GAY
. 1.21
Residence type (short < 1 year, moderate
moderate
year, long > 10 years)
Shoreline development index
shoreline lenght 15
2V - lake area
Mixing type

Bradimicticg short spring and autumn mixing
long stratification, thin epilimnion, steep an
thin thermocline

Tachymictie long spring and autumn mixing
shorter stratification, thick epilimnion, nol eumictic
steep thermocline

Eumicticg between tachy and bradymixis
Polymicticg shallow, all season mixing exce
ice cover presence period

Meromictic

Stratification stratified
Catchment characteristics Total catchment area [kfh 12.25

Direct catchment area [kfh 103.0

% of direct

Landuse (CORINE) catchment area

Agriculture
Excluded

Urban (because of thg
presence off

storm sewerage)
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Forests 100%
Wetlands
Water bodies
{ OKAYRt SNDa AYRSE o
lake areas to lake volume ratio)
Mean annual air temperature 8.5°C
. - Mean annual precipitation 661.7 mm
Climate characteristics ! .
(30 year average; 1991020) Maximum summer air temperature 31.4°C
y g€ Days number > 15°C air temperature per y{ 23 days
Days with snow per year 38.5 days
Hydrochemistry and trophic typ(| Alkalinity (meg/L), Alkalinity type (low<0.2, hiah
(situation in 2025) medium 0.21.0, high- > 1.0) 9
Colour type (colour in HAZEN unit€lear <
30, humic 3€90, polyhumic >90) humic
Troph|c_ type (ollgqtrophlc, mesotrophi eutrophic
eutrophic, hypertrophic)
Calcium level (water hardnegsoftwater <25 hardwater
mg Ca/L, hardwater>25 mg Ca/L

1.2 Restoration Programme
1.2.1 Description of geographical conditions of Kartuiyakes complex
The topographic total drainage basin of the Kartuzy Lakes groupb(E)gin the closing
crosssection, which represents the outflow of the Klasztorna Struga stream from Lake
YEL AT G2NYS 5dSs KFa Fy INBF 2F MHOHpPp 1 Yud (
hydrographic axis of the area, is the Klasztorna Struga.d natural stream, 10.27 km long
(based on records of water and land improvement facilities), whose origin is at the outlet from
Lake Mielenko.
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Figureb.1. The total drainage basin of the Kartuakes Hydroportal- ISOK

In urbanized areas, defining the direct catchment area is very difficult due to its exclusion
from the surface runoff supply area and its connection to the storm sewer system. Therefore,
in cities, the boundaries of lake catchments are uncertain and asengiglly formed by storm
sewer catchments. Furthermore, developing the areas directly supplying lakes is very difficult
due to the dynamic and constant changes they undergo. This requires constant adjustments.
Changes in the use of lake catchments in arlameas primarily involve the phasing out of
cultivation and the conversion of arable land into urbanized areas and wasteland. When
defining the direct catchment area of the Kartuzkes, areas included in the storm sewer
system were excluded.

The direct catchment area of Lake Mielenko has an area of 22.1 ha. Forests predominate,
covering 65.1% of the area (14.4 ha). Meadows and pastures are the secondary land cover
(34.9%) (Fig. 2). The direct catchment area of Lake Karczemne covers 44.9%e0f26s area
is wasteland and 79.3% is forest (gt 0 ® ¢ KS RANBOG OF G§OKYSyd | NB
KFra +Fy NBF 2F modn KIFIX FYyR GKFEG 2F [F1S Yt
directly supplied to these reservoirs are 100% coddrg mixed forest (Fidp.2).
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a) b)

Grassland Wasteland

-

Forest
Forest

c)

Forest

Figureb.2. Development of the direct catchments: a) Lake Mielenko, b) Lake
YI NOT SyySz Ouv [F1Sa Ytlalid2NyS al oSs

1.2.2 History of KartuzyLakes pollution

In Kartuzy, the storm sewer system covered only 17% of the city's area, and most streets
had no storm sewer system at all. Some rainwater and meltwater were discharged into the
combined sewer system (the combined sewer system then transported them toetvage
treatment plant). Furthermore, the storm sewer system was partially connected to the sanitary
network via combined sewers. The storm sewer system discharged stormwater into the Kartuzy
Lakes through 23 stormwater outlets, nine of which dischargedeated. The storm sewer
system that existed until 2018 was in poor condition due to advanced operation and insufficient
capacity. Connecting the existing storm sewer system with the sanitary sewer system caused
pollutants to enter the lakes with domestiewage. The lack of retention and regulation
reservoirs meant that during heavy rains, high concentrations of pollutants entered the lakes
with the first wave of runoff. Furthermore, the lack of effective freatment systems at the
outlets meant that polited rainwater and meltwater discharged into receiving bodies of water
with their full load of pollutants (with the exception of 14 collectors equipped with separators,
which, however, did not eliminate all pollutants). Improper water and sewage managament
the city contributed to the complete degradation of the Kartliakes. A study of the catchment
area and an analysis of the external load of basic nutrients in the lakes showed that in the case
of Lake Mielenko, the total phosphorus load introducedidgrthat period was 17.2 kg P year
1, and nitrogen load 202.6 kg N y&awhich, when converted per unit of reservoir surface area,
was equal 0.22 g Pfryear! and 2.60 g N myeart. Comparing this pollutant load entering
the lake with the loads calculated using Vollenweider's hydrological model (1976), it was found
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that the permissible load for phosphorus (0.050 gPymar!) was more than four times higher

than the permissible load and more than twice the critical load (0.100 g2Pyear?),
accelerating the reservoir's degradation process. The total phosphorus load entering Lake
Karczemne at that time was 161.7 kg P yeavhile the total nitrogen load was 1,333.9 kg N
year?, or 0.400 g P rayear® and 3.302 g N riyear! when converted to the load per unit of
reservoir surface area. This result indicated that the permissible load (0.030-3 fPearl)

was exceeded by more than 13 times and the critical load (0.060 ¢ Rear'), causing
accelerated eutrophication. Inthe caseofSak Yt I a1 42N}y S al 08X (KS LIK2
kg P yeatl, and the nitrogen load was 1,571.5 kg N ye@.772 g P myeartand 11.471 g N

m2 year?). This indicated that the permissible load (0.267 gPyear?) and the critical load
(0.533 g P Myear?') were exceeded by 14 times and the critical load (0.533 ¢ fear') were
SEOSSRSR o6& 1 GAYS&ad [1S8 YtlLald2aNysS 5dzS N
5,186.5 kg of nitrogen per year, which equated to 1.699 g of phosphorus peresoneaer (m2)

and 9.020 g of N per square meter (m?) per year when converted to a unit of reservoir surface
area. Comparing the lake's actual phosphorus load with the moalellated loads, it was
determined that the permissible phosphorus load (0.083 gluésphorus per square meter

(m?) per year) was over 20 times higher than the permissible load (0.167 g of phosphorus per
square meter (m?2) per year), and the critical load (0.167 g of phosphorus per square meter (m?)
per year was 10 times higher, causmagid eutrophication. Data analysis revealed the need for
protective measures in the Kartuzy Lakes catchment area to reduce pollutant emissions into
the water bodies (Grochowska 2024)

Comprehensive studies of the water and bottom sediments in the Kathkas enabled the
selection of optimal restoration measures. A phosphorus inactivation method was planned for
all lakes, which involves reducing the availability of this element to primary producers (primarily
planktonic algae and cyanobacteria) using cdagis. This occurs by precipitating phosphorus
compounds from the water column (immediately after treatment), and above all, by inhibiting
the longterm release of this element from fom sediments by increasing their sorption
capacity. The coagulant introduced into the lake settles on the bottom in the form of flocs,
creating a barrier that prevents the release of phosphorus from the sediments into the water.
The effectiveness of theethod depends on maintaining the surface layer of lake sediments
relatively intact. Two types of coagulants were used for the reclamation of the Kddueg:
the iron-based PIX 111 and the alumintbased PAX 18. The inyased coagulant was applied
to the coastal zones of the lakes, where good oxygen conditions prevailedogsat. The
aluminum coagulant, insensitive to low redox potential, was used in the central zones of the
lakes, so that after sedimentation, it would settle on the profundal lakernsedt (Grochowska
et al. 2023, Grochowska 2024)

1.2.3 Protective measures

The protection of the Kartuziyakes included a series of comprehensive measures involving
the construction and reconstruction of the stormwater and combined sewer systems in the
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town of Kartuzy, the construction of three stormwater retention reservoirs and pretreatment
facilities at existing stormwater outlets. Furthermore, the main pumping station for excess
stormwater was modernized. Protective measures were implemented befbee rhain
restoration beginning.

The coagulant amounts determined individually for each lake were divided into four equal
doses to maintain ecological safety and, furthermore, in accordance with the lake's annual
cycle, ichthyofauna protection requirements, and fisheries management pIaib.

1.2.4Restoration programme
Tablebp® t AYIFIOGAGIGAZ2Y |3SyliaQ lakesaSar o KAOK

Q\
N

Mielenko Karczemne YElaldz2aN YilFailidzaN

Aluminium coagulant PAX 18

Total dose 9 940 kg 70 787 kg 75 356 kg 148 398 kg

Single application 2 485 kg 17 697 kg 18 839 kg 37 100 kg

Iron coagulant PIX 111

Total dose 9040 k 74 433 kg 28 216 kg 93 137 kg

Single application 2 260 kg 18 608 kg 7 054 kg 23 284 kg

The doses of the preparations given above were introduced into the water of the Kartuzy
Lakes on the following dates: Lake MielenktMarch and November 2020 and 2021, Lake
Karczemne b 2 3SYOSNJ HAHHY ! LINREfZX hOU20SNE YR b2¢
al NOK YR b2@SYOSNI HAHmM | -W&chmmd NevEmbgr RORSandy £ | & 1
2022.

In Lake Karczemne, which has the highest degree of degradation, and sediment contains
concentrations of pollutants never seen in other reservoirs, additional removal of the most
polluted layer of bottom sediments was planned. 240,0000fmsediment was removed from
the lake. In order to maintain the effects of technical and chemical reclamation,
biomanipulation was carried out in parallel, consisting of appropriate control of the
ichthyofauna populatiowrg cyprinid fish were caught, anti¢ lakes were stocked with predatory
fish (pike, pikeperch, and asp).

The cost of restoratiors given in the table below:
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Tableb.6. Costs of Kartuzy Lakes restoratiomv(v.kartuskiejeziora.p)

Restoration method

Costs

Phosphorus inactivation (chemical method)

€

OHTXTppdcC

Biomanipulation (regulatory fish catching and introduction

of predatory fish: pike, pikeperch, asp)

ToOXZpmMMDPnc

Sediment dredging and treatment

MAZPNMEICTHO®Y-

Environmental land developmentonstruction of
recreational infrastructure promenade along Lake
YELal d2NyS al oS FyR | LI GH

HXOHCZXZHCC®Pnc

Total

MOZCcCOhMIHNPp PNy

1 Costs for individual measuresediment dredging; €

ha, biomanipulationce c¢wmc LISNJ KI &
1 Costs for lost earnings (euros per yearjo data available

HTYZYyo0oO

i Estimated financial benefits of restorati@rin euros per yeamo data available

1.3 Evaluation of existing restoration programme

1.3.1.1WFD

The effectiveness of the restoration measures implemented can be assessed based on
changes in nutrient content, primarily phosphorus and nitrogen, as well as primary production
indicators such as chlorophyll a concentration and water transparency. Ex¢edata was
collected during environmental monitoring, conducted monthly from April 2019 to December

2023.
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Figureb.3. Changes in average annual concentrations of total phosphorus in Kiakes/
during restoration treatments
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Figureb.4. Changes in average annual concentrations of total phosphorus in monimolimnion
2F YElLal ad2NyS al oS [1S RdNAy3 FyR | ¥Fi

There were very marked differences in total phosphorus content between the lakes in the
Kartuzy region. The most polluted lake was Lake Karczemne, where TP concentrations
exceeded1mgP/L(Fpo 0 ® [ 1S Y&l ailad2NyS al oS Aa faz
it developed complete meromixis, and extremely high nutrient concentratiaaggproximately
20 mg P/ILg were observed in the monimolimnion zone water (Fig.). Applied P inactivation
method in case of this lake caused radical decrease in TP content especially in the
Y2YAY2TfAYYA2y 12ySed [1Sa aAStSyl12 FyR Y&l al
Restoration measures resulted in a significant reductiototal phosphorus content itakes
aAStSy12z Yl al i2NYyS al3p EessleffeRtive reatnentsiviendy/ S 5
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observed in the saprotrophic Lake Karczemne. Analysis of trends in mean annual total
phosphorus content indicates a systematic improvement in water quality and a progressive
a0l oAfATFOARZ2Y 2F SYGANRYYSyidlt O2yRkeotéan2y d d L
corresponds to the ranges typical of Class Il water quality stanggodd water state (Fidn.3).
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Figureb.5. Changes in average annual concentrations of total nitrogen in Kdaikeg during
restoration treatments

As with phosphorus, the most polluted lake in terms of nitrogen content was Lake
YINDT SYYyS 6BHT Y3 bk[0 YR GKS Y2YAY2fAYYA2Y
(Figsb.5, b.6). As a result of reclamation measures, a decrease in total nitrogen content was
20aSNWSR Ay [F1Sa aAStSyi12z Ytlalidz2NyS al US>
was again observed in the saprotrophic Lake Karczemne. Analysis of trends ireammag|
total nitrogen content indicates a systematic improvement in @vaquality and a progressive
stabilization of environmental conditions, with the exception of Lake Karczemne. Nitrogen
contentinl { S48 aAStSy{12 FyR YtlFald2NyS 5dzS 02 NNEB
water quality¢ good water quality (Fippo ® Ly [ 1S Yt al d2NyS al OS
while in Lake Karczemne, it remains within the range typical of poor water qualityp&jig.
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Figureb.6. Changes in average annual concentrations of total nitrogen in monimolimnion of
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Figureb.7. Changes in average annual concentrations of chlorophyll a in Kaatkey during
restoration treatments

Chlorophyll a is an indicator of primary production. Before restoration treatments, the least
intense primary production processes were observed in Lake Mielenko, a shallow, turbid lake.
Photosynthesis was most intense in Lake Karczemne, where chlor@ltghcentration
exceeded 170 pg/L (Fig.7). Lake restoration caused a reduction in the availability of nutrients
in the water, resulting in a significant reduction in phytoplankton blooms. This is confirmed by
pK2asS, a0k yOSyi

GKS RSONBI&aS Ay OKf2NRLKeafft

YElal G2Ny S

5dz0 S

ISY SN f ¢

s
& R2

y 2

A N ¥ oA A

SEOSSR H~n

concentrations could not be reduced to photosynthesgmsiting values, production processes
decreased slightly, and cyanobacterial blooms continue to occur, with apiigl a
concentration reaching 100 ug/L (Hug7).
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Figureb.8. Changes in average annual values of Secchi disc visibility in Hakegyduring
restoration treatments

STF2NB NBadG2NIGA2y GNBLFraGaySydaz [F1S Ytlralaz
Karczemne had the worst light conditions (F@). Restoration treatments caused general
improvement in water quality, resulting in a significant increase in water transparency. In Lakes
arhStSy12 YR Yt &l d2NyS 5dS>x GKS { SOOKA RA:
water qualitycgoodg I G SNJ adl G6So Ly [F1S Yl ald2NyS al ©
values typical of Class Il water qualishile in Lake Karczemne, it is still within the range typical
of hypertrophic lakes (Fi$.8). Improved light conditions resulted in the expansion of vascular
vegetation, particularly in Lake Mielenko. In that lake the presenc€hafra delicatula (syn.

Chara virgatayas recorded in 2025.

Lake Mielenko has transitioned to a clesater state with a dominance of macrophytes and
transparency to the bottom maintained throughout most of the year. It should be emphasized
that submerged vegetation is an indicator of good water quality and itsguree is beneficial,
as it absorbs phosphorus and nitrogen from both the water column and bottom sediments for
growth, accumulating these elements in its tissues. This vegetation thus competes for nutrients
for phytoplankton, which, due to the lack of nignts in the water column, cannot reproduce
and form algal blooms. Recently, the appearance of submerged macrophytes has also been
observed in the Klasztornakes. The first submerged macrophytes were also found in Lake
Karczemne in 2025.
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Figureb.9. Phytoplankton index (PMPL) before and after restoration measures
(Grochowska et al. 2019, Grochowska et al. 2023)
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Figureb.10. Macrophyte index (ESMI) before and after restoration measures (Grochowska
et al. 2019, Grochowska et al. 2023)

The progress in the biological elements improvement such as phytoplankton or macrophytes
can be noticed, analysing indices such as phytoplankton index PMPL or macrophyte index ESMI
changes (Fig$.9, B.10). Considering experiences from other restoration projects it is known,
that biological parameters improvement rate is much slower, than improvement observed in
KERNROKSYAOFf LINPLISNIASE 6S3Id 50dzaAS2047: 1S NB
Biological elements need time for reaction fphysicechemical environment conditions
changes.
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Figureb.11. Macroinvertebrate index (LMI) before and after restoration measures
(Grochowska et al. 2019, Grochowska et al. 2023)

Analysis of macroinvertebrate index values before and after restoration measures revealed,
that sediment dredging had negative effect on macroinvertebrates in Karczemne Lake (Fig.
b.11). Dredging causes increase in water turbidity and locally oxygen depletion in the bottom
zones, which caused limits macroinvertebrates range. Probably the conditions for benthic
organisms will be better in elapsing time, with continuous improving weteality. Positive
effects of restoration (increasing LMI index values)eveoticed for Mielenko and Klasztorne
5dz0 S [ IB1Ha oCAITo

1.3.1.2Biodiversity net gain

https://niva365.sharepoint.com/:f:/r/sites/int_HorizonMISSIONLakerestoration/Shared
Documents/WP4 Demonstration/4.1_Demonstratisigccess/LiteraturdvaluatingRestoration
Success/Biodiversigssessment?csf=1&web=1&e=sydQBefore restoration, the lakes in Kartuzy
were characterized by poor ecological condition, with sparse submerged vegetation
O2YYdzyAGGASas 2NJ GKSANI O2YLX SGS FroaSyOS oAy f|
phytoplankton blooms. After completing swration, the new spots of submerged
macrophytes are observed (Figpsl2,b.13,b.14).

FigurebmuH ® bSg LI I OS 6A0GK &dzo0 YSNHSR t20FY23Siz2y
nearby inflow from Karczemne Lake, spotted in summer 2025 (OR. Augustymatvska).

N, : ' ’ \
i gt . ¥
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Figureb.13. New place with blooming Potamogeton natans nearby east shore of Karczemne
Lake, spotted in summer 2025 (© R. Augustyitiakowska).

= -~

Figureb.14. Chara delicatula, spotted in summer 2025 in Mielenko Lake (OR. Augustyniak
Tunowska, A. Hutorowicz)

The ichthyofauna structure was also unfavorable, dominated by cyprinid species,
characteristic for highly eutrophic waterbodies. During the study, the presence of the invasive
gibel carp Carassius auratus gibeJiavas also noted. A biological method of biomanipulation
of fish communities was used in the Kartuakes as a supporting method. Predatory fish
species (pike, zander, and asp) were introduced into the lakes. Furthermore, regulatory
harvesting of excess cyprinid fish was conducted. These activities were conducted in
consultation with the fishing user (Rsith Angling Association). After biomanipulation, a
reduction in the percentage of invasive gibel carp relative to native species was observed. (Fig.
b.15). Biomanipulation also changed the share of predatory fish in the ichthyofauna of Kartuzy
Lakesc that effect was noticed mainly in the shallow lakeMielenko and Karczemne. In the
deeper lakes (Klasztoriakes) due to higher angling pressurepedators'relation between
Cyprynids and predatory fish remained similar, possibly due to higher angling pressure on
predators.

BIOMANIPULATION EFFECTS BIOMANIPULATION EFFECTS
® native species B invasive species ® Cyprinids  ® predatory fish

100 100
50 S0
&0 80
g 5 ™
3 5 %
S a0 & a0
LA # 30
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4] [

2019 023 2019 2023 2019 023 2019 i rict 019 2025 2019 2023 019 013 2019 2023
MIELENKO FARCIEMNE  ELASITORNE MALE KLASITORNE DUZE MIELENKD FARCIEMNE ELASITORME MALE ~ KLASITORNE DUZE

Figureb.15. Changes in the percentage of invasive gibel carp species in the ichthyofauna of
Kartuzylakes, and in the percentage of predatory fish in the ichthyofauna of Kdiikeg
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1.3.1.3Zero pollution

Monitoring studies conducted in the Kartuzy Lakes catchment area between 2019 and 2023
have shown that the external load of nutrients, particularly phosphorus, the main element
responsible for the ongoing eutrophication process, has significantly decrebs@023, the
total phosphorus load introduced into Lake Mielenko was 6.9 kg Plyaad nitrogen 173.0
kg N yeat (per unit of reservoir surface ared.088 g P m year! and 2.218 g N rdyear?).
Comparison of the actual phosphorus load to theelakith permissible and hazardous loads
showed that for phosphorus, the permissible load was exceeded 1.8 times, while the hazardous
load was not exceeded (Figl6).

The total nutrient load flowing into Lake Karczemne over the course of 2023 was 31.0 kg P
and 587.2 kg N (0.076 g P?mear and 1.453 g N “fryear). Comparison of the current
phosphorus load to the lake with the loads calculated using the Vollenweider model (1976)
indicates that in the case of phosphorus, the hazardous load, causing accelerated
eutrophication, is exceeded by 1.3 times (Bid6).

¢KS G20Ff ydzZiNASYyd tf2FR NBFOKAYy3 [F1S Ytlal
kg P and 439.3 kg d\calculated per unit of lake surface area: 0.248 g#®year and 3.206 g N
m2-year. Comparison of the actual phosphorus load to the lake with the permissible and
KFETIFNR2dza f2FRa Ol f Odz I SR dzaAy3a +£2ffSysgSARS
current actual load is lower than the permissible load, which, according t@nvedider's
theory, is safe and does not cause accelerated eutr@titun. It is noteworthy that the actual
load is half the critical phosphorus load that triggers avalanche eutrophicatiorb(Fa.

¢KS SEGSNYIE f2FR 2y [F1S Yt I§bnddNi&ens dzo S
1,121.3 kg N yedr or, when converted to a unit of reservoir surface area, 0.121 ¢ jear!
and 1.950 g N rhyear'. Comparing the actual phosphorus load to the lake with the permissible
and hazardous loads calculated from the model showed that for phosphorus, the permissible
load was exceeded by 1.4 times, but the hazardous load, which would cause accelerated
eutrophication, was not exceeded (Fly16).
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Figureb.16. Changes in the external load of the Kartees with pollutant loads from the
catchment area

1.3.1.4Climate regulation

The assessed annual methane emissions from Kartakgs showed differences
between lakes. The lowest emissions were calculated for Mielenko Lake (0@0Q3 Gg
CH/a), and the highest emissions were assessed for Karczemne Lake (0.043dGg 2620,
during the first year of sediment dredging). The total methane emissions from the whole lake
complex was in the range between 0.073 Gg/&€kin 2020) and 0.025 Gg &#&l(in 2024). The
application of the whole lake restoration procedures on Kartlakes caused decrease in
annual methane emissions in all lakes, proving that implemented lake restoration methods (P
inactivation with assistance of biomanipulation and conaion of sequential sediment
dredging, P inactivation and biomanipulation) seems to be effective tools for limiting GHG
emissions from lakes.
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Figureb.17. Predicted sum of ebullitive and diffusive methane;(€rtissions from the Kartuzy
Lakes based on average annual chlorophyll a concentration. The diffusive and ebullitive
methane predictions were made using a Bayesian model constructed from a global dataset of
groundbased methane measurements and sateltiezived chlorophyl data. The data used

to construct the Bayesian model is available as supplementary information in DelSontro et al.
(2018). Predictions conducted by E. Kitson, UKCEH.

1.3.1.5Climate resilience

The Kartuzy water supply system is an opénuit ring system, directed to the city and nine
surrounding villages from seven wells (1480 meters deep). The KPWIK operates a total of 37
deep wells and 13 water treatment plants. Water is supplied to appnately 32,000 residents.

The water supply network is 484 km long, and approximately 1,900 hydrants are installed in
the network. The scheme of water supply net is presented orbFi§.
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Figure b.18. Water supply system in Kartuzy Commune (source: KPWIK website,
https://www.kpwik.kartuzy.pl)

In Kartuzy area surface water are not used for water supply. According to Polish Geological
Institute, Kartuzy area are not endangered by groundwater resources exhaustion (
https://www.pgi.gov.pl/)

1.3.1.6Health & Wellbeing

The cut off sewage pollution and comprehensive restoration opened new chapter in the
recreation on Kartuzyakes. Very important part of restoration was arrangement of area
around lakes. The hiking path (promenade) was constructed on the shores of Karczemne,
YELFLaTGg2NyS al oS FyR YElald2NyS 5dosS t11Sao

The comprehensive works included: renovation of existing and construction of new
pedestrian paths, installation of area lighting; planting of trees, shrubs, grasses, and perennials
as well as construction of recreation areas, including the installatismaflscale architecture
elements¢ eg. benches, information boards, and signpostsw{.kartuskiejeziora.p) (Figs.

b.19, b.20) .

The path is safe for wheelchair users and cyclists, as well as for pedestrians. The total length

of paths is equal ca. 5 km (Hiyl9).

TN MCITITAY LS ATAS
T X PISNET Y aenoay

~\

Figureb.19. Recreational path in Kartuzy around lakes/(v.geoportal2.gov.p) changed)
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Figureb.20. Path and ponds arranged as a part of Klasztorna Struga River reclamation,
0SG6SSy YINDISYyS yR YtlFald2NysS al

1.3.1.7Inclusivity

Kartuzylakes restoration project was comprehensive, initiated by the local authorities, with
a high collaboration and personal engagement of the researchers from the University of
Warmiaa I T dzZNB Ay hfaldey® ' RRAGAZ2YIFffe@X Rl2MNEIHK |
- PZW), was a partner and beneficiary of the project. The association actively engaged in the
project execution. Members of the local branglangling circle no. 5¢ were on site and took
an active part in the restoration measures related to fisGnipulation.

An important part of the engagement activities was dedicated to the civic dialogue and
environmental education. The local Kartuzy Culture Centre was a meeting place for the project
discussion, along with a dedicated project website. An important element wéar and
shared goals to improving the water quality, environmental status and recreational values of
the lakes.

Lake restoration needs to bring together many institutions, with diverse competences. For
the Kartuzy Lalsrestoration, intensive collaboration between the authorities, research and
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the PZW as well as the local public could be observed. Less engagement was documented from
GKS {dFGS 2FGSNI I 2t RAYT Wt 2t AaK 2 0SNAQE GKI
some institutional barriers. The institution is relatively new (estaklisin 2018), its branch

suffered from personnel discontinuation, with the dialogue on the project and issuing the
necessary permits taking more than expected by the project partners (Szulecka et alg 2025
FutureLakes D2.1)

Tableb.6. Stakeholderg Kartuzylakes (Szulecka et al. 2025)

Stakeholder name Stakeholder Sector/ fields of Stakeholder level | Interest Power
category interest
EU EU EU legislation and International H H
funding
Consortium INORA Business Contractor for PolishLatvian H L
restoration
/' TSNB2Yye@ Business Contractor for National H L
Maritime Works restoration
National Fund for Governmental Environmental National H H
Environmental protection, funding
Protection and
Water Management
University of Research and Lake water quality | National, regional H H
WarmiaMazury in development and restoration
Olsztyn
National Water Governmental Surface water wSIA2Y I L H
Holdingg Wt 2 f | management
2 §SNAQZ
Board of Water
Management
The General Governmental Environment National H H
Directorate for protection
Environmental
Protection
Regional Directoratel ~ Governmental Environment Regional H H
for Environmental protection ODRI 24
Protection
Chief Inspectorate Governmental water quality wSaAA2Yy L f H H
for Environmental monitoring,
Protection environmental
intervention
Polish Forests Governmental Forest management Regional L L
ODRI Za
Polish Angling NGO Angling onsurface | wS 3 A 2 v | f H H
AssociatiorPZW waters
Kartuzy Municipality|] Local authorities | Responsible for lake Local H H
management,
initiated lake
restoration
Kashubian NGO Tourist service Local L L
Landscape Park
Private owner of Private person Karczemne Lake Local H H
Karczemne Lake
Kartuzy Water and Municipal water and sewage Local (Kartuzy) H H
Sewerage Company management
Residents Permanent Accommodation & Local H L
residents amenities
Tourists Seasonal Accommodation & Local H L
residents amenities
Kashubian Tourist Governmental Management of Local H L
Association protected Kashubian
landscape area
Kartuzy Culture Municipal Culture Local H L
Center
Express kaszubski Media Articles Local H L
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Community fisheries| Citizen Fish Local H L
guard/ Spoleczna
straz rybacka
Collegiate Church in NGO Religious Local H L
Kartuzy/ Kartuska
Kolegiata
SOS for Kartuzy Citizen Environment, Local H L
Lakes/ SOS dla culture
Kartuskich Jezior
Grzybno Downstream a village in the Downstream
stakeholders administrative
district of Gmina
Kartuzy

1.3.1.8Recreation

Long history of Kartuzy Lakes pollution limited their recreational use. Mielenko Lake and
Yt &T G2NYyS 5dz0S8 [I1S a fS8aa LRftfdziSRTI 6 SNJ
YI NODT SYYyS FyR YtlLal d2NyS al 0SS [winnfhg Wels deB K G £ €
recommended due to sanitary issues.

Figureb.21®d wSONXBF GA2y I f LI GK 2y GKS aK2NB 27F Y
www.kartuskiejeziora.pl
{AYyOS HnHo (GKS LINBYSYyIRS Aa O2yaiau2NHabedd R 2y
the element of recreational area development is the construction of beach infrastructure. Two

piers were made for recreants and the official opening of city beach is planned before summer
2026 (Figb.22).
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Figureb.22® . S+ OK | NNJ y3ISYSyid O2yadaNHzOGA2y 2y GKS
2025 (©R. Augustyniakunowska)

Figureb.23. Recreational summer event on Klasztdates in Kartuzy
(https://dziennikbaltycki.pl/desksupwyplynelyna-kartuskiejezioratak-zakonczyii

lato/gh/c2-17903549, ©UM Kartuzy)

hy GKS &aK2NB 2F Ytlald2NyS al oS [ Ldhér I NB)
recreational events are organized, eg. boating on SUP paddle boards during s(Fgie23).
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1.3.1.9Circular economy

The Kartuzyakes complex, located in northern Poland (Kashubian Lakeland), consists of four lakes

6aAStSy12z YINDISYYS: Yt alGd2NyS al oS FyR Yl all

Karczemne Lake (area 40.4 ha, max depth 3.2 m) is the second lakecastagle of the river. In the

past Karczemne Lake was the recipient of raw wastewater from Kartuzy city (via six sewerage inlets),
which led to massive degradation of the entire ecosystem and its transformation into a saprotrophic
lake type. Dense cyanobierial blooms, low Secchi depth (20 cm), and very high N and P
concentrations (3.3 mg TN/l and 1.2 mg TP/I, respectively) proved terrible water quality. Bottom
sediment analysis (2018) revealed extremely high TP concentratioqd g P/g DW in thdeepest

point of lake, and even more than 30 mg P/g DW in the pollutedspot nearby the east shore.
Therefore, it was clear that the bottom sediment of Karczemne Lake acted as a huge internal source of
nutrients (Thiemer et al. 2025, FutureLakes M 1.2).

Figureb.24. Sewer No 17example of inflow to Karczemne Lake in 2012 (before restoration) (photo: J.
Grochowska)

Figureb.25. Karczemne Lake before restoratidntensive cyanobacterial bloom (Photo: R.
AugustyniakTunowska)

After sewerage modernization in the city (2015), the raw sewage was cut from the lake, but due to
high P internal loading and P abundance in the bottom sediment, the only way to improve water quality
in Karczemne Lake was to remove polluted sediment. pligisphorus level in the sediment opened
the possibility of recycling the removed sediment for P reuse. Preliminary assessment of sediment
volume dedicated to removal was 240,008 (@rochowska et al. 2019, Thiemer et al. 2025)
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Figureb.26. Spatial P distribution in the sediment of Karczemne Lake before restoration (source:
Grochowska et al. 2021, Archives of Environment Protection, DOI 10.24425/aep.2021.139501)

In cooperation with Kartuzy WWTP, the whole technological line was constructed for sediment
treatment in the first half of 2020. Watered sediment was removed from the lake by refuler, and the
sediment was directly hydrotransported via 4.5 km long pipeline Kartuzy WWTP and stored in the
large sedimentation tanks for preliminary dehydration. The removed pore water was directed to main
sewage biological and chemical treatment line in WWTP. Preliminary dehydrated sediment was
dehydrated again using grihamber and centrifuges. The final product of dehydration was mixed with
excessive active sludge from the main Kartuzy WWTP sewage technological line and stabilized. The
physicochemical and microbiological parameters were checked according to standardbedil
soitlike product was dedicated for agricultural use beyond Kartakgs catchment.
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Figureb.28. Kartuzy WWTP aerial view during lake sediment treatment (Source: Kartuzy WWTP)

The process of sediment removal ended in 2023. The restoration of Kartuzy Lakes complex was
financed by Kartuzy Municipality and EU (Infrastructure and Environment Operational Program). The
total volume of processed mixture of water and sediment amounted min n3.
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Figureb.29. Sediment removal from the part of Karczemne lcageomembrane curtains were used
for separation of regulation area from the rest of lake (source: Kartuzy WWTP)

b -

; a5
Figureb.30. Final product of sediment treatment in the storage shed (source: Kartuzy WWTP)

1.3.1.10Blue economy

Fisheries, ectourism, natureF NA Sy Rf @ NBONBI GA2Yy o6dzaAySaasSa o
restaurants).

Kartuzy Lakes are used for angling. On three lakes, belonged to National Water Holding
Polish Waters (Mielenko, Klasztorne lakes) Polish Angling Association gives permissions for
angling. Karczemne Lake is private property and the owner gives permissemgfong.

In Kartuzy and nearby villages fourteen hotels and apartments are functioning @aple
Several of them are agrotourtistic businesses. The Center of Tourist Information recommends
ten restaurants located in Kartuzy, but there are more small cafeterias. The proximity of Tricity
O6DRIFIZal1x {2L120G YR DR@YALl (bushesses.f a2 FI @2 dzNI o f

In last years, several apartment buildings were constructed nearby lakes. According to info
from Kartuzy Municipality (Ms Natalia Lekner, personal comm), those apartments are used for
short-term rent for tourists. But Kartuzy Municipality has no informatabout tourists number
visiting Kartuzy. The common info about tourists number is available for the whole Pomeranian
Voivodeship, but it is impossible to extract data for Kartuzy in particular. Hence, the
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informational gap exists in this area, and this is suggestion for Kartuzy Municipality to establish
information gathering about it.

Tableb.7. Hotels located nearby Kartuzy Lakesps://citkartuzy.pl/bazanoclegow/)

Number | Name of hotel Adress Web page
1 | 2GSt aA O St 3Maja34, Kartuz www.hotelkaszuby.pl
2 | 23St t 2R St 3Majal0, Kartuz www.hotelpodorlem.com
3 Image ; Brejka St. 11 Listopads www.image.kartuzy.pl
Kartuzy
4 Apartament Alina | St. Reja 3, Kartuzy = www.alinaapartament.pl
5 Pokoje U Gosi St. Reja 16, Kartuzy | www.pokojekartuzy.pl
6 D21 OAY A SO St Parkowa 4 Www.goscinieckaszubski.pl
7 Stajnia Fiord L) tfAOS www.stajniafiord.pl
8 Gospodarstwo St.  Marcina 17 www.agrojeziorak.pl
Agroturystyczne LI fAOS
Agrojeziorak
9 Gospodarstwo St. Turystyczna 17
Agroturystyczne LI tAOS
10 t21228S St.  Zamkowa 9C www.pokojeolenka.pl
h[ 9cY! LI tAOS
11 Apartamenty pod { 4 ® wl SYA www.apartamentypodzamkiem.f
zamkiem LI fAOS
12 Fenix {Go | 5 A S www.fenix.kartuzy.pl
Grzybno
13 Gospodarstwo Kosy 22
Ekologiczne
14 I LJ- NI | Y Sy St Majkowskiego 3€
Kartuz Kartuzy

In December 2025 the Kartuzy Municipality finalized the beach arrangement on the shore
2F YElLalTd2NyYyS 5dS [F1S® ¢KS ySg Ay TFNI &aidNUHzOG
positions. The hiring of 8 persons was announced in local press
(https://expresskaszubski.pl/pl/11 wiadomosci/75303 _kartjest-dofinansowaniena-
miejscapracy-min-przy-obsludzekapieliska.html#goog_rewarde@ccessed 18.12.2025)

1.3.1.11Sustainable Agriculture

The catchment of Kartuzy Lakes has not agricultural areas (arable lands). The information
about catchment use was described in the section 1.2.1.

1.3.1.12Sustainable transport
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Kartuzy Lakes are not used for navigational purposes. The public transport around the city
area (city lines) is available for citizens and tourists. Kartuzy city is connected to Tricity by
railway too.

1.3.1.13Sustainable energy

Kartuzy Lakes are not used as source of renewal energy.

1.3.1.14Sustainable Tourism

Tourism on the area of Kartukgikes catchment was described in the 1.3.1.10 Blue economy
section.

1.3.1.15Water supply & sanitation

Water and Sewage Company in Kartuzy (KPWIK) is responsible for water and sewage
management in Kartuzy and nearby villages.

The KPWIK operates 10 water treatment plants with 34 deep wells, the Kartuzy Sewage
Treatment Plant, and 42 collective sewage pumping stations in the Kartuzy commune. It
supplies water to approximately 31,000 residents spread across 20,528 hectares.tdlhe to
length of the water supply network is 405 km, and the total length of the sanitary sewer
network is 215.5 km. Surface water is not used for water supphya(kpwik.kartuzy.p)
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Figureb.31. Scheme of water and sewerage system in Kartuzy (sauwreegeportal2.gov.pl
mosaic of maps)

2. Unexpected results across criteria, synergies and tradfs

The Kartuzyakes restoration was the biggest lake restoration program in Poland.

The big challenge was implementation of sediment dredging procedure on the whole lake
area. Considering logistic it was very demanded procedure. Problems with quality of service
delivered by first company resulted in the whole restoration process delayc(@wska et al.
2023, Grochowska 2024). The Karczemne Lake restoration effects evaluatieamuedime
¢ the results of restoration presented in D 4.1 are very siterin and the signs of
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environmental conditions improvement still are not satisfying (low LMI, PMPL or ESMI indices
values).

Together with longer dredging period, climate changes had certain effect on delay in
Karczemne Lake restoration results. Modernization of storm sewerage system, which was
YIRS 0STF2NB NBalw2NradAz2y O6AY YAR 2F HubmnQao
cutting off storm water from the Karczemne Lake during extremely heavy rains events. This
results in an extra nutrient loading entering into lake. That problem is common for many urban
sewerage systems in the Polish cities in the last years, anddbéshe risk for urban surface
water quality.

Figureb.32. The remains of big storm event on the shore of Karczemne Lake (the laid grass
area shows the size of flow during heavy rain event, the collector is not active in standard
conditions)(© R. Augustyniakunowska).

Monitoring of sediments in Mielenko Lake showed unexpected decrease of organic matter
and P contents in the period of 2019/2020, despite of fact of beginning P inactivation procedure
(AugustyniakrTunowska et al. 2024), which should lead to OM and P inergasediment.
During seeking of causes of that unexpected result it was found, that the very warm winter
HAMPKHAHAND OFANRG GAYS Ay NBO2NR t2fAakK fl11Sa
sediment OM mineralization in shallow Mielenko Lakegi#styniakTunowska et al. 2024). This
observation shows that climate changes can influence on restoration effects, despite of
assumptions and expectations.
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Figureb.33. PCA analysis results for sediment components and mean air temperatures (winter
and vegetation seasons) (after Augustyniaknowska et al. 2024).

Another unexpected result was lack of changes in proportion between predatory and
Cyprinids in Klasztorriekes. We assume, that intensive angling pressure (catching predators
rather that Cyprinids) is responsible for unchanged predators share.

3. Summary of effectiveness of restoration programme

The Kartuzyakes were one of the most polluted water bodies in Poland because they were
transformed into sewage receivers in the r1i@50s. In addition to untreated municipal
sewage, industrial sewage, and rainwater were discharged into these reservoirs. Tierlong
inflow of sewage has caused massive pollution of the Katiakays, in whose water and bottom
sediment high concentrations of nutrients were recorded. The most loaded were two water
bodies of the complex the polymictic Lake Karczemne and the bradimitb&e Klasztorne
al ST GKAOKX RdzS (2 GKS AyFiz2¢ 2F aSe¢l3Sz oS
the lakes with organic and mineral compounds many times exceeded the limits of the critical
load and caused these ecosystems to initiate the psscof internal loading and enter the
phase of saprotrophy. Saprotrophy is a condition in which a lake is unable to transform excess
organic and mineral substances within its structure and the organisms functioning in it, and it
suffocates with the produest of incomplete decomposition of matter.

A program for the protection of Kartutgkes was developed and implemented, which involved
the modernization of the city's sewage system (change of pipes, construction of retention
reservoirs for excess rainwater) and allowed for a radical reduction in the external load of
nutrients on the watebodies. After the protection measures, a restoration program could be
started. All restoration methods used on the Kartuakes were adapted to the individual
characteristics of each water body (chemistry of wated bottom sediments, morphometric
conditions).

¢CKS LI ASR &ad2fdziAz2zya oNRBdAzZAKG GKS 06Said NBac
where both water chemical parameters and biological indicators indicate good water quality
and moderate or good ecological state. Macrophytes appeared in these raké@staining the
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improvement in environmental conditions. Monitoring of the structure of ichthyofauna in
aAStSy12 FYyR Yflald2NyS 5dS 1S5S4 akK2gSR (K
of stocking with pike, zander, and asp, as well as catching white fishtecksml an
improvement in the structure of ichthyofauna, but further stocking with predatory fish is
recommended.

LYy GKS YSNRYAOGAO [I1S Ytrala2NyS al oSz |
achieved, particularly in the monimolimnion waters. An assessment of the lake's ecological
status, conducted after the restoration was completed, based on the PMPlogtagkton
LYRSE>Y &4K2¢SR GKIFG [1F1S8S YtlLal d2NyS al oS aa O
is in moderate ecological condition. Worse results were obtained for the macrophyte index
ESMI, which indicated poor ecological condition. This caexp&ined in two ways. First, the
reduction in phosphorus and nitrogen concentrations in the trophogenic zone following the
application of coagulants limited primary production processes, which in turn improved light
conditions, but the visibility of th&ecchi disk did not increase enough for solar radiation to
NBEII OK 3INBIFGSNI RSLWIiKad {SO2yR> [I1S Yt
¥FS6 YSGSNER FTNRY (GKS aK2NBfAyS:T (GKS f 1]
patches ofPotamogeton perfoliatusvere observed during the past growing season.

During reclamation work, a minor failure occurred in the pipeline transporting bottom
sediments extracted from Lake Karczemne to the sewage treatment plant. The pipeline leak
Ol dzZaSR (GKS SEOIF@FGSR YFGSNAIFE G2 Syideédtthd (KS
inflow of increased nutrient loads prevented the precipitation of phosphates from the water
column using the coagulant doses assumed in the project, which were selected for lower
concentrations. It would probably be necessary to use additionaslogcoagulants to achieve
a deeper improvement in water quality.

The least effective restoration efforts were achieved for Lake Karczemne, from which
240,000 m2 of bottom sediments were extracted. Based on studies of interstitial waters and
bottom sediments, it was estimated that by removing the projected amount of doott
sediment, approximately 213 tons of phosphorus and 406 tons of nitrogen were removed from
the ecosystem. This confirms the validity of the assumptions behind the adopted restoration
method, among which the priority was the removal of bottom sedimenttside the Lake
Karczemne ecosystem.

Lake Karczemne requires supplemental restoration efforts through the introduction of
additional doses of coagulants. Due to deficiencies in the silting work that occurred during the
first contractor's work, the assumed coagulant doses were too low to &ffdg precipitate
phosphates from the water column and immobilize phosphorus in the bottom sediments. It is
also necessary to further reduce external loading. Existing retention reservoirs for excess
stormwater are insufficient to store water during theaent heavy rains.

2 NJ/

al d
SQa R

It should be emphasized that such extensive protective and reclamation activities carried
out in the lake complex were successful thanks to the cooperation of many entities.
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c) Lake IJssel complex

Authors: Lilith Kramer (Deltares) and Sacha de Rijk (Deltares), with contributions from Ruurd Noordhuis
(Deltares) Jesse van Leeuwen (Deltarddarcel van den Berg (Rijkswaterstaat) and Gerben Kalkman

(Coalitie Blauwe Hart Natuurlijk).

1.1 Lake details

TableC1. Characteristicthat define the surroundings and chemical and hydromorphological status of

Lake 1Jssel and Lake Marken.

S

LAKES

shoreline lenght
2vm - lake area

Lake I1Jssel Lake Marken
Type of - :
- Characteristics Unit Value Values

characteristics
Geographical | Latitude - 5.32683 5.24578
characteristics
Geographical | Longitude - 52.81796 52.55366
characteristics

Altitude mNAP -0.40 (winter) -0.40 (winter)

-0.20 (summer) -0.20 (summer),

Area km? 1130.7 675.20

Maximum depth m 20.612 | 30.913

Mean depth m 458 3.91

Water volume bn. m? ~ 4.7 (in winter)| ~2.4 (in winter)

Depth index (mean
Lake depth/maximum depth) i 022013
characteristics

2 | 4§SNJ NBaARS|years 03] ~1

Residence type - Short | Moderate

Shoreline development

index

2.4 37

! mNAP = meter Normaal Amsterdams PHilis term translates to regular Amsterdam water level and is roughly

equal to the mean sealevel of the North Sea.

2 Deepest parts are in navigation channels. Data from 2011.

3Deepest parts are in navigation channels. Data from 2011.

4Including islands and the Afsluitdijk (= artificial structure, dyke).
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Mixing type polymictic | polymictic
Stratification non-stratified® | Non-stratified
Total catchment area km? 185 000
Direct catchment area km? 18770
0 .
Agricultural areas % of direct 334
catchmeng
0 .
Urban areas % of direct 2.7
catchment
0 .
Forests c/oatc%fmggte ct 34.2
Catchment
characteristics .
0,
Wetlands % of direct 2.0
catchment
0 .
Water bodies % of direct 22.3
catchment
. % of direct
Other (mainly bare land) catchment 4.8
{ OKAYRf SND &
total catchment and lake - 2.90°
areas to lake volume ratio)
Mean annual air| |
Climate temperature' C 105
characteristic¥
(between ZLjan- | Mean annual precipitation | mm/year 897
1995 and 31
dec2024) Maximum summer oc 37.4
temperature

5 But can be stratified in certain deep areas.

5The lake IJssel is part of the Rhine catchment.

" The direct catchment here is defined as the area that supplies water to the Lake 1Jssel complex.

8 Original ask was % of total catchment. However, in case of the Lake 1Jssel complex this would be the full Rhine
catchment. Although the whole catchment likely does have an influence on the complex, the direct catchment

likely has a larger influence.

9 ((direct catchment surface area (Rn+ lake complex surface area @t (kn? to m? conversion factor)) / lake
volume (n) = (18770 + 1805.9) * 1000000) / 7 100 000 000

10 Source: KNMI station Lelystad

11 Method: Averaged hour to daily values, then dajlynonthly ¢ to yearly values, then yearly to 3@arly avg.

See Rscript.
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Days number > 15°C pf n days 167

year

Days with snow per year | n days 192

Alkalinity meq/L N.A. 2133

Alkalinity type - N.A. High

Colour category - Clear N.AM
Hydrochemistrty | 0, (HAZEN) PtCo 5. 2515 N.A.
and trophic type

Trophic type Eutrophic| Eutrophid®

Calcium level CalL 40-90'" | 50-85'®

Water hardness Hard water| Hard water

1221 year avg instead of 30 year avg due to missing time series.
¥ Noordhuis, R. 2010.

14Lake Marken is more turbid than Lake |Jssel due to the presence of silt. However, HAZEN measurements are not
available for this lake.

15Range over the last 15 years.

16 However, Lake Marken has relatively low total phosphorus concentrations in comparison to its total nitrogen
concentrations (2012024 summer average 19.5 ugP/I versus 806 ugN/I).

7 Range for the last 15 years.

18 Range for the last 15 years.
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1.2 Restoration Programme
1.2.1Background

The Lake IJssebmplex FigureCl) in its current form was created by the closure of the former
Zuiderzee through the construction of the Afsluitdijk (completed in 1932), the subsequent reclamation
of the 1Jsselmeer polders (completed in 1968) and the construction of the Houtribdijk @techfh

1976). After the closure of the Afsluitdijk, the water in the lake became freshwater within a few months,
effectively removing the former brackish transition zone to the sea. The salt and brackish organisms
that originally inhabited the ecosystem were replaced by a freshwater species over the span of five
years.

FigureC1. Map of the Lake IJssel complex and its surrounding area. Markermeer = Lake Marken,
IJsselmeer = Lake 1Jssel. Darker blue colors indicate a greater depth. Source: Noordhuis et al. (2014).

Due to its history as the entry zone of the estuary, Lake IJssel still has channels up to 6.5 meters deep
that consist mainly of sandy sediments. Its water transparency is largely determined by algae and is
generally relatively high, especially near theutioof the river 1Jssel. Most of the water that enters Lake
IJssel comes from the river I1Jssel (a branch of the Rhine river). Although the water level of the lake is
now fixed, the large surface area of the lake allows wind to create water level differeficg to one

meter between different sides of the lake. At the transition between water and land (in the absence of
dykes) and on the losying parts of old sandbanks, reed beds can be found, often encroached by
willows. On higher ground, shrubland andadland occur.

Lake Marken formed following the completion of the Houtribdijk between Enkhuizen and Lelystad in
1975. In sheltered and shallow parts of Lake Marken, such as the Gouwzee and the coastal zone near
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Muiden, charophyte vegetation has developed. Currently, the southern part of the Gouwzee contains

the largest area of charophyte vegetation witiharaspecies in the Netherlands. Lake Marken (including

Lake 1J) is an important national and international area for birds, whether they be piscivorous,-mussel
feeding, or aquatic plaAfeeding.

¢KS [I1S LwaasSt aeadsSy Aa | f1NBS aeadsSy GkKlLG Oz
flr1Sa¢ INRdzyR LI NI 2F GKS NBOfF YIFIGISR ENBMthin GKI G
FutureLakes we have defined the Lake 1Jssel complex as the combination of Lake 1Jssel and Lake Marken
(with the latter including Lake 1J). Furthermore, although the lake complex is officially part of the Rhine
catchment, due to its relatively sl size in comparison to the whole Rhine catchment,wileonly

discuss the direct catchment of the lake complex as defined by the [Qotdrnment FigureC2).

For an overview of the chemical and hydromorphological status of both lakes see Table C.1.

marnicn

Figure C.2Direct catchment area of the Lake IJssel complex. Left: the area that receives water from

the Lake 1Jssel complex. Right: the area that (can) supply water to the Lake 1Jssel complex (i.e., a large
part of North Holland will only supply water to Lake IlJgader exceptional circumstances). Source:
Rijkswaterstaat (2025).

1.2.2 Restoration measures

Here we list the main developments and restoration measures in the Lake 1Jssel complex from 1932
until the present. This timeline has been adapted from the timeline from de Haan et al. (20di8yal
overview of the timeline can be fourid FigureC3. A map containing the Natuieased Solution (NbS)

and Biodiversityfocused Solution (BfS) locations can be founBigureC4. Theimplementationcosts

of the different NbS and BfS measures, as far as known to us, have been lisaiei@2. Operational

costs have not been included due to their limited availability. Other costs, such as the impact of the
nutrient reduction measures (regulations implemented in the catchment), the implementation and
maintenance of the wastewater treatment plant in Amstam and the implementation and impact of

the fishing regulations would have been valuable to include too. However, we were unable to find values
for these costs. Due to the large number of measures taken for the improvement of the fish in both
ecosystemse.g., the creation of fish passages and the adjustment of sluice management for the benefit
of fish, we added this element as a single effort. Finally, the costs of the upgrade of the Markermeer
dikes are a combination of costs for improvements for flooatgction and nature. We were unable to
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distinguish between these two elements and thus we included the full (estimated) costs.

Shoreline Mutrient

embankment reduction De Kreupel Couitructlnlan
) measures Bocht van ks
Reclamation Reclamation Molkwerum Frsﬁel.'y Fish migration
Noordoostpolder Southern ) restriclions lerst river
Flevoland Onderdilk It Soal &
I | | Marker :e'l.-’adden Trintelzand

<1932 1932 1942 1957 1963 1967 1976 1982 1984 1989 1993 1995 1997 1998 2004 2005 2013 2014 2016 2017 2018 2019 2020 2024

Closure I I | I I ) | | |
Afsluitelijk New fishing Closure  WWTP  Mirnserklif Construction Fishery  Mowing Frisian Lake
faw  Houtribdik Amsterdam IJburg restrictions IUssel coastline
Reclamation Hoeckelingsdam Mﬂf"e"ﬂ%ﬁfdr}'k
Eastern upgrade
Flevoland
Legend
o Hard structure
. Law
@ rvsores
o Other

FigureC3. Timeline of developments and restoration measures in the Lake IJssel complex. Italic text
indicates the start of a development or measure, regular text indicates the finalization of a development
or measure. This Figure was adapted from FigetarBHaaret al. (2019).

<1932The shoreline of the Zuiderzee was embanked to protect coastal villages and meadows from
flooding. These embankments, along with the conversion of marshland into agricultural lands, led to
the loss of habitats for fish to live, spawn, and grow. The disaggnce of landvater transitions not

only impacted fish but also caused a decline of macrozoobenthos and zooplankton.

1932 After the closure of the Zuiderzee by the Afsluitdijk, this former salt and brackish water bay
became a freshwater lake. The former tidal motion became a (more or less) fixed water level, and fish
migration routes vanished. These changes led to the rdigigppearance of marine and estuarine flora
and fauna, while phytoplankton, macrophytes, macrofauna, and fish typical of freshwater ecosystems
increased in number. However, although the water column and its inhabitants switched from a tidal to
a freshvater ecosystem in a matter of years, the sediment would maintain (part of) its marine
characteristics for decades.

1942The Noordoostpolder was the first large polder to be reclaimed from Lake IJssel. This led to the
disappearance of a large area of open water and a reduction of shallow water areas. Additionally, two
aYltt AaflyRas YR (KSARUWESRD20RI i 8B KR 6 RENDaA X

Q\
(s}

1957 Eastern Flevoland was reclaimed, further reducing the area of open and shallow water.

1963¢ KS yS¢6 WCAAKSNASE LpéréhQsing bedny thaRls oF dends AA/Tav ydass NI LIA
later, beam trawling was banned entirely and replaced by trap nets and gillnets, mainly to continue eel
fishing (however, these techniques also resulted in aersible bycatch).

1967 Southern Flevoland was reclaimed, further reducing the area of open and shallow water.
1976 Completion of the Houtribdijk split the former Lake IJssel in two: Lake 1Jssel and Lake Marken

0023SGKSNI NEFSNNBR (2 a a¢KS [I1S LwaasSt 0O2YLX S
water exchange between the two lakes. As a result,ah®unt of silt in the Markermeer increased
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because it was no longer discharged into Lake 1Jssel. Fish migration between the lakes also became
heavily restricted.

1982From the 1950s onwards, eutrophication started to become a problem for surface water quality.

Due to reduced phosphorus input (e.g., through increased use of phosfrieateletergents), however

the concentration of nutrients entering the Lake 1Jssel cexplecreased from the mid 1980s. A large
contributor to this reduction were the German efforts to improve the water quality in the River Rhine.
Another important factor was the fact that the wastewater treatment plant (WWHE&3t in Amsterdam

wastakerh Y12 dzaS 02 GSNYySiZ bd5d0d ¢KAE FAYylLEfte aidz2lL
[F1S alFNyJSy @Al GKS fFNBS RNIYAYyF3aS LALIS yAOlylYS
This wastewater drainage pipe, that was commissioned 907, deposited up to 100 000 3nof

wastewater per day at its peak use (van den Dobbelsteen, 2012).

1989 Development of a foreshore area near the village Onderdijk. These foreshores offer habitat for
a.o. birds.

1993 Mirnserklif) andl995 Bocht van Molkwerum) Additional foreshores are developed on the Frisian
coast line of Lake IJssel. These foreshores offer habitat for a.o. birds as well and (will) consist of reed
marshes.

1997The development of a sandbank and a recreational zone (It Soal) on the Frisian coast of Lake 1Jssel.

1998 Construction of the 1Jburg residential area in the IJmeer began. To compensate for its impact on
nature, Rijkswaterstaat created the Hoeckelingsdam (see 2005) in a shallow bay in the south of Lake
Marken.

2004Due to declining eel and smelt populations over the last decades, measures were taken to reduce
the number of traps, eel boxes, gillnets, and fishing permits. Additionally, work on the nature area De
Kreupel (anisland in Lake IJssel) was finalized.

2005The Hoeckelingsdam was created as a nature compensation area for |Jburg (see 1998). This dam
created windshelter for a small section of Lake Marken and stimulated the growth of submerged
macrophytes via an increase in the transparency of the water. Furtbee, the land was intended to
function as a breeding and resting area for birds.

2013¢ KS FANRG OLAt20G0 AatlFyR GLSNEGE F2NI GKS al NJ S

2014Further interventions in fisheries were taken: the allowance of {siginding nets was reduced by
85% to halt the decline in scaled fish populations. istamding nets were permitted instead, which are
used to catch Chinese mitten crabs, among otherseRestudies show that the impact of the fishing
interventions have started to result in more and larger adult fish (pers. comm. J.J. de Leeuw;
Wageningen University & Research).

2016 The construction of the Marker Wadden began. This group of islands would reduce the area of
open water but increase the area of shallow lamdter transitions. This new nature reserve was
originally intended to stimulate the bird populations in the arbkat the gradual transition from land to
water around the Marker Wadden also created a suitable habitat for various aquatic plants and fish.
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2017 To improve passage for recreational boating, water plants in the Hoornsche Hop began to be
mowed.

2018Strengthening of the Houtribdijk between Enkhuizen and Trintelhaven began. This reinforcement
reduced open water area but created gradual lamater transitions in some places. Additionally, the
construction of 1Jburg Il began.

2019Strengthening of the Markermeer dikes began. The strengthening of the dike was designed to
also increase the area of laswater transitions and thereby restore part of the food web of the lake.

2020To restore the connection between the Wadden Sea and the Lake 1Jssel complex, work was started
on the fish migratrion river. A large structure in the Afsluitdijk in which the salt water of the Wadden
Sea will be mixing with the freshwater from Lake 1J$keteby allowing migrating fish to travel freely
again. The work is estimated to be finished in 2027. Additionally, the work on Trintelzand and the
Houtribdijk was finalized in this year. These works have strengthened the function of the dike and
created wetland habitat for fish and birds.

2024Multiple projects started to improve the water safety and ecological quality of the Frisian Lake
IJssel coastline.

It should be noted that Lake Marken and Lake IJssel are valuable areas to the Netherlands for flood
safety, freshwater provisioning and nature. These elements are closely linked, and sometimes conflict
with each other. For example, flood safety measurest tave been taken in the past (dykes) impose
limits to the type of measures available to restore the water quality and ecology in this area. In specific,
the removal of dykes to restore the lack of shallow kavater transitions or the reversal of the sa&nal

fixed water levels to make them reflect more natural conditions are not possible. At the same time is
the (natural) functioning of the ecosystem closely related to the water quality desired for both drinking
water purposes and nature restoration. T)ut can be a challenge to ensure that each element is
managed in the most optimal way. However, even though this balancing act remains challenging, the
most optimal solutions are most likely to arise from steering these functions in conjunction, ratrer t

as separate silos.
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FigureC4. Locations of Naturdased Solutions and Biodiversitcused Solutions in Lake 1Jssel and

Lake Marken.
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TableC2. Costof Naturebased Solutions (NbS) or Biodiverityused Solutions (BfS) taken in the Lake
IJssel complex. Additionally, we mention the costs of the largest infrastructural effort in the area for
comparison: the Afsluitdifgnd mention the building of Waste Water Treatment PlaBast.

Solution Year Area | Implementation | Financing | Source
(BfS, NbS, Other) (ha) | costs
6aeT S&q

Afsluitdijk 1932 - 37800] Public CBP (2012)
Dyke to close Lake IJssel (Other)

Onderdijk 1989| 100 N.A.| Public Min. van LNV en Min
Reed marsh (BfS) van VW (2002)
Mirnserklif 1993 10 N.A.| Public Min. van LNV en Min
4 Sandbars (BfS) van VW (2002)
Bocht van Molkwerun 1995 9 N.A.| Public Min. van LNV en Min
3 Islands for birds (BfS) van VW (2002)

It Soal 1997 25 N.A.| Public Min. van LNV en Min
Sandbar + recreational zone (NbS) van VW (2002)

De Kreupel 2004 75 19.2 | Public Min. van LNV en Min
Island for birds (NbS) van VW (2002)
Hoeckelingsdam 2005 50 48.4 | Public SBB (2003)

Dam to dampen wind impact (NbS)

Marker Wadden 2021| 800 96.3 | Public /] Huskens et al. (2025
Wetland islands (NbS) Private

Trintelzand I 2018 | N.A. 7.8 | Public Waterrecreatie
Natural foreshore (NbS) Nederland (2023)
Trintelzand 1] 2020| 155 8.7 | Public Waterforum (2019)

Natural foreshore (NbS)

Fish migration rive 2026 90 67 | Public Waterforum (2025)
Structure in Afsluitdijk to stimulat
fish migration (BfS)

Markermeerdijken upgradd 2026 | N.A. X T y| Public NH Nieuws (2019)
Natural foreshores (NbS)

Fish friendly environment 2010- - N.A3 | Public Rijkswaterstaat

. 2027 (2025)
> 20 Fish passages and slu

management adjustments (NbS
excluding the fish migration river

D Corrected for inflation with the inflation calculator at https://www.inflatiecalculator.nl/
2 Estimation.
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% Actual costs unknown. However, the costs of creating a fish passage lies between several tens of thousands (for
easy and small passages) to several million euros (for more complex cases) according to Wanningen (2015). Thus,
this cost is likely to be at Isaseveral hundreds of thousandseveral million euros.

1.3 Evaluation of existing restoration programme

In this section we describe the status of Lake IJssel and Lake Marken and the impacts of restoration
efforts in these lakes according to criteria that were selected in the FutureLakes project.

1.3.1WFD

The WFD status of Lake IJssel and Lake Marken has failed to achieve a good status over the last three
River Basin cycles and during its last available assessment (2024). An overview of the respective statuses
can be foundn TableC3.

TableC3. WFD status for the quality elements chemistry and ecology per River Basin cycle and in 2024.
Colour codes are according the WFD: red for chemistry = fails to achieve good status, orange for
ecology = poor, yellow for ecology = moderate.

Lake name | Quality element | 2009 | 2015 | 2021 | 2024

Lake IJssel | Chemistry

Lake Chemistry
Marken

Ecology

Ecology

The chemical status of both Lake Marken and Lake IJssel continues to fail to achieve good status. This
failure to achieve a good status is due to multiple substances surpassing the thresholds, among which
are PAC's (polycyclic aromatic hydrocarbons), pielets and heavy metals (Knoben et al., 2025). Part of
these substances are transported into the system from outside the Netherlands (e.g., via the river Rhine)
and part of these substances are transported into the system from within the Netherlandsi(edq

their use on agricultural fields) (Knoben et al., 2025).
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The ecological status of both Lake Marken and Lake 1Jssel also continues to fail to achieve good status.
The Biological Quality Elements that underlie the ecological status are at moderate or poor status (see
FigureC5, C.6. The reasons underlying the failure of obtaining a good status for these quality indicators
are, amongst others, a lack of migration options for fish (the dykes prevent free access between the two
lakes and between the lakes and the Wadden Sea for ex@ntpk turbidity caused by wineffects in

Lake Marken, the lack of shallow lamgter transitions in both lakes, the skewed nutrient ratios, and

the still high nutrient levels of nitrogeffrigureCZ7) in Lake 1Jssel.
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FigureC5. Biological Quality Elements in Lake 1Jssel and Lake Marken between 2009 and 2024 expressed
in normalized Ecological Quality Ratios.

125
100
.

E)
2
¢
S 751 . . ° ., * . Lake
o . . ) v v & *  |Jssel
. L]
] | . v v | B o o v Marken
5 50 o . v o . ® v 0, '
£ v v v v . L . ., * ) .
E o5 v v vV vvvyvw v ¥ .
5 1 v v v
® & v v ¥ ¢ v v
1990 2000 2010 2020

Figure G. Summer averaged (1 Aar30 Sep) chlorophyd concentrations in relation to their WFD
status in Lakéarken and Lake 1Jssel between 1990 and 2024. WFD thresholds are according to current
values.
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FigureCZ7. 3-year summer averaged total nitrogen and total phosphorus concentrations and their
respectivestatuses in Lake Marken and Lake lJssel between 1990 and 2024 according to (current) WFD
thresholds. Data source: KRN Trend (https://krwnutrend.netlify.app/).

Lake IJssel and Lake Marken both use a single monitoring location in the akttiteir water bodyto
determine theirecosystem statu$or nutrients and phytoplanktonHowever, both lakesan be quite
heterogenous in regard to their chlorophsgdistribution. For example, th&€€entre- Northern parts of
Lake 1Jsselan become quitphytoplanktonrich over summerwhilethe Southern parts of the laksan
remain quite cleac, likely due to mussel grazing in the Southern parts of the |&t#ough we did not
investigatethe impact of having a single monitoring location, we thinkkiely that having a single
monitoring pointfor both lakesskewsthe WFD outcomes.

1.3.2Biodiversity net gain

LakeMarken and Lake IJssel have been designated as a Bird Directive area and partly as a Habitat
Directive area under Natura 2000afifle C4 and FigureC8; Ministerie van LVVN, 2025). For Lake
Marken conservation objectives have been established for two habitat types (H3140 Hard oligo
mesotrophic waters with benthic vegetation of Chara spp, H3150 Natural eutrophic lakes with
Magnopotamion or Hydrocharitictype vegetation), three habitat species (spined lo&dbitis taenia
bullhead Cottus perifretumand pond batMyotis dasycnemyge and two breeding bird species (great
cormorantPhalacrocorax carband common terrSterna hirundh Conservation objectives e also

been set for 18 noibreeding bird species, including the common golden8yeephala clangula
Eurasian wigeoMareca penelopegoosandeMergus merganserand smewMergellus albellusFor

Lake IJssel conservation objectives have been established for six habitat types (e.g., H3140 Hard oligo
mesotrophic waters with benthic vegetation of Chara spp and H6430 Hydrophilous tall herb fringe
communities of plains and of the montane to alpitfevels), four habitat species (pond bat, river
bullhead, fen orchd Liparis loeseliand an endemic subspecies of the Root VAlexandromys
oeconomuy and 11 breeding bird species, including the cormorant and the Eurasian spdtiathia
leucorodia Additionally, conservation objectives have also been set for 3ibneeding bird species.
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TableC4. Natura 2000 area sizes for Lake Marken and Lake 1Jssel.

Lake Marken (incl. IJmeer) Lake 1Jssel

Bird Directive area (ha) 68463 113341
Habitat Directive area (ha) 1109 2441
Total area (ha) 68463 113341

For the species protected under Natura 2000, the size and quality of their respective habitats must be
maintained or improved to support the carrying capacity of predetermined population sizes. The goals
differ per species and per location, however, forgngpecies in the Lake IJssel complex the goal is
maintenance. The last known conservation status that has been reported for eachifddispecies is
shown inTableC5. In the following text, we describe the status of the Root vole and the Pond bat in
more detail and give a general overviefithe status of birds.

ard
Sneek
ts Hoorn

Purmerend Lelystad

Hoorn 'dam & Almere s

eﬁ—';

10 km

d 10 km Lelystad

FigureCB8. Natura 2000 areas in Lake |Jssel (left) and Lake Marken (right) in blue and green (Blue = Bird
Directive areas, green = Bird Directive + Habitat Directive areas). Purple = other Natura2000 areas in the
Netherlands.

TableC5. Conservation status of Natura 2000 Agind species that occur in the Lake 1Jssel complex for
the Netherlands as a whole (WUR, 2020) and the population and habitat status of tiéra@pecies

in Lake IJssel (RW2®25a) and Lake Marken (RWS, 2025b). The colors for population and habitat status
indicate red = unfavorable, green = favorable, orange = favorable but requires attention, grey = not
enough data available. The signs indicate the goals for each spetties meaning maintenance and >
meaning mprovement.

Conservation status
Species in the Netherlands| Lake IJssel Lake Marken
in 2019
Population Habitat Population Habitat
P (size & quality) P (size & quality)
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Pond bat Highly unfavorable = = =
Root vole Highly unfavorable Not Not applicable
gnly applicable PP

Bullhead Highly unfavorable
Spined loach Stable Not applicable | Not applicable | = =

. Not .
Fen orchid Stable . Not applicable

applicable

The conservation status of the pond bat in the Netherlands been described as highly unfavorable in
2019 (WUR, 20204s there is no information available on the population size of the Pond Bakén
Marken, its conservationstatus cannot be assessed (Rijkswaterstaat, 2025b). A large denlitie
populationis observed ihake IJssel (from appro#40individualsin 2006to 250 in 2023. Around the

Lake 1Jssel compleifje roosting sitesof the batsare under pressure, as older buildings (often
containirg wall cavities and roof tiles) are replaced. Its foraging area, comprisiggntly sloping,
nature-friendly bankswith dynamic waterevel, is expected to be stable in Lake IJssel, suggesting
favourablehabitat conditions (Rijkswaterstaat, 20254)though no trends in the extent or quality of its
habitat are known for Lake Markesignificant partof the shorelinevegetationare presumed to be

too young to providea high-quality foraging habitat. However, an improvement in habitat quality is
expectedin the coming yearspartly due to the construction of the Marker Waddédne of the main
issues to protect this species is the fact that the majority of breeding areas, flying routes and foraging
areas are located outside of the Natura 2000 s{t¢aarsma2024)

The population and habitat of the northern vole have been assessed as moderately unfavorable in the
Netherlands (WUR, 2020), while its distribution range and prospects are considered highly unfavorable.
Subpopulations of northern voles are often isolatedhich substantially increases the risk of local
extinction. Except for the area north of the North Sea Canal in North Holland, the species is declining in
all regions due to competition with other vole species. Consequently, the conservation status of the
northern vole in the Netherlands has been reported as highly unfavordble root vole occurs along

the shores of Lake IJssel in wet habitats such as reed beds, marshes, and extensively managed
grasslands. The species is well adapted to wet conditions and benefits from dynamidevateontrol.

Over the past decades, its spatial range has severely reduced. While its conservation objectives were an
increase in population and habitat size, both have decreased. A reduction in habitat quality, through
reduced water level fluctuations and vegetation management, further increases the competitive
advantage for other vole species (Rijkswaterstaat, 2025a).

The conservation status for thepiged loachis favourable. Although the observed population size
strongly fluctuates over the years, there is no downward trend. This suggests a relatively stable
population (Rijkswaterstaat, 2025b). The habitat of the spined loach, compsbadpw, vegetated,
low-flow aquatic zones with soft substrateis also deemed stable. Targets were only set for Lake
Marken.The bullhead, on the other hamndas not observed since 2015 and only radgervedbefore

that (Rijkswaterstaat, 2025a, 2025b). Because of this, dne@rvationobjective for the population size

of the bullheads not met. This speciatiows a preference for hard substrates, such as reinforced banks,
stones, and mussel beds. Lake Marken, their absence is presumably linked to a decline in freshwater
mussels and competition with invasive goby species. The sensitivity of the bullhead to water pollution
further weakens their position with respect to the more tolerant invasipecies. Because of this, the
habitat conservation objectives are also nottmé/hile a decline in hard substrates is not observed in
Lake IJssel, the current habitat conditions are also deemed unfavorable, due to ongoing competition
with invasive goby species.
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The £n orchid grows on nutrienpoor, alkaline soils and prefers an open vegetation structure. This
species was found on Bme-rich sandbarin the north-eastern corner ofLake IJsse{Makkumer
Noordwaard). It was last observed in 2004. Throughout the country, desiccation, acidification, and
eutrophicationthreaten the survival of thisrchid. While conservation targets aimed to facilitate the
return of this species, its habitat size and quality have only declined further over the past years
(Rijkswaterstat, 2025a).

For many bird species with conservatiobjectives, numbers have declined sharply since the 1980s,
and in recent decades, these objectives have not been met (Noordhuis et al. 2014). Mainly benthivorous
birds (benthieinvertebrate-eating birds such as goldeneyegureC9) and piscivorous birds (fisdating

birds such as smewigureC10) have declined substantially in number. Factors that have contributed

to this decline of birds in Lake IJssel and Lake Marken are climate change and the improvemesit of wat
quality in neighbouring lakes. In specific, climate change has caused mild winters in Northern Europe
which has caused wintering birds to stay awasgn Roomen et al. 2012) while the improvement of
neighbouring lakes has caused birds to stay at these improved lakes (Noordhuis et al. 2014). However,
even though a substantial amount of Natura 2000 bird species experiences a decline in number, overall,
the Lake lJssel complex remains an area of vital importance to many overwintering and breeding bird
species.

For species in the first two categories, conditions deteriorated in the 1990s due to a decline in zebra
mussels in the lake and a decline in smelt in both Lake 1Jssel and Lake Marken. The first process is linked

to reduced nutrient availability after theoostruction of the Houtribdijk combined with high silt loads,

while the second process may be climagdated. Despite these declines, the numbers of tufted ducks

FYR aYS¢ NBYFAY 2F AYOISNYylFLGA2ylFfE YR YlI@agd yI (A2
concentrations of moulting waterbirds has not diminished.
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FigureC9. The average number of Common Goldeneye in Lake Marken (red dots), the trend line (dark
blue) and associatestandard error (light blue lines) are given. Seasons run from July to June. In green
the Natura 2000 goal for the species. The orange line represents the average of the last five seasons.
Sourcewww.sovon.nl
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Smew (winter- en trekvogels)
waterbird trend - Markermeer & |Jmeer
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FigureC10. The average number of Smew in Lake Marken (red dots), the trend line (dark blue) and
associated standard error (light blue lines) are given. Seasons run from July to June. In green the Natura
2000 goal for the speciedhe orange line represents the average of the last five seasons. Source:
www.sovon.nl

1.3.3Zero pollution

Phytoplankton blooms were a common phenomanin Lake 1Jssel until the 2000s (Leeuwangh et al.
1983; Berger and Sweers 1988; Ibelings et al. 200§uEeC11). However, total phosphorus (TP) and
total nitrogen (TN) concentrations in Lake 1JsB&ureC12, A & B and Lake Marken substantially
declined in the 1970s and 1990s due to the implementation of the Dutch Pollution of Surface Water Act,
the European dairy produce quota and a ban on P detergents in Germany and the Netherlands
(Rozemeijer et al. Z). This downward trend is also visible in estimated external phosphorus loadings
for this timeperiod FigureC13, also not the sharp contrast between the nutrient loading between Lake
Marken en Lake 1Js$€eThe changes in legislation had a larger impact on the total phosphorus than on
total nitrogen, leading to a shift in the N&tio in the lakesKigureC12, §. Hitherto, Lake IJssel still
qualifies as eutrophic, with cyanobacteria as the dominant phytoplankton species (Frenken et al, 2023).
It remainsunclear if TN or TP or both should be reduced further to obtain better food quality and lower
biomass (Frenken et al, 2023).
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FigureC11. Seasonal trend of Chl a in Lake IJssel. Trend lines represergnimetbed conditional
averages. Source: Frenken et al. 2023 (Figure copied with permission).

b

TN lake lJsselmeer mg/L)

[#]

1000

TN:TP lake lJsselmeer (molar)

10

54

100

"I-
-
L
.: o'*“ ®
b -
o e
- :.-..'
LI el
‘e
.

1970

1880 1980 2000 2010 2020
Year

1970

1880 1980 2000 2010 2020
Year

TP lake lJsselmeer (mg/L)

o

Chloraphyll-a (pg/L)

150

100+

0.5+

0.4

0.3+

0.2

0.1

0.0+

1970

50+

o4

1880 1900 2000 2010 2020
Year

1970

1880 1900 2000 2010 2020
Year

FigureC12.Concentrations of TN (A) and TP (B), TN:TP ratio (C) and chleaopdmydlentrations (D) of

Lake 1Jssel surface watdirend lines represent loessioothed conditional averages. Note that (C) is
plotted on a logarithmic scale. Source: Frenken et al. 2023 (Figure updated by T. Frenken and used with
permission).
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FigureC13. Estimatedwater-transportedtotal phosphorus loadéTotal P) and nitrogen loads (Total N)

for Lake Marken (purple) and Lake 1Jssel (gheen) between 180 and 2QA0. The figure shows a
notable decrease in P loading and a small decrease in N loading over time, reflecting the mitigating
effect of policy measure3he numbers are based on unpublished data from thegkbj€ct (van der

Geest, Vonk and Ouboter, 2Z0land Noordhuis et 12024

FigureC14 andC15 show the available data for an array of water quality parameters between 2015
and 2024. Here we highlight a few elements: from the Biological Oxygen Demand (BOD) data it becomes
clear that Lake IJssel has relatively clean water (<2 mg/l defined as alhi35 mg/l defined as
moderately clean) with values fluctuating around 2 méfigureC14). Furthermore, we can see that

Lake Marken contains more Dissolved Organic Carbon (DOC) than LakEitjle®€l 14). Additionally,

Total Nitogen, Nitrate and Phosphate concentrations are substantially higher in winter in Lake 1Jssel
than in Lake MarkerFgureC15).

There are no exact numbers for the total amount of plastic pollution in Lake IJssel and Lake Marken.
However, based on estimates made by Margriet Schoor, advisor Ecology and Water Quality at
Rijkswaterstaat, an average of 600 million pieces of (macrolgstic likely reached Lake IJssel via the

river 1Jssel in 2023(Schone 1Jssel, 2023). A large part of these plastics (~ 75%) originates in Germany
and Switzerland, however, a substantial amount of plastic is added into the mix in the Netherlands as

19 0n average 6.5 plastic pieces per 1000water in the river IJssel. The river 1Jssel is the main river that flows
into Lake 1Jssel and contributes on average 72% of the water supply to the lake.
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well. Most common plastics that occur in the river come from food packaging and cosmetics (Eikelboom,
2023). Additionally, (macro)plastics can be found in on the shores of the lakes, as demonstrated by a
voluntary clearup effort on Trintelzand in 2025, whe volunteers found, amongst others, plastic
bottles and food packaging on the shoreline of a protected area. We have not found any data on
microplastics in the Lake IJssel complex.
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FigureC14. Chemical measurements in Lake Marken and Lake IJssel between 2015 and 2023. BOD =
Biological Oxygen Demand, COD = Chemical Oxygen Demand, DOC = Dissolved Organig €arbon, O
Oxygen, OS = Dissolved substances.
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FigureC15. Nutrientconcentrations in Lake Marken and Lake IJssel between 2015 and 2024.
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1.3.4Climate regulation

Climate regulation has been defined as the emission of f@@n the lake and/or the carbon
sequestration in the lake. Here we describe two approaches to estimater@i€sions from the Lake
IJssel complex and one approach to estimate the carbon sequestration in the complex.

The Lake |Jssel complex emits 263 661 tonneeg@ear. This C&£equivalent is an estimation based

on the IPCC default emission number for reservoirs remaining reservoirs (1.46 topsee/C&year;
CH-emissions only as per IPCC guidelines) multiplied by the total surface area of the Lake 1Jssel complex
(180 590 ha). For more information see Pelsma and Kox (2025) and Net et al. (2024).

¢KS AYLI OlG 2F GKS O2yaidNHzOGSR ¢ S-équivalrits ofttee ILakd S NJ 2 |
[Jssel complex is a reduction of 1460 #@@year (roughly 0.5% of the total G@&g emission). This

estimate is based on the assumption that no carbon stock changes are considered for (constructed)
wetlands (Baren et al., 2025) and that the Marker Wadden covers ~1000 ha of the Lake lIJssel complex
(1000 ha *1.46 tonne C@-eg/halyear =-1460 tonne C@-eg/year).

Please note that the abowmentioned estimates are rough estimates and that at this point in time no
measurements are available to verify these estimates. Furthermore, although the Marker Wadden
might become C@neutral in the future as indicated by the IPCC guidelines, during their construction
the islands likely have produced a substantial amount of-€). Additionally, it is not unlikely that the
islands could also sequester &ile in their early succession stages.

Aside from the previously mentioned GHG emission estimates based on IPCC default values, E. Kitson
from UKCEH applied a Bayesian modehstructed from a global datasd of groundbased methane
measurements andatellite-derived chlorophyh datato the yearly average chlorophdl values from

Lake IJssel and Lake Marken to estimate the methane emissions from these lakes between 2005 and
2024. The model resultgigureC16) show that the average total methane emission between 2605

2023 from Lake 1Jssel according to this model wbaldstimated at 26.6 Gg ¢GB/year and from Lake
Marken would be estimated at 60.5 Gg &Fyear (total emission from both lakes at 87.2 Gg-CH
Clyear).

The conversion of GHC to C@ec® shows that the Bayesian model from TEH estimates
substantially higher methane emissions from the Lake IJssel complex than the estimate based on the
IPCC default values:
87.17 Gg CH€/year x 29.88 CHCQeq x 1.34 Carbon:GH 3474.09 Gg Ce@qg/year (range 10
percentile- 90 percentile: 1208.05 to 8010.95 Gg.@Q/year) versus 263 661 tonnes £&n/year/

1000 = 264 Gglyear.

20 CH4C to CH4 conversion value: CH4 = 16.04 g/mol, C = 12.011 g/mol, thus C to CH4 = 16,04/12,011.
CH4 to CO2quivalent conversion value = 29.88. Source: European Commission. 2025, 8 dec. Methane Emissions.
URL: https://enerqgy.ec.europa.eu/topics/carbemanagememand-fossitfuels/methane
emissions_en#:.~:text=In%20fact%2C%20methane%27s%20ability%20to,0n%20gee20eZ0timescale.
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FigureC16. Totalmethane estimates (ebullitive and diffusive methane) for Lake IJssel and Lake Marken
based on yearly average chloropkg/lconcentrations. Theethane estimates were made using a
Bayesian model constructed from a global datase of groundbased methane measurements and
satellite-derived chlorophyh data. The data used to construct the Bayesian model is available as
supplementary information in DelSontro et al. (2018). The Bayesian model was run by E. Kitson, UKCEH.

The nett burial rate (= carbon sequestration) of the Lake 1Jssel complex is estimated as 40 630 tonne
Clyear. This estimate is based on the average nett burial rate for Dutch shallow {2Rés £ 10
gC/m2/year; Mendonca et al. 2017 in Troost et al. 2@#%) the surface area of the Lake 1Jssel complex

(180 590 ha).

1.3.5Climate resilience

¢KS [F1S LwaasSt O2YLX SE FdzyOlAzya & GGKS NIAYy o
as drinking water focitizens (see 1.3.1.15 beloverops and livestock, organisms that naturally occur

in the region and for transport. Thus, the water levels of the lakes in the complex are constantly
monitored and discussed. For example, the relatively recent decision to widen the bandwidths of
allowabk water levels in Lake 1Jssel and Lake Marken was implemented after thorough discussions with
multiple stakeholders (Rijkswaterstaat, 2018). This new bandwidth will allow for more flexibility in
planning (allowing for more water storage in summer, and less in winter) and (a relatively new
development) also partially considers the impact of the chaimgevater levels for organisms (e.qg.,

nesting birds). In case of drought there is a specific water allocation priority list that ensures that the
Y2ad oAGrf StSYSyda 2F 5dziOK a20ASGé& oAttt NBOSAQ
verdNA Y IAYIaANBS1aéd0d / 2yPSNEStEer oKSy (GKS GKNBFG 2
the lake in advance (based on available data from weather reports in combination with computer
models of the hydrology of the region) to ensure a minimal oiskooding. Programs are in place to

ensure the availability of water in the future and under different scenarios of climate change (e.g.,
Deltaprogramma).

Additionally, water boards in the surrounding area of Lake 1Jssel and Lake Marken also research water
retention and flooding prevention to become more climate resilient (e.g, SpongeWorks
https://www.spongeworks.eu/).

1.3.6 Health & Wellbeing

Lake Marken and Lake IJssel are used as recreation areas for many types of recreational use, e.g., fishers,
bird watchers, swimmers, sailors (alseesection 1.3.1.8 As such this area contributes to physical

Funded by
“ the European Union 10€



Demonstrating Successful Restoration /w

LAKES

condition and mental health of people living in and visiting the Netherlands. Here we highlight one
element of health and welbeing via the proxy of bathing water conditions.

There are roughly 50 official bathing water locations in Lake Marken (21 locations) and Lake IJssel (28
locations). These locations are monitored during the bathing water season (I¢Nla@ctober) for
harmful bacteria such as E. coli and cyanobacteriege duality of these bathing water locations varies
widely; some of these locations have been judged to be in excellent condition, while others have been
judged not fit for swimming. A small subset of substances and ttats shown ifrigureC17.
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FigureC17. Selectiorof bathing water locations and monitored substances in the Lake IJssel complex.
The straight black line shows the threshold for good bathing water quality for E. coli.

1.3.7Inclusivity

There are many stakeholder groups and NGOs active in the Lake IJssel complex to ensure that all voices
I NBE KSFNR 6aSS Ffa2 CdzidzNB[ 1S4 RSEtADBSNI6ES HODwM
water level regulation or building in the lake (attdis reducing the lake water volume) remain top

down. The function of a freshwater reservoir for drinking water and agriculture (water barrel for now

and in the future) continues to dominate these national decisions.

1.3.8 Recreation

There are many recreational and tourist facilities located around the Lake IJssel complex: places to dock
yachts(Figure C.8), to stay the night (campsites, bungalow parks, hotels, guesthouses), to eat, to walk
or bike, to swim(Figure C19) or sunbathe, to bird, to hire canoes or SUPs, etc. To highlight the
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abundance of a few of these options: there are about 130 marinas with just under 20,000 berths and
roughly 450 traditional ships sail with groups on the lake (charter sailing). There are about 25 holiday
accommodation businesses with around 9,000 pitclmethe area, along with many large and small
attractions. A signposted lorgjstance walking trail and a lofdistance cycling route run around the
lakes and nearly half a million sport fishers fish in the lakes at least occasionally, either from the shore
or from a small boat.

Foreign tourism is growing again in the Netherlands after the low during the pandemic in 2021.
Comprehensive international tourist numbers are not broken down for the Lake 1Jssel region in specific.
In international websites recommended activities are wagports (sailing, and boat rentals) as well as
land-based options like cycling, hiking, and visiting charming towns like Makkum and Enkhuizen.
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Figure C18. Overview of recreational locations in and around the Lake IJssel complex.
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Figure CL9. Overview of harbours (red dots) and navigational channels (coloured lines) in and around
the Lake 1Jssel complex.

1.3.9Circular economy

The IJsselmeer Regional Agenda 2050 (Ministerie lenW, 2018) mentions circular economy as one of the
important themes in addition to water, spatial quality, cultural history, energy transition, recreation and
urbanisation. Although the agenda does not eledie on the principles of a circular economy in detail,

it does contribute to the broader goal of the Netherlands to be a circular economy by 2050. The Agenda
aims to make the economy in the area more sustainable through renewable raw materials, reuse and
avoiding waste. The agenda does not mention any concrete examples.

Potential circular projects are: reducing sand mining, using local sediments for lake restoration
YSI &adzZNBaszs KFENBSadAy3I 61 NYVSNI 1S 61 GSNI F2NJ adzd
thermal energy in surface water) for recovery of raw matsriafrom wastewater.
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1.3.10Blue economy

In general, the value of ecosystem services has increased in the Netherlands ovétigioneG20). An
important cause for this rise is the increased prices for recreational nature related activities and the
increased prices of agricultural land. A steep increase was seen in 2021 caused by more local activities
in nature due to the restrictive COVID aserres.

bn euro
20

15

10

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

-

[

N Cultural services [ Regulating services Producing services

FigureC20. The soci@conomic value of ecosystem services in the Netherlands in billion euros per year
(CBS, 2025). This figure has been translated for this report from Dutch to English by L. Kramer.

When we zoom in to théatathat is availablespecific landscapes the NetherlandgFigureC21), we
can see thathe highest values for ecosystem services can be found in forest areas and grasslands. Lake
and reservoirs combined represent 0.79 billion euros.
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Figure Q1. The value of ecosystem services in 2022 (CBS, 2025)aXiseshows the value of each
group of ecosysterservices per billion euros, theayis decribes the different ecosystem services. This
figure has been translated for this report from Dutch to English by L. Kramer.
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Barelyany specific data fothe Lake l1Jssel compléas been foundthusit is impossible to relate the
increased services to measurddowever, we are aware of jobs that have been created during the
construction of the Marker Wadden islands and of jobs that are currently being created in the
management and tourism around the area. In specific, Marker Wadden is primarily aimed at nature
restoration and has thus also acquired an economic component, with, for example, accommodation
options and a recreationasland. Additionally, research fronWaterrecreatie Nederland (2026) has
shown that the estimated value of various water sports in the area is estimated to be ar6i5rdiBion

euros per yea(Table C.6)This estimate is a minimum estimate, @sta from additional sources has
indicated that the values for certain types of water sports may be substantially higher (Waterrecreatie
Nederland, 2026)

Table C.6Minimal estimated revenue for different forms of water sport in the Lake IJssel complex
(Waterrecreatie Nederlan®026).

Water sport (Minimal) estimated revenue

Cabin motor boat e n @
Cabin sailboat € C C\
Open motor boat € H MY
Open sailboat € H ¢

Sloop €E M M

Speedboat / Jet ski € 0 P
Surfing € H Yy
Rowing € CCJ
Canoeing / Kayaking € Pp o
Water skiing / Wakeboarding € 0C
Diving € H 0]
Standup Paddleboarding € MM J
Fishing € H O

Swimming € C 0/
Total € OoC n

1.3.11Sustainable Agriculture

The use of nitrogen and phosphorus for agricultural purposes has been substantially reduced since the
1990s, mainly due to reductionsfiertilizer use(FigureC22 and FigureC23; Ministerie van LVVN,

2015a and b In 2023 most of the phosphorus used ended up in animal produce, while most of the

nitrogen that was used was lost to the air and soil (although the loss to asahidas reduced

substantially since the 1990%).F NHS ' Y2dzyia 2F (GKS Wi230Q yAOGNRIS)
FYY2YAdzY 6bljao INB 0SAy3a RSLRAAGSR Ay vyl GdzNT €
poses significant challenges to achieving the Water Framework Directive (WFD) and Natura 2000
objectives. This is (still) mainly driventhg use of artificial fertilizers and manure in agriculture.

Additional sources of nitrogen include emissions from transport and industrial activities.

The amount of dairy cows in the Netherlands has reduced from 5.2 million in 1980 to 3.8 million in 2024
(CLO, 2025a). Main reasons for large changes in the dairy cow numbers are to be found in changes in
rules and regulations (e.g., adhering to the EU millta and the phosphate production maximum).

The amount of chickens in The Netherlands was 81 million in 1980 and 40 million laying hens and 41
million broilers in 2023/2024. Large changes in the amount of chickens in the Netherlands seem to be
mainly drven by the bireflu. The amount of pigs in the Netherlands was 10 million in 1980 and 10.5
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million in 2024. Large changes in the amount of pigs seem to be driven by both disease or changes in
regulations (CLO, 2025a).
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FigureC22. Phosphorus used in agricultural areas in the Netherlands in million kilograms.
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FigureC23. Nitrogen used in agricultural areas in the Netherlands in million kilograms.

¢CKS LRGSYGALFt | 3INR Odz -le dzMbigf oNB @ 3 y2dfS LISNI @ISt NI FiI2aNd U
of Lake IJssel complex, largely due to freshwater provisioning (Rijkswaterstaat, 2018; data from 2013).
Cattle farms use the largest proportion of drinking water in the Netherlands and their drinking water

use is relatively constant over the years (CLO, 2025b). Additionally, water use for agricultural and
horticultural purposes is highly dependent on the wesr (FigureC24). Dry years cause a substial

increase in water use for irrigation, while wet years keep the water use for irrigation low.

Although the aforementioned numbers apply to the Netherlands as a whole, we can expect a similar
trend for the (Dutch part) of the Lake IJssel complex catchment, as this catchment area roughly covers
slightly less than 1/3 of the Netherlands.

In Dutch governmenimanaged surface waters, which include Lake IJssel and Lake Marken, there is an
increasing trend in both chronic and acute toxic pressure when considering (almost) all substances that
are being monitored (519 substancdsgureC25; van Eck and Pit, 2025). When focusing solely on
substances regulated under the Water Framework Directive (WFD), this trend is less pronounced and
relatively stable (140 substances). This rise in toxic pressuréead to a decline in species richness and
ecdogical quality, disrupt food webs, and increase ecosystem vulnerability. Possible drivers behind this
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trend include the introduction of new substances, improved measurement techniques, and more
advanced analytical methods (van Eck and Pit, 2025). Van Eck and Pit also mention that there are
indications that mixtures of substances are becoming more toxiondbination of heavy metals (such

as aluminum) and pesticides contributes significantly to the overall pressure.

miljoen m3
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o

2000 2005 2010 2015 2020 2025

Bron: Wageningen Economic Research, CBS

FigureC24. Wateruse in horticulture and agriculture in the Netherlands in millidbetween 2000 and
2025.

* no low moderate high ¢ very high

FigureC25. Toxic pressuneer measuring location in the Netherlands concentrations averaged between
2020-2022. The map on the left shows the impacts from all chemical substances, the map on the right
shows only the impact from WFD substances. The range varies fromrmueresste (less than 0.5%

of species experiences negative impacts from the chemical substances) to danergcigh (more

than 10% of the species experiences acute impacts from chemical substances). This range has been
defined by Postuma et al. (2019), thepsehave been produced by van Eck and Pit (2025).

1.3.12Sustainable transport

Lake Marken and Lake lJssel are used for navigation purposes. In regard to the regulations on the lake:
There are no speed limits for boats on Lake IJssel and Lake Marken when one is more than 500 metres
away from the shore and outside of specific resteittareas (e.g., areas reserved as bird habitat,
reserved for swimming/bathing, specific pilots for nature restoration projects). Furthermore, if a boat
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is longer than 15 meters or when the boat can go faster than 20 km/h you will need a license to operate
the vessel. Rules and regulations are enforced by a special unit of (water) police officers.

We did not find specific information about developments for sustainable transport on Lake 1Jssel or
Lake Marken.

1.3.13Sustainable energy

Lake 1Jssel and Lake Marken have several wind farms located within the lakes, that together consist of
161 inlake wind turbines and produce enough energy to power at least 790 000 households per year
(TableCY). There are many more wind turbines located on the land surrounding the lakes, however,
we did not include these in our overview. It should be noted that although wind farms provide
sustainable energy to the region, they also have negative consequenceasafiore. Preliminary
monitoring results fothe Lake IJssel complex show that wind turbines cause morecoilidions and
disturbance to nature than was assumed initially (pers. comm. M. van den Berg, Rijkswaterstaat).

TableC7. LakelJssel complex-ake wind farm characteristics.

Name wind farm Fryslart Westermeerwind? Windplanblauw?

Turbines (n) 89 48 24
MW per turbine 4.3 3 5.5
MW total 382.7 144 132
Household equivalents 500 000 160 000 130 000
Operating since 2021 2016 2024

D Windpark Fryslan. 2025, 11 Nov. Het windpabdouw van windpark Fryslahttps://www.windparkfryslan.nl/het
windpark/

2 Westermeerwind. 2025, 11 Nov. Veelgestelde vrageips://www.westermeerwind.nl/veelgestelderagen/
3Vattenval. 2024, 20 Mar. Laatste turbine voor Windplanblauw.
https://group.vattenfall.com/nl/newsroom/persbericht/2024/laatstéurbine-voor-windparkwindplanblauw

Additionally, there is an installation on the Afsluitdijk that produces energy on a small scale via osmosis

(using the difference in salinity between the saltwater Wadden Sea and the freshwater Lake IJssel). The
first pilot phase of this project showed pmitial; thus, the project is scaling up to enter its next phase

(De Afsluitdijk, 2023). There have been suggestions to create floating solar installations in the lake.

Although such systems have been installed in other lakes in the Netherlands, untp@omssion to

build these systems in the Lake IJssel complex has not been granted by the Dutch government.

1.3.14Sustainable Tourism

The IJsselmeer Regional Agenda 2050, created by key stakeholder of the Lake 1Jssel complex, states that
sustainable tourism is an important part of the future of the area. This means that the development of
recreation and tourism must consider environmehtsocial and economic factors to futupeoof the

area and balance the needs of visitors, industry, the environment and the local community. The agenda
explores different scenarios with stakeholders to discuss this and develop a vision for the long term.

Additionally, the lake restoration project Marker Wadden leaves room for sustainable tourism with as
little disturbance for flora and fauna as possible. On the main island there is-gricbffarbour (without
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drinking water or electricity), a few cabins for overnight stay (of which a part of the earnings flows back
to the maintenance of the island), and a l&ey restaurant serving lunch and drinks.

More information on tourism can be found in secti®r8.1.8.

1.3.15Water supply & sanitation

There are 5 drinking water utilities in the Dutch part of the direct catchment area of the Lake 1Jssel
complex FigureC26). An overview of drinking water production and consumption for these drinking
water utilities can be found iableC8.

Regarding sanitatior§9.9% of Dutch households are connected to the sewer sysié.number of
households that is not connected isughly 8000 (Beukeboom, 2019). These households are not
connected mainly because of their remote location. Instead, these households use septic tanks or other
measures to prevent their waste from entering the environment. Additiondilred are no direct storm
overflows in Lake 1Jssel or Lake Marken, however, there are likely several hundred to several thousand
storm overflavs in the direct catchment. According to the Dutch governmé@wedede Kamer der
StatenGeneraal, 2024there were an estimated 13 000 storm overflows in the Netherlands in 2016.
There are no specific monitoring schemes to keep track of the emissions of these overflows. However,
in some cases the amount of overflow events per year is monitored. This amaumacy between @

10 times a year. The impact of an overflow event is usually local and limited. Furthermore, according to
our national emission registion the impact of storm overflows represents 0.4% of the nutrients
emitted towards Dutch surface waters.
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TableC8. Production and consuption of drinking water in the Dutch part of the direct catchment of the
Lake IJssel complex (Vewin, 2022).

Drinking water Drinking water Drinking water Water source
utility produced (million m3) consumed (million m3)

PWN 94 104 Surface water
Waternet 91 66 Surface water
Vitens 368 350 Groundwater

WMD Drinkwater 35 29 Groundwater

\C/;V%tgirrﬁ);:r:ijf 44 45 Groundwater

Totals 632 596 Mixed

FigureC26 Drinking water utilities in the Dutch part of the direct catchment of the Lake 1Jssel complex.
This map was made with ESRI online resources.
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