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Abstract — Floating photovoltaic (FPV) systems are increasingly deployed on gravel pit lakes to generate
renewable energy and mitigate land-use conflicts. However, their environmental impacts on hydrological
and ecological processes remain insufficiently studied. This study investigates the effects of a 1.5-MWp
FPV system covering 8% of a 19-ha gravel pit lake in Germany. The General Lake Model (GLM-AED?2) and
Delft3D-FLOW were used to simulate FPV-induced changes. Meteorological data—including irradiance,
air temperature, wind speed, and relative humidity—were recorded above and below the PV modules. Water
quality data—including water temperature, dissolved oxygen, pH, dissolved organic carbon, and
chlorophyll-a—were collected beneath the FPV and in open water. Mussel colonisation of the FPV
substructure was assessed, and its filtration impact on water quality analysed. Macrophyte distribution was
assessed beneath the FPV system and along the shorelines. Results showed a modelled 88% solar irradiance
and 57% wind speed reduction beneath the FPV system. Water quality impacts were minimal and primarily
influenced by mussels colonising the substructure. Macrophytes occurred in littoral zones up to 5.25 m deep
up to 5.25 m deep, but habitat-typical species were scarce due to gravel extraction and herbivorous fish.
These findings highlight complex interactions between FPV, mussel filtration, macrophytes, and human
activities, suggesting that other anthropogenic factors may outweigh FPV impacts. Model simulations
indicated that FPV coverage above 45% could destabilise thermal stratification and alter primary
production. This study underscores the need for empirical monitoring and modelling to optimise FPV
deployment and inform regulatory frameworks for sustainable development.
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1 Introduction

Floating photovoltaic (FPV) is an innovative technology
that generates renewable electricity and reduces greenhouse
gas emissions. Unlike ground-mounted and rooftop photovol-
taic (PV) systems, FPV extends solar deployment across inland
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and offshore waters, reducing land-use conflicts. As such, FPV
offers an additional opportunity to address global challenges
such as climate change, increasing energy demand, and land
scarcity (World Bank Group et al., 2019a; Xia et al., 2023;
Nobre et al., 2024). Furthermore, synergies can be expected
from coupling with other forms of energy generation, such as
hydropower or wind (Lee ef al., 2020; Kakoulaki et al., 2023;
Ogunjo et al., 2023). The expansion of FPV has been dynamic
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in recent years, with significant growth in Asia and Europe,
where many projects are either operational or in the planning
stage (World Bank Group et al., 2019b). Although most FPV
installations in Europe are constructed on artificial waterbodies
such as gravel pit lakes and reservoirs, their environmental
impacts remain insufficiently studied (Nobre et al., 2024). In
Germany, current legislation limits FPV coverage to 15% of
the water surface and mandates a minimum distance of 40m
from the shore (Bundesamt fiir Justiz, 2023). However, these
limits do not have an empirical basis, underscoring the need for
further research on ecological consequences. A comprehensive
review of FPV's potential environmental impacts on aquatic
ecosystems identified key influencing factors such as system
design, site-specific conditions, and meta-ecosystem dynamics
(Nobre et al., 2023).

Previous studies have investigated FPV impacts on lake
processes using various hydrodynamic models. Ji et al. (2022)
employed the CE-QUAL-W2 model to simulate FPV effects
on the Xiangjiaba Reservoir in China. They reported water
temperature reductions and changes in thermal stratification,
with effects extending beyond the FPV-covered area,
influencing approximately 20% of the reservoir's total length.
A maximum reduction in surface water temperature below
FPV of up to 3.3°C was simulated, and the reservoir was
predicted to benefit from reduced evaporation of up to
35 million m>. Exley ez al. (2021) studied the effects of an FPV
system on Windermere, England, using the MyLake model and
suggested that a larger FPV coverage was positively correlated
with a stronger reduction in water temperature. Their study
found that FPV reduced water temperature by up to 8.0 °C and
significantly affected stratification stability. Similarly, Ilgen
et al. (2023) observed a 2.8 °C cooling effect in a German
gravel pit lake with a 750 kWp FPV system due to a 73%
reduction in solar irradiance. On-site measurements were used
to calibrate the General Lake Model (GLM), with simulations
indicating that FPV coverages below 15% had minimal
influence on stratification, whereas notable changes occurred
above 50%. These studies revealed two opposing FPV effects
on lake stratification: reduced irradiance lowers energy input
and weakens stratification, whereas reduced wind shear limits
vertical mixing and stabilises stratification. This interplay
highlights the complexity of physical processes in FPV-
covered lakes. Empirical validation of these mechanisms is
essential to enhance hydrodynamic model accuracy. Moreover,
previous research suggests that FPV may mitigate certain
climate change effects on lake ecosystems.

Other modelling studies examined FPV influences on
chemical and biological lake processes. Yang et al. (2022)
coupled the Estuary, Lake, and Coastal Ocean Model
(ELCOM) with the Computational Aquatic Ecosystem
Dynamics Model (CAEDYM) to simulate FPV impacts on
a shallow tropical reservoir in Singapore. Their results
indicated increased thermal stability at 30% FPV coverage,
alongside reductions in chlorophyll-a, total organic carbon,
and dissolved oxygen by 30%, 15%, and 50%, respectively,
while total nitrogen and phosphorus concentrations increased.
Haas et al. (2020) applied the ELCOM-CAEDYM model to a
hydropower reservoir in Chile, finding that FPV occupancies
between 40% and 60% could help to prevent algal blooms
while maintaining hydropower efficiency. Exley et al. (2022)
used the MyLake model to assess phytoplankton dynamics in a

reservoir in England, demonstrating that a 10% FPV coverage
reduced chlorophyll-a concentrations by 17% to 48%,
depending on seasonal variability. Karpouzoglou et al
(2020) simulated FPV impacts on primary production in a
brackish water system in the Netherlands using the General
Ocean Turbulence Model (GOTM) coupled with the European
Regional Seas Ecosystem Model (ERSEM-BFM). They found
that FPV occupancies below 20% had negligible effects, but
above this threshold, net primary production declined
significantly. Chateau ef al. (2019) used the Simulation
Modelling System for Aquatic Bodies (SIMSAB) to predict
FPV effects on fishponds in Taiwan. While FPV slightly
reduced fish production due to lower dissolved oxygen, it
provided substantial energy gains, suggesting an overall
benefit of FPV integration into aquaculture systems.

The introduction of FPV structures into water bodies
creates new colonisation opportunities for sessile organisms,
including native species and invasive mussels such as the
quagga (Dreissena rostriformis bugensis) and zebra mussels
(Dreissena polymorpha). The quagga mussel, originally from
Eastern Europe, was first observed in Western Europe in 2006
and has since s rapidly spread through major rivers such as the
Rhine and Danube at an average rate of 120km per year
(Orlova et al., 2004; Son, 2007; Matthews et al., 2014). By
filtering water, mussels remove plankton, nutrients, and
suspended matter, potentially altering aquatic ecosystems
(Rowe et al, 2017). Their colonisation of technical
infrastructure can cause economic damage to waterworks
and fisheries (Connelly ef al., 2007). Quagga mussels form a
mutually beneficial relationship with Nuttall's waterweed
(Elodea nuttallii), as filtration improves light penetration,
enhancing plant growth, while dense macrophyte stands
provide habitat for mussels (Wegner et al., 2019). This
accelerates their spread and intensifies competition with native
species, posing a significant threat to freshwater ecosystems.
Under a colonised FPV system, two opposing processes occur:
the reduction of solar irradiance, due to shading, is confined to
the FPV area, while filtering mussels increase water clarity
beneath the installation which may extend across the entire lake,
including shoreline habitats, and thus influence the depth of
the euphotic zone. As both mussel filtration and FPV-induced
changes in light availability affect underwater vegetation
dynamics, their combined impact on macrophyte growth and
competition remains largely unexplored. While modelling may
provide valuable insights into FPV effects, empirical validation
is essential to improve predictive accuracy. Field data are
required to refine model outputs and assess broader ecological
implications, including shifts in trophic interactions.

This study aims to (1) empirically assess the dominant
factors influencing water quality in FPV lakes by comparing
FPV-induced changes with external drivers such as inflows and
excavation activities, (2) evaluate the capability of two
hydrodynamic models (Delft3D-FLOW and GLM-AED?2) to
simulate FPV-induced changes by validating model outputs
with in situ data and predicting long-term effects under higher
FPV coverage scenarios (15%, 30%, 45%, and 90%), (3)
investigate the relationship between empirically estimated
mussel filtration due to colonisation on FPV structures and
modelled macrophyte growth responses resulting from
increased water clarity, and (4) assess the suitability of current
FPV regulations by integrating empirical field data and
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Fig. 1. The monitored floating photovoltaics (FPV) system. The two insets show the location of the studied gravel pit lake in Germany and the
measurement points (MFPV, MREFI, MREFII) in the lake. The yellow square indicates the position of the meteorological measuring system.

hydrodynamic modelling to propose ecologically informed
regulatory measures. These findings will contribute to a
science-based framework for sustainable FPV deployment in
aquatic ecosystems.

2 Materials and methods
2.1 Study site

The gravel pit lake near Leimersheim (Lake Leimersheim;
latitude 49.123, longitude 8.332) is located in southwest
Germany in the Upper Rhine Valley. The mean lake depth is
9.3 m, maximum depth is 19 m, the total lake area is 19 ha, and
its water volume is 1.7 x 10° m>. The lake has no river in- or
outflows, and its water level is almost constant, balanced by
groundwater inflow. Lake Leimersheim is one of more than
700 gravel pit lakes in the Upper Rhine Valley. Given its depth
and hydrological characteristics, Lake Leimersheim is
expected to exhibit seasonal thermal stratification, with a
thermocline forming at intermediate depths during the summer
months. The absence of natural surface inflows or outflows
suggests that vertical mixing primarily depends on atmospher-
ic forcing, with full overturn occurring during the colder
months. Lake Leimersheim may be characterised as oligotro-
phic, with low nutrient concentrations and high oxygen
availability. Anthropogenic influences, particularly from

gravel processing activities, locally affect water clarity and
chemical parameters.

The studied FPV system is located in the northern part of
the lake (Fig. 1). The first part of the system, with a capacity of
750 kWp, was commissioned in autumn 2020, and the second
part, with an additional 750 kWp, in autumn 2021. Both parts
have a length and width of 115 m each and consist of 3,744 PV
panels arranged over 8% of the lake's total surface area. The
total annual electric yield is 1.7 GWh, which is either
transferred directly to the adjacent gravel plant or fed into
the public grid. The gravel plant can cover 20-30% of its
electricity consumption with the electricity from the FPV
system. During the study period from 1 January 2023 to 31 July
2024, no excavation took place. The gravel works occasionally
resulted in the discharge of sediment-rich process water into
the lake.

2.2 Measurement methods
2.2.1 Meteorological data collection

A climate station (WS510-UMB, Lufft) was located at the
northern edge of the FPV system to measure global horizontal
irradiance (Wm2), wind speed (ms'), and direction (°),
relative humidity (%), atmospheric pressure (hPa), and air
temperature (°C) (Fig. 1). Long-wave radiation measurements
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Fig. 2. Photograph of the mussel population of a fully submerged floater, taken from the below by the remotely operated underwater vehicle.

were carried out in the centre of the FPV system using a
pyrgeometer (SGR3, Kipp & Zonen).

In addition, 2D ultrasonic anemometers (WS200-UMB,
Lufft) measured wind speed near the surface. Anemometers at
the southern and northern edges of the system were placed at the
height of the upper edge of the solar panels, while two
anemometers in the centre ofthe system were installed at different
heights. One was mounted 40cm above the water surface,
the other 20 cm above the water surface, with the top edge of the
solar panel positioned between the two sensors at 30 cm above
the water. The accuracy of the wind direction measurement
was £3°, for wind speed it was +3% in the range 0-35ms™".

By comparing the wind speed at different heights, it was
possible to quantify the reduction in wind speed caused by the
FPV system. Solar irradiance reduction by FPV was calculated
using the Radiance ray-tracing model (Ward, 1994). All
sensors were connected using a daisy-chain distributed
Modbus architecture, ensuring synchronised and continuous
data collection.

2.2.2 Hydrodynamic and temperature monitoring

Water temperature profiles were monitored using thermis-
tor chains (accuracy: £0.1°C) to assess thermal stratification
and temperature variations beneath the FPV system and in
open water. A 10m thermistor chain was deployed beneath the
FPV system at its centre (MFPV, Measurement Point Floating
PV) to measure water temperature at 50 cm intervals along the
vertical profile. An identical chain was installed at a second
measurement point located in the open water south of the
system (MREF I, Measurement Point Reference I), serving as a
reference for comparison (Fig. 1). To obtain a detailed
representation of the lake bathymetry, echo sounders were used
to record depth profiles, which were then used to generate a
depth raster and a hypsographic curve.

2.2.3 Water quality measurements

Water quality was measured using an EXO2 multiparame-
ter probe (Y SI Inc. / Xylem Inc.) at MFPV, MREF I and MREF

I (Fig. 1). Measurements at MREF 1 and MREF 1I were
averaged (MREF) and used for comparison with data collected
beneath the FPV system at MFPV. During 17 measurement
campaigns carried out from 9 May 2023 to 9 July 2024, profile
measurements of water temperature, dissolved oxygen, oxygen
saturation, specific conductivity, pH, redox potential, nitrate,
turbidity, phycocyanin, chlorophyll-a, and dissolved organic
carbon were conducted at 1m depth intervals down to the lake
bottom. Measurements concentrated on the vegetation period
and on transition periods of lake mixing regimes. In winter,
measurements were taken at larger time intervals during
isothermal conditions caused by lake turnover. There was no
period with ice coverage.

To further investigate the influence of mussel respiration
on oxygen concentrations, two water temperature and
dissolved oxygen loggers (miniDOT, PME) were placed at
MFPV and MREF I. Both loggers were deployed at a depth of
I m, recording measurements every 15 minutes with an
accuracy of £0.3 mg 1. The first measurements were recorded
on 5 September 2023, the last on January 9, 2024.

2.2.4 Periphyton and mussel sampling

Mussel colonisation on FPV floaters was also assessed.
One floater beneath the FPV panels was removed, and all
periphyton was scraped off using hard plastic spatulas. To
allow for an estimation of the full population of the FPV
system, a remotely operated underwater vehicle (Deep
Trekker, DTG3) took pictures of other floaters from below,
to ensure that the mussel coverage was comparable between
floaters (Fig. 2).

The obtained mussels and periphyton material were sealed
and transported to the laboratory, where they were stored in the
fridge at —18 °C until further investigation. In the next step,
all mussels were counted and the species determined.
Each individual was grouped into size classes between
<5mm, 5-10mm, 11-15mm, 16-20mm, and 21-25mm.
Considering the size class distribution of the mussels, 100
mussels of each species were selected, and the shell was
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Fig. 3. Boundaries of the macrophyte transects (T1-T6) along the gravel pit lake shoreline. The floating photovoltaic (FPV) system is

highlighted with a red rectangle. Coordinates are given in metres.

separated from the body. Fresh and dry weight was measured
before and after drying at 105 °C. The dry material was then
ground and analysed for phosphorus content.

To evaluate the overall mussel filtration performance, an
effective clearance rate of 41.95 ml ind ™' h™' was derived from
literature values (Yu and Culver, 2001), with a range between
153mL ind ' h' and 68.6mL ind' h™'. Diggins (2001)
reported 309 mL ind' h' for quagga mussels and
226 mL ind ™' h™' for zebra mussels. Consequently, the derived
estimate represents a conservative assumption for a mixed
mussel population. This estimate enabled a comparison of the
total filtered water volume relative to the overall lake volume.

2.2.5 Macrophyte sampling

To assess the suitability of current FPV regulations and to
propose ecologically informed regulatory measures, macro-
phyte sampling was conducted. In Germany, the construction
of FPV installations is regulated by the Water Resources Act
(WHG), a national legal framework for water protection and
management. This law mandates a 40 m distance from the
shoreline for FPV systems, to protect littoral zones, where
macrophyte communities are typically found.

The size of the littoral zone can vary significantly within a
lake and may also depend on the lake type. While the WHG
serves as a national German law, the European Water

Framework Directive (WFD) provides an overarching
framework for ecological water quality. The WFD establishes
standardised ecological quality criteria and specific assessment
methods for aquatic ecosystems, including macrophytes, to
ensure a harmonised evaluation across Europe. Accordingly,
the macrophyte investigation in this study was carried out in
July 2024, following the WFD assessment guidelines for
macrophytes in lakes (van de Weyer and Stelzer, 2021). For
this purpose, the shoreline area around the FPV system was
divided into six transects (Fig. 3).

The transects were of similar length but differed in
shoreline characteristics. Transects 1 (T1) and 2 (T2) were
located near the gravel plant, with T2 receiving water from the
gravel washing process. T3 extended along a bay and had
dense riparian vegetation, while T4 was linear, with a south-
eastern exposure. T3 and T4 were separated by the FPV
system's floating power cable. T5 had recently been excavated,
resulting in sparse vegetation. T6 was linear, similar to T4, and
exposed to the north-east. It had the densest riparian
vegetation, including overhanging trees. Macrophyte sampling
was conducted at depths of 0.0-1.0m, 1.1-2.0m, 2.1-4.0m,
and >4.0m by a team of two divers and a protocol writer.

In addition to transect sampling, a cross-sectional control
dive beneath the FPV system identified potential macrophyte
communities. A field protocol recorded shoreline conditions
and species abundance classified on a scale from 1 (very rare)
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to 5 (abundant). The lower macrophyte limit (LML) was
determined and compared with multibeam echosounder data.
The LML describes the maximum depth at which submerged
macrophytes can grow under specific light conditions, serving
as an ecological indicator of water transparency and habitat
suitability.

A Helix 7 SI GPS G4 sonar (Humminbird, USA) was used
to map macrophyte distribution. The lake was evaluated based
on WFD metrics, including structure, number of habitat-
typical species, and LML. Lake type classification considered
stratification, calcium content, altitude, and catchment size.
Ecological status was assessed based on habitat-typical
vegetation cover (%), species richness, and LML. This was
evaluated using WFD reference tables (van de Weyer and
Stelzer, 2021), providing an overall rating of the lake's
ecological condition.

2.3 Statistical analysis

For measurements obtained with the EXO2 multiparameter
probe, mean values were calculated at corresponding depths
for MFPV and MREF, and deviations at MFPV were assessed
relative to MREF. t-tests were conducted for all parameters,
and the observed deviations were compared with measurement
uncertainties provided by the manufacturer. To represent FPV
in hydrodynamic models, mean values with standard devia-
tions and statistical significance were calculated for reductions
in wind and solar irradiance, as well as for light extinction. For
the mussel distribution, a x° test was applied to assess the
statistical significance of the differences in species composi-
tion across size classes.

2.4 Hydrodynamic and ecological modelling
2.4.1 Model Configuration

The General Lake Model (GLM—AED2, V3.0.0) was used
to model FPV-induced changes and predict long-term effects
under high FPV coverage. GLM uses a Lagrangian grid and
energy balance approach for surface mixing (Hipsey et al.,
2019), while AED2 simulates aquatic ecodynamics, including
nutrient cycling and geochemistry (Hipsey, 2022).

For comparison, Delft3D-FLOW was used as an alterna-
tive model for unsteady, 3D flows simulations, incorporating
meteorological forcing, and density variations (Deltares,
2024). Both models used the same meteorological input —
initially from NASA's POWER project (1 January 2023 — 12
August 2023; NASA, 2023) and thereafter from a climate
station on the FPV system. Variables included shortwave and
longwave radiation, air temperature, wind speed/direction
(direction only for Delft3D-FLOW), relative humidity, rain,
and snow. As no precipitation data were collected on-site,
values were taken from a nearby German Meteorological
Service station (ID: 05906). Reductions in solar irradiance and
wind, simulated via a ray-tracing model, along with wind
measurements, were integrated into both models.

For lake bathymetry, Delft3D-FLOW utilised a depth raster
from echo sounder data, while GLM-AED2 applied a
hypsographic curve. Given the same initial conditions (water
temperature and water level), both models were calibrated
using depth profile measurements from reference points

(MREF I, MREF 1I), with GLM-AED2 employing the CMA-
ES method (Varelas et al., 2018). Calibration and validation
periods were split by a ratio of 2:1, and the total modelling
period was from 1 January 2023 to 30 June 2024. Model
performance was evaluated using Root Mean Square Error
(RMSE), Nash—Sutcliffe model efficiency coefficient (NSE)
and Kling—Gupta efficiency (KGE).

2.4.2 FPV coverage scenarios

Simulations were conducted for FPV coverage scenarios
of 8% —correspond to the existing FPV system—as well as
15%, 30%, 45%, and 90%. In Germany, the legal maximum
FPV coverage is 15%, while 90% represents the technical limit
of FPV installations (Wirth et al., 2021). Globally, FPV
installations typically cover between 10% and 45% of a water
surface, with higher coverage being less common due to
environmental and technical constraints (Xia et al., 2023;
Nobre et al., 2024). The selected coverage scenarios therefore
reflect both current regulatory limits and potential future
expansion.

Model simulations were evaluated by comparing key
hydrodynamic metrics, including lake surface water tempera-
ture, Schmidt stability, and thermocline depth. Schmidt
stability represents the energy required to mix the entire
water column to a uniform temperature (Schmidt, 1928; Idso,
1973). If Schmidt stability is positive, stratification and
thermocline formation can be assumed. Thermocline depth
was calculated as the depth at which the maximum density
gradient occurs, provided water temperature exceeded 4.0 °C
and density difference between surface and bottom layers was
greater than 0.1 kgm  (Ladwig et al., 2021).

Both Schmidt stability and thermocline depth were
computed using the rLakeAnalyzer package (Winslow
et al., 2018). Additionally, the trophic state index (TSI;
Carlson, 1977) was simulated using GLM-AED2 to assess
potential shifts in lake productivity under different FPV
scenarios:

(1)

TSI(Chl) = 10<6 _ 204 01‘:28 l”(c}”))

where Chl is the chlorophyll-a concentration (ug 17") at the
water surface. TSI values range from 0 to 100, with each major
interval (10, 20, 30, efc.) representing a doubling in algal
biomass.

2.4.3 Macrophyte distribution and FPV coverage
optimisation

By comparing current LML with theoretical LML under
the Trophic Reference State (TRS), GLM-AED2 provided a
spatial assessment of macrophyte expansion potential and its
implications for FPV siting. TRS represents the ecological
baseline of the lake in an undisturbed state, where macrophytes
could extend deeper due to improved water quality and
reduced anthropogenic pressure. Macrophyte growth was
considered light-limited, with a threshold set at 1% of surface
irradiance (Schwoerbel and Brendelberger, 2013; Liu ef al.,
2016). The model also accounted for mussel filtration effects
on water clarity, as colonies attached to the FPV substructure
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Fig. 4. Comparison of wind speed measured above (Wind top) and below (Wind bottom) the PV modules, depending on the wind direction.

improve light penetration, potentially expanding macrophyte
habitats and influencing FPV placement constraints. First, the
macrophyte-free zone under TRS conditions was determined.
Then, FPV coverage scenarios were simulated for 8%, 15%,
30%, 45% and extended to cover the entire macrophyte-free
zone. To assess the maximum FPV coverage in a restored
ecosystem, the model simulated scenarios with and without
mussel filtration, quantifying LML shifts and the correspond-
ing reduction in the macrophyte-free zone. Mussel filtration
effects were incorporated into the GLM-AED?2 simulation by
adjusting the light extinction coefficient (ky,), which can be
calculated using measurements of light intensity or turbidity at

different depths:
1 1
o = —1n< ) @)
z 1,

where I is the light intensity at reference depth directly below
the water surface, and I, is the light intensity at distance z
below reference depth (Schwoerbel and Brendelberger, 2013).
Assuming proportionality of light intensity and turbidity,
ky, was determined by:

(@) o

where /n is the natural logarithm and Turb is turbidity in
Nephelometric  Turbidity Units (NTU). This analysis is
particularly relevant for FPV deployment beyond the
excavation phase, as it highlights the importance of integrating
ecological restoration objectives into site selection and long-
term lake management.

3 Results

3.1 Meteorological forcing and FPV-induced wind and
irradiance reduction

Continuous wind measurements conducted at the FPV
system revealed a substantial wind reductlon of 57% (£22.6%)
beneath the FPV system (p < 2.2x107'%). This reduction
increased with rising wind speeds, indicating a stronger
reduction at higher wind velocities. Southern winds, which
directly impinged upon the southward-oriented foundations of
the array, resulted in a more substantial wind reduction
compared to northern winds (Fig. 4).

Radiance simulations indicated an 88% (+10.3%) reduc-
tion in solar irradiance reaching the water body beneath the
system (p < 2.2 x 107'%). While some areas—particularly
along cable routes and at the array's edges—experienced
minimal or no shading, a high degree of shading was observed
under the modules and the substructure. This reduction in light
availability was accompanied by a 36% (£31.1%) decrease in
ky, as derived from turbidity measurements (p=0.0062).
These measured reductions, along with wind reduction, were
used to represent the FPV system in the models through
coverage-based adjustments of model parameters (Tab. 1).

3.2 Water quality effects under FPV coverage

There was no significant difference in water temperature
between MFPV and MREF (p=0.856; Fig. 5). In contrast, a
significant decrease in both dissolved oxygen concentrations
(ADO, p=0.011) and oxygen saturation (ADO Sat, p=0.01)
was observed beneath the FPV system. Nitrate concentrations
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Table 1. Parameters adjusted to represent FPV in GLM-AED?2 and Delft3D-FLOW.

Parameter Without FPV With FPV Deviation (%)
Scaling factor for shortwave radiation (sw_factor) 0.12 88
Scaling factor for wind speed (wind_factor) 0.43 57
Light extinction coefficient (k,,) 0.383 0.244 36

Water temperature Dissolved oxygen
_1'.0 _DI.5 010 0:5 1:0 -1‘.0 -0‘.5 UjO 0:5 1f0
A Temp [K] ADO [mg 1™
Oxygen saturation Specific conductivity
a0 5 0 z 1o -60 -30 0 30 60
A DO Sat [%] ASPC[uScm ]
pH Redox potential
p = 0.402 p =0.095
1.0 05 0.0 05 10  -200 -100 0 100 200
ApHI[-] A Redox [mV]
Nitrate Turbidity
- p=0.011 . p=0.161
0.2 0.1 0.0 0.1 0.2 5 b 7
ANOz[mg ™" A Turb [NTU]
Phycocyanin Chlorophyll-a
p =0.508 p = 0.541
0.4 0.2 0.0 0.2 0.4 0.4 0.0 04
APC[ug ™ AChl-a[ug 1™
Dissolved organic carbon
p = 0.959
0.4 0.0 0.4
ADOC [mgl™

Fig. 5. Deviations of measured parameters between MFPV and MREF. MREF is defined as the mean of MREFI and MREFII. The grey shaded
area represents measurement uncertainty; if a deviation falls within this range, the corresponding bar is coloured dark grey. Red bars indicate
deviations that exceed the measurement uncertainty. Statistical significance is determined using p-values, which are displayed in the upper right

corner of each plot, with p < 0.05 indicating statistical significance.

also exhibited a significant reduction (ANO;, p=0.011).
Turbidity showed a decreasing trend (p=0.161), with
deviations exceeding the measurement uncertainty, indicating
a measurable effect of the FPV system on water clarity. Other
parameters—including specific conductivity (p=0.737), pH
(»=0.402), redox potential (p=0.095), phycocyanin
(»p=0.508), chlorophyll-a (p=0.541), and dissolved organic
carbon (p=0.959)—showed no significant differences
between MFPV and MREF, with deviations falling within
the range of measurement uncertainty. The relatively low
concentrations of chlorophyll-a (1.08 pg I"' at MREF) and
nitrate (0.21mg 1! at MREF), along with the calcareous

sediment signature inferred from the specific conductivity
(594 S cm ') and pH (8.14) values, are characteristic of an
oligotrophic trophic state, which aligns with the expected
water quality of the gravel pit lake.

3.3 Mussel colonisation and filtration impact
3.3.1 Mussel colonisation and population density

Mussel density on the hard substrate with permanent water
coverage was so high that periphyton assessment was
impossible. The coverage was completely dominated by the
mussels. On half a floater, 1,771 individuals were counted,
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Fig. 6. Distribution of shell length values of zebra (Dreissena polymorpha) and quagga mussel (Dreissena rostriformis bugensis) on one half

of a floater.

with quagga mussels (80.5%; 1,426) outnumbering zebra
mussels (19.5%; 345). Shell length analysis showed significant
quagga dominance (p-value=2.01 x 1077), particularly in the
5-10 and 15-20 mm size classes (Fig. 6).

The sampled floater contained approximately 3,500
mussels. Since it was only 50% submerged, fully submerged
floaters carrying PV panels were estimated to host around
7,000 mussels each. Considering that approximately 10% of
the floaters (walkways) have reduced weight and reduced a
specific water-contact-surface, the total mussel population
across 3,952 floaters was estimated at 26.3 million.

3.3.2 Effects of mussel filtration on water quality

Oxygen concentrations varied significantly between sites,
with a daily amplitude of up to 7mg 1~' at MREF I, which
remained below 0.8 mg 1~ at MFPV. Beneath low or moderate
global horizontal irradiance, dissolved oxygen was reduced
under FPV (Fig. 7, zoom window 1). During periods of warm
and stable weather, dissolved oxygen fluctuations in the open
water were significantly higher than below the FPV (Fig. 7,
zoom window 2).

To estimate the phosphorus removal potential of the mussel
population on the FPV system, various parameters were
measured and calculated, including dry weight, phosphorus
content, and filtration capacity. A dry weight of 0.589 g and
0.554 g was measured for 100 individuals of quagga and zebra
mussels respectively. The average phosphorus content was
10.38 mg g~ ', binding 414 mg of phosphorus per floater. Shells
contained 0.16mg g~ ' phosphorus, with a dry weight of 6.3 g
(quagga) and 8.3 g (zebra) per 100 shells, binding 81.8 mg
phosphorus per floater. Across all floaters, mussel bodies
stored 1.64kg of phosphorus, and shells 0.32kg. The
calculated effective clearance rate for mussel population
attached to the FPV system was 26,460 m® d ', filtering 1.5%
of the total lake volume or 3.1% of the epilimnion per day.

3.4 Macrophyte distribution and ecological lake
condition

A total of 15 macrophyte species were identified during the
diving surveys in T1-T6 (Fig. 8).

Species diversity was highest in T3 and T4, with up to ten
species identified (Fig. 9). Fewer species were observed in
other transects, including T2 and T6. Macrophyte abundance
peaked at 1-2m depth but was lower at 0—1 m. At depths
exceeding 4m, abundance declined, with Ceratophyllum
demersum and Potamogeton Iucens dominating, while
Mpyriophyllum spicatum prevailed in shallower areas. Chara
virgata (coverage ratio=0.5%) was the only habitat-typical
species, according to the WFD assessment for this lake type.
Others, e.g., Nitella spp., Nitellopsis obtusa and Tolypella spp.,
were missing.

Based on stratification patterns, water quality (SPC and
pH), geographical location, and the absence of natural surface
inflows, the lake was categorised as a stratified, calcium-rich
lowland lake with a small catchment (type 13) and an
oligotrophic TRS. Mean LML of 5.25 m (+£0.52 m), along with
the cover ratio and habitat-typical species count, classified the
lake's ecological condition as insufficient (Tab. 2).

Macrophytes were only observed in nearshore areas, with
no growth detected beneath the FPV system. This corresponds
with current LML of 5.25m, suggesting that bathymetric
constraints, rather than direct FPV shading, limited macro-
phyte growth below the system.

3.5 Hydrodynamic modelling performance and FPV
impact analysis
3.5.1 Model calibration and validation

Both GLM-AED?2 and Delft3D-FLOW demonstrated high

performance during the calibration period, based on averaged
measurements from MREFI and MREFII, achieving RMSE
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Fig. 7. Dissolved oxygen concentrations at 1 metre depth below the FPV and in open water (MREF I) from 5 September 2023 to 9 January 2024,

as measured by the miniDOT loggers.

values below 1 °C and NSE values exceeding 0.9 for water
temperature profiles (Tab. 3).

Using the same metrics, modelling results were evaluated
for the entire simulation period, both at the reference and
below FPV, assuming the current FPV coverage of 8%. Both
models achieved NSE values above 0.6 and RMSE between
1°C and 2°C, indicating a satisfactory representation of the
system (Tab. 4).

3.5.2 FPV coverage effects on stratification, mixing, and
trophic state

Simulated water temperature profiles at various depths
were compared with field data for both models (Fig. 10). While
both models captured overall water temperature trends, they
differed in detail. GLM-AED?2 predicted smaller fluctuations
in surface water temperatures, whereas Delft3D-FLOW
overestimated surface temperatures, especially during summer
2023. Both models performed better for epilimnetic than
hypolimnetic temperatures. GLM-AED2 predicted higher
bottom temperatures at the onset of stratification, while
Delft3D-FLOW tended to underestimate them. The formation
of inverse stratification in winter was more pronounced in the
Delft3D-FLOW simulation.

Both models accurately reproduced thermal stratification
during summer (Fig. 11). At an FPV coverage of 45%,
stratification became more unstable in both models, suggesting
an upward shift in the thermocline.

With increasing FPV coverage, both models showed a general
decline in lake surface water temperature (Fig. 12). For low
FPV occupancies (<15%), temperature reductions remained
moderate, with differences of approximately 1 °C compared to
the baseline scenario. For 90% FPV coverage, GLM-AED2
simulated a 3.6 °C temperature reduction, whereas Delft3D-
FLOW predicted a reduction of 7.2 °C.

Schmidt stability, an indicator of stratification strength,
decreased at high FPV coverage in both models. In Delft3D-
FLOW, Schmidt stability initially increased at 15% and 30%
FPV coverage, before sharply declining from 45% and
onwards, indicating a mid-range peak in stratification intensity.
In contrast, GLM-AED?2 exhibited a steady decline already up
to 45%, followed by a more pronounced drop.

Despite these differences, both models converged to similar
stability levels for 90% FPV coverage, suggesting that extensive
FPV deployment results in comparable reductions in stratifica-
tion. This weakening was also evident in reduced thermocline
depths. While Delft3D-FLOW consistently simulated a shal-
lower thermocline than GLM-AED2, both models showed
notable decreases in thermocline depth beyond 30% FPV
coverage. The TSI, simulated only by GLM-AED2, declined
with increasing FPV coverage, suggesting potential reductions
in lake productivity. This trend aligned with observed reductions
in lake surface water temperature and increased shading, both of
which constrain primary production. Compared to the baseline,
TSI decreased by approximately 20% at 30% FPV coverage and
by 60% at 90% coverage.
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Fig. 8. Abundance of the macrophyte species found within the six macrophyte transects along the shore of the gravel pit lake (T1-T6).

D
(=]
'

(1) (2)

15 g
© 50
2
S 40 +
> 4
5 4 an

(%)) 8 20

Q z

.G 8. 10 -

@ g o

% 9 4 = 0-1 1-2 2-4 >4

Ha Depth [m]

-

3

6 -

€

>

=2

3 4
0
T1 T2 T3 T4 T5 T6

Macrophyte transects
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depth.

3.5.83 Modelling mussel filtration effects on lower coverage scenarios (Fig. 13). The current LML-based macro-
macrophyte limit phyte distribution was expanded by the WFD-defined theoretical
LML for good (oligotrophic) lake conditions. The latter LML

To assess the impact of mussel filtration on macrophyte  formeda potential contact zone northeast of the FPV system. The
expansion, GLM-AED2 simulations were used to estimate shifts ~ maximum observed shoreline distance to the current LML was

in the lower macrophyte limit (LML) under varying FPV ~ 35m. In contrast, the shoreline distance to theoretical LML
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Table 2. Quality levels (very good, good, moderate, insufficient, bad) for ecological evaluation according to the European Water Framework
Directive (WFD). The quality levels determined by the study were as follows: cover ratio of habitat-typical vegetation — bad, habitat-typical

species — bad, mean lower macrophyte limit — moderate.

TRS Very good Good Moderate Insufficient Bad
Cover ratio of habitat-typical vegetation >75% 50-75% 10-50% 5-10% < 5%
Habitat-typical species >9 69 4-5 2-3 1-0
Mean lower macrophyte limit >10 m >6.5-10.0 m >5.0-6.5 m 2.5-5.0m <25m

Table 3. Calibration and validation results for GLM-AED2 and Delft3D-FLOW water temperature simulations. Model performance is given by
Root Mean Square Error (RMSE), Nash-Sutcliffe model efficiency coefficient (NSE) and Kling-Gupta efficiency (KGE).

Calibration period

Validation period

Model

RMSE [°C] NSE [—] KGE [—] RMSE [°C] NSE [—] KGE [—]
GLM-AED2 0.77 0.92 0.83 241 0.61 0.79
Delft3D 0.71 0.95 0.59 291 0.58 0.5
Table 4. Total period results for GLM-AED2 and Delft3D simulations for the reference and FPV (actual coverage, 8%).
Reference FPV
Model RMSE [°C] NSE [—] KGE [—] RMSE [°C] NSE [—] KGE [—]
GLM-AED2 1.94 0.72 0.84 1.5 0.95 0.87
Delft3D 1.78 0.77 0.52 2.63 0.69 0.47
GLM-AED2 Delft3D-FLOW
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Fig. 10. Comparison of modelled water temperature at different depths for both models (lines), in relation to measured values (dots), below the

FPV system with 8% lake coverage.

reached up to 200m, indicating a heterogeneous distribution
based on lake morphology. The GLM-AED?2 was calibrated to
this theoretical LML, defining the macrophyte-free zone as 58%
of the total lake area. Including mussel filtration into the model
simulations resulted in LML shifts 0£0.32, 0.61, 1.21, 1.99 and
3.07m for 8%, 15%, 30%, 45%, and 58% FPV coverage,
respectively. With increasing water clarity, macrophyte expan-
sion reduced the macrophyte-free zone from 58% down to 46%.

4 Discussion

4.1 Measured effects of FPV on water quality

The overall impact of the installed FPV system on water
quality was limited, with considerable reductions observed

only in dissolved oxygen, nitrate concentrations, and turbidity.
A statistically significant decrease in dissolved oxygen (ADO,
p=0.011) and oxygen saturation (ADO Sat, p=0.01) was
recorded beneath the FPV system, along with a reduction in
nitrate concentrations (ANOj3, p=0.011). De Lima et al. (2021)
reported oxygen reductions of 1.1-1.7mg I"' beneath an
FPV system covering 30% of a lake in the Netherlands,
while Chateau et al. (2019) reported a reduction of 0.86 to
0.89mg 1! beneath a 40% FPV coverage system in Taiwan.

In comparison, our study—focusing on a system covering
8% of the lake—observed a smaller average reduction of
0.38 mg 1", suggesting a negative correlation between oxygen
concentration and FPV coverage. Additionally, both
Chateau et al. (2019) and Li ef al. (2023) found significant
reductions in nitrate concentrations beneath FPV systems,
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Fig. 11. (a, b) GLM-AED2 and Delft3D-FLOW water temperature profiles at MFPV during the simulation period (January 2023 to July 2024)
for the reference scenario; (c, d) water temperature profiles at MFPV with 45% FPV coverage for each model.

which is consistent with our results. Other water quality
parameters in our study—including water temperature, pH,
specific conductivity, and chlorophyll-a—showed no signifi-
cant differences between MFPV and MREF, indicating that the
FPV system's impact on overall water quality was minimal.

4.2 FPV substructure as a new mussel habitat

FPV substructures provide habitat for sessile organisms,
particularly mussels, which filter nutrients and suspended
solids — potentially reinforcing the shift towards oligotrophic
conditions. These mussels filter particles from 1.5 to >40 pm
(Lei et al., 1996; Roditi et al., 1996). On our FPV system,
nearly 2kg of phosphorus was bound in mussel biomass,
reducing its availability to phytoplankton and macrophytes,
which could alter species composition. Drops in oxygen at
MFPV compared to MREFI during low solar irradiance
(Fig. 7) may indicate higher respiration rates and increased
biological activity from periphyton and mussels. In contrast,
pronounced diurnal oxygen fluctuations under high solar
irradiance at MREFI suggest enhanced primary production at
MREF 1, while limited variation at MFPV suggested lower
net oxygen production. Reduced photosynthesis under FPV

can be expected, since shading limits autotrophic metabolism
—potentially affecting oxygen dynamics, nutrient cycling,
and ecosystem functioning. Mussels typically inhabit
benthic zones, but colonising FPV substructures places them
in the epilimnion—a warmer, oxygen-rich layer—potentially
affecting growth, reproduction, and feeding. This might
promote the spread of invasive species but also affect FPV
buoyancy. In lakes with a high presence of invasive mussel
species, the additional colonisation on the FPV system may
be mitigated through designs that minimise float—water
contact.

Further manage mussel colonisation, strategies might
include encouraging native species — particularly those at risk
—or establishing edible mussel farms (Haag and Williams,
2014; Dalderup et al., 2020; Benjamins et al., 2024). Active
mussel harvesting could further counteract eutrophication by
removing excess nutrients (Soto and Mena, 1999; Gren et al.,
2009; Petersen et al., 2014). By reducing nutrient availability,
mussel filtration on FPV structures may reinforce FPV-induced
effects and contribute to a long-term shift towards oligotrophic
conditions, mitigating eutrophication in nutrient-rich lakes.
Further research is needed here to fully understand ecological
effects of colonised FPV systems.
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Fig. 12. Simulated impact of FPV coverage on mean lake surface water temperature, Schmidt stability, thermocline depth, and Trophic State
Index (TSI) as calculated by GLM-AED?2 (green) and Delft3D-FLOW (blue).

4.3 Macrophyte dynamics and limiting factors in
FPV-integrated lakes

The highest species diversity was observed in T3 and T4,
with up to ten species identified (Fig. 9), likely due to their
south-facing location and relatively undisturbed shoreline.
Sunlight exposure and reduced anthropogenic disturbance
evidently promoted a broader range of species. In contrast,
fewer species were found in transects T2 and T6, likely
influenced by process water input (T2) or shading from
riparian vegetation (T6). Everywhere, macrophyte abundance
peaked at 1-2 m water depth and was lower at 0—1 m, possibly
due to light oversaturation (Schwoerbel and Brendelberger,
2013) or sediment deposition on unstable slopes, which both
may hinder growth. Below 2 metres, macrophyte abundance
declined sharply. The distribution was limited to the littoral
zone, with an average depth of 5.25m (£0.52m). No
macrophyte growth was observed beneath the FPV system.
The low abundance of habitat-typical species indicates an
ecologically compromised lake condition, which is typical for
anthropogenic gravel pit lakes. In these lakes, several factors
(e.g., steep shorelines, shoreline erosion, increased sedimen-
tation from process water) likely constrain macrophyte

expansion, independent of FPV (Mollema and Antonelli,
2016). Furthermore, high cyprinid densities may contribute to
sediment resuspension and herbivory, suppressing macrophyte
growth (Hansson ef al., 1987; Zambrano and Hinojosa, 1999;
Yuan, 2021). In all lakes, the trophic state plays a major role for
macrophytes. Oligotrophic systems generally support a more
extensive LML, while eutrophication reduces light penetration
and restricts submerged vegetation. In Lake Leimersheim, the
installed FPV system affected local light conditions, but the
primary constraints on macrophyte distribution were driven by
other factors such as lake morphology, sediment loading, and
fish community composition. These existing conditions
supposedly overrode potential FPV-related effects, highlight-
ing the need for a comprehensive assessment of site-specific
ecological constraints before attributing changes in macro-
phyte dynamics to FPV.

4.4 Hydrodynamic modelling and FPV impact analysis
4.4.1 Model performance and applicability
Both GLM-AED?2 and Delft3D-FLOW effectively simu-

lated the hydrodynamics of our gravel pit lake. On the one
hand, Delft3D-FLOW provided detailed local FPV impact
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predictions but required significantly more computational
time, limiting scenario-based ecological analyses. Its simulat-
ed flow velocity remained uncertain and would require
validation, such as with upward-looking Acoustic Doppler
Current Profiler measurements (Parsapour-Moghaddam and
Rennie, 2017; Goulart et al., 2023). Nevertheless, Delft3D-
FLOW appears to be a good choice for heterogeneous lakes or
small FPV systems in large water bodies. On the other hand,
GLM-AED2, while assuming horizontal homogeneity, proved
effective for advanced FPV impact assessments, offering high
computational efficiency (Ishikawa ef al., 2022; Amorim et al.,
2023). GLM-AED2 can approximate species distribution
using a quasi-2D approach, making it useful for multi-lake
assessments, climate change simulations, and FPV design
evaluation. The choice between models depends on the
required level of detail: Delft3D-FLOW is preferable for local
assessments in complex lakes, while GLM-AED2 is more
efficient for large-scale FPV scenarios. Combining the two
models may provide synergistic benefits, leveraging their
respective strengths. Optimising hydrodynamic models for
FPV is still in its early stages but will depend on detailed
monitoring data sets.

4.4.2 Thermal and ecological impacts of FPV coverage
scenarios

empirical and modelling studies consistently show that
FPV installations reduce lake surface water temperature,
though the extent varies with lake characteristics, FPV
coverage, and methodology. Nobre et al. (2025) measured a
1.2°C annual mean reduction, peaking at 3.0°C on the
warmest days in French gravel pit lakes, while Ilgen et al.
(2023) recorded a 2.8 °C cooling in a German gravel pit lake
during summer. Modelling studies predicted a broader range.
Exley et al. (2021) simulated 8.0 °C cooling in Windermere,
UK, and Ji et al. (2022) estimating a 3.3 °C reduction in the
Xiangjiaba Reservoir, China. The present results fell within
this range, as GLM-AED2 predicted a 3.6 °C reduction and
Delft3D-FLOW a stronger 7.2°C reduction at 90% FPV
coverage. FPV-induced cooling also affects lake stratification,
weakening Schmidt stability and altering mixing regimes.
Ilgen et al. (2023) found little impact below 15% FPV, with
significant shifts beyond 50% coverage, a threshold also
supported by the present study. Both simulation models
indicated a decline in Schmidt stability for high FPV
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occupancies, which was accompanied by a thermocline shift to
shallower depths. The TSI in GLM-AED2 declined with
increasing FPV coverage, though considerable changes only
occurred beyond 45% FPV. Yang et al. (2022) reported
reduced chlorophyll-a and primary production in a tropical
reservoir at 30% FPV coverage, while Karpouzoglou et al.
(2020) found significant declines already above 20%. These
numbers suggest that FPV effects on lake ecology depend on
the individual lake but may counteract global warming-
induced stratification intensification (Woolway et al., 2020),
which enhances nutrient retention in the epilimnion and
primary production (O'Beirne et al., 2017).

4.4.3 Implications of mussel filtration for macrophyte
dynamics in FPV-integrated lake restoration

Given a 25-30-year service life, FPV systems may outlast
anthropogenic influences like gravel extraction, highlighting
the need to integrate lake renaturation into FPV planning. We
used GLM-AED2 to simulate macrophyte distribution,
applying a quasi-2D approach calibrated to the WFD trophic
reference state. We also incorporated mussel filtration effects
at the FPV structure, showing its potential to influence lake-
wide ecological dynamics. Mussels primarily colonise FPV
substructures, but their filtration extends across the entire lake,
improving water clarity and promoting macrophyte expansion,
counteracting eutrophication.

Ray et al. (2024) demonstrated that improper FPV
placement, particularly over macrophyte-dominated areas, can
also result in negative effects, such as reduced oxygen levels
and increased greenhouse gas emissions, likely due to the
decomposition of macrophytes. This highlights the importance
of optimised FPV siting and calls for adequate simulation of
potential impacts before new systems are installed.

4.5 Regulatory considerations for FPV placement

In Germany, FPV installations are subject to a regulatory
limit of 15% lake surface coverage and a minimum shoreline
distance of 40 metres. For the FPV system at Lake
Leimersheim, the observed distance to LML was approxi-
mately 35 metres, while the theoretical LML, derived from the
trophic reference state, extended up to 200 metres. This
discrepancy suggests that fixed-distance regulations may not
consistently reflect the depth-dependent distribution of macro-
phytes, particularly in artificial lakes with steep bathymetry
and heterogeneous morphometry. In addition, active sediment
input and anthropogenic shoreline modification can influence
aquatic vegetation independently of FPV siting. These factors
may also vary over time, depending on the lake's stage of
ecological succession.

Model simulations using Delft3D-FLOW and GLM-
AED?2 indicated that substantial alterations in lake stratifica-
tion and water quality only occurred at FPV coverages above
45%. This modelled response differs markedly from the
regulatory threshold, suggesting that fixed limits may not
uniformly correspond to ecological effects across different
lake types. The interpretation of such thresholds thus appears
to depend on local morphometric and ecological character-
istics, as well as on the specific FPV design and coverage.

5 Conclusions

This study assessed an FPV system covering 8% of a
gravel pit lake in southwest Germany and found no major
ecological impacts. External stressors, such as sediment-rich
inflows and herbivorous fish, exerted a stronger influence on
water quality and macrophyte growth than the FPV installation
itself. Colonisation of the FPV substructure by invasive
mussels improved water clarity and promoted macrophyte
growth, indicating possible synergies with lake restoration.
However, ecological risks remain and require site-specific
evaluation. Hydrodynamic model simulations (Delft3D-
FLOW and GLM-AED?2) showed substantial changes in lake
dynamics only above 45% FPV coverage. These findings
suggest that the current regulatory framework in Germany —
limiting FPV installations to 15% surface coverage and a
40-metre shoreline buffer — though precautionary, may be
overly conservative for artificial lakes subject to strong
external pressures. This study calls for more flexible, site-
specific regulations that account for lake depth, morphometry,
and trophic state. Classification-based thresholds should reflect
lake type, usage, and ecological status. Expert assessments
combining empirical field data and modelling may offer
ecologically sound alternatives to fixed criteria. Such
flexibility would enable context-sensitive FPV integration.
Further empirical and modelling studies are needed to support
this approach.
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