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Climate change

Climate change is altering lake ecosystems at an unprecedented rate, disrupting thermal regimes, biogeochemical
cycles, and key ecological functions essential for human use such as drinking water, fisheries, and recreational
activities. However, climate effects are often studied in isolation and over short time periods, which limits our
ability to quantify the extent and speed of multifaceted ecological changes as well as our understanding of how
lakes will evolve under climate change. We present a framework that integrates computer modelling, long-term
forecasting, and multi-decadal limnological data to comprehensively evaluate 25 key metrics within the Euro-
pean Water Framework Directive related to lake functioning and ecological status through to 2100. Long-term
projections of the effects of climate change were based on lake priority uses: 1) overall functioning, which
supports aesthetic value and general attractiveness, 2) drinking water supply, and 3) stock of salmonids. Our
findings reveal that although key thermal regime changes have already occurred, higher water temperatures will
progressively push deeper salmonid habitat on both annual and seasonal scales. Favourable conditions for sal-
monids reproduction will exceed tolerance limits by 2050, and fishery management adjustments are needed.
Conversely, drinking water supply should remain unaffected until 2100, assuming stable nutrient inputs and
pollution levels. This approach offers a tool for forecasting climate change’s impacts on lakes, allowing decision-
makers to anticipate measures to ensure long-term ecological and human benefits.

1. Introduction

Lakes are critical ecosystems, that support a wide range of species
and provide significant cultural and recreational value to communities
worldwide (Sterner et al., 2020). Although they cover less than 3 % of
global inland area (Downing et al., 2006), lakes are home to high
biodiversity and disproportionately contribute to ecosystem services
across the planet. As climate change intensifies, lakes face unprece-
dented challenges at the global scale, including increased temperatures,
alterations in geochemical cycles, and shifts in hydrological regimes
which frequently result in a cascade of ecological and environmental
consequences (Woolway et al., 2022). The multifaceted nature of these
impacts renders lake ecosystems particularly vulnerable, requiring
adaptive management strategies to ensure the sustainability of essential
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functions and services (Janssen et al., 2021).

Lake managers are confronted with the urgent task of adapting their
practices to accommodate climate change pressures while ensuring the
continuity of water uses for human needs. The European Water
Framework Directive (WFD) is designed as a way for managers to ach-
ieve or maintain good ecological status of water bodies that may be
altered by anthropogenic forcing among which climate change is ex-
pected to be of growing importance in the future. Good ecological status
is appreciated through reference values for different lakes characteris-
tics that supports the computation of ecological quality ratio (EQR) that
are the actual lake characteristic over its reference. EQR hence repre-
sents the core operational metrics for which different lake characteris-
tics can be compared enabling to quantify the completion to the WFD for
individual water bodies. Yet, a comprehensive, multi-faceted study that
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considers climate impacts on different water uses under different time
horizons remains a challenge for effective adaptation to align with the
WEFD’s objectives. There is also an increasing need to develop long-term
strategies that can anticipate the different horizons of disturbances, as
climate change impacts can unfold over decades and even centuries
(Smol, 2019). In the face of continued climate pressures in future pro-
jections (Huang et al., 2024), which induce severe implications on
ecosystem sustainability at a global scale (Heino et al., 2021), predicting
the extent and speed of multifaceted climate-related lake ecological
changes is urgently needed.

Lake Annecy, located in the French Alps, is an emblematic site for
climate change investigations. Lake managers assumed a pioneering role
in the fight against pollution during the 1930s and 1940s, when the
demographic and economical development led to the first symptoms of
eutrophication, including increased lake primary production (Perga
et al., 2010) and bottom hypoxia (Jenny et al., 2014). Phosphorus
abatement was early undertaken, through the set-up of wastewater
collectors and sewage treatment as soon as 1967. As a result, eutro-
phication was limited to a mesotrophic state at the end of the 1960s and
the lake was recognised as one of the cleanest lakes in Europe, suc-
cessfully achieving a regional socio-economic importance. It includes
1,323 km of collectors, 100 pumping stations, and 12 wastewater
treatment  plants  (https://www.sila.fr/nos-missions/assainir-vos-
eaux/). These infrastructures demonstrate stakeholders’ commitment
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to protecting the environment through an efficient sanitation network.
Gradually implemented since the 1960s, they have contributed to the
lake’s significant restoration, ensuring that low phosphorus levels will
be maintained. Currently, climate change is the most important threat to
the lake in comparison to other anthropic pressures.

Here, we present a novel methodology grounded in the integration of
long-term monitoring data and predictive modeling to project the evo-
lution of key climate-related limnological changes in Lake Annecy from
1968 to 2100 constrained by Shared Socioeconomic Pathways (Riahi
et al., 2017) and Representative Concentration Pathways (Van Vuuren
et al., 2011) scenarios (SSP1-RCP2.6, SSP3-RCP7.0, and SSP5-RCP8.5).
This method is designed as a multi-faceted approach that integrates
process-based modelling, long-term forecasting, and multi-decadal
limnological data spanning a long timeframe to comprehensively eval-
uate key ecosystem metrics related to lake functioning and ecological
status. Our approach incorporates 101 metrics related to key lake vari-
ables, which we classify into three categories: (1) ecological properties
to support aesthetic and cultural attractiveness, (2) drinking water
supply, and (3) fish community.

Modelling emerges as an essential tool to investigate the long-term
dynamics of lake systems. In recent years, mechanistic lake models
have seen widespread application to enhance the understanding of
aquatic ecosystem dynamics, evaluate different environmental sce-
narios, and forecast ecosystem responses to climate change (Piccolroaz

Gt
etrics (n=101)
/ 37 metrics Thermal
/ 20 metrics  Oxygen
\ 30 metrics Nutrients
\ 10metrics  Carbon
4 metrics  Chlorophyll

Ecological Quality

— SSP5-85
SSP3-7.0
SSP1-28
, EQR
........ » : e 1.l | ! | | .
— histoncal k Moderate 2
N A
L Horizons
HLAPR S VR SR of changes |
1900 2000 2100 1900 2000 2100 1900 2000 2100

Fig. 1. Overview of the framework used to study long-term dynamics in Lake Annecy under three Socio-Economic Pathways and Representative Concentration
Pathways (SSP1-RCP2.6, SSP3-RCP7.0, SSP5-RCP8.5). Using GLM and AED lake models, this framework simulates the evolution of key lake variables, identifies
metric trends, calculates ecological quality ratios, and predicts future changes based on different climate scenarios. A total of 101 variables were simulated, with 25
key metrics from the European Water Framework Directive evaluated in relation to lake functioning and ecological status through to 2100.
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et al.,, 2024). Here we employed a hydrodynamic one-dimensional
model (General Lake Model — GLM) coupled with a biogeochemical
model (Aquatic EcoDynamics — AED2) to simulate the physico-chemical
and biological evolution of Lake Annecy.

2. Methods

A long-term, multi-faceted approach, integrating computer model-
ling, long-term forecasting, and multi-decadal limnological data, is used
to comprehensively evaluate key ecosystem metrics related to lake
functioning and ecological status through to the horizon of 2100 (Fig. 1).

2.1. Study site

Lake Annecy is the third deepest French lake with a maximum depth
of 65 m and an area of 27 km?. It is a perialpine lake, located at an
altitude of 447 m, within a continental temperate climate. Of glacial
origin, it is monomictic and oligotrophic since the 1990s following an
earlier period of eutrophication. Its main tributaries are the Eau morte,
the Ire, the Laudon and the Bornette rivers (Fig. 2), and its main outlet is
the Thiou river, discharging into the Fier river, a tributary of the Rhone
river. The catchment area covers 273 km?, with a maximum altitude of
2351 m.

Discrete water samples are taken at the deepest part of the lake
(referred to as Grand lac) from the surface to the bottom (at 0, 3, 5, 10,
15, 20, 30, 40, 45, 50, 60, and 65 m depth) every two weeks, except from
November to February, when sampling is performed monthly (Rimet
etal., 2020). The collection of physical, chemical and biological data has
been conducted since 1966 by the Centre Alpin de Recherche sur les
Réseaux Trophiques des Ecosystemes Limniques (CARRTEL) and
financed by the water manager (SILA). Fisheries catches in Lake Annecy
(angling and commercial fishery) are focused mainly on two salmonids,
the European whitefish (Coregonous lavaretus) and the Arctic charr
(Salvelinus alpinus), with total exploitation of 20 and 2 tons per year,
respectively (Goulon and Guillard, 2022; Lemaire et al., 2020). These
species are of major heritage interest and are important to the local
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economy (Bourinet et al., 2023).

2.2. Hydrodynamic and biogeochemical models

The GLM model v. 3.1.1 (https://github.com/AquaticEcoDyn
amics/GLM) previously calibrated for Lake Annecy (Desgue-Itier et al.,
2023) was coupled with the AED model v. 2.0 (https://github.
com/AquaticEcoDynamics/glm-aed) to simulate the evolution of hy-
drodynamics, dissolved oxygen, carbon, nitrogen and phosphorus cy-
cles, organic matter, as well as phytoplankton biomass (Fig. S1). Model
coupling is a dynamic process which allows GLM to provide thermal
conditions to AED for the computation of temperature dependent
biogeochemical processes. AED integrates the main aquatic processes
such as chemical reactions equilibrium and kinetics along the water
column, and exchanges at the water-atmosphere and water-sediment
interfaces. The one-dimensionality was needed for this long-term
study given its good balance between accuracy and computational
cost. Although the simulation of large deep lakes often calls for the use of
3D models (or in some cases 2D models) due to heterogeneous hydro-
meteorological conditions over extensive water surface areas, 1D
models can be sufficient to represent long-term dynamics (Dresti et al.,
2021). Particularly for Lake Annecy, 1D models have been found to
provide accurate reproduction of the mixing dynamics (Desgué-Itier
et al., 2023).

2.3. GLM-AED input data

Required data for the simulations (bathymetry, climatic variables,
tributaries discharge and water quality) were collected from the lake
manager (Syndicat Mixte du Lac d’Annecy, https://www.sila.fr/) and
government  agencies: SAFRAN  (https://www.umr-cnrm.fr/),
MétéoSuisse (https://www.meteosuisse.admin.ch/), HydroPortail (htt
ps://www.hydro.eaufrance.fr/), and Naiades (https://naiades.eaufra
nce.fr/). Limnological monitoring data from the Grand Lac station
(Rimet et al., 2020) was used for model calibration and validation.

The model was constrained by statistically bias-adjusted and down-
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Fig. 2. Lake Annecy and location of the meteorological and monitoring stations. Major input data used in the GLM-AED model: air temperature (°C), short wave
radiation (W m~2) and wind speed (m s~1) for three SSP-RCP scenarios (SSP1-RCP2.6, SSP3-RCP7.0 and SSP5-RCP8.5), as well as phosphorus inputs (ug/L).
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scaled climate projections (Lange, 2019; Cucchi et al., 2020) using the
ISIMIP3BASD method from phase 3b of the Inter-Sectoral Impact Model
Intercomparison Project (ISIMIP3b). These projections were derived
from the outputs of phase 6 of the Coupled Model Intercomparison
Project (Eyring et al., 2016, CMIP6). The IPSL-CM6A-LR model was
chosen for this study because it showed the best fit to observations from
the closest meteorological station to the lake (air temperature: RMSE =
4.27 °C, NMAE = 1.57 °C, r = 0.81; shortwave radiation: RMSE = 76.8
W m 2, NMAE = 2.4 Wm ™2, r = 0.69). The climatic projections of air
temperature, shortwave radiation, and windspeed covered a historical
subset (1965-2014) and three future scenarios for the period
2015-2100 (SSP1-RCP2.6, SSP3-RCP7.0 and SSP5-RCP8.5; see Fig. 2).
These data were extracted at a daily resolution for the grid cell (55 km x
55 km) containing the lake. Locally downscaled cloud cover fraction, air
relative humidity, and precipitation often show limited accuracy. To
address this, these variables were extracted from meteorological ob-
servations with daily means calculated and then annually replicated
from 1965 to 2100 as we currently lack clear expectation for their fate
under future scenarios. This approach of reducing model input variables
to only those with a high confidence level was previously applied to Lake
Annecy and was found to be well-adapted to long-term simulations by
overcoming limitations on their scaling and by their negligible effects on
the hydrodynamic processes (Desgué-Itier et al., 2023). Details on the
simplifications and assumptions adopted are provided in Desgueé-Itier
et al. (2023).

Daily discharge of the tributaries representing around 75 % of the
total discharge into the lake (Nomade, 2005) were obtained for the
period 1987-2022 (Hydro Portail, 2022). A coefficient of 1.33 was
applied to the sum of their discharges, corresponding to the missing 25
% coming from the secondary tributaries, to estimate the total inflow
discharge from all the tributaries. Average daily discharge was calcu-
lated for an average year and this typical year was replicated over the
period 1965-2100. This rather unrealistic assumption does not account
for precipitation variation over time. Still, it may have limited impact on
model simulations since the lake’s water level is highly regulated. For
instance, over the last decades, its variation was negligible reaching only
0.9 m under exceptional circumstances, which represents 1.4 % of the
maximum depth of the lake (Jalinoux, Pasquini, F. and SILA, 2015). In
addition, inflow and outflow discharges were neglected in previous
modelling applications in Lake Annecy without deterioration of the re-
sults of the temperature simulation (Desgué-Itier et al., 2023). Inflow
and outflow discharges were taken as equal over the period 1965-2100.

The water temperature of the tributaries was calculated from air
temperature and discharge monitoring data using the Air2Stream model
(Toffolon and Piccolroaz, 2015). Dissolved oxygen (DO) concentrations
in the tributaries were estimated from water temperature, by taking
oxygen saturation as 100 % (Jones et al., 2018). These variables were
calibrated and validated against monthly monitoring data in the main
tributary from 2002 to 2021 (Naiades, 2022), and produced generally
accurate estimates (R? = 0,74 and RMSE < .1,49 °C for water temper-
ature; R? = 0,56 and RMSE < 0,98 mg L' for DO). Water temperature
and DO were calculated for the three future climate scenarios.

The daily chlorides (used to calculate salinity), nitrates, ammonium,
phosphates, reactive silica and dissolved organic carbon concentrations
in the main tributary of the lake (Eau morte) were obtained by linear
interpolation from monthly measurements from 2007 to 2021. Then, a
factor of 2.22 was applied to these monitoring data, which represent ~
45 % of the total inflow, in order to estimate missing inflows from the
other tributaries. This method has been used in other studies (Burger,
Hamilton and Pilditch, 2008; Ozkundakeci et al., 2011), but such a
sampling frequency does not capture extreme events such as floods. The
unavailability of data before 2007 was overcome by reconstructions of
total phosphorus (TP) concentration, based on paleolimnological
studies, using fossil diatoms assemblages to estimate annual averages of
nutrient enrichment (Berthon et al., 2013). Daily variations relative to
the annual average of phosphate, nitrate, ammonium, and reactive silica
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were calculated based on field monitoring to establish an intra-annual
pattern. Then, daily inflow concentrations were calculated according
to PO4/TP, NO3/TP, NH4/TP and RSi/TP ratios in the Eau morte river
for the period 2007-2021. In the absence of available data on organic
nutrients, concentrations were calculated from inorganic nutrients
concentrations, by separating dissolved and particulate fractions. Over
the period 2021-2100, it was hypothesised that nutrients inputs would
remain equal to those measured in 2020, consistent with observed
restoration and existing treatment systems of the lake managers (SILA,
2023).

2.4. Model calibration and validation

The GLM-AED model was calibrated and validated for the state
variables considered most important for lake water quality: water tem-
perature and dissolved oxygen, total phosphorus and chlorophyll-a
concentrations (Wetzel, 2001). A manual then automated calibration,
based on the CMA-ES (Covariance Matrix Adaptation Evolution Strat-
egy) optimisation algorithm (Hansen, 2016), were performed to repro-
duce as best as possible the amplitude, seasonal and interannual
variations, and long-term trends for each variable. Temporal and sea-
sonal variability for other nutrients (ammonium, nitrates) and for total
organic carbon were reproduced with a higher uncertainty due to the
absence of calibration for these variables.

The model was calibrated on a 10-year period, from January 1st
1992 to December 31st 2001, then validated on 1966-1991 and
2002-2020. Several metrics were calculated to evaluate model perfor-
mance (Root Mean Square Error - RMSE, Normalised Root Mean Square
Error — rRMSE, Mean Absolute Error — MAE, Pearson correlation coef-
ficient — r and Percent Bias — PBIAS) by comparing model results to
observations taken from the Grand Lac monitoring station over the
whole monitoring period (1966-2020). For water temperature, dis-
solved oxygen, total phosphorus, nitrates and ammonium, the metrics
were calculated for the mean values of surface (0-5 m) and bottom
(60-65 m) layers as well over the entire water column, while for
chlorophyll-a they were calculated exclusively for the euphotic zone
(0-30 m).

2.5. Long-term trends by 2100

Daily model results for water temperature, dissolved oxygen, total
phosphorus, chlorophyll-a, nitrates, ammonium, and total organic car-
bon concentrations were aggregated into annual averages over the
entire study period (1968-2100). The two first years (1966-1967)
correspond to the spin-up phase of the model, thus they were discarded
from results to limit the impact of initial conditions. A non-parametric
Mann-Kendall test with a 95 % confidence level was used to calculate
trends in water temperature. It has been widely applied to assess
randomness in relation to trends within climatological and hydrological
time series data (Hamed, 2008). The analyses were carried out with R
(version 4.3.2, R Core Team, 2023).

2.6. Ecological indicators of climate change impacts on lake water uses

As part of the collaboration between SILA and INRAE, a technical
committee was established, consisting of experts, elected officials, and
stakeholders, to oversee the study. During meetings and discussions, the
stakeholders’ priority uses were defined, ensuring that the study’s focus
was aligned with their practical needs and concerns. These priorities,
such as lake functioning for aesthetic value, drinking water supply, and
salmonid stock, shaped the study’s approach and the selection of met-
rics, enhancing its practical relevance. The model outputs provided 101
variables that predict the likely state of the lake until 2100. From those,
25 metrics were calculated to describe the effects of climate on Lake
Annecy that impact the greatest number of lake users. They are related
either to non-extractive values that depend on ecosystem processes and
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ecological quality, i.e 1) overall lake functioning, which supports its
aesthetic value and general attractiveness, or to goods extracted from
lakes, i.e. 2) drinking water supply, and 3) stock of salmonids
community.

2.6.1. Overall lake functioning

The following ecological indicators developed in the context of the
WEFD were investigated in face of their support to the aesthetic value and
general attractiveness of the lake: water temperature and related ther-
mal dynamic indices (water column stability, stratification onset and
end dates, stratification duration, thermocline depth, metalimnion
temperature, and water mixing maximum depth and date); oxygen
concentration; nutrients concentration; chlorophyll-a concentration;
and Trophic Status Index (TSI Carlson, 1977) calculated from
chlorophyll-a and total phosphorus concentrations. Changes in these
water quality variables are not only a scientific assessment of the
ecological status of the lake, but also translate into changes in recrea-
tional use patterns and the well-being of lake users (Egan et al., 2009).

2.6.2. Drinking water supply

The conservation of drinking water supply was evaluated based on
water quality standards of NO3 < 50 mg L' and DO > 5 mg L
(‘Directive (EU) 2020/2184', 2020). In addition, the temporal evolution
of the distance of the chlorophyll-a peak to the water intake (currently at
30 m depth) was evaluated to investigate any risk of additional costs in
the ultrafiltration treatment of organic matter produced by the phyto-
plankton (Schafer et al., 2001).

2.6.3. Preservation of salmonids

Preservation of salmonids, fish of patrimonial interest for biodiver-
sity conservation in the lake, was evaluated as the ability to maintain
their habitat and reproduction favourable conditions. Suitable habitat
for salmonids was assessed based on the Directive 2006/44/EC of the
European Parliament and of the Council of 6 September 2006 on the
quality of fresh waters needing protection or improvement in order to
support fish life (2006), as NH4 < 0.04 mg L and DO > 7 mg L
Additional parameters were evaluated due to their significant influence
on habitat conditions of salmonids, including an optimal range between
7 °C and 13 °C for adult growth and a tolerance range between 5 °C and
18 °C in which no stress-related behaviour occurs and survival of adults
can be assured. Finally, monthly habitat suitability was evaluated based
on thermal preferences and oxygen requirement above 4 mg L™ (Davis,
1975). Favourable conditions for reproduction were evaluated for two
species, with reproductive cycles physiologically driven by water tem-
perature (Sunday, 2020; Stewart et al., 2024): Coregonus lavaretus (Eu-
ropean whitefish), that is the most representative in catch number and
mass in Lake Annecy, and Salvelinus alpinus (Arctic charr) which is
extremely sensitive to pollution and water temperature (cold oxyphilous
stenotherm) and particularly vulnerable to the degradation of water
quality in deepwater lake environments (Caudron et al., 2014). For both
species, reproduction takes place between late November and January at
different depths in the lake. European whitefish is a littoral spawner
(0-2 m depth) while artic charr is a deep spawner (30-40 m depth) but
they exhibit similar thermal ranges for embryogenic development
spanning 2 °C to 8 °C (Hartmann, 1984; Gillet, 1991).

2.7. Reference benchmarks for lake water quality

The Ecological Quality Ratio (EQR) approach (De Bund and Solimini,
2007) was applied to elucidate the temporal evolution of the ecological
quality within the context of the Water Framework Directive (WFD,
‘Directive 2000/60/EC’, 2000), by defining quality classes correspond-
ing to the ratio between the observed state and the reference condition
of a good ecological state. This ratio expressed between 0 and 1 classifies
the system state as high (values close to 1), good, moderate, poor, or bad
(values close to 0). This method was applied to 25 metrics to reveal the
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long-term effects of climate change on the priority uses of the lake. The
reference state of nutrient concentration at surface and TSI are based on
standard values (MEEM, 2016). For the remaining metrics, the reference
state was defined as the average value over the initial 30-year period
(1968-1998) since this time-span is commonly used (notably by the
IPCC) in prospective studies as reference periods where trends can be
identified. While the reference period doesn’t necessarily represent
optimal conditions, it allows the assessment of changes over time. The
thresholds of each class were defined at 0.2 intervals, i.e. high when EQR
> 0.8, good when 0.6 < EQR < 0.8, moderate when 0.4 < EQR < 0.6,
poor when 0.2 < EQR < 0.4, and bad when EQR < 0.2. For the hydro-
dynamic metrics, the thresholds were arbitrarily defined as high when
EQR < 0.6, good when 0.6 < EQR < 0.7, moderate when 0.7 < EQR <
0.8, poor when 0.8 < EQR < 0.9, and bad when EQR > 0.9. The
threshold values for each metrics are provided in Table S1.

3. Results
3.1. Model performance

Overall, the GLM-AED model was able to reproduce the state vari-
ables over the simulation period (1966-2020) (Table 1). The RMSE of
1.04 °C and Pearson correlation coefficient of 0.91 for simulated water
temperature over the whole water column reveal the ability of the model
to reproduce thermal dynamics and interannual variability. A negative
bias (-4.01 %) indicates that the model underestimated temperature
values over the simulation period. Dissolved oxygen concentration in
the surface layer and over the entire water column were reproduced
with high accuracy (RMSE of 1.3 and 2.2 mg L! respectively), but the
model was unable to correctly capture diffusion of hypoxic conditions in
the bottom layers away from the sediment interface (RMSE of 4.55 mg
L%, PBIAS of 55.75 %). Conversely, interannual variability was well
captured (r above 0.6), revealing that the occurrence of hypoxia events

Table 1

Performance metrics for water temperature, dissolved oxygen, total phosphorus,
and chlorophyll-a calculated between model output and monitoring data be-
tween 1966 and 2020; the metrics for chlorophyll-a were calculated for the layer
0-30 m; n = number of observation data.

Performance Surface layer Bottom layer Water column
metrics (0-5m) (60-65 m) (0-65 m)
Water temperature

n 571 563 27,472
RMSE (°C) 2.54 1.28 1.04
RRMSE (%) 11.67 4.29 13.55
MAE (°C) 1.87 1.17 0.86

r 0.94 0.07 0.91
PBIAS (%) -10.89 -21.36 -4.01
Dissolved oxygen

n 570 553 46,636
RMSE (mg L) 1.3 4.55 2.2
RRMSE (%) 10.86 30.98 21.87
MAE (mg L™) 0.99 3.67 1.6

r 0.45 0.67 0.67
PBIAS (%) 6.85 55.75 13.97
Total phosphorus

n 523 528 4,097
RMSE (ug L) 3.67 27.21 6.54
RRMSE (%) 12.78 12.01 8.17
MAE (ug L) 2.72 12.05 3.66

r 0.54 0.22 0.42
PBIAS (%) 16.96 —44.45 -10.67
Chlorophyll-a*

n 364 - -
RMSE (ug L)) 1.67 - -
RRMSE (%) 11.16 — —
MAE (ug L) 1.14 - -

r 0.41 - -
PBIAS (%) -39.27 — —

* Calculated for the euphotic layer (0-30 m).
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was nonetheless modelled with good accuracy. Total phosphorus con-
centration was simulated with rRMSE below 15 % in the different layers,
but the model showed reduced performance for the bottom layer.
Chlorophyll-a concentration was simulated with good accuracy (rRMSE
of 11.16 % and r of 0.41).

3.2. Response of Lake Annecy to climate change scenarios

Ecological Indicators 172 (2025) 113220

Table 2

Summary of metrics (annual averages) related to climate change impacts on lake
functioning, drinking water supply, and stock of salmonids, for the reference
period (1968-1998) and future scenarios (2070-2100) SSP1-RCP2.6, SSP3-
RCP7.0, and SSP5-RCP8.5.

Metric 1968-1998  2070-2100
Reference SSP126 SSP370  SSP585

Surface temperature (°C) 11.5 13.6 15.2 16.6
Bottom temperature (°C) 4.2 5.2 6.5 7.7
3.2.1. Ldke ﬁ_mcﬁoning Metalimnion temperature (°C) 7.2 8.8 10.1 11.2
Water temperature is expected to increase from the surface to the Dim:‘ce,oi t]]:e (Ch)l'a peak to the 234 24.2 217 17.1
. . . . water 1ntake (m
bottom of the lake by 211 00 (Fig. 3). Projections reveal 1surface warming Depth of optimal temperature for 13.7 18.0 20.5 23.9
rates from 0.16 °C dec™ (SSP1-RCP2.6) to 0.75 °C dec™" (SSP5-RCP8.5), salmonids (m)
whereas bottom layers are projected to warm from 0.13 °C dec™! (SSP1- Depth of tolerable temperature for ~ 10.8 13.1 14.1 15.5
RCP2.6) to 0.43 °C dec™! (SSP5-RCP8.5). This represents a total warming salmonids (m)
Suitable water volume for 99 100 68 19

of 1.3-6.0 °C at the surface and 1.0-3.4 °C in bottom layers in the end of
the century in comparison to 1968-1998. The higher warm rate at the
surface compared to the bottom accentuates the thermal stratification of
the lake during summer resulting in stronger stability of the water col-
umn (Fig. S2). The onset date of stratification is not expected to change
significantly by 2100, but a later end date will result in longer stratifi-
cation by 2050, reaching a plateau over 2050-2100 (Fig. S3). A sum-
mary of the main changes in Lake Annecy is provided in Table 2.

The thermocline has experienced a significant deepening of 4.0 m
between 1968 and 2000, but no significant trend is expected by 2100
according to the three scenarios. However, the metalimnion shows a
marked deepening and warming by 2100 (from + 0.2 to + 0.6 °C per
decade in comparison to the reference period; Fig. S4). Annual complete
winter mixing of the water column is maintained until 2100 for all 3
scenarios, despite milder winters (Fig. S5).

The simulation of dissolved oxygen reveals high concentrations in
the surface layers until 2100 (annual average DO > 10 mg L) despite a
deoxygenation process due to the impact of water temperature increase
on oxygen solubility. In the deep layers, the annual average concen-
trations are higher than 2.0 mg L™ (Fig. S6). Overall, nutrient concen-
trations in the surface layers are far below the WFD thresholds for “very
good status”, with the exception of total phosphorus, which average
concentration exceed the threshold until the early 1970s (Fig. S7). By
2100, simulated annual average concentrations are 6.7 ug L for total
phosphorus, 0.14 mg L for nitrate, and 0.02 pg L™ for ammonium. A
minor variation between the three future scenarios is observed due to

Surface (0-5 m depth)

reproduction: Coregonus lavaretus
(%)
Suitable water volume for 97 81 68 19
reproduction: Salvelinus alpinus
(%)

the assumption of constant nutrient inputs. The model simulations
indicate low concentrations of chlorophyll-a from the 2000s (annual
average of 1.3 ug L) that are below the threshold of 2.6 ug L™}, char-
acteristic of oligotrophic lakes (Fig. S8). Since phytoplankton growth is
strongly correlated with phosphorus availability, the model output
suggests that chlorophyll-a trends are extremely similar between the
three future scenarios. The simulated TSI estimated from chlorophyll-a
and total phosphorus concentrations in the surface layers reveals a
clear improvement since the 1990s while the lake is classified as
oligotrophic during the complete simulation period (Fig. S9).

3.2.2. Drinking water supply

Relatively stable concentrations of chlorophyll-a are expected under
future projections. However, the model predicts significant variations in
the depth of its peak concentration, particularly after 2050. No signifi-
cant variation is predicted for the most optimistic scenario (SSP1-
RCP2.6), with the peak remaining 25.0 m far from the water intake,
while a clear deepening is expected for the most pessimistic climate
scenario (SSP5-RCP8.5), with the peak reaching depths 15.5 m far from

Bottom (60—65 m depth)

(a) 101 (b)
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©
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Fig. 3. Annual average water temperature at (a) the surface (0-5 m depth) and (b) the bottom (60-65 m depth) over 1968-2100 in Lake Annecy according to the
scenarios SSP1-RCP2.6, SSP3-RCP7.0, and SSP5-RCP8.5.
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the water intake (Fig. 4). The daily nitrate (0.11-0.14 mg LY and dis-
solved oxygen (> 5 mg L) concentrations are expected to remain in
accordance with the regulatory WFD thresholds for the three scenarios
tested.

3.2.3. Salmonids habitats and reproduction

Higher water temperatures, in particular near the surface, will pro-
gressively push salmonid habitat deeper on both annual and seasonal
scales. The upper limit of the depth range in which temperatures are
below 13 °C is expected to deepen from 13.7 m (1968-1998 average) to
16.0-27.3 m by 2100 (Fig. 5). Similarly, the upper limit of the depth
range in which temperatures are below 18 °C is projected to deepen from
10.7 m (1968-1998 average) to 12.5-16.7 m by 2100. Optimal tem-
peratures for growth (7-13 °C) are expected to be maintained
throughout the water column from December to April, but from May to
November, a substantial restriction of optimal thermal habitat is
observed. When combined with oxygen concentration, salmonid habitat
is projected to be even more restricted by the end of the century. Indeed,
good conditions for aquatic life require oxygen concentrations above 4
mg L, and will be impacted by deep-layer hypoxia during a large part of
the year (Fig. 6). Water quality standards from regulation regarding
ammonium will not be impacted by 2100, as it is expected to remain
below the thresholds according to the three scenarios tested assuming
nutrient stability.

Water temperatures in December and January are expected to
remain close to 8.0 °C for the three scenarios until 2050. From then, the
reproduction of Coregonus lavaretus (at 0-2 m depth) and Salvelinus
alpinus (at 30-40 m depth) may face the impacts of climate change.
Indeed, while the temperature is expected to remain below the threshold
by 2100 for the most optimistic climate scenario (SSP1-RCP2.6), tem-
peratures up to 12.6 °C and 12.1 °C are expected at 0-2 m and 30-40 m
depth, for Coregonus lavaretus and Salvelinus alpinus, respectively
(Fig. 7).

3.3. Long-term evolution of lake water quality

The deviations from the reference for the metrics regarding the
functioning of Lake Annecy and its priority water uses are summarized
as annual changes in Fig. 8. The functioning of the lake has already
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experienced substantial change over the last decades. The changes are
relatively rapid and should continue and accelerate during the second
half of the 21st century, with pronounced effects on hydrodynamic
processes, particularly on the metalimnion temperature and water col-
umn stability. The total phosphorus and chlorophyll-a concentrations,
and the TSI as consequence, experienced changes in the past that were
successfully managed resulting in a high quality state since the 1990s.
Dissolved oxygen, nitrate, and ammonium concentrations show similar
status to the reference conditions over the study period.

The drinking water supply will not be impacted by future concen-
trations of nitrate nor dissolved oxygen. However, a poor status is ex-
pected due to the reduction of the distance between the chlorophyll-a
peak and the water intake in the end of the century. The thermal habitat
for salmonid has been facing changes since the 1970s and currently
presents a moderate state in comparison to reference conditions but will
progressively move to poor or bad conditions. Although current tem-
perature is not affecting salmonids reproduction, conditions will shift
into a bad state at the end of the century.

4. Discussion
4.1. Limitations and perspectives

All projections presented here are based on model outputs subjected
to different sources of uncertainty. First, intrinsic uncertainties of the 1D
model approach arise from the premise that all horizontal processes in
the water column are neglected. Thus, space-dependant processes,
especially in the littoral zone, are disregarded in the present study. Other
models, namely 3D ones, might allow for a better understanding of fine
evolution in lake dynamics. In addition, coupling the lake model with a
watershed model is recommended for future research to address the
long-term climate impacts coming from the catchment. Second, while
our calibration and validation processes span 54 years, yielding a robust
dataset covering the ecological changes the lake has been facing, some
uncertainties persist, including the reliance on global climate models.
For instance, climate data were obtained from global models and sub-
sequently downscaled to reflect local topography and climatic condi-
tions. Despite this adjustment, discrepancies between global and local
conditions can still introduce uncertainties. Furthermore, the validity of
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Fig. 4. Annual average distance of the chlorophyll-a peak to the drinking water intake in Lake Annecy over 1968-2100, according to the scenarios SSP1-RCP2.6,

SSP3-RCP7.0, and SSP5-RCP8.5.
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Fig. 5. Annual averages of maximum depths with optimum temperatures (T < 13 °C) for adults of the two main salmonids (Coregonus lavaretus and Salvelinus alpinus)
over 1968-2100 in Lake Annecy according to the scenarios SSP1-RCP2.6 (a), SSP3-RCP7.0 (b) and SSP5-RCP8.5 (c).
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Fig. 6. Depth conditions for adult salmonids optimal habitat. Monthly means of maximal depths where temperature is below 13 °C (threshold for physiological
optimum) between 2010 and 2020 (solid lines) and between 2090 and 2100 (dotted lines) for SSP1-RCP2.6, SSP3-RCP7.0 and SSP5-RCP8.5; and depths where
dissolved oxygen concentration is above. 4 mg L' (threshold for survival). The oxygen profile in the hypolimnion is replicated from monitoring data collected

between 2010 and 2020.

the projections presented here is dependent on the validity of the
aforementioned global climate models, which depends on a myriad of
factors in how we respond to climate change. Nevertheless, the combi-
nation of state-of-the-art modelling and robust long-term field mea-
surements provides strong insights into potential future changes in the
lake dynamics. Third, phosphorus inputs were assumed to remain con-
stant. Although population is expected to keep increasing in the catch-
ment, effective water treatment should be able to handle the increased
load, making this assumption reasonable. Nonetheless, this approach
overlooks potential changes in watershed phosphorus dynamics. Future
studies could benefit from incorporating watershed model simulations
and adaptive management strategies into the modelling framework.
Finally, many external factors outside the scope of the present study
could significantly affect the evolution of lake functioning in the coming
decades. These include historical pollutants whose properties can
change in higher temperatures, emergent pollutants, trophic resources,
shore artificialisation and evolving lake uses. Further studies would be
needed to evaluate their impact, and whether they warrant additional
adaptations by managers at the lake and catchment levels.

The reference conditions used in this study were based on Water

Framework Directive standards and historical conditions from the first
30-year period of monitoring data. However, the definition of “refer-
ence” conditions is a subject of ongoing debate in lake science (Bouleau
and Pont, 2015), necessitating further refinement of our multi-faceted
approach. Paleolimnological studies are particularly valuable, as they
provide insights into pre-anthropogenic environmental baselines
(Bennion and Battarbee, 2007; Soares et al., 2024). Future research
should integrate these paleolimnological records to enhance our un-
derstanding of anthropogenic impacts, using historically unaltered
conditions as baseline data alongside Water Framework Directive
references.

4.2. Horizons of change in lake functioning and ecological conditions

Climate change is expected to profoundly alter lake ecosystems over
the coming decades, with physical, chemical, and biological processes
being affected at various timescales. Recent studies have explored these
impacts, often focusing on specific aspects like thermal stratification
(Kraemer et al., 2017; Woolway et al., 2021) or fish habitat suitability
(Ficke, Myrick and Hansen, 2007). However, few studies have assessed
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Fig. 7. Annual average temperature and corresponding water volume (%) in December and January at (A) 0-2 m depth for Coregonus lavaretus, and (B) 30-40 m
depth for Salvelinus alpinus, in Lake Annecy between 1968 and 2100 for SSP1-RCP2.6, SSP3-RCP7.0 and SSP5-RCP8.5. The 8 °C threshold (above which high
mortality is observed for embryonic development) is exceeded in 2050 under SSP3-RCP7.0 and SSP5-RCP8.5 scenarios.

how these multifaceted changes will interact over long timeframes. Our
study integrates physical, chemical, and biological variables over a
century in a lake, providing a more comprehensive assessment of
ecosystem trajectories under climate change.

Our findings for the perialpine Lake Annecy illustrate a clear pro-
gression of ecological changes over distinct time horizons. Surface water
temperatures have risen by 1.0 °C since 1980, and projections suggest
this trend will continue, with potential increases of up to 6.0 °C by 2100
under a worst-case scenario. This early phase of warming is consistent
with global observations of lake surface temperature increase (O’Reilly
et al., 2015). However, unlike surface waters, deeper layers (60-65 m)
will experience more gradual warming, with significant changes ex-
pected only after 2050. This delayed response in deeper waters has also
been noted in other studies (Ottosson and Abrahamsson, 1998; Winslow
et al., 2015; Desgué-Itier et al., 2023), reinforcing the need to consider
depth-specific impacts when forecasting lake ecosystem responses. By
2050, thermal stratification patterns in Lake Annecy will undergo sub-
stantial changes. We project a deepening of the summer metalimnion by
approximately 4 m, extending to 19 m below the surface, compared to
the historical average of 15 m. This shift in stratification depth aligns
with observations in other lakes, where longer stratification and deeper
thermoclines are becoming more common (Kraemer et al., 2017).

The biological implications of thermal shifts are particularly con-
cerning for salmonids, which are highly sensitive to temperature. For
instance, warmer waters are expected to profoundly impact salmonids
habitat and reproduction after mid-century. It is projected that the
changes in ecological conditions will follow a multi-phase trajectory,

with physical changes occurring first followed by biological disruptions.
As the salmonids are an important ecological and economic resource,
the effects of climate warming will affect the economies that are reliant
on those resources, and then human populations. These successive ho-
rizons highlight the need for adaptive management strategies that
evolve with the changing conditions, ensuring the long-term sustain-
ability of both ecological functions and water uses.

Our simulations further suggest that if phosphorus inputs into the
lake remain constant, Lake Annecy may stay as oligotrophic throughout
the 21st century. This assumption is valid if nutrient loads from the
catchment remain similar to present conditions, which is likely to occur
because urbanization is located downstream the lake. The nutrients
show minor sensitivity to the different scenarios revealing that local
anthropogenic pressures will cause more impact than changes on
chemical reactions under higher temperatures, thereby keeping nutrient
inputs at current levels is an important strategy to allow for the
continued provision of high-quality drinking water and good ecological
conditions. Additionally, the appeal of Lake Annecy as a recreational
destination, which currently represents a vital economic resource for the
area reaching more than 100 M€ per year (SILA, 2013), is not antici-
pated to decline significantly if pollution levels remain controlled.
Indeed, climate change does not appear to impact nutrient levels, which
remains constant over the future scenarios. However, lake managers
should be vigilant to potential urban densification promoted by global
warming around fresh islands and aesthetic spaces, such as the sur-
roundings of Lake Annecy, as well as over-tourism, currently one of the
main concerns for the lake, that may lead to the introduction of exotic
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Fig. 8. Synthesis of the temporal evolution of the Ecological Quality Ratios and priority water uses in Lake Annecy from 1968 to 2100 under SSP3-RCP7.0.

species (Lockwood et al., 2005) and an intensification of pollution
transfer to the lake, therefore making pollutants management even more
important (Murray et al., 2010).

4.3. Capacity to maintain drinking water supply

While the ecological changes associated with climate change pose
significant challenges for many lake systems (Rinke et al., 2025), the
perspective for drinking water supply in Lake Annecy remains
cautiously optimistic. Model projections indicate that the provisioning
of drinking water is unlikely to be adversely affected by climate change
until at least 2100, when considering phytoplankton dynamics. Notably,
the depth of the peak chlorophyll-a concentration is expected to remain
stable under SSP1-RCP2.6. Despite a deepening trend of the peak of
chlorophyll-a concentrations for the other scenarios, it remains at a safe
distance from the intake depth used for drinking water supply. Addi-
tionally, the possibility of changing the water intake to a deeper layer
envisioned by lake managers offers an extra layer of protection, helping
to mitigate any unforeseen changes in phytoplankton dynamics that
could arise as a result of climate change.

4.4. Vulnerability of main salmonids to warming

Water temperature influences life at several levels, including meta-
bolism, life cycle, community structure and ecosystem functioning
(Daufresne, Lengfellner and Sommer, 2009). It interacts with oxygen,
determining together the extent of the suitable zones for fish habitats
and reproduction. Our model indicates significant alterations in the
temperature and oxygen profiles revealing that global warming could
have an effect on salmonids by modifying adult habitat and reproduc-
tion conditions. As Lake Annecy is relatively deep and large, it may
continue to support key species by offering thermal refuges for adult
growth in deeper layers. Low temperature is important also in autumn
for other processes, such as vitellogenesis, oocyte development, and for
final maturation and ovulation (Pankhurst and King, 2010). For

10

instance, ovulation inhibition occurs at 11 °C and 10 °C for Salvelinus
alpinus and Coregonus lavaretus, respectively (Gillet, 1991). However,
the potential threats for populations might be more intense in shallower
and smaller peri-alpine lakes because thermal refuges are more limited.

Success of embryonic development of the two main salmonids is
especially sensitive, as very high mortality rates are observed in embryos
when water temperature is above 8 °C (Stewart et al., 2024; Mari et al.,
2021). By the end of the century, a tipping point might occur when the
temperature threshold triggering embryonic development is expected to
no longer be reached. Indeed, water warming of critical spawning
habitats — surface layers for whitefish. (0-2 m) and deep layers for
Arctic char (30-40 m) — could surpass the upper thermal limit of 8 °C
from mid-century in the two most pessimistic climate scenarios. This
result aligns with previous climate projections identifying temperature
requirements for reproduction as a critical bottleneck in the life cycle of
fish by 2100 (Dahlke et al., 2020).

The biological implications of thermal shifts are particularly con-
cerning for cold-water fish like salmonids, whose thresholds for growth
and egg development in terms of temperature, are much lower than
other fish species. When combined with physiological requirements
with regards to oxygen concentration, it is likely that the water volume
suitable for salmonid survival and reproduction in Lake Annecy will
significantly decline by 2100. A possible outcome is that fish commu-
nities might move towards more warm-adapted species such as perch or
pike (Réalis-Doyelle et al., 2022) rather than cold-stenothermic salmo-
nids. It raises the possibility that the impacts could be more complex
than what is revealed here, for instance by modifying the structure of
metazooplanktonic communities through top-down effects (e.g. Mehner
et al., 2008) which may promote cascading effects even though trophic
cascades are theoretically weak in oligotrophic lakes. This underscores
the urgency for adaptive fishery management strategies for cold water
species, as highlighted by Ficke, Myrick and Hansen (2007) and Schin-
dler (2017). Nonetheless, it is likely that species adaptation ability may
limit the effects by changing reproduction period and depth, as well as
habitat, to stay within physiological limits (Stewart et al., 2024). The
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extent of such adaptability remains largely uncertain though (Herb
et al., 2014; Missaghi et al., 2017; Vigliano et al., 2018).

Narrow temperature ranges for habitat and reproduction in future
scenarios underscore the urgency to implement adaptive management to
protect fish communities. Future management strategies will likely
require new efforts to provide desirable fishing opportunities, enabling
them to take better advantage of future conditions. As the effects of
climate change interact with other anthropogenic impacts such as land
use change and introduction of invasive species, integrated lake-
catchment management and cross-disciplinary approach are needed to
better understand and manage water uses and lake ecosystem services
provided in the Anthropocene.
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