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Abstract
River–lake transition zones have been identified as major drivers of phytoplankton growth. With climate change reducing 
the frequency of complete lake overturns, it is expected that the Rhône River, the main tributary to Lake Geneva (France/
Switzerland), will become the major source of nutrients for the lake euphotic zone. The river–lake transition zone was hence 
examined at the mouth of the Rhône River with the aim of understanding the complexities and controls of phytoplankton 
distribution in this specific deltaic ecosystem. Two field campaigns were carried out in which water samples were collected 
from longitudinal and transversal transects across the transition zone. These samples were analyzed for both nutrient and 
phytoplankton concentrations, while the fraction of Rhône River water in a lake sample was determined by the stable iso-
tope composition of the water. The results indicate contributions in P and Si related to the Rhône intrusion into the lake. 
Furthermore, this river–lake transition zone appears to be a dynamic area that can locally present optimal conditions for 
phytoplankton growth. In early spring, a wind event broke the early and weak stratification of the lake, forcing the Rhône 
River and its turbidity plume to intrude deeper. Thus, this sharp drop of the turbidity within the euphotic zone allowed an 
increase in the phytoplankton biovolume of 44%. In early fall, outside of the turbid near field of the river mouth, the Rhône 
interflow, located just below the thermocline, promoted a local deep chlorophyll maximum.
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Introduction

Large lakes of the world are habitats for diverse species and 
represent resources for humanity by providing many eco-
system services (Sterner et al. 2020). Yet, these ecosystems 

are experiencing rapid degradation as they are exposed 
to anthropogenic and climatic stressors (e.g., Jenny et al. 
2020). One of the most common threats faced by large lakes 
is eutrophication (Richardson and Jørgensen 2013), charac-
terized by recurrent algal blooms and deep-layer hypoxia 
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(Jenny et al. 2016). The abundance of phytoplankton within 
lakes has been recognized as an important component of 
their water quality management (Xu et al. 2001). However, 
understanding phytoplankton dynamics in large lakes poses 
many challenges, including taking into account their highly 
heterogeneous distribution (Ghadouani and Smith 2005; Vil-
janen et al. 2009; Leoni et al. 2014).

Recently, several studies have been conducted to better 
understand the spatio-temporal heterogeneities of phyto-
plankton abundance in large lakes. Dynamics of algal growth 
can be explained by temporal and spatial variability in ther-
mal stratification dynamics and internal wave motions (Yang 
et al. 2016; Soulignac et al. 2018). Furthermore, a higher 
abundance of phytoplankton has been reported around river 
inflow areas (Larson et al. 2013; Kiefer et al. 2015; Soom-
ets et al. 2019). Another factor affecting the phytoplank-
ton dynamics of lakes is climate change, which extends the 
growing season with an earlier onset of stratification and 
associated earlier algal blooms in spring (Anneville et al. 
2018; Woolway et al. 2021). Moreover, climate warming is 
expected to reduce the frequency of complete lake overturns 
occurring at the end of winter in monomictic lakes, a process 
that brings bottom nutrients to the surface water (Perroud 
et al. 2009; Woolway and Merchant 2019). Consequently, 
it is expected that other sources of nutrient to the euphotic 
zone, such as nutrients coming from the watershed, will have 
a more pronounced impact on phytoplankton distribution 
(Anneville et al. 2013). It is then important to further evalu-
ate the riverine inputs of the nutrients, their transport and 
their subsequent distribution in lakes, to help understand 
their metabolization and hence their role in the primary pro-
duction of lakes.

Chemical and biological gradients in the receiving lake 
are usually associated with river inflows (Schelske et al. 
1980; Morrice et al. 2004; Makarewicz et al. 2012). These 
transition zones are defined as regions where hydrodynamic 

conditions transform from river-dominated flow to lake mix-
ing processes (Thornton 1990). The differences in water 
density between the river and the receiving lake, together 
with the mixing processes, control the river intrusion pattern 
within the transition zone and determine the bioavailability 
of the river nutrients for phytoplankton (Rueda et al. 2007). 
On the one hand, if the river water is less dense than the lake 
water, the river water carrying the nutrients is transported 
as an overflow, and resources will be directly bioavailable 
in the surface layer. On the other hand, if the river water 
is denser than the lake water surface, as it is generally the 
case for the Rhône River in Lake Geneva, it will plunge and 
be distributed as an underflow. The river can flow down to 
the lakebed or can intrude into the water column when it 
reaches the depth of neutral buoyancy and generate an inter-
flow (Fig. 1). Depending on this intrusion depth, the river 
nutrients can directly fuel algal growth if they are inserted 
within the euphotic zone, where the primary production 
takes place, or indirectly, if the intrusion occurs below the 
euphotic zone but nutrients are transported upwards by verti-
cal mixing. Consequently, hydrodynamic processes occur-
ring in the river–lake transition zone determine the chemical 
and biological gradients. Despite the commonly accepted 
importance of the river–lake transition zones in lacustrine 
ecosystems (Mackay et al. 2011; Makarewicz et al. 2012; 
Larson et al. 2016), the link between the hydrodynamic 
processes, the physico-chemical properties of the lake and 
the phytoplankton distribution in these transition zones is 
infrequently studied in large lakes.

Preliminary field measurements (results unpublished) 
made during July 2018 showed a high concentration of 
chlorophyll a (Chl a) and phytoplankton close to the Rhône 
River mouth in Lake Geneva suggesting an optimal zone 
for phytoplankton growth where an equilibrium occurs 
between the nutrients transported by the Rhône River and 
the other limiting factors within the lake, such as sunlight 

Fig. 1  Conceptual model of 
a negatively buoyant inflow 
entering a stratified lake. After 
plunging, the river inflow can 
intrude into the water column 
when it reaches the depth of 
neutral buoyancy and generate 
an interflow. The river mouth 
near field is defined as the area 
where the river current velocity 
is still measurable
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(low turbidity), low flow speed and temperature. Field exper-
iments within a 2 km radius from the river mouth revealed 
complex hydrodynamics in this region, involving the intro-
duction and subsequent loss of suspended sediments in the 
river–lake transition zone (Piton et al. 2022). Moreover, we 
presume that some hydrodynamic processes occurring at the 
river mouth, such as sudden changes in the river intrusion 
depth (Soulignac et al. 2021), may modify the conditions 
for phytoplankton growth. Overall, these initial measure-
ments support the existence of an ecocline in the Rhône 
River–Lake Geneva transition zone as typically observed 
in estuarine environments (Attrill and Rundle 2002). An 
ecocline can be defined as a gradual ecological boundary 
between two systems related to the progressive change of a 
major environmental factor (van der Maarel 1990).

Chemical and biological gradients occurring in river–lake 
transition zones have been studied widely (Schelske et al. 
1980; Marti et al. 2011; Jameel et al. 2018; Carlson Mazur 
et al. 2019). However, this is the first time that a study cou-
ples hydrodynamic and physico-chemical measurements to 
explain the phytoplankton distribution in the river discharge 
zone of a large lake. With this aim, our specific research 
questions are:

1) Are there significant nutrient contributions related to 
the Rhône River intrusion into the river–lake transition 
zone?

2) Which hydrodynamic processes in the transition zone, 
if any, affect the conditions for phytoplankton growth?

3) Is there a biological gradient, or in other words, is there 
a specific ecocline present in this transition zone?

Materials and methods

Study site

Lake Geneva (local name: Lac Léman) is a large and deep 
monomictic lake located in the western part of the Alps, on 
the border between France and Switzerland. After a period 
of eutrophication during the 1960s and 1970s with annual 
average total phosphorus concentrations reaching 90 μg P/L, 
phosphorus input into the lake has been limited due to Swiss 
and French measures taken since the 1980s, leading to a 
decrease in total phosphorus to about 16 μg P/L in 2019 
(CIPEL 2020). Since 1995, phosphorus (P) is the limiting 
nutrient for primary production, while silica (Si) influences 
the phytoplankton succession with the replacement of dia-
toms by non-siliceous species (Moisset 2017).

The Rhône River is the principal tributary to Lake 
Geneva, both in terms of discharge of water and sediment 
load. It represents 77% of the annual dissolved inorganic 
phosphorus riverine input into the lake (24 t in 2018, CIPEL 

2019). Therefore, it influences the physical and chemical 
properties of the lake and also its ecological functioning 
(Bouffard and Perga 2016; Nouchi et al. 2019). The mouth 
of the Rhône River is located in the eastern part of Lake 
Geneva, called the Haut Lac (Fig. 2). The Haut Lac is part 
of the eastern main basin of Lake Geneva, called the Grand 
Lac, with the smaller Petit Lac lying to the west. It was 
shown that during the lake-stratified period, from spring to 
early fall, the Rhône River intrudes the lake water column 
at the level of neutral buoyancy as an interflow (Halder et al. 
2013). This interflow occurs at the depth of the thermocline 
and it is transported through the entire lake metalimnion by 
the circulation gyres of the lake (Cimatoribus et al. 2019; 
Cotte and Vennemann 2020). During occasional high dis-
charge events when the Rhône River carries a high sediment 
load, the river inflow breaks through the thermocline and 
flows as a turbidity current through a subaquatic canyon, car-
rying its nutrients down into the deep hypolimnion (Loizeau 
and Dominik 2000; Kremer et al. 2015; Corella et al. 2016). 
Lake Geneva water quality is monitored at two stations: 
SHL2 at the deepest point of the Grand Lac, and GE3 in the 
Petit Lac (CIPEL reports 1969 to 2020).

Sampling strategy

Fieldwork included two seasons: the first campaign was in 
April during the spring phytoplankton bloom, which also 
represents the period of the onset of the thermal stratification 
of Lake Geneva, and a second campaign in September at the 
end of summer covering a period of stronger stratification 
with a euphotic zone being more depleted in dissolved nutri-
ents (CIPEL 2020). Two transects were sampled per cam-
paign, each campaign covering two days, with one transect 
per day (Fig. 2). The transversal transect (T1) was located in 
the near field where the momentum-dominated initial river 
discharge transitions into a buoyancy-forced plume (Fig. 1). 
In this study, the near field is defined as the area where the 
Rhône interflow current velocity is still measurable with a 
typical background current in the lake of 10 cm/s. The sec-
ond, longitudinal transect (T2) goes from the river mouth 
to the open lake. The suffixes A for April and S for Sep-
tember were added to the transect names to differentiate the 
campaigns (e.g., T1-A, T1-S). The sampling stations of the 
transversal and the longitudinal transects were numerated 
with Roman and Arabic numeral, respectively (e.g., A-II, 
S-3). Details on the location and sampling date of the differ-
ent sampling stations can be found in Table S1.

On 2 April 2019, the T2-A stations were chosen on the 
basis of the forecast of an online hydrodynamic model of 
Lake Geneva (http:// meteo lakes. ch, Baracchini et al. 2020). 
These simulations indicated lake water currents in the main 
basin deflecting the water towards the northern shore (Figure 
S1). One station was then placed 1 km in front of the Rhône 

http://meteolakes.ch
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River mouth (A-1) and two along the northern shore (A-2, 
5 km and A-3, 14 km from the river mouth). An additional 
sampling station was placed 22 km from the river mouth, 
towards the middle of the lake (A-4), still on the predicted 
path of the Rhône interflow transported by the lake water 
currents and also corresponding to the location of the SHL2 
monitoring station. On 4 April, because no trace of interflow 
was detected at 5 km from the river mouth (station Ib, Fig-
ure S2), the T1-A stations (I to V) were placed closer to the 
river mouth above the actual Rhône’s canyon, with station 
A-I corresponding to station A-1 and station A-V located in 
the plunge zone.

On 24 September 2019, sampling covered stations I to 
V for T1-S and on 26 September, the stations 1–5 for T2-S 
(Fig. 2). Continuous vertical profiles of current velocity and 
direction were measured using an Acoustic Doppler Current 
Profiler (ADCP) along the rectilinear ADCP transect 1 cor-
responding to T1-S on the 24 September, and along the cur-
vilinear ADCP transects 2–5 on the 26 September (Figure 
S3). The Teledyne Marine Workhorse Sentinel ADCP was 
mounted facing downwards on a small catamaran, which was 
towed by a boat at approximately 0.7 m/s. The bin size was 
set to 1 m and the number of bins to 100. The ADCP meas-
urements were used to track the river interflow current along 
its development from the river mouth into the lake (Figure 
S3). Concerning the sampling stations of T1-S, station S-I 

was located in the middle of the river interflow current meas-
ured on the rectilinear ADCP transect 1 at 400 m from the 
river mouth. Stations S-II and S-V were located west and 
east, respectively, at the edges of the river interflow current. 
Station S-III was located in the middle of stations S-II and 
S-I, and station S-IV was in the middle of stations S-I and 
S-V. The stations S-1 to S-3 were located in the center of 
the river interflow current at 400, 800 and 1200 m from the 
river mouth, respectively, with station S-1 corresponding to 
station S-I. Station S-4 marks the limit of the near field area 
at 2 km and station S-5 is the background station located 
4 km from the river mouth.

Samples for the chemical and biological measurements 
were taken using an automatic Rosette water sampler (1018 
Mini Rosette Sampling System, General Oceanics Inc.). The 
Rosette consists of 11 Niskin bottles (each 1.7 L) and was 
coupled to a CTD (Conductivity-Temperature-Depth) probe 
(OCEAN SEVEN 316Plus CTD, IDRONAUT Srl), which 
was externally powered via a telemetry cable to provide real-
time information on electrical conductivity, oxygen, pH, 
temperature, turbidity and pressure (depth). A continuous 
CTD cast without interruption was taken while lowering 
the sampling system and water samples were taken when 
raising the system. To compare the different profiles, sys-
tematic depth sampling was chosen for the depth locations. 
Ten of the eleven bottles of the Rosette were used for this 

Fig. 2  Bathymetric map of Lake Geneva and sampling stations of 
transect T2 in April (1 to 4) (main map). The Rhône River inflow is 
indicated by a blue arrow. SHL2 and GE3, in purple, are the two per-
manent monitoring stations within Lake Geneva. Larger scale maps 
of the Rhône River mouth area show the sampling stations of transect 

T1 in April (I to V) (insert a) and sampling stations of transect T1 
(I–V) and T2 (1–5) in September (insert b). Station 1 corresponds to 
station I (1/I) for both seasons. Transects T1 are in blue and transects 
T2 are in green
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sampling (1, 2.5, 5, 7.5, 10, 15, 20, 30, 100 m, bottom) and 
the remaining bottle to sample a possible peak of turbidity 
in the middle of the interflow. CTD data were saved when 
the water samples were taken. The sensor precisions are 
0.003 mS/cm for conductivity, 0.003 °C for temperature, 
0.05% for pressure, 0.001 units for pH, and 0.01 ppm for 
oxygen measurements. Conductivity [ҡ25] is given relative 
to 25 °C. Physical data were processed by REDAS-5 Release 
5.40 (IDRONAUT Srl). For the biological analysis, 5 mL 
aliquots were taken directly from the raw water samples and 
fixed with 200 μL of glutaraldehyde (Vaulot et al. 1989). 
For the chemical analysis, water samples were filtered with 
0.45 μm nylon filters using a peristaltic pump and stored 
at 5 °C directly on board. Upon return to the laboratory, 
samples were stored at − 18 °C until the major ion analysis 
was done. Split samples for the stable isotope analysis were 
refrigerated at 5 °C prior to analysis, performed within a 
week of sampling. Concerning the spatial uncertainties, the 
drift between the theoretical and the real sampling locations 
was evaluated by GPS. To solve this problem and minimize 
the error, two rules were established. First, sampling cam-
paigns were cancelled if the wind speed was superior to 
10 m/s. Secondly, if the drift was greater than 100 m dur-
ing the sampling, the profiles were repeated. Additionally, 
an ISCO automatic sampler was installed at Porte du Scex, 
located 5 km upstream of the Rhône River mouth, which 
sampled the river water on a daily basis in parallel to the 
sampling campaigns to determine the daily fluctuations of 
the stable isotope composition. Finally, grab river samples 
were taken at the river mouth with a bucket from the river 
surface every sampling day to evaluate the nutrient input 
from the Rhône watershed.

Analysis

Stable water isotopes

The oxygen and hydrogen isotope compositions were 
analyzed using a Picarro L2140i following the method 
described by Cotte and Vennemann (2020). The uncertainty 
related to the analytic error calculated by the standard devia-
tion of all repeated measurements was ± 0.05‰ for oxygen 
and ± 0.2‰ for hydrogen.

Nutrient concentrations

Orthophosphate (P-PO4
3−) concentrations were measured 

spectrophotometrically using the molybdenum blue method 
(Murphy and Riley 1962) at 882 nm on a UV–visible spec-
trometer (Perkin Elmer). The analytical error was estimated 
by the standard deviation of the standards analyzed as trip-
licates. The detection limit is 0.5 μg (P-PO4

3−)/L.

Nitrate concentrations were measured by liquid ion-
chromatography (Dionex ICS-1100). Each sequence was 
calibrated using five standards. A sequence consisted of 
duplicate samples, internal standards and blanks. The ana-
lytical error for each sample was estimated by the standard 
deviation of the duplicates. The detection limit is 0.07 mg 
(N-NO3

−)/L.
Silica concentrations were measured spectrophotomet-

rically using a SmartChem 200 (AMS Alliance). Sample 
duplicates were analyzed with internal standards and blanks. 
The standard deviation of the duplicates was used to evaluate 
the analytical error. The detection limit is 0.1 mg  SiO2/L.

All the chemical analysis results are presented in 
Table S2.

Phytoplankton biovolume

A CytoSense scanning flow cytometer (CytoBuoy, The 
Netherlands) was configured with a smart-trigger level of 
20 mV for red fluorescence (FLR, targeted to count only the 
particles having chlorophyll) at a flow rate of 4.1 μL/s for 
15 min maximum; the pump switched off once 15,000 par-
ticles were analyzed. After a testing phase, data were treated 
with CytoClus 4 software to remove electronic noise and any 
debris such as particulate organic matter. The measurements 
used for results included the concentration of phytoplankton 
[individuals/μL].

Cytosense was configured to randomly take a maximum 
of 300 pictures per sample. Each photo represented an indi-
vidual or a colony such as Dinobryon genus. A total of 1000 
good-quality photos from the dataset (April and September) 
were randomly selected, using the sample_n function of the 
dplyr package of the R 3.16 software, and subsequently ana-
lyzed. The organisms on the photos were manually meas-
ured using the ImageJ 1.53e software. The length and width 
of each organism were used for the calculation of the cell 
biovolume. Then, the biovolume data were used to create a 
biovolume prediction model with the RandomForest package 
of the R 3.16 software. The coefficient of determination of 
the linear regression analysis between the manually calcu-
lated biovolume and the predicted biovolume was 0.72. The 
details of the method are presented in the Supplementary 
Information section (Method S1).

Monitoring data

Meteorological data are available from Le Bouveret, the 
harbor next to the Rhône River mouth (MeteoSwiss, https:// 
gate. meteo swiss. ch/ idaweb); Rhône River discharge, tem-
perature, turbidity and water quality data were measured at 
the Porte du Scex (Swiss Federal Office of the Environment, 
OFEV, https:// www. hydro daten. admin. ch/ fr/ 2009. html), 
and vertical profiles of physico-chemical parameters were 

https://gate.meteoswiss.ch/idaweb
https://gate.meteoswiss.ch/idaweb
https://www.hydrodaten.admin.ch/fr/2009.html
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measured at the monitoring station SHL2 on the 1 April and 
the 24 September (CIPEL/INRA, Rimet 2020).

Calculations

Mixing proportions

The presence of Rhône River water in the lake and the cor-
responding proportions of Rhône and lake waters mixed at 
the selected sampling location were quantified from the fol-
lowing isotope mass balance equation (Halder et al. 2013):

 where δ18OR is the isotopic composition of the Rhône River 
water. This parameter is measured once a month propor-
tionally to the discharge by the Swiss Federal Office of the 
Environment at the Porte du Scex station. It was also meas-
ured from our ISCO samples to evaluate the daily fluctua-
tions during the campaigns (Figure S4). For the September 
campaign, δ18OR was calculated as the average of the meas-
urements of the corresponding sampling day that showed 
a standard deviation close to the analytic error. However, 
for the April campaign showing important variations of the 
Rhône signal, the δ18OR was selected regarding the sampling 
time and the closest Rhône sample. δ18OS is the isotopic 
composition of the water measured at the sampling loca-
tion. The uncertainty of the Rhône River fraction related to 
the analytic error of δ18OS (± 0.05‰) is evaluated as ± 2%. 
δ18OL is the value of the mixed, unstratified lake water col-
umn that is, for example, homogeneous over the whole lake 
after a complete overturn. This value is constant at -12.1 ‰ 
for δ18O. xL is the mole fraction of lake water at the sam-
pling location. Assuming that there is no other significant 
contribution in the studied parts of the lake, it was assumed 
that xR + xL = 1. Hence, the mole fraction of Rhône water at 
the sampling location was calculated from:

Water column stability

The software Lake Analyser (Read et al. 2011) was used 
to estimate the stratification strength as measured by the 
squared Brunt–Väisälä frequency:

where g is the acceleration due to gravity, ρ is the water 
density calculated according to the combined effects of 
salinity and water temperature based on the equation of 

(1)�18ORxR + �18OLxL = �18OS

(2)xR =
(�18OS − �18OL)

(�18OR − �18OL)

(3)N2 =
g

�

��

�z

Millero and Poisson (1981), and δρ/δz is the density depth 
gradient calculated by the slope for each meter of the water 
column. Additionally, the thermocline depth and the thick-
ness of the metalimnion for the temperature profiles of the 
September campaign showing a clear stratification, contrary 
to the April campaign’s profiles, were calculated.

Grouping and statistical analysis

To determine the impact of the Rhône water intrusion on 
the nutrient composition and primary production of the sur-
rounding lake water, groups of sampling points in different 
lake zones were defined. In April, three groups relative to the 
Rhône water fraction were defined (Figure S5):

• An ambient (lake) zone, outside of the river plume, 
defined by the absence of Rhône River water (less than 
2%, the uncertainty of the Rhône River water fraction)

• An intermediate zone between the Rhône interflow and 
the ambient zone with a Rhône River water fraction 
between 2 and 10%

• A core zone of the Rhône interflow with Rhône River 
water fraction higher than 10%

In September, three groups were defined relative to the 
Rhône water fraction and the detection of Rhône interflow 
current velocity, i.e. velocity higher than the typical back-
ground current in the lake of 10 cm/s (Figure S6):

• An ambient (lake) zone, with neither Rhône interflow 
current velocity nor Rhône water (v−/w−)

• A zone without Rhône interflow current velocity but with 
Rhône water (v−/w+)

• A zone with both Rhône velocity and water detected (v+/
w+)

An ANOVA was performed (using the function anova1 of 
MATLAB 2021b) to detect significant differences between 
the groups, revealing a nutrient input or a dilution effect by 
the river into the lake. To describe the data and detect poten-
tial river-induced nutrient contributions to the river–lake 
transition zone, linear regression analyses were applied 
to the data according to their distribution (using the linear 
modelling method lm of the geom_smooth function of R 
3.16). The fraction of Rhône water was used as an explana-
tory variable and the nutrient concentrations as response 
variables. Regression diagnostic tests were used to evaluate 
the strength of such regression (using the function plot of R 
3.16, Figure S7). According to the data distribution and the 
regression diagnostic tests, linear regression analyses were 
applied for descriptive purposes to the silicate data for both 
seasons and to the orthophosphate data for September. The 
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statistical analyses were performed with a significance level 
of α = 0.05.

Results

Meteorological, river and lake conditions 
during the sampling campaigns

April conditions

The weather conditions were quite different between the two 
sampling days in April (Figure S8). The atmospheric tem-
perature strongly decreased between 2 April (median values 
of 10.5 °C) and 4 April (2 °C). Wind conditions were calm 
during the sampling days but a short period of strong wind 
was noted between them. On the 3 April, a north-westerly 
wind blew for several hours reaching 14 m/s leading to sur-
face lake currents in excess of 20 cm/s (Figure S9). Con-
sequently, calculations of water column density at stations 
A-Ib and A-1/I indicated a wind-induced mixing of the water 
column down to 35 m depth coupled with the advection of 
open lake water to the Rhône River mouth (Figure S10).

Because of a cold front passing through, linked with high 
rainfall amounts, the Rhône River temperature decreased 
between the 2 and the 4 April, from 7.4 to 5.2 °C (median 
values, Figure S11). The discharge changed from 125 to 
205  m3/s and the conductivity decreased from 355 to 295 μS/
cm.

On 1 April, the lake had a weak spring thermal stratifica-
tion with surface water reaching 10 °C (deep water back-
ground value of 5.8 °C, Figure S12). No surface mixed layer 
was detected but a shallow thermocline at 2.5 m depth was 
already established. The concentration of orthophosphates 
was low in the upper 30 m with an average of 3 μg P/L. 
Monitoring profiles taken during the previous winter (Figure 
S13) showed that only a partial overturn of the lake water 
occurred, with the lake mixing down to 135 m, compared to 
the full depth of 309 m (CIPEL 2020). This limits the input 
of orthophosphates from the deep waters to the euphotic 
zone. During this period, the phytoplankton community was 
dominated by diatom species like Asterionella formosa and 
Ulnaria delicatissima var. angustissima.

September conditions

The weather conditions were quite similar between the two 
sampling days in September (Figure S14). The wind speed 
slightly decreased between the two sampling days with 
median values of 2 and 1.5 m  s−1 on the 24 and the 26 Sep-
tember, respectively.

The river discharge was relatively constant from the 24 to 
the 26 September with median values of 195 and 197  m3/s, 

respectively (Figure S15). During the two sampling days, the 
river temperature median values were between 8 and 9 °C, 
which is lower than the lake surface mixed layer temperature 
measured at SHL2 (see below).

The lake was stratified at that time of the year (Figure 
S16). The temperature was 17.8 °C in the surface mixed 
layer and decreased below 7 m to 5.9 °C in the hypolimnion. 
The concentrations of orthophosphates and silicate in the 
upper 30 m were lower than in April with an average of 1 μg 
P/L and 0.38 mg/L, respectively. A peak of turbidity (2.3 
FTU) was located around 14 m depth. It correlated with a 
high concentration of particulate organic carbon, nitrogen 
and phosphorus. Biological observations showed that this 
peak corresponded to Planktothrix rubescens, a filamentous 
cyanobacterium.

Rhône River tracing

In April, no significant difference from the reference isotope 
composition of the lake water was detected at the three sta-
tions sampled in the Grand Lac (stations A-2, A-3 and A-4, 
Figure S17a). Meanwhile, a substantial interflow of Rhône 
River water was detected in the Haut Lac between 3 and 
30 m depth both in terms of the stable isotope composition 
of water, conductivity and turbidity (profile A-1, Fig. 3). The 
next sampling day, after the strong north-west wind event, 
the interflow disappeared from the 3–30 m depth layer and 
was detected between 55 and 80 m depth at the same station 
(profile A–I, Fig. 3). At the station A-II, halfway to the river 
mouth, no significant isotope anomaly was measured (Figure 
S18a) but a turbidity signal was measured at the bottom of 
the Rhône canyon (Figure S19c). No interflow water of the 
Rhône was detected at the western station A-IV while turbid 
Rhône water was measured in the eastern shallow area of 
station A-III (Figure S18a, b). Finally, at the location called 
La Bataillère (station A-V), turbid and cold Rhône water was 
observed floating on the lake water (Figure S18a, b).

In September, Rhône River discharge was detected in the 
interflow all along the transversal transect T1-S between 20 
and 30 m depth in terms of the stable isotope composition, 
turbidity and a negative conductivity anomaly marked by a 
river-induced dilution of lake water (Figs. 4 and S18b, c). 
The Rhône interflow was centered at 20 m depth below the 
averaged thermocline depth detected at 15 m in the tem-
perature profiles of transect T1-S (Table S3). In terms of 
the normal component of velocities, the interflow was only 
detected at stations S-I, S-III and S-IV. On the river-to-open-
lake transect T2-S, the Rhône interflow was concentrated at 
around 30% in its core zone in the near field area (stations 
S-1 to S-3) and around 20% outside (stations S-4 and S-5, 
Fig. 5). The core zone was located at about 25 m depth, 
still below the thermocline detected at about 19 m depth 
(Table S3). Due to an increase in Rhône conductivity during 
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Fig. 3  Water column mixing to 35 m depth by the wind event of the 
3 April. Vertical profiles of Rhône fraction in blue and temperature in 
red (a), conductivity K25 (b) and turbidity (c) at station A-1/I. Profile 

A-1 (before the wind event, the 2 April) shown as a dashed line and 
profile A-I (after the wind event, the 4 April) as a continuous line

Fig. 4  Vertical profiles of Rhône fraction (a), turbidity (b), phyto-
plankton biovolume (c), orthophosphates (d), nitrate (e) and silicate 
(f) at the stations of transect T1-S (from left to right: II–III–I–IV–V) 
with parameter values indicated by red circles and the normal com-

ponent of the velocity current indicated by the background colormap 
(value) and the arrows (direction). The position 0 along transect 1 
corresponds to central station I in front of the river mouth. The black 
line at the bottom indicates the lakebed
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26 September, the interflow conductivity anomaly was less 
marked (Figure S20b). In terms of turbidity, the intrusion 
was still well detectable. Moreover, turbidity was measured 
at the bottom of the canyon at stations S-1 to S-4, along with 
lower δ18O values (Figure S20c). 

Nutrient concentrations

There is a net input of orthophosphates from the river to 
the lake during the two seasons (Fig. 6). Even with a nota-
ble variation of phosphate concentrations within the Rhône 
River, there are significant differences between the river, 
the core and the intermediate zone concentrations (ANOVA 
tests in Table 1). It is important to note that the background 
concentration of phosphorous in the lake was already low in 
April and was at the same level during September (around 
1 µg P/L), whereas the Rhône concentration was on aver-
age twice as high in spring compared to early fall (7.6 vs 
3.6 µg P/L). The linear regression analysis applied to the 
orthophosphate data of September showed a positive trend 
related to the Rhône River fraction indicating a phosphate 
contribution of the Rhône to the river–lake transition zone 
(R2 = 0.38 and p value < 0.001, Fig. 7b).

In April, no significant input or dilution effect was noted 
for the nitrate concentrations (Fig. 6a). In September, the 
nitrate concentration was higher in the Rhône (0.32 mg N/L) 
compared to that in the lake (0.22  mg  N/L). However, 
by looking at the depth profiles (Fig.  5e), such higher 

concentrations in the interflow are mainly due to the depth 
gradient of nitrate in the lake.

The silica concentration also showed an important 
depth gradient with an increase in depth at the beginning 
of autumn due to the biological uptake by diatom species 
all along the growing season in the surface layers (CIPEL 
2020). The river input of silica was, however, higher than 
the silica concentration of the ambient lake at the interflow 
depth. This correlates so with the Rhône River fraction and 
leads to a significant river contribution in silica to the tran-
sition zone (R2 = 0.90 and p value < 0.001, Fig. 7b), as was 
noted in April (R2 = 0.62 and p value < 0.001, Fig. 7a). In 
transect T2-S, the river intrusion in the water column is evi-
dent from the isotopic composition of water and the silica 
concentration. Both diminish with distance from the river 
mouth and with consequent mixing with ambient lake water 
(Fig. 5a, f).

Phytoplankton biovolume

Phytoplankton biovolumes were significantly different 
between the groups (ANOVA tests in Table 1) and showed 
the same pattern for the two seasons: the core zone of the 
interflow with the strongest current and the highest turbidity 
had the lowest biovolume, followed by the intermediate zone 
and the ambient zone (Fig. 6). There was, however, a differ-
ence in scale: in April the algal biovolume was almost three 

Fig. 5  Vertical profiles of Rhône fraction (a), turbidity (b), phyto-
plankton biovolume (c), orthophosphates (d), nitrate (e) and silicate 
(f) at the stations of transect T2-S (from left to right: 1–2–3–4–5). 
The position 0 along transect 2 corresponds to the river mouth. The 

dashed line represents the average depth of the thermocline. The limit 
of the near field was detected at station 4 by ADCP profiling (see Fig-
ure S3)
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times higher than in September, with respective averages of 
1.15  mm3/L vs 0.39  mm3/L in the ambient zone.

Concerning the biovolume of phytoplankton relative 
to the distance from the Rhône inflow, the minimum was 
located close to the river mouth, at station A-1, on 2 April, 
with a profile average of 0.86   mm3/L. A maximum of 
1.22  mm3/L was measured at station A-2, 5 km from the 
river mouth, and a lower value of 1.04  mm3/L in the middle 
of the lake (station A-4, Fig. 8a). On 4 April, after the wind-
induced mixing of the water column down to 35 m depth, 
the profile’s average of phytoplankton biovolume increased 
by 44% at station A-1/I. Moreover, it seems to be homog-
enized in the Haut Lac with concentrations averaging 1.22 
 mm3/L at stations A-I, A-III and A-IV with a vertical stand-
ard deviation that decreased at station A-I. Meanwhile, the 
values at station A-V, just in front of the Rhône, stayed low 
with an average of 1.13  mm3/L.

On 24 September, the phytoplankton distribution was 
vertically heterogeneous in front of the river mouth (T1-
S, Fig. 4) with low values below the thermocline and 

slightly more elevated in the epilimnion, averaging 0.31 
and 0.39  mm3/L, respectively. Horizontally, the phyto-
plankton biovolumes were higher at station S-II with an 
average of 0.44  mm3/L compared to the other stations of 
T1-S with an average of 0.34  mm3/L (Fig. 8b). The vertical 
profile at station S-II also showed the less intense turbid-
ity plume on transect T1-S (Fig. 4). On 26 September, the 
biovolumes decreased at all depths of station S-I/1. Bio-
volumes were especially low at station S-1 in front of the 
Rhône with an average of 0.22  mm3/L. Then, it increased 
progressively with the distance from the river mouth to 
reach an average of 0.40  mm3/L at station S-5 located at 
4 km (Fig. 8b). At 25 m depth, at the depth of the core 
zone of the interflow, the biovolumes were relatively low 
in the near field (stations S-1 and S-2) with an average of 
0.22  mm3/L, but then increased by a factor of 3 outwards 
with maxima of 0.66 and 0.67  mm3/L at stations S-4 and 
S-5, respectively (Fig. 5). These maxima were also 64% 
higher than the averaged biovolume between 0 and 20 m 
depth at the same stations.

Table 1  Results of ANOVA 
tests (function anova1 of 
MATLAB) with the different 
groups of the April campaign 
(a) and September campaign (b)

SS is the sum of squares due to each source. df is the degree of freedom associated with each source. MS is 
the mean square for each source, which is the ratio SS/df. F statistic is the ratio of the mean squares. The p 
value is the probability that the F statistic can take a value larger than the computed test-statistic value

Source SS df MS F p value

(a) April campaign
Groups 229.574 3 76.5246 43.4 7.10 ×  10–16

  PO4
3− Error 121.655 69 1.7631

Total 351.229 72
Groups 0.03686 3 0.01229 2.32 0.084

  NO3
− Error 0.33901 64 0.0053

Total 0.37587 67
Groups 17.3437 3 5.78125 46.85 1.01 ×  10–16

  SiO2 Error 8.6387 70 0.12341
Total 25.9824 73
Groups 2.05 ×  107 2 1.02 ×  107 8.57 5 ×  10–4

 Phytoplankton Error 7.16 ×  107 60 1.19 ×  106

Total 9.21 ×  107 62
(b) September campaign

Groups 38.9617 3 12.9872 19.6 8.55 ×  10–10

  PO4
3− Error 57.6574 87 0.6627

Total 96.6192 90
Groups 0.42341 3 0.14114 39.44 2.91 ×  10–15

  NO3
− Error 0.26123 73 0.00358

Total 0.68464 76
Groups 19.0111 3 6.33705 517.81 2.41 ×  10–55

  SiO2 Error 1.0647 87 0.01224
Total 20.0759 90
Groups 412,648.3 2 206,324.2 5.02 0.009

 Phytoplankton Error 3,287,468.6 80 41,093.4
Total 3,700,116.9 82
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Discussion

Rhône River intrusion

The conductivity of the Rhône River varies as a function of 
its seasonally different hydrological conditions. In spring 
and summer, when the Rhône River is mainly fed by snow 
and glacial melt waters, the dissolved major ions trans-
ported by the Rhône (80% of carbonate ions, sulphate ions 
and associated calcium) are diluted by the higher discharge. 
Often short-term changes in major ion concentrations can 
be caused by the operation of dams for the generation of 
hydropower in the catchment of the upper Rhône. Conse-
quently, a positive or a negative anomaly in conductivity 
can be detected in the lake at the location of the Rhône River 
interflow within one week or even a single day, as noted 
during the April campaign. In September, the conductivity 
of the Rhône was measured to be lower than that of the lake 
(230 compared to 260–300 μS/cm), thus resulting in a nega-
tive anomaly at the interflow depth. Therefore, conductivity 
alone and its relative change cannot be used to detect the 

Rhône water interflow or to identify a chemical gradient 
related to the interflow only. Nevertheless, significant river 
inputs of orthophosphates and silica were measured within 
the river–lake transition zone (Figs. 6 and 7).

In terms of turbidity, the Rhône River plume was detect-
able in and out of the near field area. The turbidity signal 
corresponds to the presence of the interflow, likely sup-
ported by higher flow velocities within the interflow close 
to the river mouth, as seen in the transversal transect (T1-S, 
Fig. 4). The turbidity had maximum values in the near field 
but decreased with distance out of this zone (T2-S, Fig. 5). 
However, a turbidity anomaly could still be measured at 
the background station S-5. As noted already by Giovanoli 
(1990) and Escoffier et al. (2022), the fine fraction of the 
sediments as well as likely additional authigenic minerals 
can stay in suspension within the Rhône River interflow.

Moreover, the turbidity measured at the bottom of the 
canyon at stations S-1 to S-4 (Figure S20c), along with 
lower δ18O values, suggests a stacking of an interflow and 
an underflow. This may represent two different periods of 
Rhône River injection with different densities, or perhaps a 

Fig. 8  Boxplots of phytoplank-
ton biovolume relative to April 
stations (a) of T2-A (4 to 1) 
and T1-A (I, III, IV and V) and 
relative to September stations 
(b) of T1-S (I to V) and T2-S (1 
to 5). For each box, the central 
mark indicates the median, and 
the bottom and top edges of the 
box indicate the 25th and 75th 
percentiles, respectively. The 
whiskers extend to the most 
extreme data points not consid-
ered outliers, and the outliers 
are plotted individually using 
red crosses. The ANOVA tests 
point out significant differences 
between the phytoplankton bio-
volume profiles of each station 
with p values < 0.05 for both 
seasons (Table S4)
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splitting of the river inflow into two: an interflow concen-
trated in river water that intrudes into the thermocline and a 
gravity current that follows the bottom of the canyon (Cortés 
et al. 2014b). However, this presence of Rhône water in the 
deeper part of the lake did not generate any nutrient gradient 
as the measured Rhône fractions represent a small propor-
tion (≤ 6%), and the nutrient concentrations of the ambient 
lake at these depths are either close to those of the Rhône 
(Si) or, in the case of P and N, higher (Table S2).

Furthermore, some vertical profiles in the near field (at 
stations S-II and S-V in T1-S, Fig. 4) indicated the pres-
ence of Rhône River water even where no changes in veloc-
ity were measurable. This can be explained by the variable 
hydrodynamics within this area. Depending on the discharge 
of the river, its density and the lake currents, the interflow 
can establish itself at a restricted depth close to the entry 
point, but subsequently change its location as these param-
eters fluctuate on relatively short time scales (Soulignac 
et al. 2021). Out of the near field area (stations S-4 and S-5 
of T2-S, Fig. 5), the river momentum is insufficient to con-
trol the interflow dispersion. The interflow, stabilized in a 
specific layer within the metalimnion due to its buoyancy, 
is then transported by the lake currents (Cimatoribus et al. 
2019; Cotte and Vennemann 2020).

Previous studies demonstrated the capacity of the sta-
ble isotope composition of water to trace the Rhône River 
interflow within the entire lake (Halder et al. 2013; Cotte 
and Vennemann 2020). In the present study, no trace of the 
Rhône interflow water was detected for the measured vertical 
profiles outside of the river mouth area in April. The condi-
tion for the interflow to reach further into the lake, i.e., a 
strong stratification, was not yet established. Consequently, 
the Rhône River nutrients stayed in the Haut Lac and were 
preferentially bioavailable in the euphotic zone of this part 
of the lake when wind events occurred during this season 
(see below). Alternatively, the Rhône River may intrude 
deeper into the hypolimnion when the thermal stratification 
is weakened as seen after the wind event in April or during 
the winter season (Cotte 2021).

The river–lake transition zone: a dynamic area

Some hydrodynamic processes capable of changing the 
Rhône River intrusion pattern were detected. These can 
potentially change the nutrient and biological gradients and 
make the river–lake transition zone highly dynamic.

First, the wind event of 3 April broke the early strati-
fication and mixed the water column to 35 m depth with 
advected open lake water (Figs. 3 and S9). It was noted with 
the measurement on 4 April that the Rhône signal in terms 
of isotope composition, turbidity and nutrient concentration 
disappeared from the top 30 m (Figure S17). In addition, 
the newly established density gradient and thermocline, 

which briefly established itself at 70 m depth, and the colder 
atmospheric and river temperatures (Figures S8, S10 and 
S11) forced the Rhône to intrude into the water column well 
below the euphotic zone. However, at this depth, no signifi-
cant Rhône nutrient input was detected because the nutrient 
concentrations in these layers of the lake already correspond 
to those of the Rhône. This event illustrates the impact of 
the quickly changing meteorological and hydrological condi-
tions on the river intrusion pattern.

Then, the river intrusion depth can change rapidly even 
during a period of strong stratification. Indeed, in Septem-
ber, despite a lower density on the 26th compared to the 24th 
(higher temperature and lower sediment load, Figure S15), 
the Rhône intruded 5 m deeper, following the deepening of 
the thermocline occurring in between the two sampling days. 
Consequently, this deepening of the intrusion led to a deep-
ening of the river nutrient input with a maximum of silica 
concentration first, measured at 20 m depth, then at 25 m 
depth (Figs. 4 and 5). With relatively homogenous meteoro-
logical conditions during these two days (Figure S14), these 
results show how the depth of the river intrusion and its 
nutrients can be influenced by the lake stratification (Cotte 
and Vennemann 2020; Soulignac et al. 2021).

A dynamic ecocline in the river–lake transition zone

The nutrient contributions observed in the river–lake transi-
tion zone are strongly impacted by the hydrodynamic pro-
cesses described above. In addition, the displacement of the 
Rhône River turbidity plume makes the conditions for phy-
toplankton growth highly variable.

Indeed, during April, the early thermal stratification 
allowed the Rhône nutrients to be transported as an interflow 
into the shallow metalimnion. However, the presence of an 
opaque turbidity plume in the river mouth area related to the 
Rhône water intrusion (profile A-1, Fig. 3) seemed to block 
the sunlight penetration and inhibit the phytoplankton develop-
ment. After the wind-induced mixing of the water column and 
the deepening of the Rhône intrusion, the turbidity dropped 
in the top 30 m, allowing the phytoplankton biovolume to 
expand by 44% (averages of profile A-I compared to profile 
A-1, Fig. 8a), while it stayed relatively low in the turbid plunge 
zone (station A-V). In September, a significant input of P and 
Si was measured, but no fertilization effect was observed in 
the river mouth near field (T1-S, Fig. 4). Similarly, the phyto-
plankton development seemed to be limited by the sediment 
plume of the Rhône interflow and its important current veloc-
ity as illustrated by the difference of phytoplankton biovolumes 
between the groups with and without Rhône interflow current 
velocity (on average 0.24 vs 0.33  mm3/L, respectively, Fig. 6). 
Instead, out of this turbid near field, at the Rhône intrusion 
depth, there was a strong increase of phytoplankton biovolume 
by a factor of 3 (T2-S, Fig. 5). River intrusions occurring in 
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the metalimnion can fuel algal growth and lead to the develop-
ment of a deep chlorophyll maximum (Cortés et al. 2014a, b). 
Here, we observed this phenomenon but only outside of the 
hydrodynamically-defined near field of the river mouth.

Using remote sensing, Kiefer et al. (2015) and Soomets 
et al. (2019) measured, respectively, a higher Chl a concen-
tration and a higher primary production in the eastern part of 
Lake Geneva and hypothesized a relationship with the proxim-
ity of the Rhône input. Moreover, Kiefer et al. (2015) meas-
ured the highest variability of Chl a in this area around the 
Rhône inflow, especially in spring. Our results suggest that 
these observations can be explained by the highly variable 
Rhône River intrusion pattern. During our study, we saw that 
the turbidity plume induced by the Rhône interflow may limit 
phytoplankton growth at greater depth in the near field area. 
Then, if the river intrusion depth changes or we move out of 
this near field, phytoplankton development can be enhanced. 
This was shown here through the increase of phytoplankton 
biovolume in the euphotic zone following the wind-induced 
deepening of the river intrusion in April and by the deep chlo-
rophyll maxima observed in September. Finally, our results 
reveal that an ecocline can develop in the transition zone 
between the Rhône River and Lake Geneva where equilib-
rium occurs between the river limiting factors (temperature, 
light and low flow velocities) and those that are limiting phy-
toplankton development in the lake (nutrient concentrations, 
P and Si). However, these optimal conditions are temporally 
and spatially dynamic depending on the river intrusion pattern, 
itself determined by the meteorological, hydrological and lake 
conditions.

Using satellite images and a hydrodynamic model, Soulig-
nac et al. (2018) indicated an earlier onset of phytoplankton 
development in spring 2011 in the Haut Lac compared to the 
rest of the lake. They argued that this sheltered area may favor 
an earlier stratification and hence improved access to light, 
leading to an earlier onset of the spring bloom. We can add 
that the Rhône River nutrients start to intrude in the metalim-
nion in this part of the lake at the beginning of spring. Then, 
as observed, a subsequent wind event can disrupt the weak 
stratification, homogenize the euphotic zone where the Rhône 
intruded and limit further transport of its nutrients. As a con-
sequence, the Rhône nutrients stay in the Haut Lac and this 
eastern part of the lake (station A-I), except for the turbid near 
field area (stations A-1 and A-V), presents optimal conditions 
for the phytoplankton growth in contrast to the central lake 
(station A-4).

Summary and conclusions

Significant contributions of P and Si were measured in 
this transition zone related to the Rhône River intrusion. 
However, this nutrient input did not necessarily induce a 

fertilization effect because of the inhibition of the phyto-
plankton growth by the Rhône sediment plume.

Additionally, the river–lake transition zone was identified 
as a dynamic area. Indeed, the varying patterns of the Rhône 
River intrusion related to the meteorological and hydrologi-
cal conditions, as well as the lake stratification, changed the 
characteristics of the observed ecocline. In early spring, 
the thermal stratification was too weak to allow the Rhône 
River interflow to reach the central part of the lake. Despite 
a net input of phosphorus, the phytoplankton growth was 
limited by the turbid Rhône River plume close to the river 
mouth. However, a sudden cooling and wind event forced 
the Rhône River to intrude deeper, reducing the turbidity 
within the euphotic zone and leading to an increase of 44% 
in the phytoplankton biovolume. Then, the deep intrusion of 
river nutrients in September seems to maintain an autum-
nal phytoplankton development when the euphotic layer is 
depleted in nutrients. This fertilization effect was measured 
at the Rhône interflow depth beyond where the sediment 
plume inhibited the phytoplankton growth. Therefore, this 
study showed that the river–lake transition zone between the 
Rhône River and Lake Geneva, except its turbid near field, is 
a dynamic area where local optimal conditions can promote 
phytoplankton growth contrary to the central depleted basin.

Consequently, these results suggest that the existing two 
monitoring stations may not be sufficient to understand the 
phytoplankton dynamics of the lake. To do so, as argued by 
Kiefer et al. (2015), the river–lake transition zones have to 
be taken into account. This study confirms that the influence 
of the Rhône River intrusion on primary production should 
be considered to fully understand the phytoplankton distri-
bution within the lake.

Moreover, complete lake overturns in winter are expected 
to occur less frequently in the future due to climate change 
(Perroud et al. 2009). As measured during winter 2019, par-
tial mixing of the water column limited the upward input 
of nutrient-richer water. In this context, the Rhône River 
interflow and its related nutrients supply to the euphotic 
zone is expected to have a more notable impact on the pri-
mary production of the lake. Hence, the river–lake transi-
tion zone between the Rhône River and Lake Geneva should 
gain in attention. Then, the temporal resolution should be 
improved for future comprehensive studies of such dynamic 
ecosystems. For example, an in-depth study of the extent 
of the Rhône-induced nutrient gradients and the related 
fertilization effect in the lake could be done by using the 
scientific platform LéXPLORE (Wüest et al. 2021). This 
platform, located 20 km northwestward of the Rhône River 
mouth, allows a high temporal density monitoring of the 
water column. Finally, such poorly documented process of 
wind-induced mixing of the water column and its impact 
on the phytoplankton distribution in a river–lake transition 
zone, their frequency and their impact on the whole lake 
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ecosystem dynamic could be studied by coupling remote 
sensing, 3D numerical modeling and point-wise field 
measurements.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00027- 023- 00934-2.
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