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ABSTRACT

Rogoznica Lake (RL; "Zmajevo oko") is a shallow marine body of water that exhibits the physical
characteristics of lakes (layer overturn and morphology), estuaries (distinct halocline), and seas
(tidal regime). This study addresses the physicochemical stratification of the RL and its evolution
over 27 years since the beginning of continuous RL research, in the context of regional climate
variability. Stratification dynamics were evaluated from several aspects. First, reduced sulphur species
accumulation was noted, which was associated with the anoxic water expansion from the bottom of the
lake. Second, the connection of the lake with the sea and its attenuation was observed. These results are
supported by the negative correlation between annual precipitation and water column salinity, which
shows that the role of atmospheric variability in controlling the stability of the lake has increased.
A change in the surface layer warming rate was noted, possibly related to unresolved quasi-decadal
climate variability. At the same time, the enhancement of the chemocline is in favour of the reported
stagnation of the bottom layer. All results suggest that there is a positive feedback mechanism leading

to rapid ecosystem degradation.

1. Introduction

In support of ongoing climate change, studies around the
world report an increase in the water column temperatures
(Levitus et al. (2012); Auger et al. (2021)), and similar
is reported in climate model projections (Widlansky et al.
(2020)). Water warming is closely related to decreasing
oxygen solubility, resulting in lower dissolved oxygen lev-
els (DO), especially in coastal waters (Ni et al. (2019)).
These effects are particularly pronounced in coastal areas
(Lorentzen (2014)) and shallow terrestrial waters, such as
lakes, when surface water temperature (SWT) is concerned
(Woolway et al. (2019); Jane et al. (2021)).

Worryingly, an increasing number of studies indicate
that oxygen minimum zones are expanding (often referred to
as deoxygenation) and that many aquatic environments are
experiencing declines in DO (Diaz and Rosenberg (2008);
Jane et al. (2021)). Hypoxia typically occurs in summer
when the combined effects of increased water tempera-
ture and salinity reduce oxygen solubility (Webb (2021))
while increasing stratification and preventing the mixing of
vertical layers. In addition, human-induced eutrophication
(the overabundance of nutrients and resulting production
of organic matter) results in higher than normal oxygen
demand (Diaz (2001)), which, combined with increasing
temperature, only enhances the oxygen demand because
aquatic aerobic organisms have faster metabolic rates in
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warmer environments (Carstensen et al. (2014)).
Increasing long-term SWT trends have already been ob-
served in temperate lakes (Woolway et al. (2020); Dokulil
et al. (2021)). Warming of the surface layer affects water
column stratification and possibly mixing, as manifested in
lake phenology (Woolway et al. (2019)), i.e., the mechanism
and timing of annual layer inversion. The more differentiated
the density in the water column, the more stratified the water
body, and the more energy is required to trigger vertical mix-
ing of the water column. As the density difference between
the surface and deeper layers increases (steeper pycnocline),
a lake may experience a shift in mixing regime (Woolway
et al. (2021)). That is, a previously dimictic lake (mixing
twice per year) might shift to a regime with fewer annual
overturns, e.g., become permanently stratified or monomic-
tic (mixed only once per year). One of the lakes analysed in
Woolway et al. (2020), Lake Zurich (northeastern Switzer-
land), has not experienced complete water overturn since
2013. This has resulted in reduced phosphorus concentra-
tions input to the epilimnion (surface layer) and the absence
of phytoplankton blooms in spring, as the deep, nutrient-rich
water (hypolimnion part) could not reach the surface via the
process of upwelling (Yankova et al. (2017)). In addition,
recent evidence (Woolway et al. (2021)) predicts that in
Northern Hemisphere lakes, stratification will begin earlier
and last longer in the year, forcing ecosystems to withstand
more prolonged periods of inhibited vertical exchange.
Normally, water layer turnover is a natural process that
governs water renewal (Boehrer and Schultze (2008)) and
brings oxygen to the deeper layers, which can be com-
pared to downwelling in the open oceans (Koweek et al.
(2020)). However, this rule may have peculiar exceptions,
with coastal marine Rogoznica Lake, Croatia (RL), being
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Deoxygenation and strati cation dynamics in a coastal marine lake

one of them. RL (or "Zmajevo Oko") is a marine lake and hinders the transport of solutes (Boehrer et al. (2017)),
connected to the Adriatic Sea through a porous, karstithis work attempted to relate the water column stability to
environment surrounding it. Its surface area is 9904 m precipitation as the only input of the freshwater into the lake
while its maximum depth and volume are 13.45 m andand investigate the saltwater intrusions during tides.
90691.738 A, respectively (Panza (2020)). In RL, there is Hydrostatic stability in lakes is usually also a ected by wind

a pronounced chemocline (layer with the abrupt change iffBoehrer and Schultze (2008)). In general, RL is considered
chemical properties) that divides the lake into two parts: the¢o be sheltered from the wind because of the height of the
oxic (epilimnion) part, and the deeper, anoxic (hypolimnion)surrounding terrain, which ranges from 4 m (northern, low-
part, enriched with high levels of reduced sulphur speciegst part) to 23 m (southern, highest part) - Fig. 1. However,
(RSS; up to 5 mM as reported in Ciglene£ki et al. (2015);in a case study of two complete anoxia events in the water
present mostly as sulphides), which are an indication otolumn and one hypoxia event (Ciglene£ki et al. (2015)),
a reducing environment. In addition, a large microbialstrong bora wind gusts were indicated as one of the causes
community of green and purple sulphur bacteria thrives abf abrupt vertical mixing. This study focuses on determining
the interface between the two parts of the lake (,osovi¢ the multi-year and seasonal antecedent conditions for abrupt
etal. (2000); Sic et al. (2013); Pjevac et al. (2019); fankovi¢ mixing, i.e., precipitation and physicochemical properties.
et al. (2019)). In RL and other similar saline and meromicticSince nearly 30 years of physicochemical data have been
lakes (Ciglene£ki et al. (2017)), the chemocline coincidesollected (1996 2022), we focus on the long-term RSS,
with the halocline and thermocline (Ciglene£ki et al. (2015);D0O, temperature, salinity, precipitation, and water level
layers with steep gradients in salinity and temperature)changes, and add an integrated approach for the entire water
During 1992 2016, salinity was as low as 14 in the column that has not yet been applied in RL research.
surface layer and as high as 38 in the bottom layer ofe hope a better understanding of the complex sea lake
the lake (Ciglene£ki et al. (2017)), making its halocline asatmosphere connection might give new insight into the
pronounced as the ones found in estuaries. Despite the higinoxic holomixis preconditioning. Although this is not the
salinity, the lake exhibits partial (down to a certain depth) or rst study addressing the hydrostatic stability of a saline lake
complete (down to the bottom) water column overturn with(Romero and Melack (1996)), nor stability hypoxia relation-
irregular periodicity. The overturn can sometimes abruptlyship in shallow lakes (Masunaga and Komuro (2020)), it is
release sulphides trapped in the hypolimnion of the lake andne of the few, if not the only, that combines these topics
use up all DO present in the epilimnion, leaving the entirein a seawater system connected to the sea. We also hope
lake completely anoxic for several days/weeks (Krzini¢ et al.this study will help determine the critical long-term factors
(2000); Ciglene£ki et al. (2015); Simonovi¢ et al. (2023)).of sudden anoxic holomixis and deoxygenation processes in
Simonovi¢ et al. (2023) report four such anoxic holomixissimilar aquatic systems, allowing modelling attempts and
events (September 1997, October 2011, 2016, and 202Q)ossibly helping prevent the future decline of such complex
However, another one occurred in the meantime, in Octoberoastal ecosystems.

2021.

In the 1990s, the chemocline was generally positioned

between 9 and 13 m (Mihel£i¢ et al. (1996); Ciglene£kietal?2. Materials and methods

(1998); ,0sovi¢ et al. (2000)). Lately, it remains at shallow
depths (6 to 8 meters), which has greatly increased th . .
anoxic water volume in the lake (Simonovi¢ et al. (2023)). 1.1 Seasonal vertical pro ling

As water eutrophication (lake ageing) is considered a proxy Seasoqal measurements of physicochemical parameters
n the vertical water column of RL have been conducted

of water quality degradation, RL is ageing at a steep rate" " v si 1 M | d
due to its organic matter content increase (Simonovi¢ et afontinuously since 1996. Measurements are always done at

(2023)). Worryingly, too frequent anoxic holomixis episodesthe same location, above the deepest point of RL (Ciglene£ki

do not allow the ecosystem to recover between them, whicfit & (2017)). At rst, temperature (T) and salinity (S)
slowly suocates ora and fauna in the lake, regarding were measured immediately upon sample collection with

the number of species and individuals detected (Bakran? mercury-in-glass thermometer and refractometer (pro-

Petricioli et al. (1998); Male?evic et al. (2015)). At the sameduced by Atago), respectively (Ciglene£ki et al. (2005);
time, the chemocline shallowness reduces the space thgfglene£k| et al. (2015)). Additional salinity measurements
aerobic organisms can inhabit were checked by argentometric titration, and oxygen was ob-
In a previously published study, Ciglene£ki et al. (2015)tained by Winkler titration. From September 2009 onwards,

analysed the 16-year-long average water column tempergjeasuring |°f DO, T, and S is done in situ bi/] Ioweringf the
tures and reported a trend of 1.72 warming per decade. HQ40d Multimeter probe produced by Hach Lange from

Four years later, fankovi¢ et al. (2019) analysis of 12-meteFhe su_rface down to 12_ m (megsuring deeper than that was
temperature reported a 0.7 per decade trend, indicating not reliable due to possible sediment resuspension). For this

that the observed warming was felt throughout the wateStudy, We used measurements recorde(rj] in the period 1;‘?96
column. Since pycnocline divides the surface from deep 2022- From August 2018 May 2019, there is a 9-mont

layers and acts as a barrier that prevents the layers' mixing@P With no T and S records, shown in the section 3 plots.
hen referring to the "oxic part" or "oxic state" of the lake,

.1. Measurements

I. Dominovi¢, M. Dutour-Sikiri¢, M. Margu?, T. Bakran-Petricioli, D. Petricioli, S. Ge£ek, |. Ciglene£kiPreprint submitted to
Elsevier Page 2 of 13



Deoxygenation and strati cation dynamics in a coastal marine lake

Table 1
Information about water level measurements.
Year Duration Freq. [min]
1999 Aug. 18 Aug. 19 8 32
2012 Jul. 10 Sep. 26 15
20213 Jun. 24 Jun. 27 1
2022/2023? Dec. 22 Feb. 6 15

1 Measuring rod
2 Sensus Ultra Dive Data Recorder (ReefNet)
3 HOBO Water Level Data Logger (Onset)

2.1.3. Precipitation
We used monthly cumulative precipitation from the

nearby meteorological station 'ibenik, collected from 1996

2020 and provided by the Croatian Meteorological and
Hydrological Servicel(itps://meteo.hr/ ). This is a reliable
dataset that has undergone a quality check, and only two
monthly values were missing during the whole period
(August 2000 and December 2015).

2.2. Methods

Figure 1: Map of Rogoznica Lake (43.53 N, 15.96 E) and its 2-2-1. Statistical methods _ .

surroundings. Temperature, salinity and dissolved oxygen are ~ During the analysis, three types of averaging techniques
measured seasonally in the middle of the lake (lowest point). Were used. To retrieve the mean value per water column
Water level was measured simultaneously at the lake and in volume (as with water column S, DO and RSS content), we

nearby Soline Bay. Map source: Imaggeo. used the following expression:
0
o o . x'=_1 | Xzdv.z
it is implied that DO concentration is above 2 mgL"Hy- Vo:12] Ecy
poxic" means that DO concentration is 0 2 mgL while iy 1)
"anoxic" refers to DO = 0 mgl!. Still, these boundaries YV U 1 X.hi/ A.hil h
are de ned based on the purpose of the study and can vary V0:12] =9

from author to author. Chemical parameters were generally
sampled at the following depths: 0, 2, 5, 7, 8, 9, 10, 11, 12, Where for measurements of parameXe(S, DO, RSS)

and 13 m, while multimeter vertical pro les were made at a"€corded E‘N deptrrgx -hi/ is the observed value at depth
higher resolution of 0.25 0.50 m (oxic part) and 1 m (anoxic Mi» Vio1z) = 79861 m’ (volume of the lake down to 12 m),

part). A.h;/ areaof the lake dt;,and h; = W* hithia s the

Samples for RSS analysis were collected without exposure testimated width of the layer containing.h;/. Bathymetric
oxygen and analyzed within 24 hours by the electrochemicallata are extracted from Mihel£i¢ et al. (1996). Another
methods as previously described (Bura-Naki¢ et al. (2009)averaging technique applied was the calculation of the mean

Margu? et al. (2015)). T and S of asurface and bottom layer, wheresurface
represented the mean of values measured at0 5 m (denoted
2.1.2. Water level as [0;5]m) and bottom of those measured at 10 to 12 m

In this paper, four sets of water level measurement§qenoted ag10; 12]m). By averaging over the entire water
were analysed that were recorded over a time span of 2d1ymn, we are able to perform an integrated analysis of the
years. All measurements were done simultaneously at thgyoution of the lake over time, which is a novel approach
northwestern edge of RL and in Soline bay (Fig. 1), for compared to the layer-based method used in previous studies
refergnce. Table 1 shows information about each campaigiyn RL, namely Ciglene£ki et al. (2015) and Simonovit et al.

Since data were not sampled at a constant frequency ifb23). Lastly, we calculated the mean annual values for
1999, this non-uniformity of the data set was tackled bygach parameter to discuss the long-term variability of water
using cubic interpolation. As we were interested in the tidal,q; mn salinity, precipitation, and stability. Speci cally
signals, surface air pressure was subtracted from the tOtﬂl\onthly precipitation was summed for each year and then
pressure recorded by the loggers to reduce the noise. divided by the number of months for which precipitation

data was available. This made precipitation data more robust
and adequate for interannual comparison since there was
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missing data (mentioned in 2.1.3). whereg is the gravitational acceleratioA, surface area of
the lake,h,,, centre of volume after Eq. (1),.h;/ density
Time series data were modelled similarly as in Ciglene£kat depthh;, , uniform density (that would be attained by
etal. (2015), where multiple linear regression was applied t@omplete mixing), whiléh;, A.h;/, and h; are as before.
obtain the annual (seasonal) trends and the long-term ones, To assess the strength of the oxia-anoxia boundary (i.e.
if present. This was done using the python packddearn  the chemocline), we needed a parameter that is a reasonable
The adequacy of the t was evaluated by calculating theestimate of the stability in a layer. Brunt-Vaisala buoyancy
variance of the residual (i.e. di erence between the modelledrequency N 2) is widely used for this purpose (Boehrer and
data and the observed data) and the variance of the origin&lchultze (2008)). It is often used in the vertical coe cient
data, which tells how much it deviates from the 1.0 scorepf di usion parameterization (Tasnim et al. (2021)), as it is
marked with £ in the 3 section. Furthermore, we calculated negatively correlated with it and thus can be used as a proxy
Spearman's rank correlation coe cient using the python of vertical energy transport (Boehrer and Schultze (2008)).
scipypackage to compare annual data values and displayedVe calculatedN 2 for the chemocline using the following

the corresponding values. formula:
A combination of the mentioned methods is present in g .h/* .hy
the result on the oxic volume change 1996 2022. Firstly, NZ.,0 r? — = )
the annual values of the oxic water volume were calculated chem b "a
based on the annual chemocline depth, as reported in S\IN e chom’ hyl+ .ha/, .,/ and .h,/ density at depths

monovi¢ et al. (2023). Using this data and the bathymetri
data, we calculated the volume of water that is above th
chemocline Y,,;.) compared to the volume of the whole h
lake (/y). Secondly, we looked for an appropriate model

that would provide a mathematically good t (maximum en
Wwolld provi icaly’ g (maximu we used condition [DO] < 1.0 mglt due to the DO sensor

2 . . . . .

r<, minimum p) while respecting the geophysical nature . .

of the system. Thus, oxic volume was modelled usingdemfltlon thrgshold (Wh.'Ch can not measure exaptly 0.0
mgL -+ when in an anoxic environment). When using the

arctarfunction, with asymptotes being,.,*@d/ =V, and . . 5 .
Vener+@/ = 0, i.e. following our assumption that the lake described de nition ofN &, the chemocline layer can be

used to be primarily oxic before the start of the research angonsidered more stable wharf, is larger.

that its becoming mostly anoxic at a rate that should become ) ) )
slower with time. Since the studied lake is a seawater one, to appropriately

assess its vertical density changes, we looked at thermal and
saline contributions to density di erentiation both separately
2.2.2. Density and strati cation analysis and together. As the seawater equation of state is a non-linear
Having S and T data, it was possible to calculate theone, we used the linear approximation:
density vertical prole, which was done usinggawater
python package. The concentration of solutes is sometimes R ) )
used to correct the computation of densities in meromictic sU g+ T Ts* Tg + )S Ss*Sg ; (4
lakes (e.g. Dietz et al. (2012)). In this study, we did not ] o
include this in density since the concentration of solutegVNere subscripts andg indicatesurfaceandbottomvalues,
was considered not to be enough to substantially perturb th&hich was explained in 2.2.1. Pressure in uence has not
density, with the maximum dissolved organic carbon (DOC)P€en taken into account in Eq. (4) due to the lake being
concentration up to 7 mdL in the euxinic bottom layer, relatively shallow. We tested the linear equation of state (Eq.

and particulate organic carbon (POC) up to 10'mig the (4)) against the one yvhich takes @l| S. terms inFo account,
chemocline layer (Simonovic et al. (2023)). and the mean deviation when tted W!Qarn.m@strlbut'lon
Strati cation was quanti ed in three separate manners.Was 2.1 % ap < 0.01, so the approximation is considered
Firstly, we looked into the stability of the whole water @dequate. For easier reference, in sections 3 and 4, we
column. For that purpose, we used the Schmidt stabilityeferto ' )T Ts*Tg and g’ )g Sg* Sg as
index. Schmidt stability represents the energy needed folemperature and salinity density contributions, respectively.
the complete water column mixing without energy exiting  Lastly, to study the lake phenology, we estimated the
or entering the system and is commonly used in studie§ates in which 1 is expected to change its sign and in
related to lake strati cation (Kraemer et al. (2015); Oleksy Which 5 is expected to reach its minimum contribution

and Richardson (2021)). Here we de ne it in discrete formthroughout each year during the period 1996 2022. This
following Idso (1973): was done by extracting the sampling days in which the sign

change/minimum value has occurred and then calculating

E the number of days between January 1st and this date. We

Setap = A& i * hy il JAND by (2) repeated this approach for all years and computed the mean
0 values and standard deviations.

%a (above) andhy, (below) the chemocline. In order to
ave time coherency foN fhem we made sure thdty, -
a Is constant (1 m) so only the numerator of Eq. (3)

in uencesNCZhem changes. For chemocline depth detection,
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2.2.3. Tidal analysis than it may seem but can be backed up by the fact that
The water level signal was analysed usingde pack- some atmospheric perturbations, standing waves, and other
age for Python (Pawlowicz et al. (2002)), which allowed oceanographic phenomena remain even after signal prepa-
analysing tidal harmonics and obtaining the amplitude andation. Yet, mentioned processes would also impact the lake
phase of the tidal harmonics. Seven tidal constituents arand would be transmitted to the lake. Therefore, we think
considered signi cant for the Adriatic Sea tidal regime that while the available datasets are not of adequate duration
(Cushman-Roisin et al. (2001)): the three diurtahisolar ~ for computing the precise tidal information (especially 1999
- K1; lunar - O1; solar - P) and the four semi-diurnal and 2021 datasets), it is good enough for getting an estimate
(principal lunar - M2; principal solar - S2; lunisolar - K2;  of the functionF and its evolution in time. Furthermore, if
lunar elliptical - N2) constituents. Due to signal length, four K1 andO1 have close periods, which make their separation
of them could be well-resolved and analysed in this studydi cult for the shorter datasets, the phenomenon applies
01, S2, K1, andM 2, with the last two being the major both for the sea and the lake. Thus, whether the interferences
constituents in the Adriatic Sea (Janekovi¢ et al. (2003))are constructive or destructive would a ect the sea and the
Corresponding periods aflg = 25.93 h,T, =12 h, T3 = lake similarly.
23.93h,T,=12.42 h, respectively. The di erence in periods
betweenOl1 andK 1 (and forM 2 andS2) is too small to 3. Results
distinguish between them over orBydays, as was the case ) ]
with the 2021 dataset. That means that the amplitudes and-1. Reduced S_ulphur species and dissolved oxygen
phases computed based on the 2021 signak foandM 2 concentration
are amix oK 1_O1andM 2_S2. On the other hand, for the The concentration of RSS in the water column of RL has
2023 dataset#db days length), the signals are well separatedjncreased, while its variability has changed over 27 years
as implied by the signal-to-noise ratio. (Fig. 2). RSS concentrations have been very low (approxi-
The tidal analysis used is based on the linearity assumpnately from 16° M to 10°® M) from February 1996 until
tion that allows treating the signal as a superposition ofSeptember 1997, when the rst recorded anoxic holomixis
several signals with certain periods. Thus, we can write the@vent occurred@O = 0 mgL™ ). After that, RSS concen-
sea surface elevatianin the sea as: tration is substantially increasing (up t0“010° times),
with high values persisting throughout each of the years.
Yet, from 1997 to 2011, there was an almost annual RSS
reduction in autumn. This was accompanied by a decrease
in DO, which would peak a month or two afterwards.
After the 2011 anoxic holomixis event, no substantial
with !, = 2 _T, andCg,! (/ a complex number. RSS decrease was observed, and it continues accumulating
Since preliminary results showed that the signal in the lakevhile the DO decrease persists Ciglene£ki et al. (2015).
is lagging after the signal in the sea, the signal in the laké&Sudden anoxic holomixis (overturns) are easily noted as
is also written by using complex numbers in the following events when the DO value reaches 0 mgi1997, 2011,
manner; 2016, 2020, and the most recent one - 2021). Such events are
becoming more frequent. In the same time, it is interesting
to note that the volume of lake oxic water dropped from 90.1
% in 1996 to 46.7 % in 2022. This means that anoxic water
has gone from taking up to 9.9 % of the lake's volume to
53.3 %. We attempted to model the oxic volume decrease
with Cye.! «/ being a complex number. Assuming lin- (and, by that, the anoxic volume increase). Following the
earity, the transformation can be written as: assumptions in Subsection 2.2.1, the oxic water volume vs
total water volume ratio was tted with aarctan model,
which resulted in the following expression:

B :
Zeeal! = Re Cgen! (/€' K (5)
k=1

g .
Zlake-t/ = Re Clake-! k/el! kt (6)
k=1

Coea!/
F.l/= 222 @
Ciake-! / V.t/ 1
o ) —— = 05* —arctan0:1143*0:9851/ ; (8)
and the nature of the ltering is determined by the Vo

function F. As one would expect, a low pass lter is in where timet is expressed in years since the continuous
question, which means that the signal with lower valués of monitoring startedt(= 0 for 1996). This model indicates
has a higher magnitude &F .! /@ Therefore, th&K1andO1  that the in exion point, after which anoxia progression is
tides are less smoothed than the Shorter-pdvkﬁandSZ expected to become slower, is reached during tﬂé)ﬁar
tides. Additionally, the phase shift is expected to be largefrom the start, which was in the summer of 2022. Yet, such
for longer-period constituents. a model is valid only under the assumptions made in 2.2.1.
Thus, continued lake monitoring is needed to estimate better

We argue that the tidal analysis for the sea and lake usinghe equilibrium water volume values of the oxic and anoxic
t_tideallows computing the functioR . This is less obvious ater.

I. Dominovi¢, M. Dutour-Sikiri¢, M. Margu?, T. Bakran-Petricioli, D. Petricioli, S. Ge£ek, |. Ciglene£kiPreprint submitted to
Elsevier Page 5 of 13



Deoxygenation and strati cation dynamics in a coastal marine lake

Figure 2: Long-term water column-averaged concentrations of reduced sulphur species (RSS), dissolved oxygen (DO), and oxic
water volume share in Rogoznica Lake. Sign v denotes 'averaged per water volumg as explained below Eq(1)

3.2. Temperature and salinity bottom layer and resembles the air temperature variability
Surface temperaturd0t 5Jm) has a robust annual sig- normally found in the central part of the eastern Adriatic
nal, showing a close relationship with annual atmospherig¢oast (Zaninovi¢ et al. (2008)).
variability (Fig. 3a; solid line). Its amplitude is 7.8, L .
with a warming trend of 0.93C per decade. This model 3-3- Annual precipitation and stability o
provides areasonably good #{(F0.91). Onthe otherhand, ~ To investigate the longer-than-year salinity oscillations
when the same procedure is repeated for the bottom laydf Fig. 3b, we looked into mean annual precipitation and
(Mn), r2 scores 0.42, which would indicate that there salinity (averaggd per water column_for easier refergnce),
is a large proportion of residual not adequately described bOth Prepared in the manner described in 2.2.1. Fig. 4a
the model. Since this method was used in previous studied0Ws the average annual values (1996 2020), and there are
(Ciglene£ki et al. (2015); fankovic et al. (2019)), we testedVisible oscillations in both time series. The cycles look very
by which year imposing the annual trend provides a goodsimilar a}nd negat?vely correlated, con rmed by a signi cant
t for the bottom temperature data, i.e. after which year Correlation coe cient of -0.61 p < 0.01). Although the
does ? reduce. A threshold year was found in 2008, andS€ries were relatively short (25 years - monthly preC|p|tat|on
the analogous model is shown in Fig. 3a (dashed line). Th¥as available only for 1996 2020 at the time of the
annual amplitude of the bottom temperature from 1996 tNalysis), a substantial amount of energy was present at a
2008 was 4.93C, meaning that the bottom layers re ect the 4 S-year period component for both datasets when Fourier
annual atmospheric state but not as much as the surface ond@nsform was applied. It seems that the salinity in the
After 2008, the annual signal is starting to lose signi cance,Water columnis mostly governed by precipitation, which has
introducing noise rather than being a substantial part of {t?€c0me more pronounced since 2002 based on the graph.
The bottom temperature is becoming less variable, closer thN€ long-term precipitation variability could be the process
a constant value of 20.09C. We also modelled the tem- Pe€hind the bottom salinity decadal oscillation shown in Fig.
perature for the whole water column, which had an annuafP @nd discussed in Section 3.2,
amplitude of 5.74C, and a warming trend of 0.94C per ) . .
decade @ = 0.82, Fig. S1), which is mostly due to surface ~ SiNc@ warming in the surface and stagnation in the
layer warming, as the bottom layer started to be less variabld0ttom RL layer was noted, coupled with salinity year-to-
Bottom and surface salinity are shown in Fig. 3b. SalinityYea" variability, it was natural to look at strati cation changes
was not modelled as it was impossible to distinguish the?uring the period 1996 2020. To do so, we calculated the
annual cycle from the background processes. Still, it isduared Brunt-Vaisala frequenci f) at the oxia anoxia
interesting to comment on the variability. At rst glance, one INtérface for each sampling and then found the maximum
can observe long-term oscillations present in the series. Botflue for each year. We also calculated the Schmidt stability
shallow and deep layers exhibited a general salinity increasigdex to estimate the whole water column stability (Fig.
from 1996 to 2003, then decrease over the next 16 yearéP)- Schmidts stability resembles the salinity time series,
and again increase in the last 3 years. As for the annual tenf€ €cting the mentioned precipitation variability. Addition-
perature amplitude, it can be argued that the surface layer &Y: the lake goes through periods of high (max. values in
strongly in uenced by the variability of air temperature since 1999, 2001, 2004, 2009, 2014/2015, 2018) and low water

it has almost twice the annual amplitude compared to th&€0lUmn strati cation (min. values in 1997, 2000, 2002,
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