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Abstract

In this article, we analyse the annual changes in the minimum (Hnp), mean (Hs) and
maximum (Hvp) water levels of Cerknica Lake in the period 1961-2020 and try to
relate them to changes in the local climate. Lower precipitation, higher temperatures
and the resulting higher evaporation as well as a reduced influence of snow retenti-
on are reflected in the changing discharge from the lake basin, which is a cause of a
decrease in annual, spring and summer Hs and Hvp, while winter and fall Hs and Hvp
have remained at a similar level. On the other hand, Hnp increases, except in spring,
which is on an annual basis, in summer and fall (as far as the unreliability of data at
the lowest water levels allows) probably due to artificial retention of water in the lake,
and in winter and spring due to climate change.
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1 INTRODUCTION

Climate affects a wide range of environmental processes and many areas of human
activity. Although climate change is a natural phenomenon, the pace of climate change
has increased disproportionately in recent decades due to greenhouse gas emissions
(IPCC, 2022). Climate change is reflected in changes in a number of meteorological
variables, including in Slovenia an increase in air temperature, changes in the amo-
unt, form and distribution of precipitation and a decrease in snow cover. Its effects
are reflected in economic activities such as agriculture and forestry, energy, tourism,
transportation, etc. (Verta¢nik, Bertalani¢, 2017), and in addition to the economy,
water bodies and ecosystems are also highly vulnerable to climate change (Bertalani¢
etal., 2018; Trobec, 2022). Lake ecosystems are of critical importance for aquatic and
riparian organisms and for a variety of human needs, so any change in the quantity
or degradation of lake water quality can potentially have far-reaching ecological and
societal consequences (George, 2010; Vincent, 2009).

In the present paper, we have chosen Cerknica Lake in the karst area of Cerknica
Polje to study the effects of climate change on the hydrological properties of its waters.
Due to its intermittent regime, Cerknica Lake is naturally highly variable in hydrolo-
gical terms (Zhelezov et al., 2011). Due to their location at the interface between gro-
undwater and surface water, intermittent karst lakes have a very complex hydrology,
as their occurrence and water levels are influenced by a number of factors such as
precipitation, snowmelt, evaporation, surface and groundwater inflow, groundwater
reserves in the karst aquifer and groundwater outflow (Kovaci¢, 2010; Mayaud et al.,
2019). In addition to natural factors, the discharge and thus the water levels of the
intermittent karst lakes can also be influenced by various hydraulic engineering inter-
ventions on the watercourses, especially in the sinking part of the poljes (damming
and special impoundments, widening of ponors, etc.) (Bonacci, 1987).

In our literature review, we came across a number of studies that examine the effects
of climate change on the water balance and water quantity of lakes (e.g. Kayastha et al.,
2022; Lenters, Kratz, Bowser, 2005; Torabi Haghigi, Kleve, 2015; Van der Kamp, Keir,
Evans, 2008; Wrzesinski, Ptak, 2016), but there are few studies looking at the direct
effects of climate change on changes in water levels of intermittent karst lakes (e.g. Mor-
rissey et al., 2021). In Cerknica Lake, the change in water levels associated with climate
change and anthropogenic interventions in the discharge regime was investigated by
Mikli¢ (2021) and Blatnik et al. (2024). The overall result is a positive and statistically
significant trend in annual minimum water levels (Hnp), while the conclusions regar-
ding the trend in mean (Hs) and maximum water levels (Hvp) differ due to the slightly
different study period. The water balance of Cerknica Lake (Kovaci¢, 2010), the water
regime (Zhelezov et al., 2011) and flooding (Kranjc, 1986) were also investigated.

In Slovenia, studies on the effects of climate change on the hydrological properties of
surface waters have been conducted mainly on the water balance (Andjelov et al., 2021;
Frantar, 2008), trends in various characteristic discharges in selected areas (e.g. Hrvatin,
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Zorn, 2020; Kovacic, 2016) and changes in river discharge regimes (Frantar, Hrvatin,
2005). A comparison of Slovenia‘s water balance at the level of the entire country for
the period 1961-1990 and 1991-2020 shows a decrease in runoft height (by 120 mm)
and runoff coefficient (by 3.5%) as a result of higher temperatures and evaporation and
lower precipitation (Andjelov et al., 2021; Kolbezen, Pristov, 1998). The discharge trends
of most Slovenian watercourses show a decrease in medium and low discharges and an
extension of periods with low discharges, leading to hydrological drought, while on the
other hand high discharges are more frequent and more pronounced (Kobold, Dolinar,
Frantar, 2012). Comparing the periods 1961-1990 and 1971-2000, a decrease in peak
discharge in spring and an increase in fall can be observed in the discharge regimes of
rivers in Slovenia as a result of climate change. The number of discharge regimes has
decreased, as have the differences between them (Frantar, Hrvatin, 2005).

The results of the above-mentioned suggest that the effects of climate change are
also reflected in the water level of Cerknica Lake. The aim of this article is to examine
the fluctuations in the mean annual and seasonal water level of Cerknica Lake over
the 60-year period 1961-2020 and to draw possible parallels with climate change.
For this period, we examined and presented the trends of annual and seasonal chan-
ges in air temperature, precipitation and snow cover in the area of Cerknica Lake
and its immediate catchment, as well as the trends of mean (Hs), minimum (Hnp)
and maximum (Hvp) annual and seasonal water levels of the lake and the minimum
(Qnp), mean (Qs) and maximum (Qvk) discharge of the largest surface tributary —
the Cerknisc¢ica River. We also investigated the correlation between selected meteoro-
logical and hydrological variables.

Knowledge of the fluctuations in the water level of Cerknica Lake is important
for the future dynamics of its intermittency and thus for the preservation of the alre-
ady fragile, unique (peri-)aquatic and subterranean ecosystems characteristic of karst
poljes (Bonacci, 2014; Gaberscik et al., 2003; Gaberscik et al., 2020). This is all the
more important for Cerknica Lake, a world-famous intermittent karst lake in the
heart of the Notranjska Regional Park, an important Natura 2000 and Ramsar site
and an exceptionally diverse area in terms of geodiversity (Stepisnik, Ilc Klun, Repe,
2017). At the same time, the issue of changing water levels due to climate change is
also important for successful adaptation to hydrological extremes such as floods and
droughts and for the further economic development of the wider area (agriculture,
tourism and other activities in the lake area).

2 PRESENTATION OF THE STUDY AREA

With an area of 38 km?, the Cerknica Polje is the largest karst polje in Slovenia (Rav-
bar et al., 2021) and the central karst polje in a series of hydrologically connected karst
poljes of the Notranjska valley system, which is an integral part of the Ljubljanica river
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basin (Figure 1). It lies between the higher Losko Polje in the southeast and the lower
Planinsko Polje in the northwest. It is surrounded by the Javorniki Mountains to the
southwest and the Slivnica and Bloke Plateau to the northeast. The bottom of the polje
lies at an altitude of around 550 metres. The Cerknica Polje is characterised by the
temperate continental climate of western and southern Slovenia (Ogrin, 1996). At the
Dolenje Jezero climatological station, the mean annual air temperature in the period
1981-2010 was 8.9 °C (interpolated value from the climatological station in Postoj-
na). In the same period, the mean annual precipitation at the precipitation station in
Cerknica was 1552 mm (ARSO, 2022; Fig. 2).

Figure 1: Map of the Cerknica polje.
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Figure 2: Climate diagram for the Cerknica meteorological station for the period

1981-2010.
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Source of the data: ARSO, 2022.

The Cerknica Polje is a combined type of border and spring-ponor polje (Gams,
1974) or a combination of inundated, overflow and inflow type polje (Stepi$nik,
2020). The hydrological hinterland of the Cerknica polje is very diverse and extensive,
with water from the Losko Polje and the Bloke Plateau flowing into the polje from
underground (Kranjc, 1986) and the Cerknis¢ica River flowing into the polje from the
surface. The catchment area of Cerknica Lake is 475 km?. About 80 % of the area is fed
by karst water and 15% by surface water, the rest comes from rainwater from the polje
itself. Most of the karst watercourses flow from the eastern and south-eastern edges of
the polje. The largest watercourse in the polje is the Strzen, which is called Obrh at its
source. In the eastern part of the polje, the largest tributaries are Zerovnis¢ica and Ste-
berscica, while on the southern side the larger springs are Laski Studenec, Tresenec,
Retje, Otoski Obrh, Mrzlek, Vranja Jama v Zadnjem Kraju, Skadulca and the spring
in Usiva Loka. The Cerkniscica River is the only longer, non-karstic tributary of the
lake, that receives water from the edge of the Otavska, Vidovska and Bloke plateaus
(Kranjc, 1986). The outflow of Cerknica Lake consists of several outflow units and
is entirely karstic. The most important ponors are connected to the Velika and Mala
Karlovica cave system and the Svinjska Jama cave in the northwestern part of the
polje, the so-called Jamski zaliv (Cave bay), which drain water mainly towards Rakov
Skocjan and Planinsko Polje (Gams, 1965; Petri¢ et al., 2020). In the central part of
the polje, there are numerous sinkholes (e.g. Reseto and Vodonos south of the village
of Dolenje Jezero), from which water flows underground directly into the springs of
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the Ljubljanica River (Gams, 1965). The lake water is retained the longest in the lowest
part of the polje, the so-called Zadnji kraj, from where it also flows into the springs of
the Ljubljanica (Gams, 1965; Kranjc, 1986).

Cerknica Lake begins to apear when the inflow exceeds the outflow and the wa-
ter level rises above 547.4 m (184 cm at the Dolenje Jezero water gauging station)
(Kolbezen, 1998). According to more recent studies, however, the regular lake level,
defined as the water level that is exceeded on at least 10 days per year within a refe-
rence period of 30 years, is 550.3 m (value of 474 cm at the Dolenje Jezero gauging
station). At this value, the water floods an area of 21.84 km? (Ravbar et al., 2021).
The lake carries water for an average of nine months a year. The lake is most often
full in April, May and December and empty between August and October (Kranjc,
2005). The water regime of the lake in the reference period 1961-1990 was chara-
cterised by two highs (April and December) and two lows (August and February)
(Kovaci¢, 2010). According to the author’s interpretation, the peak in April was
partly due to snowmelt that had accumulated in the higher parts of the catchment
during the winter and partly due to precipitation in the period preceding the in-
tensive growing season. The peak in December was caused by a combination of the
precipitation peak in November and a karst retention that shifted most of the No-
vember runoft from the polje to December. The low in August was due to heavy eva-
poration, while the low in February was due to snow retention. The attached graph
(Figure 3) shows that the water regime of the lake changed in the following 30-year
period (1991-2020) at the expense of significantly lower water levels in spring and
summer and slightly higher water levels in fall. For the period 1961-2007, the lake’s
water regime was analysed for five decades by Zhelezov et al. (2011) and showed
significant differences between the various decades.

Cerknica Polje is located in the municipality of Cerknica. The settlements in
Cerknica Polje, with the exception of the central settlement of Cerknica, are pre-
dominantly rural. With the exception of Dolenje Jezero, they have withdrawn from
the area of influence of the floods (Smrekar, 2005). In 2020, they had a population
of 6120 inhabitants, of which about 2/3 lived in Cerknica (SURS, 2022). Smaller
settlements in the municipality have been characterised by a decline in population
over the last 50 years, while larger settlements with better opportunities for the
development of various activities (Cerknica, Unec, Rakek, Martinjak and Graho-
vo) have seen an increase in population. The majority of the working population
is still employed outside the municipality (Pustovrh Benda, 2015). Cerknica Lake
represents the tourist potential of the wider area, which is only partially exploited.
Tourist arrivals are increasing, but these are mainly day-trippers who visit the lake
mainly in the warmer season (Lukan, 2017).
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Figure 3: Hydrograph of mean monthly water levels at the Dolenje Jezero water gauging

station for the periods 1961-1990 and 1991-2020.
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3 ANTHROPOGENIC INTERVENTIONS IN THE DRAINAGE
REGIME OF CERKNICA LAKE

The periodic occurrence of Cerknica Lake has been regulated in various ways in the
past, depending on the historical situation and the interests that gave rise to the initi-
atives. In the agricultural era, there was the idea of draining the lake or reducing the
volume and duration of flooding in favor of arable land, while later there was a ten-
dency to permanently dam the lake in order to develop tourism, fishing and electrici-
ty generation (Bidovec, 2007).

In the name of drainage, some of the sinkholes were lowered and cleaned until the
Second World War, Velika Karlovica (Fig. 4) and Mala Karlovica, Rakovski Mostek,
Svinjska Jama cave, Kamnje and Narte ponors were widened and deepened, some
siphons were blasted, underground channels were widened and lowered and screens
were installed at the entrance to both Karlovicas, the inflow to Svinjska Jama cave was
regulated, Strzen with some tributaries was regulated and its outflow into the nearby
sinkholes and ponors was regulated by drainage ditches. These measures have limited
major flooding and led to a faster discharge of medium-high water (Kranjc, 1986).
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Figure 4: Velika Karlovica (photo: S. Mikli¢).
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To prevent a catastrophic fish kill when the lake dried up, the locals built a small
dam in front of Reseto in 1946 (Figure 5), which prevented the low water from flowing
into Reseto sinkhole. They also built the Brkinov Laz dam on Strzen at a height of 200
cm at the Dolenje Jezero water gauging station to stem the flow of water towards
Jamski Zaliv. In order to maintain the lowest water level, in 1956, in addition to the
reconstruction of the dam in front of Re$eto (which was rebuilt and raised in 1969),
part of Strzen and Zerovni$¢ica were regulated and several small reservoirs were built
at Ponikva, Retje and Sitarica (Kebe, 2011).

At the end of the 1960s, the entrance to the Mala Karlovica was concreted to test
the damming of ponors, five cave entrances were built in Narti and the Velika Karlo-
vica was dammed with a concrete dam with an overflow at 551 m (544 cm at the
Dolenje Jezero water gauging station), and connected by an artificial tunnel to the
Rakovski Mostek (Nova Karlovica), where an iron sluice was installed at the entrance.
In this way, the outflow at medium and high water levels was reduced and floods were
prolonged, but the lake continued to dissapear in periods of drought (Bidovec, 2007;
Habi¢, 1974; Kranjc, 1986).

In the following years, the barrier in front of Velika Karlovica was lowered, some of
the ponors were relieved and the cleaning and dredging of some channels was resumed.
In the late 1980s and early 1990s, the Nova Karlovica facility was rebuilt and became the
main sink for the outflow of water from Cerknica Lake, with a capacity of around 40
m?/s (Pravilnik za obratovanje ..., 2014). In 1992, the concrete barrier at the entrance to
Mala Karlovica was removed and after the floods of 2000, the overflow of the barrier at
Velika Karlovica was lowered by 60 cm, so that water only flows over the barrier when
the water level at the Dolenje Jezero water gauging station reaches 500 cm (Kebe, 2011).

In 2015, the implementation of a regulation prescribing the operating regime of the
lock at Nova Karlovica began in order to protect the fish fauna, which is tied to high
winter and spring water levels during spawning. The lock is closed on December 1st
and remains closed until the middle or end of May (depending on the water level). It
is only opened when the water level at the Dolenje Jezero gauging station exceeds 470
cm, and even then only until the water level stops rising (Pravilnik za obratovanje ...,
2014). The lock in Nova Karlovica was not operated before 2015, but it is assumed that
it was open most of the time and was cleaned regularly (Tratnik, 2023).

In 2016 and 2018, the fishing weir in Reseto was rebuilt and upgraded with an
overflow height of 150 cm at the Dolenje Jezero water gauging station (Tratnik, 2023),
which keeps the water in the lake at an approximate height of about 70 cm at the Do-
lenje Jezero water gauging station during low water levels (Schein, 2020).

Between 2019 and 2021, under the management of the Notranjska Regional Park,
the original channel of the Strzen in Klju¢i and Beli Breg was restored and in 2009 the
upper parts of Goriski Brezi¢ek and Tresenec were renaturated, which is expected to
slightly slow down the outflow of low water and prolong the stagnation of water in the
depressions and established arms of the watercourses (Tratnik, 2023).
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4 METHODS

For the study area, we analysed the mean annual and seasonal precipitation, snow
cover and total snow depth, mean annual and seasonal air temperature, mean annual
and seasonal minimum (Hnp), mean (Hs) and maximum (Hvp) water level of Cerkni-
ca Lake, and minimum (Qnp), mean (Qs) and maximum (Qvk) annual discharge of
the Cerkniscica River for the period 1961-2020. The seasonal values refer to the me-
teorological seasons, with the December-February quarter representing winter, the
March-May quarter representing spring, the June-August quarter representing su-
mmer and the September-November quarter representing fall.

To calculate the trends in precipitation and snow cover in the study area, we used the
monthly precipitation heights from the Cerknica precipitation station (ARSO, 2022),
which has a complete set. According to this criterion, the Smarata and Nova Vas na Blo-
kah stations could also have been included in the analysis, but the preliminary analysis
showed a high level of agreement in the trends and annual distribution of precipitation
between the stations, which is why we ultimately decided against it. For the calculation
and presentation of the trend of the average daily temperature, the temperature data
from the climatological station Dolenje Jezero, which has only been in operation for
less than ten years, were interpolated with the temperature data from the climatolo-
gical station Postojna, which is the closest station with a homogenised data set. In the
interpolation, we also calculated the difference in monthly mean air temperature for the
entire period of operation of the stations (1969-1977) and then added the difference
to the data set of the Postojna meteorological station for the period 1961-2020. In the
study, we did not separately consider evapotranspiration, which is otherwise calculated
for Bloke and Babno Polje, as it is a derived (calculated) and not a basic (measured)
meteorological variable. For the analysis of the water levels of Cerknica Lake, we used
the monthly data of minimum, mean and maximum water levels at the Dolenje Jezero
gauging station, and for the analysis of the discharge of the Cerknis¢ica River, we used
the monthly discharges at the Cerknica gauging station (ARSO, 2022).

The trend of temperature, precipitation and snow cover, water levels and discharges
were calculated using the Mann-Kendall statistical test and Sen’s slope. The Mann-
-Kendall test indicates the significance of the trend, if it exists, and the Sen’s slope
indicates the value. The Mann-Kendall test and Sen’s slope were calculated in MS
Excel using the MAKESENS template (Makesens-application ..., 2021). The correla-
tion between the selected meteorological and hydrological variables was determined
using the Spearman rank correlation coefficient (p), in which the data are converted
into ranks before calculation and are therefore less sensitive to outliers. In contrast to
the Pearson correlation coeflicient, the Spearman correlation coefficient also assumes
no linear correlation between the variables and a normal frequency distribution (Hel-
sel et al., 2020) and is therefore more suitable for analysing the correlation between
meteorological and hydrological variables, representing inputs and outputs of karst
systems (Kovacic, 2009).
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5 RESULTS

In the period 1961-2020, the average annual precipitation at the Cerknica precipi-
tation station was 1629 mm. There is a negative trend, which is statistically signi-
ficant (a < 5%), of —33 mm/decade, which means that precipitation decreased by
197 mm or 11% in the analysed period. The wettest year was 1965 with 2189 mm of
precipitation and the driest year was 2015 with only 1125 mm of precipitation. With
the exception of the fall, the seasonal trends in precipitation are also negative. The

Figure 6: Temporal course of average precipitation 19612020 at the Cerknica
precipitation station.
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linear trend in spring is statistically insignificant at —-13 mm/decade, which means
that precipitation in spring has decreased by 79 mm or 20 %, while the average pre-
cipitation in spring during the analysed period was 373 mm. The average summer
precipitation during the period studied was 413 mm. The decrease in summer preci-
pitation is most pronounced compared to the other seasons, with a decrease of 30 %
or 139 mm. The linear trend in summer is statistically significant (a < 5%) and
amounts to -23 mm/decade. The average amount of precipitation at the Cerknica
precipitation station was highest in the fall at 488 mm during the study period.
However, the linear trend in fall precipitation is insignificant and statistically insig-
nificant at 0.4 mm/decade. Precipitation in the fall increased compared to the other
seasons, but only by 0.5% or 2 mm. The average winter precipitation over the period
studied was 356 mm, which indicates a primary decrease in winter precipitation. At
-3 mm/decade, the trend is statistically insignificant. Winter precipitation therefore
decreased by 21 mm or 6% (Figure 6).

Two variables were analysed for the snow depth 1961-2020 at the Cerknica preci-
pitation station: the average snow cover and the total new snow depth (Figure 7). The
average snow cover in a given period corresponds to the arithmetic mean of all daily
values, even if there is no snow (snow cover is 0 cm), while the total snow depth is
the sum of the daily values of new snow in the selected period (Vertac¢nik, Bertalanic,
2017). In the period studied, the highest average snow cover was in 1976 (8 cm) and
the lowest in 1989 (0.1 cm). Until 1986, values above 6 cm occurred five more times
(1963, 1969, 1970, 1984 and 1986), but no more after that. The highest total new snow
depth was 421 cm in 1984 and the lowest in 1975 (35 cm). In 1970, 1976, 1985, 1986
and 2013, the value was over 350 cm.

Figure 7: Temporal course of the average snow cover and new snow depth for the period
1961-2020 at the Cerknica precipitation station.
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The snowiest month in the Cerknica Polje area during the study period was Febru-
ary (Figure 8). The average snow cover in February was 10.3 cm and the average total
new snow depth was 45 cm. Most of the new snow (over 25 cm on a monthly basis)
fell on average between December and March. The average annual snow depth was 2.8
cm and the total new snow depth was 170 cm. A statistically significant trend (a < 5%)
was observed for the average snow depth over the period studied, which amounted to
-0.26 cm/decade, a decrease of 1.6 cm or 57%. For the total new snow depth, the trend
is also negative (-5 cm/decade), but not statistically significant. On an annual basis,
the amount of new snow fell by 31 cm or 20% in the period studied.

Figure 8: Monthly average amount of new snow and snow cover at the Cerknica
precipitation station 1961-2020.
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The average annual air temperature at the climatological station Dolenje Jezero in
the period 1961-2020 was 8.9 °C. The lowest average annual air temperature was me-
asured in 1980 with 7.4 °C, and the warmest year was 2019 with an average tempera-
ture of 11.6 °C. There is a positive and statistically significant trend (a < 5%) of 0.4 °C/
decade, which means that the atmosphere has warmed by 2.5 °C over the period stu-
died. Unlike the trends in mean precipitation, the trends in mean air temperature are
positive and statistically significant (a < 5%) in all seasons. The warming rate is highest
in summer, when the linear trend is 0.5 °C/decade. In spring, the linear trend of the
mean air temperature is 0.4 °C/decade, in fall 0.2 °C/decade and in winter 0.3 °C/
decade. Insummer it warmed by an average of 3.2 °C, in fall by 1.5 °C, in winter by 1.9°C
and in spring by 2.3 °C (Figure 9).

Source of the data: ARSO, 2022.
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Figure 9: Temporal course of the average air temperature 1961-2020 at the Dolenje
Jezero climatological station.
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The different water levels (Hnp, Hs and Hvp) are subject to different trends and as-
sociated changes in their height both on an annual basis and at different times of the
year during the study period (Figure 10, Figure 11). The trends of the highest (Hvp) and
mean (Hs) annual water levels of Cerknica Lake at the Dolenje Jezero gauging station
between 1961 and 2020 were negative and not statistically significant, while the trend of
the lowest annual water levels (Hnp) was positive and statistically significant (a < 5%).
According to the linear trend equation, Hvp decreased the most during the analysed
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period (30 cm). The decrease in Hs was 16 cm and the increase in Hnp was 48 cm.
In spring, water level trends were negative, but only the trend for Hs was statistically
significant (a < 5%), with a decrease of 62 cm over the period studied, which was also
the largest decrease among all seasonal Hs. In spring, Hnp decreased by 42 cm and
Hvp by 32 cm. In summer, the trends of Hvp and Hs were negative, with the former
also being statistically significant (a < 5%), and the trend of Hnp was positive and also
statistically significant (a < 5%). In summer, the most significant decrease was 74 cm in
Hvp (the largest decrease among all seasonal Hvp), while Hnp increased by 40 cm and

Figure 10: Temporal course of the lowest, average and highest water levels in the period
1961-2020 at the Dolenje Jezero water gauging station.

Dolenje Jezero Dolenje Jezero
spring 1961-2020 summer 1961-2020

250 é 550
< <
£ 549 A £ 549
= AVl 2R xS 3
£ Y T RN T T el V73 R
F] PP VR Vit 1 Y o/ WA
g s g s y y DXJ ),J¥ Yy v \?
546 546
545 545
191 1971 1981 1991 2001 2011 191 1971 1981 1991 2001 2011
Year Year
—0— Hs Hnp —O0—Hs Hnp
—o—Hiwp wneee statistical non-significant trend —o—Hw statistical significant trend
statistical significanttrend e statistical non-significant trend
Dolenje Jezero Dolenje Jezero
autumn 1961-2020 winter 1961-2020

8

Water level (inm as)
@ 9 ow
& &

"
£
5

1961 1971 1981 1991 2001 2011 546
Year &
1961 1971 1981 1991 2001 2011
—o—Hs Hnp
Year
—o— Hwp sssueeses statistical non-significant trend
statistical significant trend —o—Hs HIp  —@—Hwp oo statistical non-significant trend

Dolenje Jezero
1961-2020

1961 1971 1981 1991 2001 2011
Year
—o—Hs Hnp
—o— Hvp statistical significant trend

ssnees statistical non-significant trend

Source of the data: ARSO, 2022.

135



Stanka Miklig, Tajan Trobec| Dela 59 | 2023 | 121-150

Hs decreased by 54 cm. In the fall, the linear trend of Hs was negative and statistically
insignificant with a decrease of 12 cm over the period studied, while the trend for Hvp
was insignificant. The fall trend for Hnp was positive and statistically significant (a <
5%), with a 47 cm increase in summer minimum water levels. In winter, the trends for
Hvp and Hs were negative and not statistically significant, while the trend for Hnp was
positive and also not statistically significant. The largest change was for Hnp (increase of
49 cm), Hs decreased by 8 cm and Hvp remained practically the same.

Figure 11: Synthesis of trends of selected meteorological variables and water levels in the
period 1961-2020 for the precipitation station Cerknica and the climatological and water
gauging station Dolenje Jezero.
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The trends of annual discharges on the Cerkni$¢ica River were negative in the pe-
riod 1961-2020. The trends of Qnp and Qs are statistically significant (a < 5%), while
the trend of annual Qvk is not statistically significant. The decrease in Qs over the
period studied was 0.32 m®/s (28%), the decrease in Qvk was 3.17 m?/s (12%) and the
decrease in Qnp was 0.09 m®/s or 78% (Figure 12).
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Figure 12: Temporal course of Qnp, Qs and Qvp in the period 1961-2020 at the Cerknica
water gauging station.
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Source of the data: ARSO, 2022.

The correlation between the water levels and the selected meteorological variables
was determined using Spearman’s rank correlation coeflicient (p) (Table 1). The cor-
relation between the different water levels (Hnp, Hs, Hvp) and air temperature is
low in most cases (p between +£0.20 and £0.39), in some cases even insignificant
(p between +0.01 and +0.19) and has a different sign at different times of the year.
The largest negative correlation (mean) is between Hs and Hvp in summer with air
temperature (p = -0.48 and —0.49, respectively), and there is another mean correla-
tion between Hnp in summer and air temperature, but it is positive (p = 0.41). The
correlations of annual water levels with air temperature vary considerably in absolute
value and also have different signs (-0.30 < p < 0.41). In spring and summer, the
correlations are negative and insignificant to medium (-0.03 < p < -0.49), in winter
positive and insignificant to low (-0.19 < p < 0.24) and in fall insignificant and with
a different sign (-0.07 < p < 0.08).

The correlation between the different water levels (Hnp, Hs, Hvp) and precipitation
is positive everywhere and on average higher than the correlation between water level
and air temperature. In slightly more than half of the cases, it is at least medium (p
between 0.40 and 0.59), of which two cases are high (p between 0.60 and 0.79) and
one case is very high (p > 0.80). The highest correlation between Hvp and precipita-
tion is in fall (p = 0.86). There is a medium correlation between annual Hvp and pre-
cipitation (p = 0.52) and a low correlation (p = 0.39) and an insignificant correlation
(p = 0.01) between annual Hs and Hnp and precipitation. With the exception of the
annual level and fall, the most pronounced correlation between all water levels is that
between annual Hvp and precipitation. Hs and precipitation are most strongly corre-
lated. In spring and summer it is medium (p = 0.55 and 0.46 respectively) and in fall
and winter it is high (p = 0.64 and 0.63 respectively). There is only a low correlation
between the annual and autumnal Hnp and the amount of precipitation (p = 0.01 and
0.08 respectively).
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Table 1: Values of Spearman’s rank correlation coefficient (p) between water levels and air
temperature and precipitation.

Air temperature Precipitation
Annual Hs -0,30* 0,39*
Annual Hnp 0,41* 0,01
Annual Hvp -0,17 0,52*
Spring Hs -0,40* 0,55%
Spring Hnp -0,33* 0,39*
Spring Hvp -0,19 0,45*
Summer Hs -0,48* 0,46*
Summer Hnp -0,03 0,24*
Summer Hvp -0,49% 0,38*
Fall Hs -0,07 0,64*
Fall Hnp 0,08 0,08
Fall Hvp -0,05 0,86*
Winter Hs 0,19 0,63*
Winter Hnp 0,24* 0,40*
Winter Hvp 0,21 0,46*

*The correlation is statistically significant (a < 5%).

6 DISCUSSION

The negative trend in mean and maximum water levels and thus the decrease in annual
Hs (16 cm) and Hvp (0.30 cm) of Cerknica Lake in the period 1961-2020 is probably
mainly due to a decrease in annual precipitation by 11% and an increase in mean air
temperature by 2.5 °C, with a consequent increase in evaporation. The latter hypothesis
is indirectly supported by the relationships of water levels to precipitation and tempera-
ture, namely the small correlation between Hs and precipitation (p = 0.39), the medium
correlation between Hvp and precipitation (p = 0.52) and the small and insignificant ne-
gative correlation of Hs and Hvp to air temperature (p = -0.30 and -0.17, respectively).
Part of the decline in mean water levels and peak water levels could also be related to
the gradual removal of some measures taken in the late 1960s to implement the experi-
mental impoundment (Kranjc, 1986), such as the release of some ponors, the removal
of the barrier at the entrance to Mala Karlovica, the lowering of the overflow of the
barrier at Velika Karlovica and the resumption of clearing and dredging of some of the
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river channels (Kebe, 2011). Despite the negative trend in Hvp, it is worth noting that
the absolute highest water levels were reached in the second half of the study period,
namely in 2000 (654 cm) and 2014 (628 cm), when floods occurred in a larger area of
Slovenia (ARSO, 2014; Kovacic, Ravbar, 2010). Blatnik et al. (2024), who in contrast to
us look at a somewhat longer data set (1956-2022), find a slightly positive trend in Hvp.
The divergence is due to the high variability of annual maximum water levels, where
even small differences in the investigated set can influence the reversal of the trend.
The extreme water levels in 2000 and 2014 are consistent with the findings of more
frequent and more pronounced flooding as a result of climate change (Kobold, Dolinar,
Frantar, 2012) and indicate that there is a real possibility that we will experience more
frequent extreme flooding at Cerknica Lake in the future, regardless of the trend in Hvp,
when exceptional precipitation occurs. In general, however, the number of days with
the highest water levels, e.g. above 400, 450 or 500 cm, is decreasing at Cerknica Lake,
even if we exclude the period of attempted permanent management of the lake in the
transition from the 1960s to the 1970s (Figure 13).

Figure 13: Number of days per year with high water levels at the Dolenje Jezero gauging
station in the period 1961-2020.
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In contrast to Hs and Hvp, the trend of Hnp is positive and statistically significant
(a £ 5%), leading to an increase in the lowest annual water levels (increase of 48 cm).
There is a lack of correlation of annual Hnp with rainfall (p = 0.01) and a moderate
correlation with air temperature (p = 0.41), with the latter having the opposite sign to
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that expected. The increase in annual minimum water levels despite lower precipitati-
on and higher temperature is probably due to anthropogenic interventions in outflow.
In this case, the dam at Reseto sinkhole, behind which water is held back at low water
levels to protect fish, has a decisive influence. In fact, all annual Hnp recorded during
the studied period were below the overflow of the dam (150 cm at the Dolenje Jezero
water gauging station). However, the dam was damaged, rebuilt and raised several
times during the study period to retain more water (Schein, 2020; Tratnik, 2023),
which could explain the increasing trend in Hnp. However, water retention at the
lowest water levels is probably not the only reason for the increase in Hnp. We suspect
that the latter phenomenon is partly due to the way water levels are measured, which
is unfavourable for studying the lowest values at the Dolenje Jezero gauging station. A
look at the attached graph (Figure 14) shows that from the beginning of the station’s
operation until 1974, values of H = 0 cm (absolute height 545.56 m) were recorded
very frequently, which is no longer typical for the later period (with some exceptions
in the early 1980s). Since 1974, water levels of less than e.g. 5, 10, 20 or 30 cm have
also become increasingly rare, although it is known from experience that the Strzen
River can dry out during dry periods. For example, in the exceptionally dry year of
2022, despite the absence of water, the lowest water level was officially recorded at H
=30 cm (ARSO, 2022) because the water level bar with the value 0 cm was buried in
the sediment at the bottom of the channel at the time of measurement (Figure 15). In
view of the many recorded values of H = 0 cm at the beginning of the study period, it
is possible that the bed of the channel was deeper at this time and the water level bar
at 0 cm was therefore not buried in the sediment. It is also quite possible that before
1974 (when continuous recording of water levels with a limnigraph was introduced)
the observer recorded the water level at H = 0 cm when there was no water in the
channel, regardless of whether the water level gauge was buried in the sediment at 0
cm, which was no longer possible due to automatic recording in the later period. The-
re are no official record of how the lowest water levels were recorded until 1974 and of
the burial of the level at 0 cm in the sediment, so the trend in annual Hnp is unlikely
to be reliably interpreted.

The discharge data for the only larger non-karstic tributary of the Cerknica polje -
the Cerkni$cica - at the Cerknica gauging station show, according to the linear trend
equation, a decrease in mean annual discharge (Qs) and annual peak discharge (Qvk)
by 28% and 12% respectively in the same period (1961-2020), which is consistent
with the changes in Hs and Hvp of the Strzen at the Dolenje Jezero gauging station. In
contrast to the increase in Hnp in the analysed period, the annual minimum dischar-
ge (Qnp) at Cerknica decreased by 78%. The latter fact is further indirect evidence
that the increase in minimum water levels at Cerknica cannot be climatic, but is due
to another factor — most likely an anthropogenic influence on the outflow.
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Figure 14: Number of days with low water levels at the Dolenje Jezero water gauging
station in the period 1961-2020.
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Spring Hs, Hnp and Hvp of Cerknica Lake decrease (62 cm, 42 cm, 32 cm decre-
ase), which is consistent with decreasing spring precipitation (20% decrease) and
increasing temperatures (2.3 °C increase) affecting evaporation. The latter is also
reflected in a medium correlation between Hs, Hnp and Hvp in spring with precipi-
tation (0.39 < p < 0.55) and a small negative correlation with temperature (-0.40 <
p < -0.19). The significant decline in water levels in spring also becomes clear when
comparing the mean water levels in March, April and May for the periods 1961-1990
and 1991-2020 (Figure 3). The decline in water levels in spring is probably partly
due to the reduced influence of snow retention. This is a combination of a lower
proportion of snowfall in winter, which only partially runs off in spring, and less
abundant winter precipitation (a 6% decrease). The lower proportion of snowfall is
reflected in a 20% decrease in the amount of new snow, while the 57% decrease in
average snowpack height indicates faster snowmelt, which consequently turns into
runoff with a shorter time lag. The latter results are consistent with those on snow-
pack depth in Slovenia, which decreased by about 16% per decade at the national
level between 1961 and 2011 (Vertac¢nik, Bertalani¢, 2017), and the weakening of
snow retention is reflected in a reduction of spring discharge in many watercourses
(Frantar, Hrvatin, 2005). When assessing the impact of snowfall on the water level of
Cerknica Lake, it should be noted that the analyses were carried out at the lowland
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precipitation station Cerknica, which is not representative of the entire catchment
area of Cerknica Lake due to the lack of precipitation stations at higher altitudes, as
snow only occurs in larger quantities at higher altitudes.

Figure 15: Dry riverbed of the Strzen in summer 2022 (photo: T. Trobec).
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Summer Hs declined by 54 cm during the period studied, the second largest decli-
ne in Hs after spring, and summer Hvp declined by 74 cm, the largest decline among
seasonal Hvp. The significant decline in summer water levels is also evident when
comparing the mean water levels of June, July and August for the periods 1961-1990
and 1991-2020 (Figure 3). This decrease in summer Hvp and Hs can probably be
attributed to the increased evaporation due to the warming of the atmosphere (the
summer temperature increase of 3.2 °C is the highest of all seasons) and to the sig-
nificant decrease in precipitation, which is most pronounced in summer (30%). This
hypothesis is also supported by the mean correlation of Hs and Hvp in summer with
precipitation (p = 0.46 and 0.38, respectively) and with air temperature (p = -0.48 and
-0.49, respectively), which has the expected negative sign at this time of year. Despite
the strong decrease in summer precipitation and warmer temperatures, the trend of
summer Hnp is positive (increase of 40 cm) and the trend of autumn Hnp is very
similar (increase of 47 cm). Considering that 87% of Hnp on an annual basis occurs
in summer or autumn (and occasionally in both seasons simultaneously) during the
studied period, the interpretation of the trend in summer and autumn Hnp is also
unreliable (as in annual Hnp) due to the above-mentioned methodological uncerta-
inties in the recording of minimum water levels. However, as mentioned above, the
positive trend in summer and autumn Hnp can probably be linked, at least in part, to
artificial water retention at low water levels behind the dam at ReSeto. Indeed, the vast
majority of summer and autumn Hnp (90% and 88%, respectively) in individual years
at the Dolenje Jezero gauge were below 150 cm, which corresponds to the overflow
height of the dam. The hypothesis of the influence of artificial water retention on the
lowest summer and autumn water levels is also indirectly confirmed by the insignifi-
cant and low correlation of summer and autumn Hnp with precipitation (p = 0.24 and
0.08, respectively) and the insignificant correlation with air temperature (p = -0.03
and 0.08, respectively), which is also inverse to that expected in autumn. According to
the linear trend, the autumn changes in Hs were relatively small (12 cm increase) du-
ring the studied period, while Hvp remained practically the same. The small changes
in water levels are probably due to the insignificant changes in autumn precipitation
(0.5% increase) and the relatively modest increase in autumn temperatures (1.5 °C
increase; the smallest of all seasons). This is indirectly supported by the high to very
high correlation of Hs and Hvp in fall with precipitation (p = 0.64 and 0.86, respecti-
vely), while the correlation with temperature is insignificant.

In winter, the trend in water levels is similar to that in autumn, with Hnp rising in
winter (49 cm) and Hs and Hvp experiencing no major changes. Hs has fallen slightly
(8 cm), while Hvp has remained practically the same. The small change in the average
water level in winter is also illustrated by the almost identical values of the average
water levels in December, January and February at the Dolenje Jezero gauging station
when comparing the periods 1961-1990 and 1991-2020 (Figure 3). The small changes
in water levels are probably due to the relatively small change in winter precipitation
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(6% decrease), which is also reflected in the medium to high correlation of Hs and
Hvp in winter with precipitation (p = 0.63 and 0.46, respectively). There was also a
significant increase in winter temperature (1.9 °C) over the period studied, but due
to the otherwise low temperatures at this time of year, this has no significant effect on
the increased evaporation and thus the lower runoff. The latter is also reflected in the
correlation of winter Hnp, Hs and Hvp with temperature (0.19 < p < 0.23), which has
a positive sign. Hs in winter remains at a similar level, possibly because the decrease
in winter precipitation is compensated to some extent by faster runoff. This is a result
of the already mentioned weaker effect of snow retention (less snowfall in winter and
faster melting and runoff of newly fallen snow due to warmer temperatures). The re-
duced effect of snow retention is probably also the cause of the increase in winter Hnp.

Above is a vertical overview of the changes in the analysed meteorological and
hydrological variables by season and below a horizontal overview of the changes in the
individual water levels (Hnp, Hs, Hvp) of Cerknica Lake over the course of the year. The
mean water level (Hs) has decreased in the period 1961-2020 both on an annual and
seasonal level (with the exception of autumn, when a slight increase is recorded), and
its changes coincide with lower precipitation, higher temperatures and higher evapora-
tion. The decline in Hs is greatest in spring and summer, when changes in precipitation
and temperature are also greatest. The maximum water levels (Hvp) also show a decli-
ne (except in winter and autumn, where there were practically no changes). Here too,
the decline was greatest in spring and summer due to lower precipitation and higher
temperatures. The decline in Hs and Hvp in spring and summer could also be rela-
ted, at least to a small extent, to the aforementioned phasing out of some experimental
damming measures in the late 1960s (Kebe, 2011; Kranjc, 1986). The lowest water levels
(Hnp), on the other hand, are characterised by an increase (except in spring) that con-
trasts with the observed changes in precipitation and temperature. The increase in Hnp
on an annual basis and in summer and autumn, when water levels are generally lowest,
can be explained (as far as the above-mentioned questionable methodology for recor-
ding the lowest water levels allows) by the artificial water retention at low water levels
behind the dam at Reseto (Schein, 2020; Tratnik, 2023). However, the Hnp in winter
and spring are generally higher than the Hnp in summer and autumn and exceed 150
cm at the Dolenje Jezero gauging station in about half of the years of the study period,
which means that the water retention behind the dam at Re$eto has a relatively smaller
influence on them than in summer and autumn. In a good third of cases, they also
exceed 200 cm, when the water of Cerknica Lake begins to overflow in large quantities
over the dam of Brkinov Laz towards Jamski Zaliv (Habic¢, 1974; Tratnik, 2023), and
thus a significant part of the water in Karlovica and in many other ponors and sinkho-
les downstream of Reseto begins to sink. Given the similar distribution of winter and
spring Hnp occurrence in relation to the overflow heights of the dam at Re$eto and
the Brkinov Laz dam, we conclude that the effects of anthropogenic interventions on
Hnp are similar in both seasons and that the reason for this different trend is probably
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largely due to climate change. The increase in Hnp in winter (49 cm) and the simulta-
neous decrease in Hnp in spring (42 cm) may be due to the aforementioned weakening
effect of snow retention. Although the additional winter inflow to the lake from this
source has no influence on the increase in Hnp in winter, it may nevertheless influence
the increase in minimum water levels in the complex karst recharge system of Cerknica
Lake. However, the lack of spring inflow to the lake due to the reduced influence of
snow retention is probably only an additional factor for the already abundant decrease
in water levels in spring (as a result of the above-mentioned lower precipitation and
higher temperatures), which is also reflected in the summer Hnp.

The correlation between annual and seasonal water levels (Hnp, Hs and Hvp) and
precipitation or air temperature is generally relatively low, especially for temperature,
where the sign of the correlation is also inconsistent between years and between diffe-
rent water levels. In one third of the cases (10) at least a medium correlation (0.40 <
p < 0.59) is reported, in two cases a high correlation (0.60 < p < 0.79) and in only one
case a very high correlation (p > 0.80). The lower correlation is probably influenced
by several factors, both natural and anthropogenic. One of them is certainly the karst
retention effect, which causes the water level of Cerknica Lake to react to precipitation
with a certain delay and the water level in the lake remains high for a long time after
precipitation. Blatnik et al. (2024), for example, found the highest correlation between
the daily water level of Cerknica Lake and the sum of the preceding 45 days of effecti-
ve precipitation (precipitation minus evapotranspiration) for the period 1954-2022.
The second reason is methodological, as we used actual and not effective precipitation
in the present study. The third reason is the numerous anthropogenic interventions in
outflow, which had different effects at different times at different water levels (Blatnik
et al., 2024; Habi¢, 1974). The higher correlation between water levels (Hnp, Hs and
Hvp) and precipitation compared to the correlation between water levels and air tem-
perature, both on an annual and seasonal basis, indicates a generally higher influence
of precipitation on lake water levels. The slightly stronger negative correlation betwe-
en water level and air temperature (which is still lower than the correlation between
water level and precipitation) is only observed in spring and summer and indicates
a stronger influence of temperature on water levels, especially in the warmer season
when evaporation is also more intense during the growing season.

7 CONCLUSION

Climate change affects the discharge regime of watercourses and the water levels of
lakes. We selected the intermittent Cerknica Lake to study the effects of climate chan-
ge because its karstic nature makes it even more susceptible to any kind of change
(including climate change). In this paper, we investigated the annual and seasonal
changes in the water level of Cerknica Lake between 1961 and 2020 and tried to find
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correlations with local climate change. To this end, we analysed the annual and sea-
sonal changes in precipitation, snow cover and air temperature, the changes in mi-
nimum (Hnp), mean (Hs) and maximum (Hvp) water levels of Cerknica Lake, and
the trends in minimum (Qnp), mean (Qs) and maximum (Qvk) discharges of the
Cerkni$cica River in the area of Cerknica polje and its immediate catchment.

The analyses of meteorological and hydrological variables indicate a significant
change in the water balance of Cerknica Lake during the period under study. The
amount of precipitation in the area of Cerknica polje decreased by 11% or almost 200
mm. The decrease was most pronounced in summer (30%) and spring (20%). The
amount of new snow fell by 20% and the average snow cover by 57%. The air tem-
perature rose by 2.5 °C. It warmed the most in summer (3.2 °C) and spring (2.3 °C).
Cerknica Lake has received less and less water over the years, which is reflected in a 16
cm decrease in the average annual water level (Hs). According to the linear trend equ-
ation, the maximum water level (Hvp) has fallen by 30 cm and the minimum water
level (Hnp) has risen by 48 cm. The decrease in Hs and Hvp is mainly related to lower
precipitation and higher air temperatures, which have led to an increase in evaporati-
on, and to a lesser extent perhaps also to the phasing out of some anthropogenic water
retention measures from the late 1960s, which at that time reduced runoff during
mean and high water and led to prolonged flooding. However, the increase in Hnp (as
far as the unreliability of the data at low water levels allows) can probably be linked
to the artificial retention of water in the lake behind the repeatedly rebuilt and raised
dam at ReSeto at low water levels, which is intended to preserve fish populations.

In spring, Hs, Hnp and Hvp of Cerknica Lake decreased significantly (62 cm, 42
cm, 32 cm). In summer, Hvp (74 cm) and Hs (54 ¢cm) decreased and Hnp increased
by 40 cm. In the fall, changes were limited to a 47 cm increase in Hnp, while changes
in Hs were relatively small (12 cm increase) and Hvp remained virtually the same. In
winter, Hnp also rose by 49 cm, while Hs and Hvp remained almost unchanged. The
seasonal changes in the water level of Cerknica Lake in the case of Hs and Hvp, which
decrease mainly in spring and summer, can be attributed to a considerable extent to the
higher seasonal temperatures and increased evaporation as well as to the lower seasonal
precipitation and partly perhaps also to the aforementioned phasing out of some of
the anthropogenic high and medium water retention measures of the late 1960s. The
lowest water levels (Hnp) show a seasonal increase (except in spring) that is similar to
the annual increase, which contrasts with the observed changes in precipitation and
temperature. The increase in Hnp in summer and autumn (which are usually also the
lowest water levels of the year) can be linked to the artificial retention of water behind
the ReSeto dam during the lowest water levels (as far as the unreliability of the data at
the lowest water levels allows), as with the annual Hnp. However, the changes in Hnp in
winter and spring (which are significantly higher than Hnp in summer and autumn and
therefore less dependent on water retention at low water levels) can probably be linked
to climate change and the associated decrease in snow retention.
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Despite the relatively low correlation of annual and seasonal Hnp, Hs and Hvp with
precipitation and air temperature, where at most one third of the relationships show at
least a medium correlation (0.40 < p < 0.59), it can be concluded that climate change
has a decisive influence on the changes in water level in the lake — especially for the
mean water levels (Hs) and the maximum water levels (Hvp). Low water levels (Hnp)
are more likely to be caused by anthropogenic interventions in the outflow than by
climate change. The latter have been numerous in the past, sometimes with the aim
of accelerating outflow, other times to retain water in the lake. Their impact on water
level is difficult to assess objectively due to their often contradictory effects, the alter-
nation between wet and dry years and the intermittent nature of the lake itself.
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