ACTA GEOGRAPHICA
SLOVENICA "

2024
G4



ACTA GEOGRAPHICA SLOVENICA
GEOGRAFSKI ZBORNIK
64-3 2024

Contents

Borut STOJILKOVIC, Valentina BRECKO GRUBAR
Discharge regimes of Slovenian rivers: 1991-2020

Radomir BODIROGA, Tijana BANJANIN, Dajana VUKOJEVIC ATELJEVIC,
Simon KERMA

The trends in viticulture and winemaking in the context of wine tourism development
in Bosnia and Herzegovina

Andela VRKIC, Ante BLACE
Land use changes in Southern Croatia (Dalmatia) since the beginning of the 20th century

Nuri Erkin OCER, Dilek KUCUK MATCI, Ugur AVDAN
Monitoring the impact of the Corona pandemic on nitrogen dioxide emissions at large
scales via Google Earth Engine

Zala VIRANT, Janez OSOJNIK, Andreja KOZMUS
Environmental responsibility and communication in selected companies in the Podravska
statistical region

Sai-Leung NG, Ching-Hua TIEN
Mapping the landscape of recent research on agricultural geography (2013-2022)

Ales SMREKAR, Jernej TIRAN, Katarina POLAJNAR HORVAT
Unveiling the cultural ecosystem services of urban green spaces:
A case study of Ljubljana, Slovenia

I‘s‘s‘,\“ ‘ |1‘5|81 ‘“6‘6“1 |
9 |771 581‘661 01 O|

33

49

75

97

111

135



ACTA GEOGRAPHICA SLOVENICA

64-3
2024

ISSN: 1581-6613
UDC: 91
2024, ZRC SAZU, Geografski indtitut Antona Melika

International editorial board/mednarodni uredniski odbor: Zoltan Bétori (Hungary), David Bole (Slovenia), Marco Bontje (the Netherlands),
Mateja Breg Valjavec (Slovenia), Michael Briindl (Switzerland), Rok Cigli¢ (Slovenia), Spela Coné (Slovenia), Lorant Dénes David
(Hungary), Mateja Ferk (Slovenia), Matej Gabrovec (Slovenia), Matjaz Gersi¢ (Slovenia), Maru$a Goluza (Slovenia), Mauro Hrvatin
(Slovenia), Ioan Ianos (Romania), Peter Jordan (Austria), Drago Kladnik (Slovenia), Blaz Komac (Slovenia), Jani Kozina (Slovenia),
Matej Lipar (Slovenia), Dénes Loczy (Hungary), Simon McCarthy (United Kingdom), Slobodan B. Markovi¢ (Serbia), Janez Nared
(Slovenia), Cecilia Pasquinelli (Italy), Drago Perko (Slovenia), Florentina Popescu (Romania), Garri Raagmaa (Estonia), Ivan Radevski
(North Macedonia), Marjan Ravbar (Slovenia), Ale§ Smrekar (Slovenia), Vanya Stamenova (Bulgaria), Annett Steinfithrer (Germany),
Mateja Smid Hribar (Slovenia), Jure Ti¢ar (Slovenia), Jernej Tiran (Slovenia), Radislav To$i¢ (Bosnia and Herzegovina), Mimi Urbanc
(Slovenia), Matija Zorn (Slovenia), Zbigniew Zwolinski (Poland)

Editors-in-Chief/glavna urednika: Rok Cigli¢, Blaz Komac (ZRC SAZU, Slovenia)
Executive editor/odgovorni urednik: Drago Perko (ZRC SAZU, Slovenia)

Chief editors/podro¢ni urednik (ZRC SAZU, Slovenia):

o physical geography/fizi¢na geografija: Mateja Ferk, Matej Lipar, Matija Zorn

« human geography/humana geografija: Jani Kozina, Mateja Smid Hribar, Mimi Urbanc

« regional geography/regionalna geografija: Matej Gabrovec, Matjaz Ger$i¢, Mauro Hrvatin
« regional planning/regionalno planiranje: David Bole, Maru$a GoluZa, Janez Nared

« environmental protection/varstvo okolja: Mateja Breg Valjavec, Ale§ Smrekar, Jernej Tiran

Editorial assistants/uredniska pomocnika: Spela Cong, Jernej Tiran (ZRC SAZU, Slovenia)
Journal editorial system manager/upravnik uredniskega sistema revije: Jure Ti¢ar (ZRC SAZU, Slovenia)

Issued by/izdajatelj: Geografski institut Antona Melika ZRC SAZU
Published by/zaloznik: Zalozba ZRC
Co-published by/sozaloznik: Slovenska akademija znanosti in umetnosti

Address/naslov: Geografski institut Antona Melika ZRC SAZU, Gosposka ulica 13, p. p. 306, SI - 1000 Ljubljana, Slovenija;
ags@zrc-sazu.si

The articles are available on-line/prispevki so dostopni na medmreZju: http://ags.zrc-sazu.si (ISSN: 1581-8314)
This work is licensed under the/delo je dostopno pod pogoji: Creative Commons CC BY-SA 4.0

Ordering/narocanje: Zalozba ZRC, Novi trg 2, p. p. 306, SI - 1001 Ljubljana, Slovenija; zalozba@zrc-sazu.si

Annual subscription/letna narocnina: 20 €
Single issue/cena posamezne Stevilke: 12 €

Cartography/kartografija: Geografski institut Antona Melika ZRC SAZU
Translations/prevodi: DEKS, d. 0. 0., Ziva Malovrh

DTP/prelom: SYNCOMP, d. 0. 0.

Printed by/tiskarna: Birografika Bori

Print run/naklada: 250 copies/izvodov

The journal is subsidized by the Slovenian Research and Innovation Agency (B6-7326) and is issued in the framework of the Geography of
Slovenia core research programme (P6-0101)/Revija izhaja s podporo Javne agencije za znanstvenoraziskovalno in inovacijsko dejavnost
Republike Slovenije (B6-7326) in nastaja v okviru raziskovalnega programa Geografija Slovenije (P6-0101).

The journal is indexed also in/revija je vkljucena tudi v: Clarivate Web of Science (SCIE - Science Citation Index Expanded; JCR -
Journal Citation Report/Science Edition), Scopus, ERIH PLUS, GEOBASE Journals, Current geographical publications, EBSCOhost,
Georef, FRANCIS, SJR (SCImago Journal & Country Rank), OCLC WorldCat, Google Scholar, CrossRef, and DOA]J.

Design by/Oblikovanje: Matjaz Vipotnik

Front cover photography: Sveta Gora, a settlement with a franciscan monastery overlooking the Soca valley, renowned as a Marian
pilgrimage site, is located near the Slovenia-Italy border, at the intersection of Alpine, Medditerranean and Dinaric landscapes
(photograph: Jure Ticar).

Fotografija na naslovnici: Sveta Gora, naselje s fran¢i$kanskim samostanom nad dolino Soce, ki je znano po marijanskem romarskem
sredi$cu, lezi na meji Slovenije in Italije ter na stiku alpskih, sredozemskih in dinarskih pokrajin (fotografija: Jure Ti¢ar).



Acta geographica Slovenica, 64-3, 2024, 7-31

DISCHARGE REGIMES OF SLOVENIAN
RIVERS: 1991-2020

Borut Stojilkovi¢, Valentina Brecko Grubar

The Rinka Waterfall as a spring of the Savinja River is a natural monument of national
importance.
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Borut Stojilkovi¢!, Valentina Bre¢ko Grubar?

Discharge regimes of Slovenian rivers: 1991-2020

ABSTRACT: Various researchers have examined discharge regimes of rivers in Slovenia in the past 75 years:
four major studies made by Ilesi¢, Kolbezen, Hrvatin, and lastly Hrvatin and Frantar have analysed and
classified the regimes, and clustered them into regime types. They have varied due to changes in discharge
characteristics, mainly as a consequence of climate change. In the present paper, we used average monthly
discharges between 1991-2020 to calculate the discharge coefficients and determine the modern typology
of the regime types on 36 streams at 45 gauging stations. The final result was five types of contemporary
discharge regimes which are a consequence of the landscapes’ heterogenous climate- and geodiversity char-
acteristics as well as human interventions.

KEYWORDS: discharge regime, typology, hydrograph, hydrogeography, cluster analysis, climate changes,
Slovenia

Preto¢ni rezimi slovenskih rek: 1991-2020

IZVLECEK: Preto¢ne rezime slovenskih rek so v zadnjih 75 letih preucevali razli¢ni avtorji: §tiri kljuéne
Studije Ilesica, Kolbezna, Hrvatina ter nazadnje Hrvatina in Frantarja so predstavile analizo in Klasifikacijo
rezimov v razli¢nih kategorijah. Slednje so se medsebojno razlikovale zaradi odto¢nih sprememb, ve¢inoma
posledice podnebnih sprememb. V tem ¢lanku smo uporabili povpre¢ne meseéne pretoke 36 vodotokov
na 45 vodomernih postajah med letoma 1991 in 2020, da smo izracunali preto¢ne koli¢nike in dolo¢ili tipologijo
preto¢nih rezimov tega obdobja. Kon¢ni rezultat je pet tipov danasnjih preto¢nih rezimov, ki so posled-
ica heterogenih zna¢ilnosti podnebja in geodiverzitete pokrajin ter ¢lovekovega delovanja.

KLJUCNE BESEDE: preto¢ni rezim, tipologija, hidrogram, hidrogeografija, razvri¢anje v skupine, pod-
nebne spremembe, Slovenija
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1 Introduction

Studying discharge regimes has been a traditional topic of hydrogeographic and hydrologic research for
nearly a century since it reflects the climatic characteristics and other factors in a drainage basin. Monthly
discharge coefficient (fr. coefficient mensuel de débit, si. mesecni pretocni koli¢nik), defined by Pardé (1933)
as the ratio between the average monthly and average yearly discharge, shows us the dynamics of water
runoff throughout the year while making it possible to link average monthly discharges with the distrib-
ution and type of precipitation, as well as the temperatures, and consequently the evaporation that decreases
the runoff in an area. Hydro-meteorological trends and anthropogenic functions affect river discharges,
which can lead to evapotranspiration rate changes (Krebs et al. 2021), as well as changes in river biodi-
versity and ecosystem functions (Palmer and Ruhi 2019).

The importance of discharges, which are the flown-away surplus precipitation not being used for tran-
spiration nor being evaporated, is that they provide elementary data for the majority of further hydrological
analyses (Bat et al. 2008). When they are measured at a certain gauging station, they reflect the charac-
teristics of their catchment areas and significantly contribute to the water cycle (World Meteorological
Organisation 2020). They are a water balance parameter and, for example, a basis for determining discharge
regimens, which show rivers’ average fluctuation across the year, discharge trends, which can show tem-
poral variability, specific runoffs, which is a value of runoff water quantity per time interval per area, runoff
coefficients, which shows the percentage of precipitation that ran off, etc. (Bat et al. 2008). In this article,
we focus on discharge regimes, which are in Slovenia influenced primarily by climate (including precip-
itation and temperature both temporal and regional distributions as well as the rate of snowmelt), secondly
by geodiversity and vegetation, and thirdly, but increasingly by human activities (Hrvatin 1998; Frantar
and Hrvatin 2008).

Studying discharge regimes is not only of scientific and regional planning importance; it has a vital
educational role as well. It is essential to keep regime-type analyses (scientifically and commercially-edi-
torially) up to date since learning about them is prescribed in national secondary education curriculums
for geography (Polsak et al. 2008) and hence also integrated into textbooks (e.g. Ogrin et al. 2022; Senega¢nik
2022) and tested at national geography matricular examinations (Gadl et al. 2019). When studying geog-
raphy, this content is one of the introductory topics in hydrogeography courses at all three Slovenian
universities (Stojilkovi¢ 2023).

The aims of this paper are: (i) to overview the existing literature on discharge analyses and their clus-
tering for Slovenian rivers, (ii) to analyse the mean discharge data for them and to determine present-day
clusters, and (iii) to describe them and briefly address the changes that they have faced since last nation-
al-level analyses.

1.1 From discharge variability in centennial perspective to current state

Temporal variability of river discharges shows various trends that correspond or relate to other events or
changes in purely natural conditions of the catchment area (primarily climate change, but also changes
after floods and earthquakes...) or anthropogenic changes triggered by human activity (land use changes,
urbanization, etc.). In Slovenian rivers’ case, most stations have been running for 50-70 years. However,
there are certain that collect data from the beginning of the 20th century. On a global scale, Slovenian rivers
belong to the temperate hydroclimate type, characterised by relatively low seasonal precipitation variability,
but they are more prone to hazardous events since individual storms have a great impact on their hydrol-
ogy (Hansford et al. 2020). Even if the Slovenian territory is characterized as low in its variability on a global
scale, a more detailed overview points to substantial differences in mean monthly and mean annual dis-
charges. The latter are predominantly decreasing, while maximum and extreme discharges are increasing
(Frantar et al. 2008; Oblak et al. 2021).

The gauging stations that have one of the longest records in Slovenia are Litija and Lasko. Centennial
illustration (Figures 1 and 2) of discharge changes per 30-year spans was done for the rivers Sava (stations
Litija & Litija I) and Savinja (stations Lagko & Lasko I) since they have obtained data recordings for their
stations from the very beginning of the 20" century, which is the period we wanted to illustrate with the two
examples, or even from earlier years. As seen from Figures 1 and 2, monthly variations among the periods
are visible in each month, the most drastic being in April and November.
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Figure 1: Mean monthly discharges for the Sava River in Litija in different periods.
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Figure 2: Mean monthly discharges for the Savinja River in Lasko in different periods.
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Figure 3: Comparison of discharge coefficients for the Sava (in Litija, above) and the Savinja (in Lasko, bellow) Rivers between 1901—1930 and 1991—-2020.
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Looking at discharge coefficients, as calculated in the next chapter, for both rivers for the periods 1901-1930
and 1991-2020 (Figure 3), monthly coefficients have changed for both of them. In the case of the Sava River
(Figure 3, above), the main discharge peak is the autumn one in both cases, with the values decreasing the
most in spring, and being the highest and intensifying in November. The primary low in August has even
decreased, whereas even more importantly, the winter one increased significantly. Both of them can be clas-
sified as pluvial-nival regimes. However, the regime changed for the Savinja River over time (Figure 3, below):
in the 1901-1930 period it had its main peak in spring due to snow-melt in the river basin, whereas both
lows were characterised by the same value; hence the regime being nival-pluvial. In the second period, the
winter low considerably rose, and the spring values lowered, which is a consequence of the rising temper-
atures, less snow precipitation and snow retinence. Notably higher is the month discharge in November and
December. The second hydrograph reflects the characteristics of the pluvial-nival one.

1.2 Previous research

There have been discharge regime scientific classifications published in the last 75 years in Slovenia (Table 1),

beginning with Ilesi¢’s (1947) discharge regimes in former Yugoslavia, which puts the rivers of present Slovenia

Table 1: Discharge regime types in Slovenia according to different authors.

Period Regime types (and river examples) Source

18981913 (littoral) & ~ « Pure nival (Drava) llesic 1947
1923-1938 (inland) « Transitional nival (Mura, upper Soca)

« Alpine nival-pluvial (upper Sava, Savinja)

« Moderate Mediterranean nival-pluvial (Trziska Bistrica, Kamniska Bistrica)

« (entral-European pluvial-nival (Sotla)

« Moderate Mediteranean pluvial-nival (Sora, Ljubljanica)

« Mediterranean pluvial-nival (Vipava, ldrijca)

Not specified « Pure nival (Drava) Stele 1987
« Transitional nival (Mura)
« Mediterranean transitional nival (upstream Soca, Sava Dolinka)
« Nival-pluvial (Sava Bohinjka, Kamniska Bistrica)
- Moderate Mediterranean pluvial-nival (Savinja, lower Sava)
« Moderate Mediteranean karst pluvial-nival (Krka, Kolpa)
« Moderate continental pluvial nival (Sotla, Ledava)
- Mediterranean pluvial (Rizana)

1961-1990 - Nival (Mura, Drava) Kolbezen 1998
« Nival-pluvial (upstream Soca, upstream Savinja, upstream Sava, Meza, Mislinja)
« Pluvial-nival (downstream Savinja, Dravinja, downstream Sava, Krka)
- Continental pluvial-nival (Pesnica, Sotla, Mirna)
« Mediterranean pluvial-nival (Vipava, Baca, Ljubljanica, Kolpa, Idrijca, central Soca)
- Pluvial (Reka, RiZana, Pivka)

1961-1990 « Alpine nival (Drava, Mura) Hrvatin 1998
« Alpine high mountain nival-pluvial (upstream Savinja, Kamniska Bistrica,
upstream Soca, Sava Dolinka and Bohinjka)
« Alpine medium mountain nival-pluvial (TrZiska Bistrica, Kokra, central stream Savinja and Sava)
« Alpine pluvial-nival (downstream Sava, Dreta)
« Dinaric-Alpine pluvial-nival (Ljubljanica, Krka, Voglajna)
+ Dinaric pluvial-nival (Idrijca, Vipava, Sora, Unica, Kolpa)
- Pannonian pluvial-nival (Ledava, Scavnica, Pesnica, Sotla)
- Mediterranean pluvial (Pivka, Reka, Rizana)

1971-2000 - Alpine nival-pluvial (Sava Dolinka and Bohinjka, Savinja at Solcava, upstream Soca, Frantar and Hrvatin
Kamniska Bistrica, Mura, Drava) (2005; 2008)
« Alpine pluvial-nival (Soca at Solkan, Sava, Savinja from Nazarje onward, Me7a, Paka)
+ Dinaric pluvial-nival (Idrijca, Sora, Unica, Vipava, Ljubljanica, Krka, Kolpa)
- Pannonian pluvial-nival (Temenica, Mirna, Sotla, Voglajna, Dravinja, Pesnica, Stavnica, Ledava)
« Mediterranean pluvial (Pivka, Reka, Rizana)
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in greater perspective. 40 years later Stele (1987) mapped the regimes, re-grouped the rivers, and pointed
out the continental or Mediterranean emphasis on the regimes when naming them. For 1961-1990, there
are two classifications: by Kolbezen (1998) and by Hrvatin (1998), which mainly differ in fragmentation of
certain subtypes. The latest comprehensive analysis was done by Frantar and Hrvatin (2005; 2008) for the
period 1971-2000, who reduced the number of (sub)types and reclassified certain elements.

Besides national discharge analyses, there have also been meso-regional analyses across the country
in recent years for example in Slovene Alps (Hrvatin and Zorn 2017a), White Carniola (Plut et al. 2013),
Carinthia (Kovaci¢ and Brec¢ko Grubar 2021), Slovene Istria (Trobec 2012; Kovaci¢ 2016; Kovaci¢ and Brecko
Grubar 2019; Bre¢ko Grubar and Kovaci¢ 2021) and the So¢a (Comici and Bussani 2007), Sava (Frantar
2003) and Vipava (Jelov¢an and Sraj 2022) catchment areas, and local-level analyses for example in the
Idrija Hills (Hrvatin and Zorn 2017b), the Kamniska Bistrica Valley (Trobec 2017), and the Jezersko (Trobec
2019) and Loski potok (Trobec 2022) municipalities.

2 Materials and methods

To preserve comparability with previous research regarding the Slovenian discharge regimes topic (Hrvatin
1998; Frantar and Hrvatin 2005) we performed a cluster analysis and carried it out in the SPSS environ-
ment. The same methodology was also applied to discharge regimes clustering in Croatia (Canjevac 2013;
Canjevac and Oresic 2018). Five steps included in the cluster analysis (Ferligoj 1989) point out both mate-
rials and methods: analysis items selection, variables set determination, items’ similarities calculation,
classification method usage, and, lastly, results evaluation.

The criteria for selecting the 45 gauging stations on 36 streams (Table 2) were (i) distribution through-
out the country and (ii) complete data on mean monthly discharges from 1991 to 2020 if existing, with
a maximum tolerance of 24 missing months. The data was obtained from the webpage of the Slovenian
Environmental Agency (2023). Twenty-five data sets for the selected stations are complete, whereas 20 are
partially incomplete in minor scope. Some of the gauging stations were moved in the studied period and
because of that Table 2 provides data on all of them, whereas further calculations are made for joint data.

Table 2: Gauging stations and their basic geographic parameters (Slovenian Environmental Agency 2023).

Station Station Unified station ~ Stream (atchment Mileage Monitoring Complete

number name nameusedin  name area [km?] (km] start [year] or missing data
this article [months (year)]

1060 Gornja Radgona | GornjaRadgona ~ Mura 10197.20 106.64 1946 Complete

1140 Pristava | Pristava Scavnica 27277 578 1975 Complete

1220 Polana Polana Ledava 209.37 4433 1962 Complete

2010 HE Dravograd HEDravograd ~ Drava 12071.70 133.86 1965 Complete

2250 Otiskivrh | Qtiski vrh Meza 552.60 135 1953 Complete

2390 Qtiskivrh | Qtiski vrh Mislinja 23156 1.68 1973 3(2015)

2650 & 2652 Videm | & Videm  Videm Dravinja 767.08 &767.34  438&4.16 1946 4(2014)

2900 Zamusani | Zamusani Pesnica 479.76 9.86 1961 Complete

3080 Blejski most Blejski most Sava Dolinka 508.79 906.23 1963 12 (2007)

3200 Sveti Janez Sveti Janez SavaBohinjka  94.35 32.80 1951 Complete

3420 Radovljica | Radovljica Sava 907.96 900.95 1953 Complete

3650 & 3660 Litija | & Litija Litija Sava 4849338484967  818.65&818.15 1895 Complete

3850 Catez | Cate7 Sava 10232.42 736.69 1976 Complete

4120 Kokra | Kokra Kokra 113.10 18.01 1957 3(2015),4(2016)

4200 Suhal Suha Sora 568.86 7.98 1953 12(1991)

4430 Vir Vir Kamniska Bistrica  208.58 9.58 1978 1(1991),5(2014)
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Station Station Unified station ~ Stream (atchment Mileage Monitoring Complete
number name nameusedin  name area [km?] [km] start [year] or missing data
this article [months (year)]

4740 & 4750 Rakovec | & Rakovec Sotla 560.06 & 56130 8.07 &8.00 1926 Complete
Rakovec

4860 Metlika Metlika Kolpa 1966.27 181.50 1926 Complete

4969 & 4970 Gradac | & Gradac  Gradac Lahinja 218.89&219.12 7.75&732 1952 Complete

5030 Vrhnika Vrhnika Ljubljanica 1135.12 3873 1926 3(2014)

5078 & 5080 Moste | & Moste  Moste Ljubljanica 17779&177816  11.83& 1139 1924 Complete

5770 Cerknica | Cerknica Cerkniscica 49.50 460 1961 12(1996),4 (2015)

5880 Hasberg Hasberg Unica Karst (catchment  16.37 1926 Complete

area cannot be
assessed)
6020 Solcaval Solcava Savinja 63.41 89.45 1959 4(2015),8(2016),
12(2018)

6060 Nazarje Nazarje Savinja 45711 56.64 1926 Complete

6200 Lasko | Lasko Savinja 1668.16 14.34 1953 Complete

6240 Krase Krase Dreta 100.82 7.66 1959 2(2015),5(2016)

6300 Sostanj Sostanj Paka 131.64 1245 1920 8(1991)

6720 Celjell Celje Voglajna 202.89 218 1967 4(2015)

7029 & 7030 Podbukovje &  Podbukovje Krka 34692834806 91.34&91.27 1959 7(2015)
Podbukovje

7160 Podbodje Podbodje Krka 225298 16.05 1926 Complete

7308 & 7310 Rozni Vrh 1 & Rozni Vrh Temenica 80.51&81.05  2056&20.06 1956 12(2002)
RozniVrh

7340 Pretna Precna Pretna 295.19 4.92 1953 Complete

7380 Skocjan Skocjan Radulja 108.14 7.03 1961 3(2014),3 (2015)

7440 & 7441 Sodrazica & Sodrazica Bistrica 28.19&30.13 12.84&1244 1963 Complete
Sodrazica |

8030 & 8031 Krsovec &Krsovec | Krsovec Soca 157.90& 15807 11850 & 11841 1945 Complete

8080 Kobarid | Kobarid Soca 437.06 9441 1941 Complete

8180 Solkan | Solkan Soca 1580.35 4423 1980 12 (2004)

8350 Podroteja | Podroteja Idrijca 111.25 4273 1977 4(2015)

8500 Baca pri Modreju  Baca pri Modreju  Baca 143.06 1.54 1940 Complete

8560 & 8561 Vipaval & Vipavall  Vipava Vipava 131.90& 131,92 43.55&43.47 1960 Complete

8600 & 86071 Miren &Miren|  Miren Vipava 589.96 &588.29 247 &2.42 1950 9(2015)

9050 Cerkvenikov mlin  Cerkvenikov mlin - Reka 33212 7.95 1952 Complete

9210 Kubed Il Kubed RiZana 204.66 13.25 1965 3(2015)

9300 Podkastel | Podkastel Dragonja 93.16 6.46 1955 12(1997),4(2014)

The variables set, which were all of the same type, included mean monthly discharge coefficients, which
were calculated according to the following equation:

where: is monthly discharge coefficient, is average period monthly discharge, is average period annual dis-
charge, is the studied month and is the studied year. The monthly discharge coefficient explains the ratio
between mean monthly and mean annual discharge for a selected period.

14
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The similarity was calculated using squared Euclidian distance, which is similar to the Manhattan dis-
tance used by Hrvatin (1998) and Frantar and Hrvatin (2005) and the cluster analysis was performed using
Ward’s method.

The merging of the items into clusters was presented with a dendrogram, which is suitable for pre-
senting gradual merging (Ferligoj 1989).

The results were evaluated by performing non-hierarchic k-means method analysis, where the num-
ber of the desired clusters was set in advance. When the number of clusters (k) was selected, the clusters
were formed in a way that the variety among the clusters was the greatest whereas it was the smallest within
them (Canjevac 2013).

Subsequently, the clusters were named following the so far Slovene hydrogeographical terminology
(Hrvatin 1998; Frantar and Hrvatin 2005) and described. The naming of the regimes is formed including
macro- or mesoregional name followed by discharge regime type. The hydrographs in Figures 5 to 10 pre-
sent the discharge coefficients per month. All of the gauging stations in the continuation of the text are
named according to their initial names having their subsequent numbers omitted (e.g. the stations Vipava I
and Vipava II are referred to as Vipava).

3 Results

After performing hierarchical statistical analyses on monthly discharge coefficients of the selected rivers,
the coefficients were grouped into six groups at 1.5 levels of joining distance (Figure 4). If the distance is 2,
there are four groups, at 4 three groups, and 5 two. The results were confirmed by the non-hierarchical
k-means method. The clusters are presented as discharge regime groups in the continuation and with their
corresponding symbols in Figure 11, where a specific colour is attributed to each regime type that we pro-
pose. To keep the established naming of the groups, we maintained the one proposed by Frantar and Hrvatin
(2005; 2008) to the greatest extent (as specified in Table 1), updating it as per the now-established region-
alisation of Slovenia (Ziberna et al. 2004).

3.1 Alpine rivers

Slovenian rivers having the upper part of their catchment in the high mountains and gauging stations close
to the spring or in the upper stream for the period 1991-2020 show more characteristics of the influence
of the snow factor, but their flow regime could hardly be generally defined as the nival-pluvial regime.

Only the Mura hydrograph shows the characteristics of the snow regime, with a pronounced peak in
May and June and a low from December to March. The Drava already shows a more pronounced above-
average discharge in October and November, which is likely to be a secondary peak in the future, similar
to the Sava Bohinjka and the So¢a. The Soca in Krsovec has very even discharge peaks (discharge coeffi-
cient in May 1.55, in November 1.58), while the Sava Bohinjka has a more pronounced peak in spring
(discharge coefficient in May 1.83, in November 1.62). The lows are more pronounced in both rivers in
winter (flow coefficients in February 0.30 and 0.48) than in summer (flow coefficients 0.60 and 0.61). The
hydrographs of the Drava (HE Dravograd), the Mura (Gornja Radgona), the Sava Bohinjka (Sveti Janez)
and the Soca (KrSovec) were classified as the ones of the nival-pluvial discharge regime (Figure 5).

The Sava Dolinka (Blejski most), Sava (Radovljica), So¢a (Kobarid), Savinja (Sol¢ava) and Kamnigka
Bistrica (Vir) have lower spring peaks (May flow coefficients ranging from 1.36 to 1.17) than autumn peaks
(November from 1.59 to 1.86), which is due to the lower contribution of snow to the discharge (Figure 6).
Winter lows are also not pronounced or, except for the Mura, the Drava, the Sava Bohinjka and the So¢a
at the Kr$ovec gauging station, are very equal to or even higher than the summer lows. In the typification
of the discharge regimes for the period 1971-2000, the rivers listed were classified in the Alpine nival-plu-
vial discharge regime, including the Mura and the Drava (Frantar and Hrvatin 2005; Frantar and Hrvatin
2008), which as a subcluster differed slightly from other streams in the aforementioned studies (ibid.) as
well as this one. Their discharges differ from the others in the group because of the different catchments’
locations in the Alpine areas and their sizes.

Figure 4: The dendrogram of the discharge clusters at 5 joining distance. » p. 16
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Figure 5: Hydrographs of the Alpine rivers with major nival influence.

Figure 6: Hydrographs of the Alpine rivers with minor nival influence. » p. 18
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3.2 Pre-Alpine rivers of northern and western Slovenia

The hydrographs of selected gauging stations on rivers in the northern and north-western part of Slovenia
exhibit the characteristics of a pluvial-nival discharge regime with a pronounced autumn peak. The Soca
(Solkan), Baca (Baca pri Modreju), Kokra (Kokra), Sava (Litija and Catez), Meza (Otiki vrh), Mislinja
(Otiski vrh), Paka (Soétanj), Dreta (Krase), Savinja (Nazarje and Lasko) were classified in this group (Figure 7).
In November, discharge coefficients ranged from 1.41 (Meza) to 1.74 (Soc¢a Solkan), the spring peak in
April was around the mean annual value for all rivers, and in May discharge coefficients were already below 1
in eight cases and higher in three. The winter low is also less prominent, with all 11 gauging stations hav-
ing a lower discharge coefficient in August than in February. In February they ranged between 0.69 (Kokra)
and 0.98 (Sava Cate?), while in August they ranged between 0.77 (Meza) and 0.48 (Baca and Soca at Solkan).
In the typification of discharge regimes for the period 1971-2000, the rivers mentioned above were clas-
sified as belonging to the Alpine pluvial-nival discharge regime (Frantar and Hrvatin 2005; Frantar and
Hrvatin 2008).

3.3 Sub-Pannonian rivers of north-eastern and south-eastern Slovenia

The hydrographs (Figure 8) for gauging stations on mostly smaller rivers in eastern and south-eastern Slovenia
reflect the characteristics of a pluvial-nival discharge regime with a weak influence of the snow factor. The
Ledava (Polana), the S¢avnica (Pristava), the Pesnica (Zamusani), the Dravinja (Videm), the Voglajna (Celje),
the Sotla (Rakovec), the Precna (Precna), the Temenica (Rozni Vrh), the Radulja (Skocjan), the Krka
(Podbukovje and Podbogje), and the Bistrica (Sodrazica) fall into this group. The hydrographs show a pro-
nounced summer low and an insignificant winter low, and a slightly higher autumn peak than the spring
peak. The values of the discharge coefficients in August range from 0.38 (Sotla) to 0.72 for Ledava, where
the influence of the reservoir is evident. The river with the second highest discharge coefficient in August
is the Dravinja with 0.58. The summer below-average conditions for four rivers (Ledava, S¢avnica, Pesnica
and Voglajna) last from April to September, and for the others from May to August. The autumn peak in
November and December is more pronounced than the spring peak, despite the values of the flow coef-
ficients being very similar. In March they ranged from 1.22 (Pre¢na) to 1.47 (Ledava), in November from
1.19 (Ledava) to 1.46 (S¢avnica) and in December from 1.34 (Dravinja) to 1.52 (Sotla). Of the 12 rivers,
7 have a flow coefficient higher in December than in November, 3 the same and only two (Krka at Podbukovje
and Bistrica) slightly lower. All rivers also have above-average discharges in February and March; four have
above-average and eight below-average discharges in January, with discharge coefficients close to the mean
annual average. The winter low is thus almost non-existent. In the typification of flow regimes for the peri-
od 1971-2000, the Ledava, S¢avnica, Pesnica, Dravinja Voglajna, Sotla and Temenica rivers were classified
as belonging to the Pannonian pluvial-nival discharge regime, and the Krka river to the Dinaric pluvial-
nival discharge regime (Frantar and Hrvatin 2005; 2008).

3.4 Dinaric rivers of central and southern Slovenia

The gauging stations on rivers in central and southern Slovenia have very similar hydrographs. The Sora
(Suhal), Ljubljanica (Moste), Idrijca (Podroteja), Vipava (Vipava), Cerknis¢ica (Cerknica), Kolpa (Metlika)
and Lahinja (Gradac) are included in this group (Figure 9). In the typification of discharge regimes for
the period 1971-2000, all of the rivers listed were classified as belonging to the Dinaric pluvial-nival dis-
charge regime (Frantar and Hrvatin 2005; Frantar and Hrvatin 2008). The hydrographs for the period 1991-2020
show a completely undistinguished influence of the snow factor. Six of them have above-average mean month-
ly discharges from October to April, and only one (the Sora) is slightly below the average in January. The
discharge coefficients in January are between 0.97 (Sora) and 1.16 (Ljubljanica), and in February between
1.04 (Sora) and 1.35 (Lahinja). In contrast to the previous group, the discharge coefficients are higher in

Figure 7: Hydrographs of the pre-Alpine rivers of northern and western Slovenia. » p. 2021
Figure 8: Hydrographs of the sub-Pannonian rivers of north-eastern and south-eastern Slovenia. » p. 22-23
Figure 9: Hydrographs of the Dinaric rivers of central and southern Slovenia. » p. 24
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November than in December, and the difference between the autumn and spring peaks is more pronounced.
The discharge coefficients in November range from 1.45 (Lahinja) to 1.68 (Idrijca), and in March from
1.19 (Vipava) to 1.42 (Lahinja). The discharge coefficients in April are similar to those in February. The
distinct summer low is similar to that of rivers in north-eastern and south-eastern Slovenia, with discharge
coefficients of between 0.29 (Lahinja) and 0.54 (Sora) in July, and between 0.30 (Kolpa) and 0.43 (Sora)
in August.

3.5 Rivers of south-western Slovenia

The last group consists of the rivers of south-western Slovenia, namely the Rizana (Kubed), the Dragonja
(Podkastel), the Reka (Cerkvenikov mlin), the Vipava (Miren), the Ljubljanica (Vrhnika) and the Unica
(Hasberg) (Figure 10). In the typification of the discharge regimes for the period 1971-2000, except the
last two, they were all classified as belonging to the Mediterranean pluvial discharge regime (Frantar and
Hrvatin 2005; 2008). The hydrographs are characterised by an autumn peak with discharge coefficients
in November between 1.49 (Dragonja) and 2.01 (Reka), and in December between 1.69 (Ljubljanica) and
1.96 (Dragonja). In the hydrographs of the Unica, the Rizana and the Dragonja, the discharge coefficients
in December are higher than those in November. January values are lower than those for December for
all rivers, including February for the Ljubljanica and the Unica. In January, the discharge coefficients range
from 1.12 (Vipava) to 1.35 (Unica), and in February from 1.09 (Ljubljanica) to 1.77 (Dragonja). From March
onwards, the discharge coefficients decrease, except for the Ljubljanica and the Unica, where this only occurs
in April, and the group differs from the previous groups in this respect. All rivers have below-average
discharges from May to September, and only the Rizana and the Dragonja in October. Summer flow coef-
ficients range from 0.19 (Dragonja) to 0.35 (Vipava) in July, and from 0.09 (Dragonja) to 0.23 (Reka) in
August. Of the other rivers with a slightly different hydrograph, the Dragonja stands out as the only one
with a complete basin in Slovenian Istria. It has a high discharge coefficient in February (1.77) and an
extremely low one in August (0.09).

4 Discussion

As shown in the Results section, the discharge capacities of several streams changed, redistributing the coef-
ficient values throughout the year. Secondly, the discharge characteristics changed in certain cases in such
a drastic way, that the streams clustered differently as in the previous observation periods, as well as changed
their discharge type changed. Hence, it is imperative to further elaborate on the changes, as well as to pre-
sent an up-to-date classification of the streams according to their discharge regime characteristics.

4.1 Similarities and differences between the 1991-2020 period and previous periods

Comparing the hydrographs for the reference period 1991-2020 with those for 1960-1990 (Hrvatin 1998)
and 1971-2000 (Frantar and Hrvatin 2008) - as can also be seen in Figures 1 and 2 — we observed that
the influence of the snow factor has decreased at most gauging stations on Slovenian rivers. The excep-
tions are the rivers with a catchment and part of the catchment hinterland in the high mountains. In the
last two periods, the February discharges have risen the most (Kobold 2022). Related to that, above-aver-
age discharges, where the influence of snowmelt was noticeable, have mostly decreased and become
insignificant. Yet until 2010, the spring and autumn peaks had become similar (Hrvatin and Zorn 2017a),
whereas since then — as shown in this study - the trend has continued. Conversely, autumn peaks, with
a peak in November and/or December, have strengthened. Less pronounced are the winter lows, when,
except for the rivers of the first group (Figure 5), the values of the flow coefficients are mostly above or
slightly below the mean annual value. To take the example of the Otiski vrh gauging station on the Meza
River, which has been similarly discussed by Kovaci¢ and Brecko Grubar (2021): the flow coefficient decreased
from 1.52 to 1.16 in April, from 1.20 to 0.97 in May, whereas increased from 1.17 to 1.44 in November

Figure 10: Hydrographs of the rivers of south-western Slovenia. » p. 26
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and from 0.86 to 1.19 in December. Similar changes are shown by the data for the Solkan I gauging sta-
tion (Figure 7) on the So¢a River, where the flow coefficient decreased from 1.29 to 1.08 in April, from
1.32 to 1.09 in May, from 1.16 to 0.86 in June, with noticeably lower coefficients in the summer months,
while on the contrary, it increased from 1.36 to 1.74 in November, from 0.97 to 1.30 in December (Kolbezen
1998; Bat et al. 2008), which points at the intensification of the rain regime that has a crucial effect on the
discharge of the major part of this river (Comici and Bussani 2007; Siché and Arnaud-Fassetta 2014), which
is also under great influence of anthropogenic activities (e.g. channelisation and dams) (Siché and
Arnaud-Fassetta 2014).

Authors have pointed at regime change downstream for several major Slovenian rivers, and at gain-
ing effect of the pluvial factor through time, such as the Sava River (Frantar 2003). For the last monitoring
period, many of the hydrographs of the catchment hinterland of gauging stations in north-eastern, south-
eastern, central and south-western Slovenia, with hilly, moderately rugged or lowland terrain, increasingly
show the characteristics of a rainfall flow regime. Differences between the characteristics of the autumn
and spring above-average flow coefficients and the differences in the summer below-average flow coeffi-
cients have become apparent, which has not only been observed in this study but also by several other authors
(e.g. Kovacic¢ and Brecko Grubar 2019) who dealt with specific streams or regional/local analyses. The flows
of the above-mentioned areas (i.e. north-eastern, south-eastern, central and south-western Slovenia) also
form one of two major clusters — that is the cluster solely affected by rain, which is a major difference from
the penultimate (Frantar and Hrvatin 2005; Frantar and Hrvatin 2008) and ante-penultimate (Hrvatin 1998)
national analyses.

A comparison of the period 1991-2020 with the periods 1961-1990 and 1971-2000 shows that flow
coefficients are noticeably lower in March and April and noticeably higher in November and December.
Similar trends had already been established for earlier periods (Plut et al. 2013) and are pointed out by
detailed contemporary studies comparing the same periods (Kobold 2022). To illustrate: at the Pristava
gauging station on the S¢avnica River, the flow coefficient decreased from 1.51 to 1.06 in February, from
1.73 to 1.42 in March and from 1.30 to 0.92 in April, increased from 1.24 to 1.46 in November and from
1.16 to 1.46 in December. Another example is the Krka River in Podbocje, where the flow coefficient decreased
from 1.48 to 1.19 in April and from 0.95 to 0.85 in May, while in November it increased from 0.97 to 1.17
and in December it increased from 1.18 to 1.43. Similar changes can be observed on other rivers of groups
3,4 and 5 (Figures 8-10). On the Reka (Cerkvenikov mlin) (Figure 10), the discharge coefficient increased
from 1.65 to 2.10 in November, and from 1.45 to 1.89 in December (Kolbezen 1998; Bat et al. 2008).

For most rivers, we also observed a variation between periods, with the 1971-2000 period showing
lower or higher discharge coefficients than in the first and last periods. The reason for this is lower snow
precipitation and snow residence (Hrvatin et al. 2020), as well as the rising share of forested land in Slovenia
(Hrvatin and Zorn 2017a). Land use in particular is another factor that affects water discharge (Hrvatin
and Zorn 2017a; Palmer and Ruhi 2019). From circa 1850 onwards, land use has changed greatly in Slovenia
mainly due to political-economic evolution (Gabrovec and Kumer 2019). Still, more specifically, in the
last two decades, land use has changed in many Slovenian regions following certain trends (Ziberna and
Kone¢nik Kotnik 2020): arable land is getting smaller (from 13.2% to 11.6% in the period 2000-2020); in
the vicinity of the cities it becomes built-up area due to suburbanisation, whereas in marginal areas first-
ly transform into pastures and then into forests. Unsustainable land use in areas of great flood hazard
intensifies drastic responses in water resources (including runoff coefficient) in various areas in Slovenia
(Ziberna 2014), which needs further empirical analysis, but exceeds the scope of this study.

4.2 Classification of discharge types in the period from 1991 to 2020

Based on the results, their analysis and the so-far literature (Hrvatin 1998; Frantar and Hrvatin 2005; Frantar
and Hrvatin 2008), it is reasonable to divide the rivers and name the groups as suggested below and illus-
trated in Figure 11.

The first group (i.e. the Alpine rivers) should be split into two subgroups because the influence of the
snow factor is more pronounced in the Mura, the Drava, the Sava Bohinjka and the Soca (Kr$ovec) than

Figure 11: Types of discharge regimes of Slovenian rivers (1991-2020). » p. 28
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in the other rivers. The discharge regime of this group should be called Alpine nival-pluvial regime
(si. alpski snezno-dezni reZim), as in the classification of the discharge regimes for the period 1971-2000
(Frantar and Hrvatin 2005; Frantar and Hrvatin 2008).

For the other Alpine rivers, the influence of the rain factor is stronger or the snow factor is weaker
and the label Alpine pluvial-nival regime (si. alpski dezno-snezni rezim) would be more appropriate for
their discharge regimes. This could lead to confusion when comparing the proposed classification with
the previous classification, i.e. of Frantar and Hrvatin (2005; 2008), where rivers with an alpine pluvial-
nival discharge regime are identified as rivers of our second group (i.e. pre-Alpine rivers of northern and
western Slovenia).

For the next group, the influence of the snow factor is still evident and we suggest retaining the defi-
nition of the predominant pluvial-nival regime as in the previous classification (Frantar and Hrvatin 2005;
Frantar and Hrvatin 2008) but referring to it by a different name. Given that the catchment hinterland is
morphology-wise largely comprised of the hills or lower mountains and intermediate basins, we suggest
its name to be pre-Alpine pluvial-nival regime (si. predalpski dezno-snezni rezim).

The rivers of the third group (i.e. sub-Pannonian rivers of north-eastern and south-eastern Slovenia)
have almost no winter low and could be classified as a rain-fed discharge regime. Given the established
naming of the macro-regions of Slovenia (Ziberna et al. 2004), the name sub-Pannonian pluvial regime
(si. obpanonski dezni rezim) is appropriate.

Similar changes were also identified for the rivers of the fourth group (of the Dinaric rivers of central
and southern Slovenia), which can be classified as having a pluvial regime, hence the Dinaric pluvial regime
(si. dinarski dezni rezim).

Lastly, we confirm the fifth group to keep its category of a pluvial regime, but — given the widely accept-
ed current regionalisation of Slovenia as well as accordance with regime classifications of neighbouring
countries (Canjevac 2013; Canjevac and Oresi¢ 2018) and lacking true Mediterranean climatological and
hydrological characteristics (Skoulikidis et al. 2022) - the name sub-Mediterranean pluvial regime (si.
obsredozemski dezni rezim).

5 Conclusion

Given the need to fill the gap in consecutive discharge regime analyses of Slovenian rivers after the mon-
itoring period of 1991-2020 ended, it was essential to check if the streams still resemble the discharge
characteristics they once had and if they cluster similarly. Hence the literature review on the topic in this
paper was followed by completing the major aims of analysing the discharge data, determining as well as
describing the clusters, and briefly summarising the changes and reasons for them.

Physical geographical characteristics changed in Slovenia in the last three decades significantly. That has
been observed for climate (Ogrin et al. 2023) as well as it can be confirmed for river discharge. Minimising
the snow residence effect, movement of the Mediterranean precipitation influence eastward and for other
factors, discharges of many rivers have lost their nival component being a result of extremely short winter
snow residence period, rain being the sole and major factor affecting their peaks and lows. As a result, five
spatially most homogenous groups are present, the first including two discharge regime types, and the rest
one: Alpine rivers (Alpine nival-pluvial and Alpine pluvial nival regimes), pre-Alpine rivers of northern and
western Slovenia (with pre-Alpine pluvial-nival regime), sub-Pannonian rivers of north-eastern and south-
eastern Slovenia (with sub-Pannonian pluvial regime), Dinaric rivers of central and southern Slovenia (with
Dinaric pluvial regime), and Rivers of south-western Slovenia (with sub-Mediterranean pluvial regime).
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