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Preface

Project Podnebne spremembe — vpliv na temperature vode in ribe (PO — TEM RIBE), cofounded
by European Union and Republic of Slovenia through Maritime and Fisheries Fund ends with this
Report.

In the frame of the Project, we collected temperature data on 18 locations in Upper Soca River
catchment. The final Report also includes historic data from these locations and data from 7
additional locations, which were not included in this Project. Additional locations are: Tolminka,
Kozjak, Godica, Dabrscek, Hotenja, Sevnica and lower part of Idrijca Spring.

Historic data were collected in the frame of Marble trout repopulation programme in Upper Soca
River catchment lead by Biological Station Tour du Valat in cooperation with Tolmin Angling
Association. We thank them for the allowance to use these data in our Report.

Some historic data were collected under different names for some locations, compared to ones
used in our Project. These locations are named under old names in our Report. Locations with old
names are: Podbreg — old name Upper Volarja, Upper Podmlaka — Upper Brinta, Lower Podmlaka —
Lower Brinta.

Authors are responsible for the content of the Report.

Tolmin, December 2022



Executive summary

This project aims at reviewing the main effects of the global change on mountain watercourses
and on their associated fish fauna, especially Salmonids, through the increase of water temperature.
Temporal data series of water temperature collected at various locations in the Upper Soca river
basin since several years (earliest from 1996) were analyzed to assess any trends as potential effects
of the global change. Different temperature metrics were calculated to study more specifically
eventual impacts on trout species known as present in the target sites: the endemic marble trout
(Salmo marmoratus), the exotic brown trout (Salmo trutta) and hybrid trout (Salmo marmoratus x
Salmo trutta). A general warming of water temperatures over the entire Upper Soca basin is here
reported, with cold periods (temperatures less than 5°C) tending to shorten and extreme hot
temperatures becoming more frequent, especially during summer. Most of the time, thermal
conditions remain favorable for salmonids in all sites. However, in some sites, temperatures above
15°C or even 19°C are increasingly recorded, enhancing short periods with stressful conditions for
Salmonids, at first for the highly patrimonial S. marmoratus.



1 Introduction

Two essential observations have nourished the motivation to realize the present study: the
water temperature is a major factor of influence for the aquatic life, and, because of global warming,
water temperature is one of the main physical factors likely to significantly change.

1.1 Influence of water temperature on freshwater fish ecology

Temperature is considered one of the most important physicochemical parameter to describe
aquatic habitat attributes and the overall health of river ecosystems (Coutant, 1999; Caissie, 2006),
particularly because it is a key determinant for metabolic and biological processes (Brown et al.,
2004). It directly influences the biology and ecology of aquatic species by affecting their physiology
and growth rates, by modifying their breeding periods, altering their behavior and, in fine, their
spatial distribution. Temperature also indirectly impacts the biological compartment, having a strong
influence on other aspects of water quality, such as the concentration of dissolved oxygen and the
ability of organisms to assimilate it, as well as increasing the toxicity of various pollutants (Verneaux,
1977; Vannote et al., 1980; Webb, 1996; Giller and Malmqvist, 1998; Chu and Jones, 2010; Govedic,
2018).

Particularly due to their economic importance as a source of food and of recreational activities
(Elliott and Elliott, 2010; Giller and Malmqvist, 1998; FAO, 2016), fish are one of the best-known
dwellers of river systems, and are often included into riverine ecosystem health assessment (e.g. the
European Water Framework Directive 2000/60/EC) as they are sensitive to anthropogenic
perturbations. As the majority of freshwater fauna, fish are poikilothermic organisms. That means
that they can’t physiologically generate or retain heat, therefore their body heat depends exclusively
from the external environment (Brett, 1956; Giller and Malmaqvist, 1998). Temperature requirements
have long been studied and are increasingly well understood for many fish species and the different
stages of their life cycle (Coutant, 1977; Alabaster and Lloyd, 1980; Daufresne and Boét, 2007). For
instance, growth, which involves temperature-dependent underlying metabolic processes, requires
species- and stage-specific temperature window (Meynard et al., 2012; Neuheimer and Taggart,
2007; Wolter, 2007). The most suitable temperatures for growth generally concern a narrower part
of this window (Elliott and Hurley, 1998a). Outside this temperature window, especially when
temperatures exceed the upper limit, individuals are under physiological stress which can directly
affect their fitness (Hemmer-Brepson et al., 2014) or even their survival (Elliott and Elliott, 2010;
Miller and Stillman, 2012). Moreover, most behaviors, such as foraging, migratory movements and
reproduction, are triggered by thermal thresholds (Kottelat and Freyhof, 2007) or the duration of
specific thermal conditions (Nunn et al., 2007). Hence, characterizing the thermal environment is a
key factor to determinate whether a habitat is appropriate for one fish species (Magnuson et al.,
1979). It enables to produce cartography of favorable areas for different species and assemblages
(Daufresne and Boét, 2007).

1.2 Consequences of water temperature increase in the context of climate change

Climate change has already modified rivers’ thermal regime and has been predicted as a major
stressor for the coming decades at both local and global scales (Bates et al., 2008; IPCC, 2021;
Mohseni et al., 2003; Mohseni and Stefan, 2001; Vérésmarty et al., 2000; Woodward et al., 2010).
Many cases of increased water temperature have already been documented in Europe (Arora et al.,
2016; Bonacci et al., 2008; Orr et al., 2015; Tibaldi et al., 2010; Webb and Nobilis, 2007), up to near
0.1°C per year (Basarin et al., 2016; Markovic et al., 2013) and further warming is expected (Calbé,
2010; Tibaldi et al., 2010; van Vliet et al., 2011).). Heat exchange processes at the water surface,



which stem from the atmospheric conditions, are highly important in the river's thermal behavior
(Pletterbauer et al., 2018; Caissie, 2006). Air temperature has been shown to be a very strong
predictor of riverine temperature (Webb and Nobilis, 2007) and can describe up to 80% of the water
temperature variability (Markovic et al., 2013; Basarin et al., 2016). It is then a question of being able
to quantify locally the temperature increase while identifying the particularities inherent to each
tributary, since the thermal balance of a river is the sum of several components’ varying at different
scales (Webb, 1996; Caissie, 2006; Webb et al., 2008; Chu and Jones, 2010; Basarin et al., 2016).

Biological reactions related to heated water may include heat shocks, stress responses and
changes to enzyme system function or to genetic structure (Angilletta, 2009 ; Alabaster and Lloyd,
1980; McCullough et al., 2009; Simci¢ et al., 2015; Pletterbauer et al., 2018). An organism may be
differently affected by water warming depending on its thermal tolerance (survival) and sub-lethal
effects (e.g. growth), all determined by genetic potential (Alabaster and Lloyd, 1980; Wenger et al.,
2011; Killen et al., 2008; McCullough et al., 2009; McCarthy and Houlihan, 1997). The tolerance to
higher temperature is especially linked to stage of development, prior thermal acclimation, water
chemistry (e.g. dissolved oxygen), pollution, season and the extent to which water is heated
(Alabaster and Lloyd, 1980; Pletterbauer et al., 2018). Closer observations of several species spotted
behavior reactions during high temperature events, such as seeking thermal refugees. In thermally
heterogeneous environments, fish tend to move to thermally adequate microhabitats such as cold-
water tributaries or deeper pools (Kottelat and Freyhof, 2007; Ebersole et al., 2001; 2003; Sutton et
al., 2007; McCullough et al., 2009). Climate-induced thermal variability can lead to decline in the
number and size of areas of suitable thermal niches for most fish species, all having negative effects
on population viability (abundance, productivity or genetic diversity, Pletterbauer et al., 2018;
Portner and Knust, 2007; Comte et al., 2013) and forcing changes in distributional range (Carlson et
al., 2017; Lyons et al., 2010). Distribution contractions and shifts to higher altitude or latitude have
already been reported for many species (Hari et al, 2006; Almodévar et al., 2012; Comte et al., 2013;
Hickling et al. 2006; Govedic, 2018). Comte and Grenouillet (2015) found that suitable habitat loss
tend to be faster compared to fish response and revealed differences in vulnerability of local
populations within species distributions. Besides, a warmer environment is suggested to allow alien
fish species to faster expand their distribution range and to offer more opportunities for new species
to invade (Rahel and Olden, 2008). Climate change is also suspected to alter food web dynamics,
leading to feeding changes or even food shortage (Alabaster and Lloyd, 1980; Pletterbauer et al.,
2018).

Another important consequence of climate change is that the increase of temperature
accelerates the metabolism of parasites and enhances their proliferation. There is also a non-
negligible health risk for fish (Maire, 2021) and in particular for cold-water species that are likely to
be infected more frequently and intensely than species tolerating higher temperatures (Marcos-
Lépez et al., 2010).

1.3 Climate change and fish context for the Upper Soca river basin

In Slovenia, surface waters (including rivers) recorded a mean warming trend of 0.19°C per
decade for the period of 1953-2015, in Upper Soca river basin 0.15 — 0.20 °C per decade. The greatest
temperature increase was observed during the spring and summer season (Vertacnik et al., 2018;
Draksler et al., 2018).

! Such as, for instance, radiation, evaporation and condensation, air/water transfer, conduction through the
riverbed, friction, precipitation transfer, hyporheic and groundwater exchanges, tributaries, riparian
vegetation, and so on.



Warming projections for the Upper Soca river basin are expected to result in changed
temporal pattern of mean monthly values of precipitations (warmer and wetter winters and hotter
and drier summers), increased actual evapotranspiration, reduced snow amount, decreased summer
groundwater recharge, and alternated monthly average discharges (Janza, 2013), all likely to be
responsible for additional water warming and thermal variability. All this climate-induced effects are
expected to be exacerbated with multiple anthropogenic stressors, such as flow modifications
(Ormerod, 2009; Vérosmarty et al., 2000).

The Upper Soca river basin is inhabited by 14 fish species (RIBKAT, 2022) and the effect of
climate change raised concern especially for their future conservation (Appendix 1). Fish fauna from
the Salmonidae family have already been heavily impacted by human activities, especially stocking
for recreational purposes. The native marble trout (Salmo marmoratus) is threatened by both the
introduced rainbow trout (Oncorhynchus mykiss) and brown trout (Salmo trutta). The result of
genetic pollution (hybridization) of marble trout with brown trout is the presence of hybrid trout
(Salmo marmoratus x Salmo trutta) in many waters (Berrebi et al. 2000, 2022; Fumagalli et al. 2002;
Stankovic et al. 2015; Vincenzi et al. 2016, 2018, 2019). On the list of alien species could also be
added the European grayling (Thymallus thymallus). Indeed, recent genetic analyses identified the
Soca grayling population as a hybrid swarm between the Adriatic grayling and the European grayling
(Thymallus aeliani x Thymallus thymallus, Bravnic¢ar et al., 2020; Bravnicar, 2021). Salmonids are
accompanied with other rheophilic species such as bullhead (Cottus gobio), large spot barbel (Barbus
balcanicus), Cavedano chub (Squalius squalus), Italian barbel (Barbus plebejus), Italian riffle dace
(Telestes muticellus), Varione (Telestes souffia), Italian minnow (Phoxinus lumaireul), tench (Tinca
tinca) and exotic European Chub (Squalius cephalus) (RIBKAT, 2022; BiosWeb, 2022).

Salmonids are cold-water stenothermal (limited thermal tolerance) species with high
metabolic rate and oxygen demand and are particularly affected by increases in temperature,
especially those that may occur during periods of heat, with the risk of exceeding optimal
temperatures or even reaching lethal thresholds (Elliot, 1994; Giller and Malmqvist, 1998). S.
marmoratus has lower and more restricted thermal preferences than S. trutta and is therefore likely
to be more affected by rising temperatures. Furthermore, the endemic S. marmoratus has a
restricted distribution within the Adriatic drainage basin and any change in the quality and
availability of its suitable thermal habitat may have important repercussions on its populations and
conservation in the long term.

Monitoring water temperature over time and assessing the direction and extent of changes
enable to survey how may evolve the spatial distribution of species and to predict how it could
further evolve under different scenarios. The finer scale is the monitoring, the better will be
identified the most sensitive and vulnerable sectors or those which could be used as refuge. Such
information is essential to propose management actions adapted to the local characteristics of the
targeted zones.

Within the Upper Soca river basin, a consequent monitoring of water temperature has been
progressively deployed on 25 watercourses since 1996. Some streams have thus a data set of more
than 25 years which allows to start identifying trends in a robust way. Others, where monitoring was
set up more recently, have data series of at least ten years. If this duration is still too short to
establish individual solid conclusions, the trends identified on these sites can however consolidate
the overall conclusions on a regional scale, while bringing valuable information on the local
specificities of these watercourses.



1.4  Objectives

The aim of this study is (i) to provide a detailed spatial description of the thermal specificities of
the three main rivers (Soca, Baca and Idrijca) and multiple other headwater streams of the Upper
Soca river basin, (ii) to assess and quantify the changes over time and (iii) to evaluate the potential
repercussions on the two representative trout species, the marble trout and the brown trout. The
spatial and temporal variability of the thermal characteristics among watercourses are examined to
distinguish the regional trends from the local specificities.

2  Material & Methods

2.1  Geography and climatic context of the study area

The Upper Soca river basin is located in the southern edge of the south-eastern Alps (Julian
Alps) in the north-western part of Slovenia. The northern, alpine part of the area has been strongly
formed by glacial erosion and accumulation process (Bavec et al., 2004; Janza, 2013; Rojsek, 1991).
Above deeply eroded river valleys are peaks and ridges that exceed the tree line (around 1700 m of
altitude). Water circulation in the southern part represented by the Dinaric plateau (highlands with a
maximum altitude of around 1000 m) is highly complex due to karst processes and river erosion
(Rojsek, 1991; Janza, 2013; Knez and Kranjc 2009).

The Upper Soca river basin interacts with three climatic types: mountain, sub-Mediterranean
and temperate continental. The mountain climate with cold winter and cool summer prevail in the
alpine part, whereas the temperate continental climate (hot summer and cold winter) is noticeable
lower in the valleys and more characteristic in the central and southern part of the study area. The
heat of the Adriatic Sea (sub-Mediterranean climate) extends from the Soca river’'s mouth along the
valley up to the town Tolmin and even higher towards headwater parts (Ogrin, 1998; Janza, 2013;
Rojsek, 1991).

The Julian Alps and the Dinaric barrier have a strong influence on the precipitation regime.
When the wet south-westerly winds from the sea cross the Dinaric-Alpine barrier, most of the
precipitation falls in the upwind side, explaining why the Upper Soca river basin is one of the wettest
of Europe (Zupandic, 1998; Cegnar et al., 1996). The highest daily precipitation has been recorded
above 400 mm and total annual precipitation is more than 2500 mm, exceeding 3000 mm in the
mountainous part with the most pronounced maximum in autumn (Zupancic¢, 1998; Kolbezen and
Pristov, 1998). The Upper Soca river basin is hence exposed to frequent heavy precipitations, also
above 100 mm per hour (Zupancic, 1998). The Soca catchment is characterized by a nival-pluvial river
regime down to the confluence with the Idrijca (Kolbezen and Pristov, 1998).

2.1.1 Sites of the water temperature monitoring

The temperature of the rivers was measured at 25 sites in total, distributed into three
watersheds feeding the Soca River: the Upper Soca (named as Soca hereafter), the Baca and the
Idrijca rivers (Figure 1). Three of the monitored sites are located in the lowlands, on the main rivers
of the three basins, while the other 22 are located on headwater streams, at more or less high
altitudes. The main characteristics of the monitored stations and the Salmonid species in presence
are provided in Table 1. The first monitoring was set up in 1996 in two streams of the Baca basin
(Zakojska and Gorska), then the network was progressively extended in the whole study area (Table
1). Since 2019, the temperature monitoring has been maintained at 18 sites only (Table 1). Detailed
information and photographs of each site are providing in the Appendix 3 available online.



Figure 1. Map of water temperature monitoring sites. The colors of the points correspond to their catchment area (brown: Soca basin, pink: Bacabasin, green: Idrijca basin).
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Table 1: Monitored watercourses, associated drivers and Salmonid species in presence

Year Year . Land Surface Mean Distance
Basin Location monitoring  monitoring G RO T \A{atershed average stream aver-  Annual to the .Mean Salmonid species in presence
start end area [pfkarss slope age slope rainfall spring Hochaies
Soca Soca river 2007 180 437 8.6 73.2 1 2658 50.54 33.63 Hybrid trout, Onchorhynchus
mykiss, Thymallus thymallus
Soca Tolminka 2002 2019 168 73.08 0 65 4.9 2403 9.87 7.73 Hybrid trout
Soca Kozjak 2009 2019 538 6.35 0 5.2 2658 1.28 Hybrid trout, Onchorhynchus
mykiss
Soca Lower Volarja 2005 186 17.3 0 1.5 2631 5.39 0.64 Hybrid trout, Onchorhynchus
mykiss
Soca Upper Volarja 2005 725 4.49 0 53.1 15.5 2950 1.54 0.5 Salmo trutta
Soca Lower_Brinta 2008 775 2.22 0 57.5 11 2950 1.82 0.23 Onchorhynchus mykiss
Soca Godica 2010 2019 775 1.89 0 7 2232 0.74 Onchorhynchus mykiss
Soca Zadlas¢isca 1997 356 14.64 2.73 63.9 15.55 2990 1.34 1.66 Salmo marmoratus
Soca Upper_Brinta 2017 950 Onchorhynchus mykiss
Baca river 2009 164 142.3 0 61.6 1.64 2990 21.53 7.08 Hybrid trout, Onchorhynchus
mykiss, Thymallus thymallus
Huda Grapa 2002 578 3.21 0 68.1 28.4 2600 1.76 0.16 Salmo marmoratus
Lipovscek 1999 432 7.16 0 64.9 17.4 2810 3 0.39 Salmo marmoratus
Gorska 1996 415 2.19 0 65.1 13.1 2490 0.92 0.11 Salmo marmoratus
Driselpoh 1999 573 1.06 0 9.8 2490 1.41 0.22 Hybrid trout
Zakojca 1996 632 6.26 0 56.3 13.4 2250 2.33 0.13 Salmo marmoratus
Idrijca Idrijca river 2007 172 442.8 16.57 46.8 0.59 1952 56.44 23.41 Hybrid trout, Onchorhynchus
mykiss
Idrijca Studenc 2000 509 2.08 0.53 42.7 5.4 2600 0.85 0.11 Salmo marmoratus
Idrijca Upper Idrijca 1998 720 2.16 0.08 27.2 7.1 2850 1.6 0.12 Salmo marmoratus
Idrijca Gacnik 1998 908 3.68 0.77 25.2 3.7 2607 3.85 0.19 Salmo marmoratus
Idrijca Stopnikarca 1999 335 1.67 0 13.5 2600 1.67 0.25 Hybrid trout
Idrijca Trebuscica 1997 663 3.49 0 47.2 11.3 2840 1.5 0.2 Salmo marmoratus
Idrijca Lower Idrijca 2003 537 5.02 0 28.7 2.6 2850 10.97 0.17 Salmo marmoratus
Idrijca Dabrcek 2009 2019 280 2.78 0 2250 2.4 Hybrid trout, Onchorhynchus
mykiss
Idrijca Hotenja 2009 2019 260 8.7 0 2607 3.95 Hybrid trout, Onchorhynchus
mykiss

Idrijca Sevnica 2001 2019 601 2.77 0 41 6.2 2100 0.34 0.11 Salmo marmoratus




2.1.2  Water temperature measurements

Water temperature is measured at each site with a waterproof data logger (©HOBO). To
maximize the logger security in case of a flash flood event, it is placed inside a long metal tube, which
is attached to a rock. The tube extremity, where the logger is placed, is punctuated with several holes
to ensure the circulation of water and the evacuation of fine sediments. The tube is placed
underwater, often below a big rock which can protect it from eventual logjams. Furthermore, the
localization is chosen so that the logger is insured to be maintained as much as possible underwater
throughout the year. Despite all precautions, some data logger were lost due to important flood
events or found out of the water. This explains why some missing data exist in the data series. The
change of loggers has occurred once or twice a year until 2018 (in June and/or in September) and
only once in September since 2019.

Each logger is parametered for a mean water temperature measurement every 2 hours, which
enables to spare both its battery and its storage capacity. These temperature measurements at time i
are noted hereafter ‘T;.

2.2 Characterisation of the thermal habitats of S. marmoratus, S. trutta and S. marmoratus x S.

trutta

Stream temperature can be characterized by simple statistical descriptors (e.g. mean,
minimum, maximum) summarizing annual, seasonal or monthly measurements of mean daily
temperature. This was done largely to analyze past and future water temperature trends in the
context of climate change (Webb et al., 2008). Modelizing temperature curves can bring additional
descriptors of the annual thermal regime of the watercourses, allowing to compare easily streams
behavior with a reduced number of parameters (Tasker and Burns, 1974; Maheu et al., 2016).
Nevertheless, all these simple descriptors give little information of the finer spatial and temporal
variability of temperature experienced by organisms (Caissie, 2006) and many metrics, more
biologically significant, can be proposed to describe the timing, duration and frequency of certain
events or thermal conditions (Dunham et al., 2005; Arismendi et al., 2013). These metrics can be
refined with the known preferences of the target species or communities related to their range of
tolerance (Eaton et al., 1995; Dunham et al., 2005). Here, we sought to describe the thermal
conditions within the selected streams and possibly to identify some spatial or temporal variations
between sites and years. The heat requirements of S. marmoratus and S. trutta are summarized
hereafter (with rounded values) according to the different known phases and periods of the life
cycle. For hybrid trout, we used the same heat requirement as for Salmo trutta.

2.2.1 Reproduction and spawning

The passage below of a certain threshold (10-14°C or 6-12°C depending of the hydrological
conditions, Gouraud et al., 2014) triggers an upstream migratory movement to spawn for S. trutta
which seems to be absent in S. marmoratus (Kottelat and Freyhof, 2007). Spawning season generally
starts in November of year n-1 for both species and ends in January of year n for S. trutta (Cattanéo
et al.,, 2002; Elliott and Hurley, 1998a; Gouraud et al., 2014; Hari et al., 2006; Keith et al., 2020;
Kottelat and Freyhof, 2007; Ovidio, 1999) and for S. marmoratus (Kottelat and Freyhof, 2007; Povz et
al., 1996; Povz, 1989). The water temperatures have to be lower than 12°C for S. trutta (optimal at 5-
6°C) or 6°C for S. marmoratus (optimal at 4-6°C, Bruslé and Quignard, 2001; Kottelat and Freyhof,
2007; Povz et al.,, 1996). The rainbow trout is spawning in February-March and emerge in July
(Crivelli, unpublished data).

2.2.2  Embryonic development and Hatching
For S. trutta, hatching is documented as occurring between February and early March (Elliott,
1994; Gouraud et al., 2014) and its timing is closely related to the water temperature (Crisp, 1981;
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Elliott and Hurley, 1998a). In one hatchery experiment, the larvae of S. trutta hatched at 415 degree
days, S. marmoratus larvae at 464 degree days and hybrid larvae (S. marmoratus x S. trutta) at 420-
435 degree days (Simcic et al., 2017). For the marble trout, at a constant temperature of 10°C eyed
eggs were observed after 260-280 day degrees and hatching success at 460-480 day degrees (Simcic
et al., 2015). In rivers, hatching is then assumed to require approximately 400 degree days after
spawning for both species, or about 40 to 45 days (Keith et al., 2020; Vignes and Heland, 1995;
Kottelat and Freyhof, 2007). The embryonic development is optimal for S. trutta between 1 and 12°C
(cf. Vigier and Caudron, 2007). If the temperature is too cold (< 4-5°C) during the incubation period,
the recruitment of 0+ may be compromised for S. marmoratus (Crivelli, pers. comm.).

2.2.3 Emergence

The emergence corresponds to the fry stage (i.e. when the individuals leave the redd, Elliott,
1994). It can occur around April (Cattanéo et al., 2002; Elliott and Hurley, 1998a; Gouraud et al.,
2014) with a variation range of 2 months (Elliott and Hurley, 1998a, 1998b) or even more under high
latitudes (Kottelat and Freyhof, 2007). It requires between 520 (Vignes and Heland, 1995) to nearly
800 degree days after spawning (Bruslé and Quignard, 2001; Keith et al., 2020) for S. trutta and
about 500 (Specchi et al., 2004) or 592-632 degree days at 10-12°C (Ocvirk, 1994; Povz et al., 1996) or
59-63 days at 10°C for S. marmoratus (Kottelat and Freyhof, 2007).

2.2.4  Optimum of temperature and tolerance range

Because these species are poikilotherms, their metabolism remains dependent on ambient
temperature for their whole life. The optimums as well as the limits of their tolerance range vary
with age.

At the fry stage of S. trutta, the temperature preferences are between 1 and 15°C. At the
juvenile stage, the tolerance range is from 4 to 19°C (cf. Gouraud et al., 2014), or even up to 22-25°C
(Elliott and Elliott, 2010), with a preferendum of 17.6°C (Coutant, 1977). During the adult life, the
optimal range of S. trutta is given between 7 and 19°C with a preferendum at 13.8°C. While lower
critical limit for tolerance is near 0°C, avoidance occurs at 20°C and temperature can become lethal
beyond that value: survival is for 1 week above 25°C and 10 minutes above 30°C. Growth ceases
below approximatively 3°C and above 19.5° and is optimal around 13.5°C (Hari et al., 2006; Coutant,
1977; Vigier and Caudron, 2007; Bruslé and Quignard, 2001; Keith et al., 2020; Cianfrani et al., 2015).

The tolerance range of S. marmoratus seems to be slightly narrower than that of S. trutta:
the lower limit is 5°C (Keith et al., 2020) or below 5 to 0°C (Vincenzi et al., 2008; Povz et al., 1996) and
the upper limit at 14°C (Vincenzi et al., 2008) or 15°C (Keith et al., 2020; Povz et al., 1996; Kottelat
and Freyhof, 2007).

2.2.5 Diseases (Proliferative Kidney Disease)

One of the most common diseases in salmonids, the Proliferative Kidney Disease (PKD), has
been identified as one potential cause for the decline of fish stocks in several places in Great Britain,
in Switzerland and in the French Savoie region (Burkhardt-Holm et al., 2002; Feist et al., 2002; Vigier
and Caudron, 2007; Wahli et al., 2002). The severity of the disease and its prevalence are higher in
warm than cold environments (Bailey et al., 2017; Debes et al., 2017). The cause of PKD is the
myxozoan pathogen (Tetracapsuloides bryosalmonae) which uses bryozoans (also known as the moss
animals) as final hosts. They release masses of actinospores when water temperature reaches 14°C
(Debes et al., 2017) insuring the dispersion of the pathogen and fish infestations. Clinical symptoms
and trout mortality generally appear when the temperature exceeds 15°C (Sudhagar et al., 2020; Gay
et al., 2001; Wahli et al., 2002).
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To date, no cases have been diagnosed in the Slovenian study area. Because PKD is a concern
in the neighboring alpine regions, we take this into account while exploring data to assess the health
risk in case of accidental introduction of the pathogen.

2.3 Selected thermal metrics

This section describes the metrics chosen to describe the thermal regime of each stream and
the thermal habitat of S. marmoratus and S. trutta (Table 2). Most of these metrics were inspired
from the literature (Arismendi et al., 2013; Cianfrani et al., 2015; Dumoutier et al., 2010; Hari et al.,
2006; Vigier and Caudron, 2007). Some of the metrics were calculated from the 2 hours temperature
measurements (T;), which, in particular, enabled to identify the extreme thermal situations
experienced by the fish on a daily basis. Mean daily values (T;) were calculated from the T, values in
order to compute more general metrics allowing to describe the thermal evolution during the last
two decades (Table 2).

Following Maheu (2015), metrics were computed only if less than 10% of data in the reporting
period was missing (e.g. at least 329 daily measurements were needed to compute a metric over a
one-year period, or at least 82 daily measurements for a period of 3 months). All these metrics could
have been calculated on the whole T, or T; data series of each year and each stream, but when only
part of the year was sufficient, we chose to refine the periods concerned in order to limit the number
of potential missing values (thus for example; a lack of measurements in summer could no longer
prevent the calculation of metrics concerning the cold period).

Metric

Abbreviation Description
category
Characterization of thermal regime of watercourses
Magnitude Tmp Annual mean temperature of T;
Tmp_fall_winter Mean temperature of T; between September 21" of year n-1 and
March 21" of year n
Tmp_spring Mean temperature of Tj between March 21" and June 21"
Tmp_summer Mean temperature of T; between July 1* and August 31"
Ti_min Minimum absolute temperature (T;) observed during the calendar year
Ti_max Maximum absolute temperature (T;) observed during the calendar year
Ati Difference between “Ti_max” and “Ti_min”
‘Earliness’, Dd_Tmj_inf5 Beginning of the “cold” period; i.e. the day of the smoothed curve
‘lateness’ and when the temperature drops below 5°C, computed for each year
thermal events  pf Tmj_infs End of the “cold” period; i.e. the day of the smoothed curve when the
temperature exceeds 5°C, computed for each year
DUR_cold_inf5 Duration of the cold period calculated with the difference between the
last two metrics
D_Tmj_max Julian day when the smoothed temperature is maximal

Dd_Tmj_supTm

Df_Tmj_supTm
Dd_Tmj_supTmp
Df_Tmj_supTmp

Julian day when the smoothed temperature goes over the overall aver-
age temperature of the site (‘Tm’)

Julian day when the smoothed temperature fall below ‘Tm’.
Julian day when the smoothed temperature goes over ‘Tmp’.

Julian day when the smoothed temperature fall below ‘Tmp’.

Characterization of thermal habitat for S. marmoratus and S. trutta

Reproduction
and spawning

D_SpawnSma_inf6

As we get the dates of spawning of S. marmoratus from field observa-
tions (years 2005 to 2012, Crivelli, Pers. Comm., Figure 8), we focused
on this species and identified the julian day when the threshold of 6°C
is crossed by the curve of temperatures (T;) smoothed (lowess regres-
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Metric
category

Abbreviation

Description

Optimum and
preference
limits

ND_Ti_5_15

ND_Ti_4_19

ND_Ti_15_19

sion) on a 3-weeks period. The earlier this day, the earlier the spawning
season can be expected to start

Cumulative number of hours when temperature (T)) is optimal for the
adult stage of S. marmoratus (5-15°C), converted into number of days

Cumulative number of hours when temperature (T)) is optimal for the
adult stage of S. trutta (4-19°C), converted into number of days

Cumulative number of hours when temperature (Tj) is above the upper
limit for adults of S. marmoratus (15°C) and still below the upper limit
of adults of S. trutta (19°C)

Stress and
survival limits

ND_Ti_sup15

ND_Ti_sup19

ND_Ti_inf5

Number of hours when temperature (T;) is above the upper limit for
adults of S. marmoratus (15°C, which is also a threshold for the PKD,
see below) during the calendar year, converted in days

Number of hours when temperature (T;) is above the upper limit for
adults of S. trutta (19°C) during the calendar year, converted in days

Number of hours when temperature (T;) is below the lower limit for
adults of S. marmoratus and low for S. trutta (5°C, hereafter considered
as “cold”) during the calendar year, converted in days

Proliferative
Kidney Disease

ND_Ti_sup14

ND_Ti_sup15

N_max_Ti_csh_sup15

Cumulative number of hours when Tetracapsuloides bryosalmonae is
most likely to disperse (when T; is above 14°C), converted in days

Number of hours during which symptoms due to Tetracapsuloides
bryosalmonae can occur (when T; is above 15°C), converted in days

Maximum duration of periods (consecutive hours) when symptoms can
occurs

3 Results

3.1 Overview on monitoring records

All mean daily values are presented in Figure 2 and the annual proportions of cumulative
durations for the main temperature classes relevant to trout biology (<5°C; 5-15°C; 15-19°C; >19°C)
are shown in Figure 3. These data will be explored in a first part for the three main lowland rivers
(Soca, Baca and Idrijca) and then for all the monitored sites.
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(632 m.a.s.l.)

Idrijca_River
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(280 m.a.s.l.)

Stopnikarca
(333 m.a.s.l.)
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(509 m.a.s.l.)

Lower_|drijca
(537 m.a.s.l.)

Sevnica
(601 m.a.s.l.)

Trebuscica
(663 m.a.s.l.)

Upper_ldrijca
(720 m.a.s.l.)

Gacnik
(908 m.a.s.l.)

Tolminka
(168 m.a.s.l.)

Soca_River
(180 m.a.s.l)

Lower_Volaja
(186 m.a.s.l.)

Zadlascica
(356 m.a.s.l.)

Kozjak
(5638 m.a.s.l.)

Upper_Volaja
(725 m.a.s.l.)

Godica
(775 m.a.s.l.)

Lower_Brinta
(775 m.a.s.l)

Upper_Brinta
(950 m.a.s.l.)
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Figure 2. All recorded daily averages per site. Sites are color-coded according to their watershed (Baca, Idrijca or Soca), and
classed per altitude. Floods that led to changes in the riverbed were noted in the field (blue diamonds) or identified from the
maximum flows (see Figure 6; blue triangles).
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Figure 3. Proportion of the number of hours per year with the temperature distributed between different ranges of
values (<5°C; 5-15°C; 15-19°C; and > 19°C). The pie charts represent the averages for each stream/river. The percentage
of cumulative time when the temperature is favorable to S. marmoratus (5-15°C) is noted on the pie charts.
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3.2 Main rivers (Soca, Baca and Idrijca)

3.2.1 General thermal description

The Soca and Idrijca rivers have been thermally monitored since fall 2007 and the Baca river
since fall 2009. With an average annual temperature of 9.4°C, the Soca River is the coldest of the
three main rivers studied. The Soca thermal amplitude is also relatively low, 90% of the
measurements taken since 2008 being between 5.3°C and 14.7°C, which correspond to the
preferential thermal range both for S. marmoratus and for S. trutta. The cumulative duration when
temperature is favorable? for both species (between 5 and 15°C; ‘ND_Ti_5_15’) is on average 338
days per year (Figure 4).

B ND_Ti_sup19 O ND_Ti 1519 B ND_Ti_5.15 M ND_Tiinf5

100 —
0 | |
60
40
20
0 -

Baca_River Idrijca_River Soca_River

90%

80%

20%

10%

Figure 4. Average annual proportions of temperature classes for each river. The percentage of 'ND_Ti 5 15'is written in
black into the bars.

The Baca River is next, with a water temperature of 10.3°C on average and a slightly higher
amplitude (90% of the measurements between 4.9°C and 16.4°C). The cumulative duration when
temperature is favorable for both species is on average 287.5 days per year.

The Idrijca River is a less steep-sided, wider and longer river than the Bac¢a and therefore has
more time to warm up. It is the warmest of the three (11.1°C on average), with the greatest thermal
amplitude (90% of measurements between 4 and 19.4°C). The Figure 2 shows clearly that the Idrijca
river have the highest mean daily values, often above 19°C in summer. The Idrijca river logger is the
only one of the three main rivers where no value below or equal to 0°C was recorded. Thermal
conditions here are more favorable for S. trutta (90% of the time) than for S. marmoratus because
21% of the measurements are above 15°C. The cumulative duration when temperature is favorable
for both species is on average 237.8 days per year. It is also the river with the highest recorded
temperature: 23.5°C, which remains below the 1-week lethal threshold of 25°C for S. trutta but

>The thermal environment is favorable for S. marmoratus, and therefore for S. trutta which has a wider range
of tolerance, when the temperature is between 5 and 15°C. This also corresponds to the conditions that limit
PKD-related symptoms (if the pathogen is present). We therefore consider that the conditions are favorable for
both species in terms of thermal and sanitary preferences.
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above its avoidance upper limit of 20°C. The Idrijca has hence the most thermally stressful conditions
for S. trutta with an average accumulation of hours above 19°C ( ‘ND_Ti_sup19’) equivalent to 16.6
days per year, whereas this represents generally less than 1 day per year for the two other rivers. The
maximum cumulative duration above this threshold observed were 1.07 days in the Baca river (in
2010), 1.27 in the Soca river (2018) and 35.72 days in the Idrijca river (2012).

The annual cumulative duration of heat stress for S. marmoratus (above 15°C;
‘ND_Ti_sup15’) is on average 81.2 days in the Idrijca river (maximum of 108 days in 2011) and 38
days in the Baca river (maximum of 53 days in 2018), while it is only 7.8 days in the Soca river
(maximum of 30 days in 2018). The duration of the observed periods when the temperature is
continuously above 15°C (‘N_max_Ti_csh_sup15’) is much longer in the Idrijca river (37.4 days on
average, maximum of 86.6 days in 2012) than in both the Soca and Baca rivers (respectively 1.7 and
6.5 days on average). In these last two rivers this duration has just exceeded 2 weeks for only one
year during the monitoring (in 2018). This duration of 2 weeks is supposed to be necessary for the
development of the PKD for the rainbow trout Oncorhynchus mykiss (Vigier and Caudron, 2007). The
Idrijca river is therefore rather thermally less favorable for S. marmoratus due to prolonged exposure
to temperatures above its Upper tolerance limit (in the absence of thermal refuges) and potentially
favorable to the development of diseases such as PKD (which may present a risk if the pathogen is
introduced).

3.2.2  Thermal trends
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The Figure 5 shows graphical increasing trends of the annual mean temperatures ('Tmp') for
the three rivers between 2008 and 2020. However, this trend is statistically significant only for the
Soca river using the Mann-Kendall test (P=0.001) with an increase of 0.044°C per year. For this river,
both increases in summer temperatures (0.22°C per year, P=0.016) and in annual maxima (‘Ti_max’,
0.24°C per year, P=0.009) are significant. In this river, the increase in annual mean temperatures is
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hence associated with an increase in the number of days with temperature above 15°C
(‘ND_Ti_sup15’, 0.9 days per year, P=0.032).

At the seasonal level, no significant changes in average temperatures (‘Tmp_spring’,
‘Tmp_summer’, ‘Tmp_fall_winter’) is observed for the Idrijca River (Figure 12). Nonetheless, both a
significant increase in annual minima (‘Ti_min’, 0.15°C per year, P=0.016) and a significant decrease
in the length of the cold period (‘DUR_cold_inf5’, -4.67 days per year, P=0.002) are noted.

For the Baca River, a marginal significant increase in average for summer temperatures
(0.05°C per year, P=0.1) is obtained. It is also noted a significant decrease of 2.34 days per year with
temperatures below 5°C (P=0.034, ‘ND_Ti_inf5’), which may enhance more favorable thermal
conditions for trout growth during the winter period.

3.2.3 River flows with maximal and minimal trends
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Figure 6. Minimum and maximum flows recorded since the beginning of the 1940s in the three rivers (ARSO, 2019). The
dotted horizontal line corresponds to a morphogenic flood flow (A. Crivelli; Comm. Pers.). The Sen’s slope is given with the
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significance of the Mann-Kendall test for each data set. The lines are thickened over the period corresponding to the
temperature monitoring of these rivers.

Maximum river flows show a significant upward trend in the Idrijca river and especially in the
Sota river, where peak flows almost systematically exceed 500 m?/s in the most recent period. This
can be explained by a coupling between a precipitations increase instead of snowfall and an earlier
snowmelting (particularly in the SocCa watershed), and is consistent with the hypothesis of a
transition toward a more pluvial regime (Kolbezen and Pristov, 1998; EEA, 2009). The low water flows
do not show any significant trend, except for a slight decrease in the Baca River. Thus, although the
trends are still rather weak, a progression towards wetter winters and drier summers can be
observed through these three rivers long flow data time series.

3.3  Headwater streams
3.3.1 General thermal description and habitat quality

The mean annual temperature (‘Tmp’) of all streams ranges from 7.6°C (Gacnik) to 10.2°C
(Dabrcek). The annual maximum temperatures (‘Ti_max’) observed on all the streams are on average
16.3°C and range from 12.4°C (Trebuscica) to 18.95°C (Gacnik). The average of ‘Ti_max’ over the
years is below 19°C for most streams; only the Lower Volarja, which in fact correspond to a lowland
river section, is an exception with 19.8°C. Stressful thermal conditions for S. trutta are therefore rare
in these streams. The cumulative number of hours with temperature above 19°C (‘ND_Ti_sup19’) is
on average always less than 1 day for each site, except in the Lower Volarja (1.7 days in average, up
to 8.4 days in 2018).

The thermal habitat is mostly favorable for the growth of trout species in all rivers and streams,
especially in the Tolminka, Upper Volarja, Sevnica and ZadlasCica streams with temperatures less
than 15°C more than 90% of the time (see ‘ND_Ti_5_15" in the Figure 7). The Lower Volarja displays a
contrasting thermal behavior with the lowest proportion of measurements between 5 and 15°C,
which is related to a relatively high proportions of measurements both below 5°C (‘ND_Ti_inf5’;
18.3%) and above 15°C (18.2%, Figure 2 and Figure 7).
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Figure 7. Average annual proportions of temperature classes for each stream. The streams are sorted by basin and
increasing altitude (from left to right). The percentage of 'ND_Ti_5_15"is written in black into the bars and the altitude
of the monitoring site is noted in white.
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Despite its high altitude, Gacnik displays strong thermal variation between summers, which can
be sometimes very hot (especially in 2018) and winters, which are often very cold. It is known that
small, shallow and exposed rivers are more sensitive to atmospheric exchanges compared to larger,
deeper and more in the shade ones (Torgersen et al., 2001; Zwieniecki and Newton, 1999). Gacnik
stream is located on a gently sloping highland and fed by springs that can be sometimes very low. It is
therefore subject to strong cooling in winter and strong warming in summer due to these low flows
and velocities. Also, the absence of riparian vegetation on large part of the stream make it more
exposed to sunlight, accentuating the summer heating (Johnson, 2004). Tolminka and Upper Volarja
streams have a more constant temperature throughout the seasons. This results from strong flow all
year round, especially for Tolminka. Tolminka maintains cool summer temperatures throughout the
summer: this river is particularly steep and has little exposure to the sun along most of its course.
Upper Volarja, whose catchment area is very steep with high mountain peaks, maintains relatively
cool temperatures at winter (Figure 2).

The vast majority of sites are concerned by temperatures above the upper tolerance limit for S.
marmoratus (15°C), and for a potential PKD development (in case of introduction of the pathogen).
However, the cumulative durations of these periods are relatively short: from 16.8 days on average
for Kozyak up to 66.5 days for Lower Volarja. Only two sites, Trebuscica and Upper Volarja, were not
subject to temperatures above 15°C values (shown in white in the Figure 12). The duration of the
observed periods when the temperature is continuously above 15°C (‘N_max_Ti_csh_sup15’)
exceeds 2 weeks only in 2 sites, Zakojca and Lower Volarja, for at least 3 years of their monitoring.

3.3.2 Reproduction and Spawning

The spawning dates of S. marmoratus that were observed in the field between 2005 and
2012 are shown as dashed rectangles in Figure 8. They range from early November to early January
and vary between streams and basins. On the same graph, the distribution of days when the
temperature falls below 6°C (‘D_SpawnSma_inf6’), over the years at the sites concerned, is shown.

Effective spawning theoretically occurs at least from the day ‘D_SpawnSma_inf6’, but has been
systematically observed delayed from this date in the Huda grapa, Lipovscek or Zadlascica streams.
Both the ‘D_SpawnSma_inf6’ days and the observed spawning date are the latest and the most
variable for the Upper Volarja. The day ‘D_SpawnSma_inf6’ (estimated here from a single point
temperature measurement in the streams) might not be sufficient on its own to accurately explain
the onset of spawning, but it does help to define when spawning can occur.
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Figure 8. Distribution of spawning dates for S. marmoratus and S. trutta observed in the field between 2005 and 2012
(dashed rectangles) or estimated by the date of passage below the 6°C (‘D_SpawnSma_inf6’) within the same years (2005 to
2012) threshold (boxplots).

In some sites ‘D_SpawnSma_inf6’ already shows a significant tendency to become later in time
(Gorska, Huda, Zakojca, Sevnica, Upper Volarja, Upper and Lower Idrijca, Zadlas¢ica and the Baca
river, Figure 12). It can therefore be expected that the spawning dates in these sites will shift over
time.

3.4  Spatial variations
3.4.1 Altitude, an important thermal driver

Overall, the annual mean river temperature (‘Tmp’) decreases with the altitude of the
monitored point (Pearson correlation = -0.57; Figure 9a). Tolminka, in the Soca basin, is at low
altitude and has lower mean temperatures than the other streams, which suggests the influence of
additional factors specific to this basin (e.g. snowmelt water supply). While in the Baca and Idrijca
basins the number of cold measurements (‘ND_Ti_inf5’) tends to increase with altitude, this is not
the case for the Soca basin (Figure 7). These results illustrate that several factors can act as sources
of water temperature variations.
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Figure 9. Plot of annual mean temperature for each stream and year of the record as a function of: a) altitude (m) and b)
total pool area (m?). The coefficients of the general linear regression are given in grey above the figures with R% The Pearson
correlation coefficient (r) is noted in black.

Another result that may be of interest but must be interpreted with care for this same reason
and for the numerous possible interactions between factors influencing thermal regimes: the total
area of pools in the river monitored sections is negatively correlated with mean temperatures (Figure
9b) and not correlated with altitude (Kendall's tau = 0.21, P=0.23). The presence of pools reflects the
existence of deeper areas in the streams where the temperature may remain cooler, especially if the
pools are shaded. This is generally the case in deep valleys dominated by forests, except for example
in Zadlascica where the pools are rather exposed to the sun. The mean temperature (‘Tmp’) of this
stream is on average higher for a given pool surface compared to other sites (points above the
regression line, Figure 9b).

3.4.2 Comparison of thermal characteristics of streams between the three basins

Overall, the diversity of streams, in terms of thermal characteristics, is similar between the
three basins. Nevertheless, some significant differences between the three basins were statistically
revealed (Figure 10).

The streams of the Idrijca watershed have on average colder temperatures compared to the two
other watersheds (Figure 10a). Streams in the Idrijca basin have more days with temperatures below
5°C than those in the Soca basin (Figure 10c) and the duration of the cold period tends to be longer in
the Idrijca basin than in the Soca one (but the post-hoc test is non-significant at the 5% level; Figure
10h). The thermal amplitude is significantly higher in the streams of the Idrijca basin than in the Baca
basin (Figure 10d). The day of crossing below the 6°C threshold (‘D_SpawnSma_inf6’) is earlier in the
streams of the Idrijca basin than in those of the Soca basin (Figure 10f). The first day when the
smoothed temperature exceeds the annual mean temperature is earlier in the streams of the Idrijca
watershed (Figure 10g). The heat peak is earlier in the Idrijca streams than in the Baca ones (Figure
10e).
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Figure 10. (a - h) boxplots of 8 meaningful metrics calculated per year and stream here grouped by Basin. Kruskal-Wallis test
(p-value in black) and Tukey's non-parametric post-hoc (arrows and significance in blue; p<0.001, “***

p [0.001,;0.01], “**’,; p [0.01,0.05], “*’; p [0.05,0.1], “.” ; p>0.1, ‘n.s.”). The average proportions of the different temperature
classes among all streams per watershed are shown in the last barplot.

The temperatures remain very favorable to both trout species in the three watersheds. The
average proportions of temperature classes are indeed very close between the streams of the three
watersheds and particularly favorable for S. marmoratus (high proportion of 5-15°C class; Figure
10h). Streams in the Idrijca watershed tend to have fewer days with favorable temperature for S.
trutta (Figure 10b), but post-hoc differences are only significant compared to the Soca streams. It
must be noted that in most of the sites, only hybrid trouts (S. marmoratus x S. trutta) are present,
except in the Upper Volarja stream where the only genetically pure population of S. trutta has been
found (Berrebi et al., 2000, Table 1).

3.4.3 Regional coherence

The regional coherence between the time series of daily mean temperatures is assessed via
the square of the correlation coefficient (r?) between each site and the mean of the other sites (Hari
et al., 2006). A high value therefore indicates a synchrony between the temperature variations of the
site under consideration and those of the other 24 sites. The factors influencing the temperature of
the rivers can then be considered as homogeneous at the regional scale.

Four correlations are calculated for each site on the set of real measured temperatures (Ti) over
the whole chronicle ('Tot') or selected on the periods of the chronicle corresponding to fall-winter,
spring or summer. The distribution of the squares of these coefficients is represented by season and
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watershed (Figure 11). The r? are high for the total daily averages in the three watersheds, indicating
a regional synchrony in the temperature variations of the rivers and therefore probably an overall
predominant climatic influence.
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Figure 11. Regional coherence: r? between the temperature time series of each site and the average of the other sites.

The lowest r? are observed in summer for the three watersheds. Flows are then generally lower
and stream temperatures are more sensitive to local conditions (e.g. shading, type of substrate, slope
of the land, land use), the regional coherence is then partly masked by local conditions. In spring,
some streams of the Soca watershed, where are the highest altitude summits, may be fed by
snowmelting water and therefore have a colder temperature than other streams, which may explain
the observed low r2.

3.5 Temporal variations
3.5.1 Trend analysis

The inter-annual trends of each metric per site are analyzed using the non-parametric Mann-
Kendall test (Esterby, 1996; Hirsch et al., 1982; Webb, 1996). The slopes of the trends found to be
significant are estimated using the Sen method which represents the median slope calculated from
all observations (Arismendi et al., 2013; Sen, 1968). The results of the trend analysis on all calculated
metrics are summarized in the Figure 12. Trends are significant for at least half of the sites for a total

of 8 metrics.
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re 12. Results of trend tests (Mann-Kendall test and Sen’s slopes) on all metrics. In color, the result of the Mann-

Kendall test is significant, in orange/red the Sen’s slope is positive, in blue it is negative. The number of metrics showing
at least a marginal significant trend for each site is noted in parentheses after the site name. The number of sites where
each metric shows at least a marginal significant trend is noted in the margin on the right. The average Sen’s slopes (of
sites where the Mann-Kendall test is at least marginal significant) for each metric are given in parenthesis.

The following major points are emphasized:

The mean annual temperatures (‘Tmp’) increase by 0.04°C per year in average (from 0.02°C
to 0.13°C per year for Studenc and Dabrcek respectively);

The mean fall-winter temperatures (‘Tmp_fall_winter’) increase by 0.05°C per year in
average (from 0.04°C per year for Lipovscek, Driselpoh and Upper Idrijca by 0.08°C per year
for Gorska);

The mean summer temperatures (‘Tmp_summer’) increase by 0.11°C per year in average
(from 0.06 to 0.22°C per year for respectively Upper Volarja and Lower Idrijca);

The maximal temperatures (‘Ti_max’) increase by 0.17°C per year in average (from 0.09°C
and 0.41°C per year for respectively Stopnikarca and Gacnik);

The cumulative number of hours with temperatures above 15°C increases by 1.59 days per
year in average (‘ND_Ti_sup15’, from 0.21 to 3.54 days per year for respectively Lipovscek
and Hotenja);

The trends are significantly decreasing for at least half of the sites for only one metric: the
duration period with temperatures below 5°C (‘DUR_cold_inf5’; from -2.5 to -8.5 days per
year for Gac¢nik and Baca river respectively). The shortening of this cold period is explained
either by a delayed drop below the 5°C threshold in late autumn or early winter (i.e. the start
date of the cold period; 'Dd_Tmj_inf5'), by an earlier rise above this threshold in late winter
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or early spring (i.e. the end date of the cold period; 'Df_Tmj_inf5'), or by both combined (e.g.
in Gorska, Stopnikarca, Sevnica where the upward trend in 'Dd_Tmj_inf5' and the downward
trend in 'Df_Tmj_inf5' are at least marginally significant).

The increase in mean temperatures at the monitored sites is quantitatively comparable to that
reported in the literature (e.g. Basarin et al., 2016; Bonacci et al., 2008; Orr et al., 2015; Webb and
Nobilis, 2007). Also, the seasonal shifts observed are consistent with the earlier spring warming and
increase in summer heat already documented elsewhere (Arora et al., 2016; Markovic et al., 2013).
The next three figures detail the changes in average temperatures for all sites, grouped by

watershed.
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Figure 13. Evolution of the annual mean temperature of all the sites of the Soca basin. See Figure 5 for legend details.
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Figure 14. Evolution of the annual mean temperature of all the sites of the Baca basin. See Figure 5 for legend details.
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Figure 15. Evolution of the annual mean temperature of all the sites of the Idrijca basin. See Figure 5 for legend details.

3.5.2 “Precocity” or “lateness”

The day when the temperature drops below 6°C (expected to be reliable to the triggering of
spawning for S. marmoratus) appears later in the autumn-winter season for 9 sites
(‘D_SpawnSma_infé’; Figure 12). The first day of the cold period (‘Dd_Tmij_inf5’) is found significantly
later for 7 sites, while the final day of the cold season (‘Df_Tmj_inf5’) is observed earlier for 8 sites.

These shifts appear related to the general increase in temperature and not to a prolongated
warm period. Indeed, the day of passage under the mean temperature of the vyear
(‘Df_Tmj_supTmp’) does not show significant tendency in any site, but the day of passage under a
reference temperature (average of all temperatures of the site) is significantly increasing for 9 sites
(‘Df_Tmj_supTm’). The day when the smoothed temperature goes over the annual mean
temperature (‘Dd_Tmj_supTm’) happens earlier in 2 sites, which is consistent with the general
increase in overall temperatures (but not generalizable because of the small number of sites
involved). On the contrary, ‘Dd_Tmj_supTmp’ is increasingly late in 5 other sites, mainly in the Soca
basin. In this case, this is consistent with the hypothesis of a prolonged influence of the snowmelt
(cold water) feeding of these rivers.

3.6 Some concrete examples

As an example, the temperatures measured at the beginning and end of the monitoring are
given for three sites® : Ga¢nik (Idrijca basin), Gorska (Baca basin) and Lower Brinta (So¢a basin). All
these 3 sites correspond to small streams with low flows and water levels. While the Gac¢nik stream is
slightly sloping, located on a high plateau and relatively exposed to the sunlight, the Gorska stream is
very steep and sheltered from the sun by a dense canopy. The Lower Brinta site is rather open and
less steep compared to the Gorska stream.

3Graphs for all sites are provided in the Appendix 2.
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Figure 16. Comparison between the temperatures of the first 4 (1998-2001) and last 4 years (2018-2021) of monitoring for
the station of Gacnik (Idrijca river basin). In white: the range of daily values for the considered period. In black: the average
of daily temperatures over this period (and its smoothing over 3 months to determine the days of crossing thresholds). The
number of days below the 5°C threshold and over the 6 and 10°C thresholds are calculated from the smoothed curve. Those
above 15 and 19°C are calculated from the first and last days when a temperature above these thresholds was observed.
For Gacnik, the changes involve a marginally significant shortening of the duration of the cold
season (‘DUR_cold_inf5’; Figure 12) with generally high temperatures at the end of the year over the
recent period. Moreover, an increase in both average (general rise of the smoothed curve) and
maximum temperatures can be observed (crossing of the 19°C threshold, and longer duration above
the 15°C threshold in the recent period). Fish (in the present case S. marmoratus) may thus find
themselves more frequently in a situation of physiological stress due to warmer summer, in duration
and intensity, especially if there is no thermal refuges.
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Figure 17. Comparison between the temperatures of the first 4 and last 4 years of monitoring for the station of Gorska grapa
(Baca river basin).

Concerning Gorska, the evolution is coherent with that of Gacnik but the temperatures
remain favorable to both species in the recent period (with nevertheless the appearance of some
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rare unfavorable situations for S. marmoratus). One can also note the disappearance of the cold
period with the rise of the low temperatures.

Lower_Brinta (former) 8 years between LOwWer_Brinta (recent)
the two periods.
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Figure 18. Comparison between the temperatures of the first 4 and last 4 years of monitoring for the station of Lower Brinta
(Soca river basin).

For the Lower Brinta site, the changes show a decrease in intensity, but not in duration, of
the cold period, and a general rise in temperatures with the average temperatures exceeding the
15°C threshold and a longer duration above this threshold. It can be noted in this case that only 8
years separate the two periods whereas for the two previous sites these periods were 18 years apart.
The evolution for the Lower Brinta has been therefore relatively rapid.

For all the other sites, the number of days above the 6, 10 and 15°C thresholds is significantly
greater in the recent period than in the former period (Wilcoxon test), and only marginally significant
for the 19°C threshold.

4 Discussion

4.1  Spatio-temporal variations of water temperature

Having conducted a multi-site study with a large number of monitored sites allows us to
appreciate the generalizability of the observed processes. Here, significant trends for more than half
of the considered streams (Figure 12) indicate a general warming of water temperatures over the
entire Upper Soca basin. This water warming is highlighted through 5 main points:

1. The annual mean temperature (‘Tmp’) is significantly increasing for most sites ;

2. The cold period is shortening (decrease of ‘DUR_cold_inf5’) and less frequent (decrease of
‘ND_Ti_inf5’) ;

3. Extreme hot temperatures are more and more frequent (‘Ti_max’) ;

4. The increase in temperatures is twice as fast in summer (‘Tmp_summer’, on average
0.11°C per year) as in fall-winter (0.05°C per year) and as inter-annually (0.06°C per year).
Only few sites are concerned by a significant increase of spring temperatures;

5. The period with temperature between 15 and 19°C, above the upper limit for adult of S.
marmoratus, is more and more frequent (increase of ‘ND_Ti_15_19’).
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The evolution of the annual mean temperatures ('Tmp') for all sites in Figure 19 summarizes the
overall observed increase of water temperature. Before 2003, the number of sampled sites is
relatively low and the relationship between 'Tmp' and time is therefore not very robust. From 2003
to 2008, about 12 sites were sampled, and then almost twice as many from 2009 onwards, which
provides a better picture of the regional trend in 'Tmp' over the last 10 to 16 years. The relationship
shows a clear increase in the observed median 'Tmp' (black dots) compared to the overall mean
"Tmp' (corrected by altitude; blue line, Figure 9).
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A large majority of the monitored sites (n=18 out of 24) are concerned by an increase in the
mean annual temperature ('Tmp'). The Upper Brinta stream was excluded from most of the tests due
to a too short time series, since its monitoring only started in 2018. The sites exhibiting a non-
significant trend are also among the last sites where the temperature monitoring was set (Figure 20),
so probably with too few data to observe any trend.

In a more general way, the number of metrics showing a significant trend is particularly variable
between sites (Figure 12) and the number of metrics for each site where the trend is significant is
negatively correlated with the first year of monitoring (Pearson’s r=-0.77, P<0.001; Figure 20). The
duration of the monitoring appears therefore as fundamental to identify modifications in the thermal
regime of the rivers.
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Figure 20. Relationship between the number of metrics with a significant trend and the first year of monitoring for each site.

On Figure 20, some sites are particularly far from the regression line (absolute value of residuals
above 4): Upper Idrijca and Lower Idrijca (black-circled). These two sites above the regression line
present a higher number of metrics where the evolution is significant, taking into account the
duration of the monitoring, compared to the other sites. They then seem to be more subject to
changes in their thermal regime.

4.2 Quality of the thermal habitat for trout

4.2.1 Suitable habitat

The main finding from the temperature monitoring is that the thermal habitat is generally
favorable for both trout species at the scale of the Upper Soca river basin. The 3 rivers and 22
streams present at least two thirds (and nearly 80% on average) of thermal situations between 5 and
15°C (‘ND_Ti_5_15’). At first sight this proportion of favorable thermal range has remained stable
over the years in most of the sites, and has even increased in 4 of them (Gorska, Lipovscek,
Trebuscica and Upper Idrijca).

If this observation seems optimistic, it must nevertheless be considered in the light of the
evolution of other aspects of the thermal habitat. First of all, it can be linked to a regression of cold
situations (‘ND_Ti_inf5" or ‘DUR_cold_inf5’) due to the shift of all the temperature curves upwards,
and thus to a better superposition of the temperature curves with the preference window of S.
marmoratus (Appendix 2). This generalized rise in temperature also implies the appearance of
increasingly frequent thermally stressful situations for S. marmoratus (‘ND_Ti_sup15’), and the same
for S. trutta ( ‘ND_Ti_sup19’). If the deployment of a substantial multi-site monitoring has allowed
the identification of robust general trends, it also allows the identification of local particularities.

So far, the thermal habitat of the Soca River appears still particularly favorable for both
species (94% proportion of ‘ND_Ti_5_15’, Figure 3). Nonetheless, some streams in the Soca
catchment area already exhibit some considerable percentage of temperatures above 15°C (Kozjak,
Godica, Lower_Brinta and especially Lower Volarja, Figure 3). These percentages are likely to
increase over the years since, although these sites have some of the shortest data series (except

33



Lower Volarja), they are all already showing increasing trends in summer temperatures and are
consequently expected to be progressively less favorable for both trout species. On the other hand,
the Upper Volarja and Tolminka streams exhibit the highest percentages of the 5-15°C favorable
range among all sites (respectively 96% and 97%; Figure 3). In addition, the water temperatures of
both sites remain well below the 15°C limit (Appendix 2). In case of degradation of the thermal
quality of the Soca River and of surrounding streams, these two sites could be suitable refuges for S.
marmoratus.

Within the Baca and Idrijca basins, although the sites located at high altitudes are the coldest
(Figure 9), it appears that some headwater streams can present stressful thermal conditions for S.
marmoratus (‘ND_Ti_sup15’). These streams generally have low thermal inertia due to low flow
rates. The Gacnik stream, for instance, exhibits low slope, low flow rate and relative exposure to the
sunlight due to a reduced riparian vegetation. This stream appears particularly sensitive to summer
warming and thus to the development of stressful thermal conditions, despite its relative high
altitude.

In the context of global change, summers are expected to be hotter and drier. As a result,
headwater streams would be more sensitive to heating due to low flows and high air temperatures.
This would reduce the quality of thermal habitat, which would limit the amount of habitat available
in the headwaters and thus the potential for altitudinal refuges of trout species. The Idrijca River
already presents stressful conditions for trout species, especially during the summer. Most of the
streams in this watershed could already be considered as thermal refuges during the warm season,
nonetheless boundaries prevent most of the time an upstream migration of fish. Furthermore, this
hosting potential may evolve according to the modifications of hydrology and vegetation cover.

4.2.2 Phenology

Another aspect related to the increase in temperatures concern the reproductive success. On
the field, from 2005 to 2012, it has been observed that the reproductive success was very low or
even null when cold situations (<5°C) were prolonged. The temperature monitoring shows that the
duration of the cold season has been shortened and winters have become milder, thus that the
conditions are becoming more favorable to growth, and even to reproduction. In some cases, the
increase in temperature can also be accompanied by a shift in the crossing of thermal thresholds that
can affect phenology. In 4 sites, the date when the temperature falls below 6°C, threshold favorable
for spawning, has significantly increased during the monitoring and it can be expected that the
breeding season will be shifted.

The metrics identifying a date (‘D_SpawSma_inf6’, ‘Dd_Tmj_inf5’ and ‘Df Tmj_inf5)’ are
subject to high variability due to punctual events that may occur within a short period (despite the
use of temperatures smoothing to identify these dates). Hence, these metrics are considered
sensitive compared to other ones, such as the annual mean temperature (‘Tmp’) or the cumulative
duration of temperatures above 15°C, which by contrast will inherently buffer exceptional events. It
is therefore more difficult to conclude about potential changes in phenology over time, but the fact
that trends are appearing at some sites suggests that an evolution is underway (Figure 12). The fact
the ‘D_SpawnSma_inf6’ metric is highly correlated with the mean fall-winter temperature
(“Tmp_fall_winter’, Figure 21) seems to confirm a regional trend towards a later breeding, since this
seasonal temperature significantly increase for a large number of sites (n=14, Figure 12). The
confirmation of such hypothesis require however longer data sets, especially in streams subject to
strong hydrological variations.
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Figure 21. Plot of the date of crossing below the 6°C threshold (‘D_SpawnSma_inf6’) as a function of the average
temperature in fall-winter (‘Tmp_fall_winter’).
4.3  Perspectives

The complexity of the processes and their interactions highlight the interest of multi-site and
long-term monitoring to extract significant information. The continuity of the temperature
monitoring will enable to better quantify trends with more robustness and to specify the fine
modifications of the thermal regimes. Further analyses could be conducted to assess the implications
of other local or regional factors in the observed thermal regime modifications (e.g. hydrology, type
of riparian and watershed vegetation, precipitation regimes). For example, discharge is, like
temperature, a major parameter that can influence migratory or phenological behaviors (e.g.,
reproduction) as well as the survival of individuals during extreme events such as droughts or major
floods (Wenger et al., 2011). It also directly influences the thermal regime of the rivers. Discharge
monitoring on rivers for a better consideration of hydroclimatic variables would increase the interest
of the present study.

The present study makes a fundamental contribution to the knowledge of aquatic systems and
their response to global changes. It also constitutes a key step in the conservation of species and the
management of natural environments. This work, initiated more than 25 years ago, has now
provided an assessment of the evolution of the thermal habitat for two species of trout in a context
of global changes. A similar analysis could be carried out with the species present in the study area
that prefer warmer waters.

From 1996 to 2018, most of the sites equipped with temperature loggers were surveyed once
or twice a year with a scientific fishing protocol designed to assess the dynamics of the local trout
populations. Capture-Mark-Recapture programs were hence set up on the long-term, and enabled to
assess the evolution of the survival, growth and reproduction of each population, in relation to biotic
(e.g. density-dependence, trophic resources) and abiotic (e.g. temperature, habitat capacity, extreme

35



events) factors. Considering the significant increases in water temperature from year to year, it
would be of major interest to start again these fishing surveys for at least a period of 5 years to be
able to assess the evolution of the population dynamics, in comparison with previous periods. Such
surveys would enable to assess how the trout species cope with thermal changes.
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Appendices

Appendix 1. Fish fauna in the selected sectors in the Upper Soca River basin
RIBKAT, 2022; BIOSWEB, 2022; Dussling et al., 2004).

with national and international

conservation status according to the applicable regulations (summarized after

Species Habitat Red list of Rules on fishin Autochthonous Ordo, Migration - General preferred
- Scientific name Author Decree . ' 3 ' ) Natura 2000 Y . I Y . u . / Habitat Reproduction |.g ! & o
name directive Slovenia regime**** species Familia distance temperature range [°C]
Sall if 4 -20 (Bruslé and Qui d, 2001;
Brown trout Salmo trutta Linnaeus, 1758 E (1.12.-28. 2.)*** no aimon ?rmes/ rheophilic lithophilic short (Brus ef)n Quignar
Salmonidae Elliot, 1981)
Marbl Sall 40 Sall if 5 - 14 (Keith et al., 2020; Vi iet
arole aimo Cuvier, 1829 H 1} E yes cm yes aimon ?rmes/ rheophilic* lithophilic* short* (Keitheta incenzie
trout marmoratus (1.10.-31.3.) Salmonidae al., 2008)
Rainbow Oncorhynchus Salmoniformes/ - . -
3 Walbaum, 1792 (1.12.-28. 2.)*** no ) rheophilic lithophilic short 5 - 25 (Kottelat and Freyhof, 2007)
trout mykiss Salmonidae
S if 1- 16 (Adamicka, 1991; cited aft
bullhead Cottus gobio Linnaeus, 1758 H 1l " yes yes corpaen(l ormes/ rheophilic speleophilic short ( a‘mlc @ clted atter
Cottidae Fishbase, 2022)
European Thymallus Salmoniformes/ (46 - 18 (Baensch and Riehl, 1991;
p‘ v Linnaeus, 1758 Y Y (1.12.-28. 2.)*** yes A rheophilic lithophilic short cited after Fishbase, 2022; Elliot,
grayling thymallus Salmonidae
1981)
Adriatic Velenciennes, 30cm Salmoniformes/
Thymall liani . \Y heophilic* lithophilic* hort* *
Grayling ymailus aetiant 1848 (1.12.-15.5) ves Salmonidae rheophific ithophtlic sho
Kotlik,
Large spot Barbus Tsigenopoulos, Cypriniformes/ _— | i " .
barbel balcanicus Réb & Berrebi, H v yes yes Cyprinidae rheophilic lithophilic short 1- 25 (Bertoli et al., 2019)
2002
Cavedano 30cm Cypriniformes,
chub Squalius squalus Bonaparte, 1837 (1.5-30.6.) yes ygyprinidae / rheophilic* lithophilic* short* *
Italian 30cm Cypriniformes,
barbel Barbus plebejus Bonaparte, 1839 H (A% E yes (1.5-30.6.) yes ygyprinidae / rheophilic* lithophilic* short* *
Italian riffle Telestes Cypriniformes,
. Bonaparte, 1837 *x yes VP L / rheophilic* lithophilic* short* *
dace muticellus Cyprinidae
Italian Phoxinus . Cypriniformes/ - " - 2 - 20* (Riehl and Baensch, 1991;
Schintz, 1840 heophilic* lithophilic* hort*
minnow lumaireul chintz ves Cyprinidae rheophiiic ithophtlic sho cited after Fishbase, 2022)
X . . Cypriniformes/ - . - 10 - 20 (Baencsh and Reihl, 1991;
Varione Telestes souffia Risso, 1827 ZH I E es es L rheophilic lithophilic short . )
' uffi ! v v Cyprinidae philk rthophil cited after Fishbase, 2022)
3 3 . 30cm Cypriniformes/ n . 4 - 24 (Baencsh and Reihl, 1991;
tench Tinca tinca Linnaeus, 1758 E es stagnophilic hytophilic short
! ! ! Y (1.5.-30.6.) v Cyprinidae gnopnil phytophill cited after Fishbase, 2022)
European i . Cypriniformes/ . X = 4 -20 (Baencsh and Reihl, 1991;
Squalius cephalus Linnaeus, 1758 no rheophilic lithophilic short
Chub qualius cephalt ! Y Cyprinidae philk rthophil cited after Fishbase, 2022)

*Data missing - summarized after the most similar species: S. marmoratus after S. trutta; T. aeliani after T. thymallus; B. plebejus after B. balcanicus, when missing both after B. barbus except the migration distance; S. squalus after S. cephalus; T.
muticellus after T. souffia; P. lumaireul after P. phoxinus.
**In the Annex 1 and Annex 2 of the Decree on protected wild animal species is listed also Italian riffle dace.
*** Rules on fishing regime (Article 16, paragraph 2): The minimum fishing measures and conservation periods do not apply to alien fish species, if they are defined as invasive species in the fisheries management plans and if this is also specified

in it (unofficial translation).

****Angling associations may implement more restricted rules on fishing regimes which can also change between seasons.

Legend

Decree = Decree on protected wild animal species (Uradni list RS, $t. 46/04, 109/04, 84/05, 115/07, 32/08 —odI. US, 96/08, 36/09, 102/11, 15/14, 64/16 in 62/19)

Annex 1A (2)

I Autochthonous species which are protected with the conservation regime for specimens and populations (unofficial translation).
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Annex 2A (H) Autochthonous species for which measures and guidelines for establishing the favourable conservation state of their habitats are declared
(unofficial translation).

Habitat directive = COUNCIL DIRECTIVE 92/43/EEC of 21 May 1992 on the conservation of natural habitats and of wild fauna and flora
(Habitat Directive of the European Commission)

ANNEX Il Animal and plant species of community interest whose conservation requires the designation of special areas of conservation

ANNEX V Animal and plant species of community interest whose taking in the wild and exploitation may be subject to management measures

Red list of Slovenia = Rules on the inclusion of endangered plant and animal species in the Red List (Uradni list RS, st. 82/02 in 42/10)

E The endangered species: survival in the territory of the Republic of Slovenia is unlikely if the endangering factors continue. The abundance of these species
has decreased to a critical level, or their abundance is declining very rapidly in most of the area (unofficial translation).

\% The vulnerable species: species that are likely to move into the endangered species category in the near future if the endangering factors continue. The
abundance of the species has decreased or is decreasing in a large part of the area. Species are very sensitive to any changes or inhabit habitats that are
very sensitive to human influences (unofficial translation).

Decree on special protection areas (Natura 2000 areas) (Uradni list RS, §t. 49/04, 110/04, 59/07, 43/08, 8/12, 33/13, 35/13 — popr., 39/13 —od|. US, 3/14, 21/16 in 47/18)
Natura 2000 site Qualification species:
POO SI3000230 Idrijca s pritoki - Marble trout

- Varione

- Italian barbel

- Large spot barbel

- Bullhead
S13000027 Lipovséek - Marble trout
S13000254 Soca z Volarjo - Marble trout

- Varione

- Italian barbel

- Bullhead
POO SI3000255 Trnovski gozd - Nanos - Marble trout

- Bullhead
POO SI3000253 Julijske Alpe - Marble trout

- Bullhead

Rules on fishing regime (Uradni list RS, $t. 99/07 in 75/10) for the Adriatic River basin.

Size (cm) The minimum catch size (fish are measured from the head to the tail fin; unofficial translation)

Period Protection period (period during which is forbidden to catch the fish species; unofficial translation)

Habitat guild (summarized after Dussling et al., 2004)



Rheophilic

Species with high preference to running waters; however, also exceptionally occurring in still waters (e.g. by straying). Species living in habitats
with only slow or very slow current but lacking typical still water conditions have been also defined as rheophilic.

Stagnophilic

Species with high preference to still waters, however also exceptionally occurring in running waters. If found in rivers, these species are re-
stricted to habitats with still water conditions (e.g. foodplain water bodies)

Reproductive guilds (summarized after Dussling et al., 2004)

Lithophilic Species releasing their eggs on or into gravel or stony substrates.
Speleophilic The eggs are attached to the roof of hollows or other cavities and guarded.
Phytophilic Species obligatory attaching their eggs to plants (macrophytes, tree roots, branches etc.)

Migration-distance guilds (summarized after Dussling et al., 2004)

Short distances

| Movements are predominantly restricted on the current river region

45



Appendix 2 : Comparison of water temperatures between the first years of monitoring (former period) and the most recent
years (recent period) per site. Since the monitoring timing varies between sites, periods may differ depending on the site.
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