',\' frontiers

in Environmental Science

ORIGINAL RESEARCH
published: 27 May 2020
doi: 10.3389/fenvs.2020.00059

OPEN ACCESS

Edited by:
Jonas Schoelynck,
University of Antwerp, Belgium

Reviewed by:

Teresa Ferreira,

University of Lisbon, Portugal
Guillaume Grosbois,

Swedish University of Agricultural
Sciences, Sweden

*Correspondence:
Florian Borgwardt
florian.borgwardt@boku.ac.at

Specialty section:

This article was submitted to
Freshwater Science,

a section of the journal

Frontiers in Environmental Science

Received: 11 February 2020
Accepted: 28 April 2020
Published: 27 May 2020

Citation:

Borgwardt F, Unfer G, Auer S,
Waldner K, El-Matbouli M and
Bechter T (2020) Direct and Indirect
Climate Change Impacts on Brown
Trout in Central Europe: How Thermal
Regimes Reinforce Physiological
Stress and Support the Emergence of
Diseases. Front. Environ. Sci. 8:59.
doi: 10.3389/fenvs.2020.00059

Check for
updates

Direct and Indirect Climate Change
Impacts on Brown Trout in Central
Europe: How Thermal Regimes
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Water temperature is one of the most important abiotic parameters in rivers having direct
and indirect effects on fish. Especially cold-water species like the brown trout (Salmo
trutta) are limited by high temperatures. Beside direct physiological stress, higher water
temperatures also reinforce the emergence of diseases. In this study we investigate
thermal regimes of rivers based on a large-scale dataset covering Austria (~70,000 km?).
The analyses aim to clarify to what extent water temperatures support the emergence
of proliferative kidney disease (PKD) and assemble physiological stress for brown trout
under current and future climate conditions. Data from 274 gauging stations at 184
rivers were used to calibrate a water temperature model and to investigate critical
water temperature thresholds. Therefore, we developed a risk assessment scheme
to identify river reaches that already have or will develop critical thermal regimes for
brown trout in respect of PKD emergence and thermal physiological stress. The results
revealed severe changes in the thermal regimes of the investigated rivers under climate
change. Furthermore, the variable characterizing riparian vegetation played a vital role
to explain cooling of the water in downstream direction. In respect of PKD, the amount
of river reaches having unlikely outbreaks of PKD decreased from 72.6% under current
conditions to 37.7% in the far future RCP8.5 scenario. Within small rivers that currently
showed optimal thermal regimes over large extents (10,244 km), the habitat suitability
will be reduced by combined effects of PKD and physiological stress to 6,554 km. In
general, suitable habitats of S. trutta will shift upstream, thus to higher altitudes, and to
smaller, alpine rivers in Austria. The warming leads to physiological stress that induces a
diminished growth due to the non-positive transition of caloric values to growth as well
as cardiac dysfunction in brown trout. These factors will further restrict the distribution of
brown trout. However, the results also underline the enormous importance of the alpine
region as a future refuge for brown trout in Central Europe. Thus, this study will help to
inform managers to timely develop robust conservation strategies.
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INTRODUCTION

Climate change represents a major driver of biodiversity change
(Markovic et al, 2014). Riverine ecosystems are especially
vulnerable to the impacts of climate change as warming strongly
alters the habitat conditions of fish (Comte et al., 2013).
Meanwhile, around 30% of the European freshwater fishes
are recognized as susceptible to climate change (Jari¢ et al,
2019). However, most studies still focus solely on direct effects
mediated by temperature increase although climate change and
the associated warming will have indirect effects, such as a
pronounced emergence of pathogens, too.

In aquatic ecosystems, water temperature is one of the most
important abiotic parameters controlling life (Magnuson et al.,
1979; Caissie, 2006). As fish are obligate poikilotherm animals,
their body temperature and metabolism are regulated by the
surrounding water. Fry (1971) described a 5-fold effect of
temperature on fish. Besides the controlling and limiting factors
of temperature that directly affect the fish, masking factors, are
hardly addressed in the context of climate change impact yet.
Most fish show preferences to certain temperature ranges that can
be tolerated or not (Coutant, 1977). Especially cold-water species
like the brown trout, Salmo trutta (Linnaeus 1758), are limited
by high temperatures. Thus, brown trout are highly sensitive to
climate change impacts as the thermal regimes of their habitats
are affected by warming. Future scenarios predict a reduction of
up to 64% of suitable stream reaches for brown trout in Europe
till the 2080s (Filipe et al., 2013).

Besides direct thermal effects like physiological stress, higher
water temperatures can also prompt masking and indirect effects
on fish such as a more common emergence of specific diseases
(Karvonen et al., 2010). Here, a weakened immune response
(Bowden, 2008; Bettge et al., 2009a) and faster development
of pathogens in warmer environments play a prominent role.
The proliferative kidney disease (PKD) is a widespread parasitic
disease that especially affects salmonid fish species. PKD can
lead to the death of S. trutta affecting the wild populations in
North America and Europe. Several studies highlighted declines
in wild salmonid populations due to PKD (e.g., Sterud et al., 2007;
Burkhardt-Holm, 2009). In Austria, PKD is a newly discovered
but widespread disease (Gorgoglione et al., 2016; Lewisch et al,,
2018; Waldner et al., 2019).

As PKD is strongly temperature-dependent climate change
will probably enhance the further emergence of the disease
(Okamura et al., 2011). Its emergence is related to the occurrence
of prolonged periods of warmer water temperatures that support
a faster growth of the Bryozoan host (Okamuraetal., 2011). Thus,
promoting the development of infections in Bryozoan colonies
caused by the parasitic myxozoa Tetracapsuloides bryosalmonae
(Tops et al., 2009), which is further leading to the clinical
outbreak of PKD and mortality in brown trout (Bettge et al,
2009a).

Although much evidence exists on both, the physiological
stress induced by water temperature increases and the
temperature-dependency of PKD outbreaks in trout, from
laboratory studies, less knowledge exists on water temperature
related effects on trout populations in the wild. Physiologically,

the upper thermal boundary for growth is at about 19.5°C for
brown trout (Elliott and Elliott, 2010) due to the non-positive
transition of caloric values to growth (Elliott, 1976). With
increasing temperature, the energy needed for the metabolism
(e.g., swimming and digestion) is exponentially increased as
described by the van ’t Hoff rule (Ege and Krogh, 1914). With
further increasing temperature the physiologic response of the
fish intensifies. Subsequently, the cardiac function of S. trutta is
limited above 20.9°C consequently leading to disturbed cardiac
rhythmicity. In vivo experiments showed that above 23.5°C, the
heart rate gets critical up to heart arrest (Vornanen et al., 2014).

The thermal regimes of rivers are strongly related to
atmospheric conditions and to energy input by solar radiation.
Environmental factors changing the radiation inputs like shading
effects of the terrain topography or the riparian vegetation,
therefore affect water temperatures. Moreover, the volume of the
water body (i.e., discharge, width, depth, and velocity) influences
the daily amplitude of water temperature; for example, wide
and shallow rivers heat faster than large rivers or small streams
(Caissie, 2006). As the water temperature is highly linked to the
same driving forces as air temperature, climate change will lead
to further warming (Mohseni et al., 2003). Therefore, most river
water temperature regression models rely on air temperature
data, as they are linked to the same driving forces (Caissie, 2006).

Based on data from European rivers, Webb (1996) described
an increase of +1°C in water temperatures in the last century
(1901-1990). In the river Rhine, a 2°C-increase for the summer
period was observed from 1978 to 2011 (ICPR, 2013). In the
Danube and some of its Austrian tributaries, a temperature
increase of about 0.3°C per decade since 1900 was observed
(Dokulil, 2018).

Existing field-studies on PKD primarily focus on selected river
systems or fish populations (e.g., Waldner et al., 2019). However,
analyses on a larger spatial extent are needed to identify the actual
and future risks related to PKD and physiological stress on S.
trutta in general. Most studies address the importance of thermal
regimes and climate change for the prevalence, outbreak and
mortality of PKD but there is less knowledge about the spatial
dimensions of the combined future effects.

We hypothesize that different thermal characteristics are
relevant for PKD emergence and thermal stress in brown trout.
We assume that both factors will increase with the progress of
climate change. Accordingly, we address the following research
questions: (1) Which parts of the river network feature a
thermal regime supporting the emergence of PKD under current
conditions? (2) Which parts of the river network feature a
thermal regime supporting thermal stress for brown trout under
current conditions? (3) How does the spatial distribution of both
implications change under future climate conditions?

MATERIALS AND METHODS

Our analyses included data on water temperature, river
characteristics (e.g., slope, catchment size, glaciated area, etc.),
and climate covering an area of around 70,000 km? and a river
network length of 23,819km. The environmental information
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used in the analyses was backed up by evidence-based
information from literature on the thermal preferences of
S. trutta as well as temperature thresholds supporting the
emergence and outbreak of PKD in trout.

Water Temperature Data

We used data from 274 river gauging stations in Austria that
continuously record water temperature. This was available from
the hydrographic services of the federal states (BMLFUW,
2017; Figure 1). The dataset for water temperature modeling
included 1,831 WTQ95 values (95% quantile of daily mean water
temperature in 1 year) from 184 rivers covering the years 2000-
2011. This time period was used because of the overlay with a
national climate dataset (Chimani et al., 2016).

A larger water temperature dataset covering the years 2000-
2015 with 3,000 WTQ95 values from 336 river gauging stations
of 221 rivers was used to analyze water temperature thresholds
relevant for PKD and thermal stress.

Both datasets did not contain gauging stations from lakes,
lake outflows, artificial channels, the Danube, sites above
1,500 m.a.s.l, sites with missing spatial data and sites with manual
or not clearly determined water temperature measurement.

River Network and Investigation Segments
The national river network of Austria (BMLFUW, 2016)
represented the spatial basis for the analyses on the river segment
resolution. It covers all rivers with a catchment size larger than
10 km?. We processed the river network in ArcGIS 10.4 (ESRI,
2016) to create regular 5km (n = 5,985) reaches that represent
the investigation segments. To consider the heterogeneity within
the 5km segments, we further queried all descriptors used in the
modeling on basis of 1km segments and summarized them for
each 5km segment. We excluded river segments with Strahler
order <3 and an elevation above 1,500 m.a.s.1. from the dataset
as the available water temperature data from the gauging stations
did not sufficiently cover these areas.

For each segment, we queried Strahler order (“Strahler”),
catchment size (“Catchment”), river slope (“Slope”), hillshade
(“HillSha”), tree cover (“TreeDens”), and glaciated area in the
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FIGURE 1 | Location of the 274 Austrian river gauging stations (black dots)
and the river network (blue lines) included in the water temperature model.

catchment (“Glacier”). An overview of all parameters can be
found in Table 1.

Strahler order for the Austrian river network according to
Wimmer and Moog (1994) was available as a line shapefile.
We queried Strahler order for each investigation segment. To
consider river size effects relevant for the thermal regime, we
classified the temperature gauging stations and the investigation
segments into four groups covering small to large rivers.
Accordingly, for each type, a regression model was calibrated.

The catchment size was calculated on the basis of the Austrian
sub-catchments (Fiirst and Horhan, 2005). We located the
midpoint of the investigation segments to the according sub-
catchment. Then consequently the upstream sub-catchment area
was summed up for each midpoint. Categories were classified
by a decision tree (Chaid) into 6 groups with WTQ95 as the
predicting variable.

River slope was calculated within the 5km segments as
the height difference between starting and endpoint of the
segment based on a 10 m digital elevation model available from
Geoland.at. (2015a), and then classified into 5 groups after
Rosgen (1994).

Two descriptors, hillshade (HillSha) and tree cover density
(TreeDens), were used to consider shading effects on the river.
Hillshade combines the information on terrain slope and aspect,
and thus provides information on topographical shading effects.
Tree cover density quantifies the direct shading effects of
vegetation along the rivers. Both parameters help to consider the
intensity of potential solar radiation onto the water surface.

Calculation of hillshade was based on the elevation and
direction angle of the light source, ie., based on the sun’s
position on the sky. We selected an angle of 60° as elevation
(=summer) and 180° as direction (=South), representing an
Austrian summer day (maximum elevation angle in Vienna is
65.2° on June 21st; Geoland.at., 2015b). The continuous hillshade
values were classified into 7 categories by a decision tree (Chaid)
with WTQ95 as the predicting variable.

Tree cover density was calculated based on the high-resolution
layer for tree cover density (EEA, 2018). The density values were
queried in a 5km longitudinal buffer upstream along the river
network and 50m on each side of the river segment line. The
derived mean tree cover density was grouped into six categories
ranging from very low (<6%) to very high (>71%).

Glaciated areas within the catchment were derived from the
Austrian Glacier inventory 3 (Fischer et al, 2015). Summer
cooling effects by glaciers were observed for rivers in several
studies (Collins, 2009; Fellman et al., 2014; Williamson et al.,
2019). Future scenarios for the development of central European
glaciers were derived from Marzeion et al. (2012). The
classification of the glacier effects was based on characteristic
hydrological regimes of Austrian rivers (Mader et al., 1996;
Table 2 and Table S1).

Discharge also plays a role in the thermal regime, but no
adequate dataset was available for further modeling. Therefore,
we tested correlations at the river gauging stations of summer
precipitation amounts, low flow events and water temperature
(WTQ95). Within the years 2000-2011 the mean discharge (MQ)
and low discharge events (MNQ7) correlated very low with the
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TABLE 1 | Overview and explanation of the descriptors used in the water temperature model, as well as the value ranges in the training data (Value range), the
categorized values (Categories used in the model calibration), and the data of the dataset.

Parameter  Description Value range

Categories used in the References

model calibration

Strahler Strahler order (after; Wimmer and Moog, 1994) 1-8

Catchment Catchment size at the site of the gauging 3.9-25,663 km?*
station, respectively at the mid-point of the

investigation segment

Slope Actual river slope (%) of the 5km reach up-and ~ 0.01-24.05%

downstream (2.5 km) based on 10 m DEM

HillSha Hill shade (noon) Angle 60°, 180° represents

South based on 10m DEM 154-253:
Q25: 218
Q50: 220

Q75:222

TreeDens Tree Cover Density (%) within 5km upstream 0-96%

an 50 m lateral buffer on each side (full 100 m)

1: (3 small)

2: (4 intermediate)

3: (5 large)

4: (>6 very large)
Chaid Groups

1 <50 (very small)

1 >50-87 (small)

1 >87-135 (medium)
1 >135-268
medium/large)

1 >268-3,387 (large)
1 >3,387 (very large)

BMLFUW, 2016

FUrst and Hérhan, 2005

A WN 2

1 <0.5 (very low)
:>0.5-1.0 (Low)

1 >1.0-2.0 (moderate)
1 >2.0-4.0 (steep)

1 >4 (very steep) changed
Rosgen, 1994

: <208 (high)

1 >208-216

1 >216-218

1 >218-221

1 >221-222

1 >222-226

1 >226 (very low)

Rosgen, 1994; Geoland.at., 2015a

a b ON =2 OO

Hrachowitz et al., 2010; Geoland.at.,
2015a

1 <6 (very low) EEA, 2018
1 >6-22 (low)

: >22-37 (low/medium)

1 >37-53 (medium/high)

1 >53-71 (high)

1 >71 (very high)

OO WN =2 NS WN 2

water temperature with r = —0.04 and r = —0.05, respectively.
Furthermore, the yearly amount of summer precipitation
(Precep_Y) divided by the long-term amount of summer
precipitation (Precep) correlated with the annual low flow events
(MNQ7/MQ) by r = —0.42. We included precipitation to
characterize the trend of changing hydrological conditions in our
analyses as run-off models are majorly driven by precipitation
as input, and another run-off model would further increase
the uncertainties.

Classification of input variables was conducted to reduce the
extrapolation effects of outliers in the prediction dataset not
represented in the input dataset.

Thermal- and PKD-Related Risk for Brown

Trout
We developed a risk assessment to identify both, (1) thermal
regimes that support a higher PKD prevalence in brown trout,
and (2) prospective thermal regimes that create thermally
stressful conditions for S. trutta. Thus, critical temperature
thresholds in respect of PKD outbreak and general thermal
habitat suitability were identified through a literature review.
Opverall, the most indicative parameters in the literature were
based on consecutive days (further shortened as “ConsD”) and

hours (further shortened as “ConsH”) exceeding specific mean
water temperature values. In detail, a possible PKD outbreak is
considered to appear at >14 ConsD over 15°C (Burkhardt-Holm,
2009). Low mortalities in field studies occurred at >29 ConsD
over 15°C and a minimum of additional 10 non-consecutive days
(>15°C) following up to autumn (Schmidt-Posthaus et al., 2015).
High mortalities with clinical signs of PKD appear at >26 ConsD
over 18°C in laboratory conditions (Bettge et al., 2009a). These
thresholds were assembled into four classes of temperature-
related risk for PKD outbreak (TR-PKD): no outbreak (0),
possible outbreak (1), low mortality (2), high mortality (3) (for
more details see Table 3).

High water temperatures are not only threatening S.
trutta in terms of emerging diseases, they also induce
physiological stress. Critical temperature thresholds were
therefore identified for diminished growth (water temperature
>19.5°C; Elliott and Elliott, 2010) and for the occurrence
of cardiac dysfunction in brown trout (water temperature
>23.5°C; Vornanen et al,, 2014). The temperature threshold
for diminished growth was set when the 95% quantile was
>19.5°C, expressing roughly 18 days with thermal conditions
for diminished growths. As cardiac dysfunction in S. trutta
can occur at single (hourly) events, the threshold for our
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TABLE 2 | Description of independent variables used in the water temperature model that change under climate change scenarios.

Description Training (T)/river network  Groups/Categories Baseline 1971-2000/current Scenarios
(RN) conditions 2000-2011 (RCP4.5/8.5) NF/FF
Precip Mean precipitation sum T. 170-775mm (Mean 377) Continuous ZAMG, 2016 Leuprecht and Truhetz,
(mm) in summer (JJA) RN: 167-867 (Mean: 380) 2016a,b,c,d
period (1971-2000)
Glacier Glacier Area within T: 0.0-17.1% (Mean: 0.8) 1: < 0.003 (no) Marzeion et al., 2012; Fischer Marzeion et al., 2012
Catchment (%) in 2006 RN: 0.0-27.7% (Mean: 0.4) 2: > 0.003-2.0 (very low) etal, 2015
(2006: 88% left) 3: >2.0-5.0 (low)
4: >5.0-15.0 (medium)
5: >15.0 (high)
AirTemp  Mean Air Temperature in T: 12.5-23.4°C (Mean: 18.4)  Continuous Hiebl and Lexer, 2016b,e Leuprecht and Truhetz,
summer (JJA) for each year RN: 10.0-21.9 (Mean: 17.6) 2016i,j,k,1
(2000-2011)
CDD Cooling degree days in T: 0.2-468.5°C (Mean: Continuous Hiebl and Lexer, 2016a,d Leuprecht and Truhetz,
summer (JJA) (°C). Sum of 138.3) 2016e,f,g,h
degrees that a day’s RN: 0.4-347.4
average temperature is (Mean: 106.2)
above 18.3°C for each year
(2000-2011)
TRN Tropical nights: Annual T:0-14d 1: 0 (no) Hiebl and Lexer, 2016¢,f Leuprecht and Truhetz,
number of days with Tmin (Mean: 0.41 day) 2:1 (1 day) 2016m,n,o0,p
>20°C for each year RN: 0-15 day (Mean: 3: >1-7 (1 week)
(2000-2011) 0.24 day) 4: >7-14 (2 weeks)
5: >14-28 (4 weeks)
6: >28 (>1 month)

Range of training values observed for the river gauging stations in normal fond (Values Training) and across the river network in italic (current Conditions 2000-2011), variable type, and
data sources.

TABLE 3 | The categories of temperature-related risk of PKD (TR-PKD) with related time periods exceeding daily mean water temperature thresholds (°C).

Time period Daily mean References WTQ95 (CRT) Percent correct
temperature (°C) (Training/Test) (%)
o | <14 ConsD =15 Burkhardt-Holm, 2009 <15.64 97.5/97.1
>14 ConsD >15 Burkhardt-Holm, 2009 >16.64 - <17.77 78.2/76.5
2 >29 ConsD and >39 TD >15 Schmidt-Posthaus et al., 2015 >17.77 - <20.54 66.7/69.1
>26 ConsD >18 Bettge et al., 2009a >20.54 75.7/67.7

ConsD, consecutive days; TD, total days. Results of the classification and regression tree (CRT) classifying WTQ95 into TR-PKD classes and the percentage of correct classification
(Percent correct). Colour values relate to the colours in Figures 5-7.

model was an exceedance of the maximum hourly water
temperature >23.5°C.

Water Temperature Modeling

Water temperature models were based on linear regression
models that have been calibrated for four different river types
ranging from small to large rivers (Table1, Figure2). The
differentiation of river types was based on Strahler order. As
dependent variable, we modeled the 95% quantile of daily
mean water temperature (WTQ95). Accordingly, this value is
indicating an exceedance of the given value by the 18 hottest days
in the year.

The included independent variables were tested for
multicollinearity based on the variance inflation factor (VIF
<10). Homoscedasticity, linearity and normal distribution of
residuals were checked visually based on scatter plots, histograms

and distribution curves. The best models were selected by highest

adjusted R2 values (Table 4).

As all the identified thresholds for TR-PKD were related
to hot events, WTQ95 was tested to be suitable to predict
TR-PKD. Therefore, a classification and regression tree (CRT),
including a split-sample validation (training 70%, test 30%), was
applied using TR-PKD as dependent and WTQ95 as independent
parameter. The specifications for the CRT were a maximum tree
depth of 5 and a minimum of 50/30 cases in parent/child node.

For the physiological thresholds a second CRT without
split validation was applied using daily maximum temperatures
>23.5°C [TD >23.5°C (max)] as dependent and WTQ95 as
the independent parameter. The dataset for both CRTs included
3,000 values covering the years 2000-2015.

All statistical analyses were conducted in IBM SPSS 21 (IBM
Corp., 2012).
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Descriptors

e Strahler order

e Catchment

* Slope

¢ Hill shade (summer)
e Tree cover density

Water temperature at
river gauging stations
(2000-2011)
(n=1831)

Prediction

FIGURE 2 | Scheme of the Austrian wide water temperature model.

Variables

e Mean precipitation (summer)

e Glaciers in the catchment

e Mean air temperature (summer)
* Cooling degree days (>18.3°C)

* Tropical nights

Water temperature for
Austrian rivers (1km):
Status quo
Near future (2021-2050)
Far future(2071-2100)

TABLE 4 | Included variables in the linear regression models of the four rivers
types (small to large rivers), including stazndardizgd coefficients (Std. Coeff),
variance inflation factor (VIF), adjusted R (Adj. R ), the count (N), and the standard
error (Std. Error).

River type Independent Std. coeff VIF Adj. R° N Std.error

variables
Small TreeDens —0.248 1.7 0.63 168 2.4
HillSha 0.425 1.1
Slope —0.371 1.8
CDD 0.158 1.5
TRN 0.124 1.2
Medium Slope -0.15 2.5 0.62 433 2.3
HillSha 10.096 1.2
CDD 0.472 2.0
Precip -0.18 1.4
Glacier —-0.177 2.7
Large Slope —0.226 1.9 0.64 654 2.1
Catchment —0.225 1.7
AirTfemp 0.576 1.5
Glacier —-0.120 1.4
Precip 0.163 1.2
Very large  TreeDens 0.191 1.1 0.78 576 1.7
Strahler 0.168 1.2
Glacier —0.424 1.2
Precip —0.298 1.3
AirTfemp 0.231 1.5
TRN 0.047 1.2

Current, Baseline, and Future Climate
We used two data sources to describe the climate conditions in
our analyses. The first dataset was used to describe the current
conditions (period 2000-2011) that was also covered by the water
temperature data from the gauging stations. The second dataset
was used for future predictions including a baseline scenario and
current conditions (Tables 1, 2). The spatial properties (grain
size and coverage) were the same for both, i.e., covering the full
investigation area with a 1*1 km resolution.

Future climate conditions originated from a national dataset
(Chimani et al., 2016) that has been specifically established as a

basis for climate change impact research in Austria. For future
predictions, we used two timesteps (“near future” covering the
period from 2021 to 2050, and “far future” covering 2071-
2100) and two Representative Concentration Pathways (RCPs):
RCP4.5 (“effective measures”) and RCP8.5 (“business as usual”).
The RCPs describe different climate futures depending on the
volume of greenhouse gases emitted in the years to come (IPCC,
2014). Among the different scenarios, RCP4.5 is a stabilization
scenario and assumes that climate policies are invoked to achieve
the goal of limiting emissions and radiative forcing. In turn,
RCP8.5 is characterized by increasing greenhouse gas emissions
over time, leading to high greenhouse gas concentration levels
in absence of climate change policies. Compared to the total set
RCPs corresponds to the pathway with the highest greenhouse
gas emissions.

RESULTS

The Current State of
Temperature-Dependent PKD Risk and

Thermal Stress for Brown Trout
The CRT predicted 86.5% of the WTQ95 into the correct TR-
PKD class. The validation with 30% of the data showed similar
results with 85.2% correct classification. The predicted thresholds
are listed in Table 3. Both, ConsD >15°C and >18°C were highly
correlated with WTQ95 by r = 0.85 and r = 0.71, respectively.
Similarly, total days (TD) >15°C (r = 0.92) and >18°C (r = 0.8)
showed high correlations with WTQ95. The limit for cardiac
dysfunction (>23.5°C) was exceeded in 455 cases between 2000
and 2015. The CRT showed that at WTQ95 >20.7°C, 99.1% of
the river gauging stations (n = 232) had at least 1 day with
maximum daily water temperature above 23.5°C (Figure S1).
Under current conditions (2000-2011) (Bas2011) the thermal
habitat conditions for S. trutta were adequate in 98.2% of the river
network (Figure 6). On average, no possible outbreak for PKD
(TR-PKD = 0) was found in 72.8% of the river reaches. The TR-
PKD increased with increasing Strahler order and ranged from
82.5% (TR-PKD = 0) in small rivers to 52.7% in very large rivers.
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Water Temperature Modeling and Future

Water Temperature
The input variables explained overall 68.9% of the variance in

WTQ95 (Figure 3). The adjusted R2 ranged from 0.62 to 0.78 for
small to large rivers (Table 4). The mean increases of WTQ95
ranged from +0.6 to 0.9°C in the near future and from +1.3
to 3.8°C in the far future compared to the current period 2000
2011 (Figure 4). In the baseline (1971-2000), mean WTQ95 was
—0.7°C lower than in the current period 2000-2011.

Future Changes of
Temperature-Dependent PKD Risk and

Thermal Stress for Brown Trout

The results of the modeling revealed severe changes in the
thermal regimes of the rivers (Figure5). The river reaches
without a possible outbreak of PKD decreased from 72.8%
(Bas2011) to 68.9-63.4% (RCP4.5-RCP 8.5) in near future and
60.1-37.8% in far future. In the past (1971-2000) 82.3% of the
river length were without risk concerning possible outbreaks
of PKD.

In small rivers (Strahler order = 3) the reaches without a
risk of a possible PKD outbreak decreased from 82.5% (Bas2011)
to 78.4-77.8% in near future, and to 71.3-52.8% in far future.
The TR-PKD for low and high mortality ranged between 12.5-
29.9% in far future compared to 4.8% under current conditions
(2000-2011). The mean altitude of small rivers without a risk for
PKD outbreak was 860-957 m.a.s.1 (SD: 319.7-294.3) in far future
compared to 808 m.a.sl (SD: 332) under current conditions. For
medium-sized rivers the mean altitude was 896-1,035 m.a.s.1 (SD:
283-238) in far future compared to 835 (SD: 301) under current
conditions. This represents a shift of up to 200 m in altitude of
segments without a risk for possible PKD outbreak.

The river reaches without suitable thermal habitat conditions
for brown trout in respect of physiological thresholds

(diminished growths) increased from 2.0% (2000-2011) to
2.9-5.3% in near future, and 5.3-31.9% in far future (Figure 6).
Daily maximum temperature related to cardiac dysfunction
increased from 0.1% in 2000-2011 to 0.5-1.2% in near future
and to 2.4-22.3% in far future. For Strahler order 3 this effect
is less pronounced with an increase from 0% for 2000-2011 to
0.3-0.4% in near future and 1.9-15.2% in far future (Table 5).

Combined Effects

The combined effects of disease emergence and thermally
stressful conditions for S. trutta showed a drastic increase
especially under RCP 8.5 in far future (Figure 7). Combined
effects of diminished growth and low mortality due to PKD
(TR-PKD = 2) increased from 1.8% (2000-2011) to 2.1-3.7% in
near future and to 3.6-7.5% in far future. The combined effects
of cardiac dysfunction and high mortality due to PKD (TR-
PKD = 3) increased from 0.1% (2000-2011) to 0.5-1.2% in near
future and 2.4-22.3% in far future.

In small rivers (Strahler order = 3) 237-1,850 km river length
will be affected by combined impacts of high mortality due to
PKD and cardiac dysfunction in far future compared to 0 km
in 2000-2011 (Table 5). Additionally, 589 km river length of
the total 1,659 km with TR-PKD = 2 (low mortality) showed a
thermal regime with diminished growth in far future (RCP8.5).
This indicates that within small rivers, that to a large extent
(10,244 km), currently showed highly suitable thermal regimes
the habitat suitability will be reduced by combined effects of PKD
and physiological thresholds to 8,852-6,554km for both RCP
scenarios in far future.

DISCUSSION

Our results highlight how thermal regimes are currently
distributed in a pre-alpine to alpine river network and how the
potential impacts of climate change will affect the emergence
of PKD and increase thermal stress for brown trout. Here, we
modeled water temperature of the rivers based on general river
descriptors and climatic variables sensitive to climate change.
Model calibration was based on a high-resolution long-term
water temperature dataset covering a large spatial extent. Our
regression model was able to explain nearly 70% of the variance in
the observed water temperature (represented by WT'Q95). This is
in line with other regression models for water temperature, e.g.,
Arscott et al. (2001) modeled average daily summer temperature
in a single alpine river catchment based on elevation, azimuth

and water depth with R =071 However, our dataset covers a
much larger variety of rivers including four river size classes, and
thus allows a broader view on how climate change will affect the
thermal regimes of rivers in future.

Water Temperature Model

Our water temperature model covered three groups of main
factors controlling the thermal regime of rivers: (1) topography,
(2) atmospheric conditions, and (3) stream discharge (Caissie,
2006). In the different river size classes that were used for the
modeling of the river water temperature these groups were
described by different variables. For small rivers, topography
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was covered by the parameters riparian vegetation (TreeDens)
and hillshade (HillSha) representing the shading effects on
rivers. Atmospheric conditions were covered by two variables
describing air temperature (CDD, TRN). The stream discharge
and hydrologic conditions were reflected by precipitation
(Precip) and river slope.

The model results showed that especially in small rivers
shading effects played a crucial role in the variation of
the water temperature compared to medium-sized and
large rivers (Table4) as the full river width can be covered
by riparian vegetation or by surrounding hills. This is
for example underlined by Hrachowitz et al. (2010) who
found lowest summer maximum temperatures in small
forested streams. Besides canopy, Arscott et al. (2001) found
slope as an important variable for the diel temperature
variation. We conclude that in small rivers that increasing
the amount of riparian vegetation could strongly mitigate
climate change effects, by cooling the water in downstream
direction, respectively reduce the summation effect along the
river network.

For small to large rivers, we found a general water temperature
increase with a decrease in river slope. River slope can be used as
a surrogate variable to describe the energy budget of the river,
and thus characterizing the flow velocities. Basically, river slope
is dependent on the terrain relief, and therefore highly correlated
to altitude in alpine regions (r = 0.64). The effect of river slope
and flow velocity on water temperature is related to the contact
time of solar radiation with the water surface that is reduced in
fast running rivers.

We also considered the effects of glaciers located further
upstream in the river network that was found as an important
descriptor in the thermal regime of medium-sized to large rivers.
Larger glaciated areas within the catchment of a river reach led
to lower water temperatures in line with several studies that
observed summer cooling effects in rivers by glaciers (Collins,
2009; Fellman et al., 2014; Williamson et al., 2019). However, this
cooling effect is related to a certain glaciated coverage within the
catchment as Fellman et al. (2014) showed very low effects in river
catchments with <2% glaciated area and very high effects with
more than 30% of glaciated area.

The atmospheric conditions expressed by the air temperature
variables (CDD, TRN, and AirTemp) were positively correlated
with water temperature. Generally, the solar radiation is the
direct energy input and driver of temperature increase for both,
air and water. In our models, we used air temperature variables
(CDD, TRN, and AirTemp) focusing on two aspects. Firstly, the
average thermal conditions represented by mean temperature.
Secondly, we aimed to describe heat waves during the summer
period and thus implemented cooling degree days (CDD) and
number of tropical nights (TRN). The variable cooling degree
days describes hot conditions during daytime and the variable
number of tropical nights characterizes nocturnal hot conditions.
Especially in respect of heat stress and the emergence of diseases,
the duration of heat events and the continuing exceedance of
critical temperature thresholds is important for brown trout.
Thus, it is important to consider the effects of less cooling during
night as the thermal regimes of rivers normally cools during
this daytime.
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FIGURE 5 | TR-PKD in Austrian rivers for (A) in the past (1971-2000), (B) under current conditions (2000-2011), as well as for the future scenarios (C) near future
RCP4.5, (D) far future RCP4.5, (E) near future RCP8.5, and (F) far future RCP8.5. Color codes: No outbreak, blue; possible outbreak, orange; low mortality, red; and
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FIGURE 6 | Characterization of thermal stress for brown trout in Austrian rivers (A) under current conditions (2000-2011), and (B) for the far future RCP8.5 scenario.
Color codes: No stress, blue; diminished growth, orange; and cardiac dysfunction, red.
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In respect of water quantity, precipitation was negatively
correlated with water temperature in medium-sized and
large rivers. As the relative yearly summer precipitation
(Precep_Y/Precep) correlated negatively with the annual low
flow (MNQ7/MQ) events, we conclude that especially summer
precipitation influences summer low flow events in the rivers
resulting in potential effects on the thermal regime. Furthermore,
including elevation into the regression model would further

increase the explanatory power of the model. However, this
environmental descriptor only represents current conditions and
stays stable in future and under climate change impacts.

Temperature-Dependent PKD Risk and

Thermal Habitats of Brown Trout
Our approach to use a single water temperature parameter
(WTQ95) to describe different heat periods in the thermal regime
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TABLE 5 | River network (km) with combined effects of outbreak and mortality due to PKD and thermally stressful conditions for S. trutta.

River length (km) with

River type Scenario No outbreak  Possible outbreak

(Strahler order)

Low mortality

High mortality Total length

+diminished growth

+cardiac disfunction

Small rivers (3) 1971-2000 11008.7 1176.8 228.1 0 0 12413.6
2000-2011 10,244 1576.4 588.2 160.7 5 0
NF_4.5 9734.3 1673.7 958.4 157.6 471 421
FF_4.5 8851.9 20141 1264.9 248.8 282.7 237.1
NF_8.5 9662.7 1663.3 1028.6 128.7 59.1 471
FF_8.5 6554.1 2152.9 1659.4 589.4 2047.3 1849.6
Medium rivers (4) 1971-2000 4785.9 873.8 163.2 0 0 5822.8
2000-2011 4036.4 1041.6 744.9 156.6 0
NF_4.5 3821.4 1098.9 841.2 180.1 61.3 25
FF_4.5 3407.7 1138 1015.8 262.5 261.3 201.3
NF_8.5 3824.9 1093.2 873.5 205.1 31.3 5
FF_8.5 2,223 971.5 1,166 367.7 1462.4 1343.7
Large rivers (5) 1971-2000 2427.6 814.1 163.2 0 0 3394.9
2000-2011 1918.7 904.9 571.3 77.4 0
NF_4.5 1782.2 939.5 662.1 791 111 5
FF_4.5 1366.1 989.2 959.7 251.1 79.9 57.4
NF_8.5 1468.6 968.5 905.3 214.7 52.4 33.7
FF_8.5 226.9 726.9 1427.6 420.9 1013.6 934.3
Very large rivers (6-8) 1971-2000 1372.9 596 183.5 10.1 35 25 2187.4
2000-2011 1151.9 776.3 219.2 35 40.1 35.1
NF_4.5 1066.3 839.3 206.8 75 751 50.1
FF_4.5 688.4 914 495 98.4 90.1 70.1
NF_8.5 152.1 703.9 1088 337.1 243.5 203.5
FF_8.5 64.4 843.6 413.6 1279.4 1182.2
Scenarios: Past 1971-2000, Current conditions 2000-2011, near future (NF) and far future (FF) for RCP4.5 (4.5) and RCP8.5 (8.5).
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FIGURE 7 | Shares of river reaches with different levels of TR-PKD in Austrian rivers; Left panel: No outbreak (blue), possible outbreak (yellow), low mortality (orange),
high mortality (black). Combined effects of TR-PKD and physiological thresholds; Right panel: Low mortality and diminished growth (orange striped), high mortality
and cardiac dysfunction (black striped). With Scenarios: Past = 1971-2000, Current conditions = 2000-2011, and abbreviations for the different scenarios: NF, near
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of rivers, was highly suitable. Exceedance periods of critical water
temperatures are important to describe extreme events in the
thermal regime. Turschwell et al. (2017) identified consecutive
days above temperature thresholds as the best predictor for
suitable habitats of a cold-water species. Using such a parameter,
we were able to classify the river segments into different risk
categories for PKD outbreak and physiological temperature
stress. Accordingly, WTQ95 can be seen as a representative water
temperature value for hot events and extreme hot events (e.g.,
>23.5°C) during summer.

Related to PKD, several authors describe the importance of
warm periods in the emergence of the disease. On the one hand,
life-cycle fulfillment of PKD is supported by warm temperatures,
on the other hand, the progression of the disease itself in brown
trout is more serious under warm conditions (Bettge et al.,
2009a; Burkhardt-Holm, 2009; Gallana et al., 2013; Schmidt-
Posthaus et al., 2015; Bruneaux et al., 2017). Furthermore, warm
temperatures enhance the spore production in the bryozoan
host, and therefore increase the infection rate (Tops et al., 2009;
Okamura et al., 2011). Bryozoans, as the primary host, are
organisms with a seasonal life-history; colonies increase in spring
and expand prolifically during summer, leading to a peak of
infective spore release and resulting in infection of trout (Gallana
et al., 2013). Accordingly, Tops et al. (2009) expect that climate
change will increase the geographic range of PKD as a result
of the combined responses of T. bryosalmonae and its bryozoan
hosts to warming and higher temperatures.

The combined effects of the disease and additional thermally
stressful conditions for S. trutta are highly relevant, especially
because of the weakened fitness of infected fish, the additional
thermal stress on fish physiology, and an enforced immune
response of fish in sub-optimal thermal conditions (Bowden,
2008; Bettge et al., 2009b). The proposed temperature-related risk
assessment (TR-PKD) covers these major aspects to assess the
potential spread and outbreak of PKD in S. trutta.

Future Scenarios of Water Temperature,
Changes in PKD Risk, and Additional

Physiological Stress for Brown Trout

Water temperature is highly linked to the same driving forces
as air temperature. Thus, climate change will lead to further
warming in rivers (Mohseni et al., 2003). This is in line with
our results with a projected increase of WTQ95 ranging from
+0.6 to +0.9°C in the near future, and from +1.3 to +3.8°C
in the far future compared to the current conditions (Figure 4).
Similarly, Dokulil (2018) analyzed long-term annual water
temperature records of the Danube River and some tributaries
(also represented in our dataset) indicating a temperature
increase of about 0.3°C per decade since 1900.

Under both future concentration pathway scenarios (RCP4.5
and RCP8.5), our model showed an increase of temperature-
related risk for PKD and a decrease of suitable thermal habitat
for S. trutta. Interestingly, the distribution of PKD-risk for the
near future under RCP4.5 is already comparable to the risk
found under current conditions (2000-2011). This underlines the
progressive and already observable change of the environmental

conditions due to climate change. Not surprisingly, downstream
sections of rivers are affected first by PKD as these river sections
are generally warmer than the upstream parts. In Switzerland
PKD-infected fish were mainly found below 800 m.a.s.I. (Wahli
etal., 2008). This altitudinal threshold is in line with our findings
with a mean altitude of 808 m.a.sl (SD: 332.1) for the risk class
indicating no PKD outbreak.

In the far future RCP8.5 scenario, the amount of thermally
suitable habitats for S. trutta will be drastically reduced. For
small rivers that currently show highly suitable thermal regimes
for a river length of more than 10,000 km, the length of river
reaches with suitable habitats will be reduced to ~6,500 km due
to the combined effects of PKD and physiological stress. The
additional harm due to combined effects of high physiological
stress (exceedance of thermal threshold for cardiac dysfunction)
and potential high mortality due to PKD increases from 0.1%
under current conditions up to 22.3% in the far future RCP8.5
scenario within the whole river network (Figure?7). In small
rivers, this represents nearly 2,000 river kilometers with a total
loss of thermally suitable habitats. This drastic reduction of
habitats is in line with Filipe et al. (2013) who modeled a
reduction of up to 64% of suitable stream reaches for brown
trout in Europe till the 2080s due to climate change. Furthermore,
a decline of S. trutta is already observed in the alpine region
(Zimmerli et al., 2007).

The future distribution of S. trutta will be restricted to
small and medium-sized alpine and pre-alpine rivers in Austria
indicated by a elevational upward shift of around 200m of
rivers without the risk for a possible PKD outbreak in the
far future RCP8.5 scenario compared to current conditions.
Since the temperature thresholds for PKD-risk are below the
physiological thresholds, the habitat reduction of S. trutta could
be largely determined by the prevalence, outbreak and mortality
due to PKD.

However, the results also underline that suitable habitats will
remain in the alpine area, even under severe future climate
change scenarios such as RCP8.5. This underlines the enormous
importance of the alpine region as refuge for brown trout in
Europe. Thus, it is highly important to firstly protect and restore
existing habitats in these areas, and to secondly consider newly
arising pressures on wild brown trout populations due to further
human impacts and/or alterations induced by climate change.

The further habitat fragmentation can be a possible effect of
climate change. The increasing number of unsuitable habitats
also leads to disconnections of river sections that offer suitable
habitats. Due to the loss of migration routes the populations can
be further fragmented. This problem may be attenuated during
the cold season as S. trutta could access areas in this time that are
unsuitable during summer (Bentley et al., 2015). Furthermore,
climate change will also lead to new land use patterns along rivers
with potential impacts on wild brown trout populations. In this
context the alpine habitats for brown trout must be conserved
and managed in a careful and sustainable manner as in wide areas
of Europe environmentally suitable habitats can be lost due to
climate change (Filipe et al., 2013).

Our risk assessment approach represents a first step to gain
more insights how PKD is distributed in rivers over large spatial
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extents. Thus, the risk assessment provides a basis to set up
a screening and monitoring network. More insights into the
temporal dynamics of parasite load and PKD symptoms in the
wild are needed to further develop robust management and
conservation strategies.
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