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a b s t r a c t
Climate change will impact the riverine environment of aquatic organisms. However, most studies focus
solely on environmental characteristics to evaluate future distribution shifts. Here, we analyse current and
future distribution of the freshwater ﬁsh species Thymallus thymallus in relation to the caddisﬂy Allogamus
auricollis. Current and future distributions of the two species were evaluated by a consensus model
approach integrating seven different distribution model techniques and testing the effect of considering
biotic dependence. Predictions for future distributions were calculated on the basis of the most recent
representative concentration pathways (RCPs) of the IPCC for the period of the 2050s. Habitat loss and
gain, distribution congruence and altitudinal shift between the two species were quantiﬁed on the basis
of a full river network. The model considering biotic dependence identiﬁed the caddisﬂy as important
variable for the distributions of European grayling, mitigating the drastic effects of climate change. Habitat
loss of the grayling was attenuated by considering the distribution of the caddisﬂy in the distribution
modelling. Strong temperature increases as well as run-off decreases led to largest habitat loss of both
species (up to 70%). Our combined approach highlighted that the consideration of biotic dependencies in
climate change studies improves the understanding for potential future changes of distribution patterns.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Climate change is expected to impact riverine ecosystems in
different ways (Ficke et al., 2007). The complex mechanisms which
affect the habitat of aquatic organisms induce adaption, extirpation/extinction and migration of the aquatic species. If adaption
capacity is exceeded, species have to disperse to prevent extirpation and to track their habitat niche (Comte et al., 2013).
Two migration pathways triggered by climate change are mostly
reported: (1) upward shifts towards higher elevation and (2)
northward shifts towards higher latitudes, especially if solely the
climate envelope is addressed (Comte et al., 2013; Parmesan, 2006).
Both transfer the suitable habitats into cold or respectively wet
enough environments. Species distribution models (SDM) represent a useful tool to evaluate distribution shifts in climate change
studies (Guisan and Zimmermann, 2000; Pearson and Dawson,
2003). Beside different realms (Elith and Leathwick, 2009) the
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technique was also applied over different spatial extents and in
various biomes of riverine ecosystems (Comte et al., 2013). However, most studies deal with single species (Elliott et al., 2015; Filipe
et al., 2013) or with different species within one taxonomic group
(Buisson et al., 2008). In this study we evaluate the species distributions of two taxonomic groups.
Although the hierarchical nature of riverine ecosystems has
been known for a long time (Frissell et al., 1986), whole river
networks are not consistently used as spatial basis for distribution models (Domisch et al., 2013; Elliott et al., 2015; Markovic
et al., 2012). However, habitat characteristics are strongly related
to river topography. Furthermore, the spatially explicit quantiﬁcation of potential habitat losses and gains on the basis of river
networks provides essential information to develop management
and conservation strategies in respect of climate change impacts
(e.g. Filipe et al., 2013).
Climate is a dominant factor in the ecology of stream biota
(Mantua et al., 2010) as it controls discharge, through precipitation,
as well as water temperature, through atmospheric energy ﬂuxes.
Over larger scales, air and water temperatures are highly correlated as energy ﬂuxes which induce higher air temperatures also
affect water temperatures (Markovic et al., 2013; Orr et al., 2014).
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Fig. 1. Location of investigation area in Europe (A) and species occurrences within the investigation area (B); grey rectangles: caddisﬂy presences, black dots: European
grayling presences, light grey triangles: absences.

Both, temperature and discharge, are fundamental parts in the
chemo-physical environment of aquatic organisms. Climate change
is expected to increase temperatures and to impact precipitation
regimes (intensity, timing and mode). The extent of those changes
depends on atmospheric greenhouse gas concentrations. Accordingly, the representative concentration pathways (RCPs) of the
Intergovernmental Panel on Climate Change (IPCC, 2013) constitute
the latest future scenarios of plausible assumptions on economic
activities, energy sources and population growth with corresponding consequences on the emission trajectories which serve as input
for climate models.
In consideration of thermally induced shifts, especially rivers
with cool- or cold-water regimes are exposed to climate change
impacts (Buisson and Grenouillet, 2009; Comte and Grenouillet,
2013; McCullough et al., 2009). Such lotic systems are well represented in Alpine regions where salmonids like Thymallus thymallus
(Linnaeus, 1758) serve as ﬂagship species (Huet, 1959). The eastern
border of the Alps (Fig. 1A) delineates the distribution boundary
of this species and is therefore of special interest. Although the
European grayling is native to major parts of Europe (Northcote,
1995) with a diverse phylogeography (Gum et al., 2009; Meraner
and Gandolﬁ, 2012), it has been less well studied in comparison to
other members of the salmonid family (e.g. trout or salmon) (Riley
and Pawson, 2010). Interestingly, effects of temperature increases
were barely addressed although European grayling shows a more
cold-stenothermic behaviour than brown trout (Salmo trutta, Linnaeus, 1758) with a lower tolerance to water temperature increases
(Logez et al., 2012; Northcote, 1995).
European grayling are predatory feeders with bentho-pelagic
habits. Accordingly, they are found closer to the river bed and
ingest fewer aerial invertebrates (Woolland, 1988). Benthic prey
received from drift or river bottom dominates the diet, with the
importance of epibenthic prey increasing when drift is reduced
(Syrjänen et al., 2011). The caddisﬂy Allogamus auricollis (Pictet,
1834) is an epibenthic ﬁlter feeder building dense populations in
small and medium-sized rivers overlapping the distribution range
of European grayling. The biomass of this caddisﬂy can account
for up to 70% of the total benthic biomass found in these rivers
(Geddes, 1981; Graf et al., 1992) which is the only limnephilid
species which occurs in rivers where European grayling is found
too. Their large accumulations of individuals are easily detectable

for bottom-feeding ﬁsh (Graf et al., 1992). Hence, the species seems
predestined to serve as substantial prey of bottom feeding European grayling which preferably attack exposed invertebrates. Even
though European grayling dynamically use the available habitat
(Nykanen, 2001), they can be limited by the availability of food
sources (De Crespin De Billy and Usseglio-Polatera, 2002). Predators and prey may follow divergent dispersal pathways due to
climate change which may aggravate the environmental impacts,
or a mutual distribution shift may attenuate the impacts.
In this study, we hypothesised that (1) European grayling and
the caddisﬂy will suffer from severe habitat loss induced by climate change, (2) the magnitude of habitat loss will be related to
the intensity of climate change, (3) the availability of adequate
food sources (as indicated by the caddisﬂy) will play an important role in the distribution of European grayling, and (4) climate
change induced habitat loss and elevational habitat shift of European grayling may be reduced by the availability of the caddisﬂy as
prey also indicated by congruent distribution areas. Here, we evaluate distribution patterns of ﬁsh and macroinvertebrates in parallel
spatially linked to a full river network. To our knowledge, this is
the ﬁrst study which directly links two taxonomic groups (ﬁsh
and macroinvertebrates) in an SDM approach to evaluate potential habitat gain and loss in respect of climate change impacts and
biotic dependencies on the extent of a full river network.
2. Material & methods
This study analysed data on species occurrences, river topography (local and catchment scale), and climate conditions (current,
baseline and future). Hence, consistency of data in space and time
was of special interest. All data used for model calibration originated from the period between 2003 and 2010. Analyses of climate
change impacts are based on a comparison between baseline and
future climate.
2.1. Study area & species occurrence
The investigation area includes all rivers with a catchment size
larger than 10 km2 in Austria and comprises a length of about
30,000 km covering the eastern border of the Alps and the transition
to the Hungarian lowlands (Fig. 1A). Investigation units are based
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on surface water bodies (SWBs, N = 8572, mean length = 3.6 km,
SD = 4.0) which form discrete entities in terms of typology and
physical characteristics.
The species occurrences were queried from national monitoring
databases. The SWB of the sampling site had to be unimpaired or
low impacted by human activities. This was deﬁned as not impacted
by impoundment, water abstraction or hydropeaking and in at least
moderate morphological condition according to the national water
management plan (NGP, 2009). This criterion minimised the signiﬁcance of human impacts on species absences (Pont et al., 2005)
and thus explicitly factored out the role of human land use.
The presence–absence data for European grayling comprised
330 records (98 presences; Fig. 1B) in distinct SWBs originating
from standardised electroﬁshing protocols. Sampling was performed during low ﬂow conditions by wading or by boat depending
on river size. The presence–absence records of the caddisﬂy were
conﬁned to 390 SWBs (122 presences; Fig. 1B) based on quantitative macro-invertebrate samplings. Both species were considered
as ‘absent’ if not detected at any sampling site and as ‘present’ if
recorded on at least one sampling site within the SWB during the
observation period (2003–2010).

data for the period 1950–2000 (Hijmans et al., 2005). Future climate
scenarios, covering the period between 2041 and 2060 and further
referred to as 2050s, were based on the most recent representative concentration pathways (RCPs) of greenhouse gases (IPCC,
2013). We analysed two RCPs (RCP 2.6 and RCP 8.5) to compare the
impact of lesser and greater changes, respectively. The extent of
predicted changes of temperature and precipitation also depends
on the boundary conditions which differ between climate models.
To cover this variability occurring within each RCP, we used the
outputs of three different general circulation models (GCMs).
The combined information from all three GCMs represented
statistically downscaled data (Ramirez-Villegas and Jarvis, 2010)
using the worldclim-data as baseline climate. The three models were the following: The HadGEM2-ES model (Jones et al.,
2011) predicting high temperature increase as well as decreasing
amount of precipitation, therefore further called ‘warm/dry’; the
GISS-E2-R model (Schmidt et al., 2014) which predicts moderate temperature increases and relatively stable precipitation rates
(‘moderate/stable’), and the IPSL-CM5a-LR model (Dufresne et al.,
2013) predicting warm temperatures and stable amounts of precipitation (‘warm/stable’).

2.2. Environmental data

2.3. Species distribution modelling

Independent variables for modelling were selected under consideration of their ecological relevance for species distributions.
Initially, independent variables were tested by Spearman correlation ( < |0.8|) to minimise collinearity. In regression based methods
collinearity between independent variables must be omitted which
in turn requires a pre-selection of independent variables or the use
of synthetic variables (as derived from principal component analysis). Inter-correlated climatic descriptors were selected according
to potential ecological signiﬁcance (Logez et al., 2012).
River topographical variables quantiﬁed stream size (length of
upstream network), potential ﬂow velocity (actual river slope),
and position on the upstream-downstream gradient (length of
upstream network, distance to river mouth). The climate descriptors characterised the thermal and precipitation regime by mean
July temperature in the upstream catchment, mean January temperature at the location of the SWB, and run-off potential calculated
as the sum of annual precipitation in the upstream catchment standardised by upstream catchment size. A geographic information
system (ArcGIS 10.1, ESRI 2011) was used to transfer raster information to the vector data of sampling sites respectively SWBs.
Beside the local information of the investigation units (midpoint of
SWB), we also considered the upper sub-catchment along the river
network of each SWB to evaluate environmental variables (mean
of temperature, sum of precipitation) accounting for catchment
effects (Hopkins II and Burr, 2009; Kuemmerlen et al., 2014).
Three climatic data sets were implemented: (1) Current climate (2003–2010), (2) baseline climate and (3) future climate. All
three conditions were described by raster surfaces with a resolution of 1 × 1 km. Information on the former covers the period
of species occurrences and was therefore used for model calibration. Raster describing the current climate were derived from the
Integrated Nowcasting through Comprehensive Analysis (INCA)
system (Haiden et al., 2011). This system combines stationary and
remote sensing data to derive temperature and precipitation grids
and represents the climate during the observation period in the
investigation area. Data was obtained from the Central Institute for
Meteorology and Geodynamics of Austria (http://www.zamg.ac.at/
cms/en).
In order to make meaningful predictions, we implemented the
second (baseline) and third (future projections) climate datasets
(both available from worldclim.org). Baseline conditions were
described by interpolated climate surfaces based on observation

The modelling framework was based on seven modelling algorithms implemented in the BIOMOD2 package in R: (1) generalised
linear models (GLM), (2) generalised additive models (GAM),
(3) generalised boosting models (GBM), (4) ﬂexible discriminant
analysis (FDA), (5) classiﬁcation tree analysis (CTA), (6) multiple
adaptive regression splines (MARS), and (7) random forest (RF) (R
Development Core Team, 2011; Thuiller et al., 2009).
The seven algorithms were used to build three ensemble models for the species distributions in total: the ﬁrst for the caddisﬂy
(called ‘Allau’) and the second for European grayling (‘ThymEnv’),
both solely based on environmental descriptors, i.e. river topography and climate. These two models were used to evaluate climate
change impacts on the two species. The third model was again built
for European grayling. This model (‘ThymEnvAa’) implemented the
occurrence probability of the caddisﬂy as independent variable to
analyse the effect of a potential biotic dependency (Fig. 2).
Presence/absence records were randomly split into a training
(70%) and a test (30%) data set with 100 replications for each model
type (7 techniques x 100 replications = 700 models per species).
Model performance was evaluated by sensitivity (true positive predictions) and speciﬁcity (true negative predictions). Both indicators
range from 0 to 1, where 0 indicates bad and 1 high performance.
Models with a performance of <0.5 were discarded (Allouche et al.,
2006).
Relative variable importance was calculated to evaluate the relevance of the different predictors in the distribution models of
the caddisﬂy and European grayling. Raw variable importance was
calculated by a correlation between a reference prediction and
a prediction where the variable was randomised. This procedure
was permuted 30 times for each variable in each model. Variable
importance was then calculated as 1 − mean correlation of all permutations, yielding a mean importance for each variable per model
run. The raw variable importance values of the predictors were
then rescaled to sum up to 100, enabling a treatment as relative
importance and a comparison between the algorithms.
The calibrated models were used to project species occurrences
according to baseline and future climates (3 GCMs × 2 RCPs = 6 forecasts per species model) and to evaluate the persistence and shift
of habitats. The occurrence probabilities, derived from each model
run of all seven algorithms, were transformed into a binary digit,
i.e. presence (1) or absence (0) respectively, based on a threshold maximizing the true skill statistic (TSS; sum of sensitivity plus
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Fig. 2. Concept of the applied modelling framework to analyse current and future distributions of the caddisﬂy and European grayling.

speciﬁcity minus one) (Allouche et al., 2006). The binary digits
of all single model runs were then summed and merged into a
committee averaging, analogous to a simple vote of each run. The
sum of all presence predictions (max = 700) divided by the number of models (N = 700) gave an occurrence probability (between
0 and 1) which was then transformed into the ﬁnal presence or
absence value for the species. This transformation was done based
on a threshold of p = 0.5 as the transformation optimisation was
already performed in the underlying model runs. Such a consensus
approach has been proven to increase the accuracy of SDMs (Filipe
et al., 2013; Marmion et al., 2009).
Based on the occurrence predictions derived from the consensus
models, the impact of climate change on the distribution of the caddisﬂy and European grayling was investigated in respect of habitat
gain and loss, distribution congruence and elevational shift. Habitat ‘loss’ (an SWB with baseline presence and future absence) and
‘gain’ (an SWB with baseline absence and future presence) was calculated based on the length of SWBs and expressed as percentage.
Furthermore, the congruence between the distributions of the caddisﬂy and European grayling was evaluated summarising the length
of SWBs, where both species were predicted to occur in common
and compared to the congruent distribution length of the baseline. Elevational shift of European grayling was calculated based
on the mean elevation of SWBs with predicted presence. The two
models ThymEnv and ThymEnvAa were compared in their range of
elevation values and the differences between the two models were
tested by a Kruskal–Wallis test (p < 0.001) to show if the implementation of the predicted distribution of the caddisﬂy as predictor into
the distribution models signiﬁcantly altered the altitudinal shift
induced by climate change.
Finally, the occurrence predictions of European grayling were
combined into spatial explicit maps. The gain and loss or European
grayling were summarised for each distribution model and each
RCP, summing up to four distribution maps (Fig. 7). These maps

indicated stable habitat suitability (baseline and future presence
in the SWB) as well as sensitivity of European grayling to climate
change impacts represented by the number of GCMs predicting a
gain respectively loss in the SWB (summarising the predicted gain
or loss according to one, two or all three GCMs).

3. Results
The SWBs with occurrences of European grayling and the caddisﬂy covered a wide range of river types (Table 1). Variables dedicated
to river topography showed generally smaller medians than means,
indicating a prevalence of small-sized rivers which in turn reﬂects
the expected partition of rivers in the landscape. The mean (12.8 ‰)
and medians (5.9 ‰) of actual river slope reﬂect the topographically
distinct landscape of the investigation area. The climatic variables
showed more balanced distributions with small deviances between
means and medians. Mean air temperature in January was around
−1.5 ◦ C. The mean temperature in July in the upstream catchment
reached a maximum of 17.2 ◦ C. The run-off potential indicated
rather humid conditions by a mean exceeding 1000 mm km−2 .
The majority of models and algorithms performed well (more
than 50% of models with sensitivity and speciﬁcity >0.8) (Fig. 3),
and enabled the identiﬁcation of current distribution areas and the
prediction of future distributions. In respect of sensitivity, model
Allau performed worst (quartiles between 0.76 and 0.86). Model
ThymEnv covered a comparable range but obtained higher values (quartiles between 0.83 and 0.93). In model ThymEnvAa the
median of sensitivity stayed at the same level as in ThymEnv but the
range shrunk (quartiles between 0.83 and 0.90). Speciﬁcity reached
higher values (around 0.9) by trend in all three models (Fig. 3).
Median speciﬁcity was below 0.9 for Allau and above 0.9 for ThymEnv and ThymEnvAa. The range of speciﬁcity values shrunk in
model ThymEnvAa at the lower end of values.

Table 1
River characteristics and climate descriptors for surface water bodies used for model calibration (N = 634).
Full name
Actual river slope
Upstream network length
Distance to mouth
Mean temperature in January
Mean temperature in July in the upstream catchment
Run-off potential

Short

Unit

Mean

SD

Median

Min

Max

Slope
UpstrL
Dmouth
TmeJan
TmJulUp
ROpot

per mille
km
km
◦
C
◦
C
mm km−2

12.8
175.8
39.5
−1.7
17.2
1136

21.6
392.3
80.5
1.3
2.5
323

5.9
38.7
12.3
−1.5
17.7
1073

0.1
1.0
0.2
−7.0
8.0
545

254.2
3877.4
646.3
1.0
21.6
2226
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Fig. 3. Sensitivity and speciﬁcity of all models (N = 700) used for prediction of the
caddisﬂy and European grayling; white box: model Allau, light grey box: model
ThymEnv, dark grey box: model ThymEnvAa; bold lines represent medians, boxes
indicate the inter-quartile range (IQR) and whiskers 1.5 times IQR.

The relative importance of the predictors highlighted differences between the caddisﬂy and European grayling. The river
topographical variable upstream length of the river network
reached the highest importance for both European grayling models
and minor importance for the caddisﬂy model. Mean July temperature in the upstream catchment showed the highest importance
for the caddisﬂy and was the second most important variable for
European grayling (Fig. 4). Generally, river topography had less and
climate higher importance for the caddisﬂy distribution. Mean July
temperature in the upstream catchment and run-off potential were
the most signiﬁcant predictors of the caddisﬂy occurrence followed
by January temperature. Mean July temperature in the upstream
catchment was also the most important climatic descriptor in both
European grayling models.
Future climate conditions were described by two RCPs realised
through three downscaled GCMs (Table 2). January and July temperatures generally increased between baseline and RCP 2.6 and
from this to RCP 8.5 in respect of means, minima and maxima. The
January temperature increase was stronger for the mean values
than for minima and maxima. In contrast the maxima of July temperature increased more than the means. Mean run-off potential
showed a recurrent trend from RCP 2.6 to RCP 8.5 in the warm/dry
realisation. In the two GCMs with stable precipitation conditions
the mean of run-off potential was a bit higher and the minima and
maxima were lower than in the baseline.
Predicted gain and loss showed a clear pattern for all three
models. An increasing amount of loss is linked to the intensity
of temperature increase and run-off decrease as described by the
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Fig. 4. Mean relative importance (with 95% conﬁdence interval) of independent
variables per species model (N = 700); white bar: model Allau, light grey bar: model
ThymEnv, dark grey bar: model ThymEnvAa.

three GCMs. Accordingly, the largest losses were predicted under
warm/dry conditions. Loss in model ThymEnv was larger compared
to model ThymEnvAa. Model Allau predicted the lowest gains (all
<5%; min = 0.1%) in comparison to both European grayling models
irrespective of RCP or GCM. The gain predicted by model ThymEnv
ranged from 1.9% (warm/dry RCP 8.5) to 7.2% (warm/stable RCP 2.6).
Model ThymEnvAa showed the same pattern in respect of minimum/maximum gains but reached a bit higher values (1.5% and
10.0%, respectively) (Fig. 5).
Distribution congruence with the caddisﬂy was generally higher
in model ThymEnvAa than in ThmyEnv. River length with congruent distributions of the two species were largest in the
moderate/stable realisation. Under RCP 2.6 the length of congruent distribution was comparable to the baseline climate. The
additional length of congruent distribution was largest in the
warm/stable realisation and smallest in the warm/dry realisation
where the absolute length of congruent distribution was smallest
too (Table 3).
Comparing the mean elevation of European grayling presences,
the difference between model ThymEnv and ThmEnvAa was signiﬁcant in all cases (p < 0.001) excepting the baseline and the
moderate/stable realisation of RCP 2.6. In all other predictions the
consideration of the caddisﬂy presence attenuated the upwards
shift of European grayling signiﬁcantly. Under warm/dry conditions in RCP 8.5, the difference of the mean elevation between the
two models for European grayling presences was highest (230 m).
The smallest future elevation increase was observed for moderate/stable conditions in RCP 2.6 (Fig. 6).
The distribution maps, summarising the predictions of the three
GCMs in one map, revealed a common pattern of habitat suitability

Table 2
Summary of climatic variables in all surface water bodies (N = 8572) for baseline and future climate; all variables are characterised by mean (minimum/maximum);
TmeJan = mean temperature January, TmJulUp = mean temperature of July in the upstream catchment, ROpot = run-off potential.

Baseline

TmeJan (◦ C)

TmJulUp (◦ C)

ROpot (mm km−2 )

−3.5 (−9.7/−0.6)

14.8 (3.5/20.2)

1367 (578/2481)

RCP 2.6

Warm/dry
Moderate/stable
Warm/stable

−0.5 (−6.9/3.5)
−1.8 (−7.9/1.4)
0.5 (−5.9/3.8)

18.8 (7.0/24.9)
15.9 (4.5/21.5)
17.4 (6.1/23.0)

1333 (528/2323)
1391 (561/2447)
1411 (561/2475)

RCP 8.5

Warm/dry
Moderate/stable
Warm/stable

0.6 (−5.9/4.7)
−0.5 (−6.7/2.7)
1.4 (−4.7/4.6)

20.7 (9.0/26.7)
17.0 (5.6/22.6)
18.4 (6.9/24.0)

1295 (505/2303)
1401 (552/2443)
1392 (551/2417)

100
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Table 3
Length of congruent distribution of European grayling with the caddisﬂy under baseline and future climate condition and the difference in congruent length between model
ThymEnv and ThymEnvAa.
Congruence length [km]

Baseline
RCP 2.6

RCP 8.5

Additional length of congruence [km]

ThymEnv

ThymEnvAa

Warm/dry
Moderate/stable
Warm/stable

5380
1954
5279
3908

5470
1971
5457
4110

+90
+17
+178
+203

Warm/dry
Moderate/stable
Warm/stable

1156
4055
2820

1188
4181
3141

+32
+126
+321

sections with predestined habitat loss in all four cases at which the
magnitude of loss increased from ThymEnvAa RCP 2.6 to ThmyEnv
8.5.
4. Discussion

Fig. 5. Relation of relative gain and loss of the caddisﬂy and European grayling for the
six future distribution forecasts (2 RCPs × 3 GCMs) with according trend lines; white
symbols/black dotted line: model Allau, light grey symbols/line: model ThymEnv,
dark grey symbols/line: model ThymEnvAa; rectangles: warm/dry GCM, triangles:
moderate/stable GCM, circles: warm/wet GCM.

as well as gain and loss in the distribution area (Fig. 7). SWBs with
a habitat loss according to all three GCMs were primarily located in
the East of the investigation area and those ones with stable habitat suitability or newly gained habitats were mainly situated in the
West. By comparison, the GCMs predicted in summary less habitat
loss for RCP 2.6 than for RCP 8.5, and less habitat loss for model
ThymEnvAa than for ThymEnv. However, the distribution maps
highlighted areas with stable habitat suitability as well as river

Fig. 6. Error bars for mean elevation (±90% conﬁdence interval) of European
grayling distribution comparing the distribution models and future climate conditions; light grey: model ThymEnv; dark grey: model ThymEnvAa; asterisks indicate
signiﬁcant differences tested with Kruskal–Wallis-test (p < 0.001).

The prediction of potential distribution changes utilising SDMs
offers a possibility to highlight potential future developments and
to derive spatially explicit information. Our modelling framework
combined biological, river topographic and climate data with high
spatial resolution and maximal temporal consistency. The predictions of future distributions considered the most recent trajectories
of emission pathways (IPCC, 2013). Upstream network length and
July temperature in the upstream catchment were the most important variables in the ThymEnv model and were complemented by
the occurrence probability of the caddisﬂy A. auricollis in the ThymEnvAa model. Predicted distributions of the caddisﬂy according
to the model Allau were more closely related to climatic descriptors than to river topography. The predicted shrinkage of European
grayling distribution was related to warming intensity and reductions of potential run-off. Consideration of the caddisﬂy mitigated
habitat loss and augmented gains.
4.1. Model performance and limitations
The performance of the different modelling techniques was
good and satisfactory (majority of models with sensitivity and
speciﬁcity >0.8). Higher speciﬁcity can be related to a prevalence
of absence records in the calibration dataset and indicated higher
accuracy of absence prediction which did not impede the aims of
the study. Generally, the models performed worse for the caddisﬂy
than for European grayling which could be related to the broader
distribution range of the former. Nonetheless, the presence information in the occurrence data covered the distribution area of both
species.
SDMs are subject to different uncertainties and limitations. A
fundamental uncertainty may originate from data-wise inconsistency, e.g. differences in the observation period of biological and
environmental variables. Here, we aimed to minimise data-wise
inconsistency through adequate spatial resolution and maximal
temporal consistency of the calibration data to improve accuracy of
the modelling framework. In contrast to several other studies (Chu
et al., 2005; Domisch et al., 2013; Elliott et al., 2015), we considered river topography, represented by upstream network length,
river slope and distance to the mouth, already in the basic species
models. The use of different descriptors of the riverine environment
is highly important in analyses dealing with stream biota (Jähnig
et al., 2012; Domisch et al., 2015), a fact reﬂected by the assigned
variable importance.
The evaluation of future distribution patterns in our study was
based on a free migration scenario. Even though barriers exist in the
investigation area, this assumption can be underpinned as plausible
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Fig. 7. Distribution map of European grayling indicating stable presence, gain and loss on the river network in the investigation area summarising three circulation models
in the 2050s according to the models ThymEnv (upper panel) and ThymEnvAa (lower panel) and two RCPs (left: RCP 2.6, right: RCP 8.5); colour coding see legend at the
ﬁgure bottom; stable absences are not shown.

by the following arguments. Both species are able to migrate and
to follow their habitat niche along the riverine network: European
grayling in the water and the caddisﬂy through aerial dispersal in
their adult life-stage. Moreover, dispersal can be seen as a function of time, which permits plausibly to assume that a species will
be sooner or later able to move to an adequate position in the
river network (Radinger and Wolter, 2014). The consideration of
barriers would also introduce additional uncertainty into the modelling framework which would be not quantiﬁable. This uncertainty
originates from different aspects. The ability of ﬁsh species to pass
barriers differs not only among but also within a species and their
life stages (Cote et al., 2008). The consideration of barriers in current distributions would in turn imply that this factor has to be
considered for future predictions too. However, it is not reasonably
assessable how longitudinal connectivity will evolve in the future.
Hence, this would introduce additional uncertainties, which cannot
be sufﬁciently handled on this scale. The prediction period (2050s)
comprises a temporal scale which potentially includes a bulk of
pathways, how connectivity in the river network will look like. The
possibilities range from full connectivity as postulated by the water
framework directive (WFD) to highly reduced connectivity due to
increased hydro power production.
4.2. Ecological relevance
The applied modelling framework identiﬁed descriptors playing a vital role in driving the distributions of the caddisﬂy and
the European grayling. We found an importance of both, climatic
and river topographic variables for the distribution of European
grayling without a clear precedence of one over the other. In
contrast, Filipe et al. (2013) described such a precedence for
brown trout which prefers cold and rapidly ﬂowing waters. The
length of the upstream river network, as descriptor of river
size, and July temperature, characterising the thermal conditions,
showed their importance accompanied by slope, representing the
available energy budget in the river. This is in line with Huet (1959)
who reported wider, rapidly ﬂowing streams with cool and well
oxygenated water as suitable habitat for European grayling. Also,

a narrow thermal preference of European grayling, with critical
water temperatures below 4 ◦ C and above 18 ◦ C, is known from
literature (Crisp, 1996; Logez et al., 2012) and in line with the ﬁndings of our modelling framework. Additionally, model ThymEnvAa
assigned notable importance to the occurrence probability of the
caddisﬂy.
Temperature is a crucial factor in the physico-chemical setting of
riverine environments (Pletterbauer et al., 2015). Temperature has
direct (e.g. metabolism) and indirect (e.g. oxygen solubility) effects
on ectothermic aquatic organisms and their life stages (Pörtner and
Farrell, 2008). In most cases, not the lethal effects of high temperatures affect species, but sublethal effects which play a vital role for
growth or reproduction. Hence, sublethal effects of temperature
serve as guiding factors as species tend to optimise their energetic
position in their riverine environment. However, temperature is
not the only trigger for movements as other factors like streamﬂow, turbidity, availability of canopy and food have their effects
on behaviour too (McCullough et al., 2009). Our approach furthermore considered the thermal processes in the upstream catchment
which poses a clear advantage to local information alone.
Caddisﬂies, as epibenthic ﬁlter feeders, meet two important
criteria to serve as prey for European grayling: they are easily
detectible, and build very dense populations (Graf et al., 1992;
Waringer, 1989). The distribution models supported the wide distribution range of the caddisﬂy in the investigation area, and
therefore its potential availability as food source for all life-stages
of bottom feeding European grayling (Northcote, 1995). Moreover,
the results strengthened the hypothesis that the potential availability of adequate food sources, indicated by the occurrence of the
caddisﬂy, plays a vital role in the distribution of European grayling.
Furthermore, the availability of food sources also reduced the
upwards altitudinal shift of predicted adequate European grayling
habitats.
Our analyses focused on the biological relationship between
European grayling and the caddisﬂy. The distribution models
indicated that predicted habitats of the caddisﬂy may shrink in
the upstream sections of the rivers. If this species may completely
disappear as food source for European grayling, this gap in the
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nutrition resources have to be ﬁlled by other taxa. However, the
taxon included in our analyses represents the only limnephilid
species with mass occurrences inhabiting the river sections where
European grayling occurs (Graf et al., 1992). Other limnephilids are
scarce in larger rivers and hide in discrete habitats like organic
patches. The caddisﬂy in our analyses lives right at the surface of
the substrate until pupation (Waringer, 1989). It is an opportunistic
species which switches occasionally from shredding and grazing to
ﬁlter feeding. This remarkable ﬂexibility might be one reason for its
high abundance. In summary, this caddisﬂy possesses distinct traits
which in turn impedes a reasonable prognosis which macroinvertebrate species may succeed into the habitats, which may be lost
for the caddisﬂy due to climate change impacts. Although another
species may follow, it is still unclear, if this species will then also
ﬁt into the diet of European grayling.
The congruence analyses revealed that the implementation of
the predicted distributions of the caddisﬂy as predictor led to
smaller losses and larger gains in future climates. Larger congruent
distribution areas were directly related to stable run-off potential.
This variable, which characterised the available amount of water
in the river, emerged as important factor for future distributions.
Even though studies exist, which incorporated hydrological predictors (Bond et al., 2011; Kuemmerlen et al., 2012), hydrological
characteristics are still not considered in all studies investigating
climate change impacts in riverine environments (e.g. Filipe et al.,
2013). Run-off potential as implemented in this study summarised the available amount of water in the upstream catchment
under consideration of the catchment area, hence giving a plausible
estimate of mean future hydrologic conditions. However, detailed
information, how climate change will affect hydrology in rivers is
still scarce especially in respect of hydrologic variability. Therefore,
we implemented different GCMs into our approach to illustrate this
variability. Two out of the three GCMs indicated stable respectively
slightly increasing run-off volumes on average. This is in line with
expected climate change effects in the alpine realm (IPCC, 2013).
Nonetheless, minima were decreasing indicating the probability of
drier condition in some regions in the future. The third GCM indicated decreasing run-off potential. In combination with increasing
temperature this future path of climate led to highest habitat loss
and lowest gain. Accordingly, the results indicated that the magnitude of climatic changes, i.e. intensity of warming and decrease in
available run-off respectively, played a vital role for the amount of
suitable habitats in the future.
4.3. Implications for conservation and management
The results clearly indicated the shrinkage in the predicted distribution of European grayling and the caddisﬂy, underlining the
need for conservation and management strategies to sustain the
occurrence of these species in their native range. The use of SWBs
as spatial unit for the analyses highlighted areas with different
needs for conservation and management as they are used for WFD
assessment too.
The prediction of future distributions indicated dramatic habitat loss, especially if warming is accompanied by run-off reductions,
underlining highly important conservation implications. The predicted distribution maps (Fig. 7) delineated three zones of SWBs
with distinct management and conservation needs: (1) SWBs which
are expected to steadily feature suitable habitat conditions, (2)
SWBs at risk of losing currently available adequate habitats, and
(3) SWBs which will contain adequate habitats in the future. The
ﬁrst zone can serve as core area for European grayling occurrence.
Therefore, the conservation of vital populations in this area has
highest priority. Accordingly, the condition of European grayling
populations should be monitored and further human-induced
impacts avoided to maintain suitable habitats and to prevent

habitat deterioration. In the second zone, different levels of risk for
the extirpation of European grayling were indicated by the number
of GCMs revealing habitat loss. In this zone, mitigation measures
to halt the increase of climate change induced impacts are most
important. Potential mitigation measures represent the enhancement of riparian shading to reduce warming, and the restoration
of morphological heterogeneity which can reduce impacts of less
discharge. The third zone comprises the future potential for the
distribution of European grayling. In order to be able to develop
the full potential of this zone the connectivity must be enhanced.
Accordingly, the connectivity to the ﬁrst zone is key to enable the
dispersal of European grayling to this zone. Beside the provision of
migration facilities to overcome barriers, species translocation may
represent a further option to compensate for the impact of barriers
(Thomas, 2011).
According to post-glacial colonisation routes, the Danube basin
conﬁnes a distinct genetic lineage of European grayling (Gum et al.,
2009; Sušnik et al., 2001) which can even be subdivided into further lineages (Meraner and Gandolﬁ, 2012). Our investigation area
encompasses the Eastern distribution margin in the Alps of the
Danubian lineage which may therefore serve as last refugium in
respect of future climate change. In turn, the information on the
persistence of potential habitats gains importance (Weiss et al.,
2002). Fragmentation of habitats counteracts the ability of the
species to track its adequate habitat—not only physically by fragmenting the river continuum but also by selecting for less migratory
genotypes which undermine the resilience against climate change
(Junge et al., 2014).
Working with different scenarios and realisations is not to predict an exact future, but to better understand alternative pathways
(IPCC, 2013). The usage of two RCPs and three GCMs underlined
the potential variability of climate change impacts, which should
enable the identiﬁcation and development of adequate management decisions for different areas where the species may extirpate
or newly occur in the future. In turn, robust management decisions
encompass far more information including species’ ecology, monitoring and validation of models, evaluation of biological responses,
strategies for conservation and their implementation into policies,
and ﬁnally to ensure the conservation efforts (Vörösmarty et al.,
2010).
Species distribution modelling approaches such as this study
represent a basic step to investigate climate change impacts and to
identify changes in distribution patterns. Further research should
investigate small-scale processes to identify factors and the magnitude of the factors which trigger species to disperse. Such dispersal
can only be monitored by ﬁeld studies potentially verifying the
results of SDMs. Another important aspect is temporal stability
of the habitat shift which can provide additional insights how climate change will impact future distributions. In summary, future
research on climate change impacts should focus on the integration
of information from different scales, e.g. large- and medium-scale
spatial explicit information (as derived from SDMs) and smallscale process-based information derived from mesohabitat, in-ﬁeld
investigations.
This study underlined that climate change will alter riverine
habitats of ﬁsh as well as macroinvertebrates, therefore inducing shifts of potential habitats. However, beside the variability
of climate change, the results emphasised that biotic interactions
played a crucial role for the predicted distributions of European
grayling.
Acknowledgments
The study was supported by projects funded by the European Commission, namely BioFresh “Biodiversity of Freshwater Ecosystems: Status, Trends, Pressures, and Conservation

F. Pletterbauer et al. / Ecological Modelling 327 (2016) 95–104

Priorities” (Grant number 226874, 7th Framework Programme) and
Aquacross “Knowledge, Assessment, and Management for Aquatic
Biodiversity and Ecosystem Services across EU policies” (Grant
number 642317, Horizon2020). We thank E. Thaler for improving
language and text style. Finally, we thank two anonymous reviewers for valuable suggestions to improve the manuscript.
References
Allouche, O., Tsoar, A., Kadmon, R., 2006. Assessing the accuracy of species distribution models: prevalence, kappa and the true skill statistic (TSS). J. Appl. Ecol. 43,
1223–1232, http://dx.doi.org/10.1111/j.1365-2664.2006.01214.x.
Bond, N., Thomson, J., Reich, P., Stein, J., 2011. Using species distribution models
to infer potential climate change-induced range shifts of freshwater ﬁsh in
south-eastern Australia. Mar. Freshwater Res. 62, 1043–1061, http://dx.doi.org/
10.1071/MF10286.
Buisson, L., Grenouillet, G., 2009. Contrasted impacts of climate change on stream
ﬁsh assemblages along an environmental gradient. Divers. Distrib. 15, 613–626,
http://dx.doi.org/10.1111/j.1472-4642.2009.00565.x.
Buisson, L., Thuiller, W., Lek, S., Lim, P., Grenouillet, G., 2008. Climate change hastens the turnover of stream ﬁsh assemblages. Glob. Chang. Biol. 14, 2232–2248,
http://dx.doi.org/10.1111/j.1365-2486.2008.01657.x.
Chu, C., Mandrak, N.E., Minns, C.K., 2005. Potential impacts of climate change on the
distributions of several common and rare freshwater ﬁshes in Canada. Divers.
Distrib. 11, 299–310, http://dx.doi.org/10.1111/j.1366-9516.2005.00153.x.
Comte, L., Buisson, L., Daufresne, M., Grenouillet, G., 2013. Climate-induced changes
in the distribution of freshwater ﬁsh: observed and predicted trends. Freshwater
Biol. 58, 625–639, http://dx.doi.org/10.1111/fwb.12081.
Comte, L., Grenouillet, G., 2013. Do stream ﬁsh track climate change? Assessing
distribution shifts in recent decades. Ecography (Cop.). 36, 1236–1246, http://
dx.doi.org/10.1111/j.1600-0587.2013.00282.x.
Cote, D., Kehler, D.G., Bourne, C., Wiersma, Y.F., 2008. A new measure of longitudinal
connectivity for stream networks. Landscape Ecol. 24, 101–113, http://dx.doi.
org/10.1007/s10980-008-9283-y.
Crisp, D.T., 1996. Environmental requirements of common riverine European
salmonid ﬁsh species in fresh water with particular reference to physical and
chemical aspects. Hydrobiologia 323, 201–221.
De Crespin De Billy, V., Usseglio-Polatera, P., 2002. Traits of brown trout prey in
relation to habitat characteristics and benthic invertebrate communities. J. Fish
Biol. 60, 687–714, http://dx.doi.org/10.1006/jfbi.2002.1887.
Domisch, S., Araújo, M.B., Bonada, N., Pauls, S.U., Jähnig, S.C., Haase, P., 2013.
Modelling distribution in European stream macroinvertebrates under future
climates. Global Change Biol. 19, 752–762, http://dx.doi.org/10.1111/gcb.12107.
Domisch, S., Jähnig, S.C., Simaika, J.P., Kuemmerlen, M., Stoll, S., 2015. Application of
species distribution models in stream ecosystems: the challenges of spatial and
temporal scale, environmental predictors and species occurrence data. Fundam.
Appl. Limnol. 186, 45–61, http://dx.doi.org/10.1127/fal/2015/0627.
Dufresne, J.-L., Foujols, M., Denvil, -a., Caubel, S., Marti, A., Aumont, O., Balkanski, O.,
Bekki, Y., Bellenger, S., Benshila, H., Bony, R., Bopp, S., Braconnot, L., Brockmann,
P., Cadule, P., Cheruy, P., Codron, F., Cozic, F., Cugnet, A., Noblet, D., Duvel, N., Ethé,
J.-P., Fairhead, C., Fichefet, L., Flavoni, T., Friedlingstein, S., Grandpeix, P., Guez, J.Y., Guilyardi, L., Hauglustaine, E., Hourdin, D., Idelkadi, F., Ghattas, A., Joussaume,
J., Kageyama, S., Krinner, M., Labetoulle, G., Lahellec, S., Lefebvre, A., Lefevre, M.P., Levy, F., Li, C., Lloyd, Z.X., Lott, J., Madec, F., Mancip, G., Marchand, M., Masson,
M., Meurdesoif, S., Mignot, Y., Musat, J., Parouty, I., Polcher, S., Rio, J., Schulz,
C., Swingedouw, M., Szopa, D., Talandier, S., Terray, C., Viovy, P., Vuichard, N.N.,
2013. Climate change projections using the IPSL-CM5 Earth System Model: from
CMIP3 to CMIP5. Clim. Dyn. 40, 2123–2165, http://dx.doi.org/10.1007/s00382012-1636-1.
Elith, J., Leathwick, J.R., 2009. Species distribution models: ecological explanation
and prediction across space and time. Annu. Rev. Ecol. Evol. Syst. 40, 677–697,
http://dx.doi.org/10.1146/annurev.ecolsys.110308.120159.
Elliott, J.A., Henrys, P., Tanguy, M., Cooper, J., Maberly, S.C., 2015. Predicting the habitat expansion of the invasive roach Rutilus rutilus (Actinopterygii, Cyprinidae), in
Great Britain. Hydrobiologia 751, 127–134, http://dx.doi.org/10.1007/s10750015-2181-9.
Ficke, A.D., Myrick, C.A., Hansen, L.J., 2007. Potential impacts of global climate change
on freshwater ﬁsheries. Rev. Fish Biol. Fish. 17, 581–613, http://dx.doi.org/10.
1007/s11160-007-9059-5.
Filipe, A.F., Markovic, D., Pletterbauer, F., Tisseuil, C., De Wever, A., Schmutz,
S., Bonada, N., Freyhof, J., 2013. Forecasting ﬁsh distribution along stream
networks: brown trout (Salmo trutta) in Europe. Divers. Distrib. 19, 1059–1071,
http://dx.doi.org/10.1111/ddi.12086.
Frissell, C., Liss, W., Warren, C., Hurley, M., 1986. A hierarchical framework for stream
habitat classiﬁcation: viewing streams in a watershed context. Environ. Manage.
10, 199–214, http://dx.doi.org/10.1007/BF01867358.
Geddes, A.J., 1981. Observations on the feeding behaviour and diet of the aquatic
larva of Allogamus auricollis (Pictet) (Trichoptera: Limnephilidae). Entomol. Gaz.
32, 271–274.
Graf, W., Grasser, U., Moog, O., 1992. The role of Allogamus auricollis (Trichoptera:
Limnephilidae) larvae in benthic communities of a 4th-order crystalline mountain stream with some ecological notes. In: Proceedings of the Seventh
International Symposium of Trichoptera, pp. 297–303.

103

Guisan, A., Zimmermann, N.E.E., 2000. Predictive habitat distribution models in ecology. Ecol. Modell. 135, 147–186, http://dx.doi.org/10.1016/S03043800(00)00354-9.
Gum, B., Gross, R., Geist, J., 2009. Conservation genetics and management implications for European grayling, Thymallus thymallus: synthesis of phylogeography
and population genetics. Fish. Manage. Ecol. 16, 37–51, http://dx.doi.org/10.
1111/j.1365-2400.2008.00641.x.
Haiden, T., Kann, A., Wittmann, C., Pistotnik, G., Bica, B., Gruber, C., 2011. The
integrated nowcasting through comprehensive analysis (INCA) system and its
validation over the eastern Alpine region. Weather Forecast. 26, 166–183, http://
dx.doi.org/10.1175/2010WAF2222451.1.
Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G., Jarvis, A., 2005. Very high resolution interpolated climate surfaces for global land areas. Int. J. Climatol. 25,
1965–1978, http://dx.doi.org/10.1002/joc.1276.
Hopkins II, R.L., Burr, B.M., 2009. Modeling freshwater ﬁsh distributions using multiscale landscape data: a case study of six narrow range endemics. Ecol. Modell.
220, 2024–2034, http://dx.doi.org/10.1016/j.ecolmodel.2009.04.027.
Huet, M., 1959. Proﬁles and biology of western European streams as related to ﬁsh
management. Trans. Am. Fish. Soc. 88, 155–163.
IPCC, 2013. Climate Change 2013: The Physical Science Basis. In: Stocker, T.F., Qin,
D., Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex, V.,
Midgley, P.M. (Eds.), Contribution of Working Group I to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change. Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA, p. 1535, http://dx.
doi.org/10.1017/CBO9781107415324.
Jähnig, S.C., Kuemmerlen, M., Kiesel, J., Domisch, S., Cai, Q., Schmalz, B., Fohrer,
N., 2012. Modelling of riverine ecosystems by integrating models: conceptual
approach, a case study and research agenda. J. Biogeogr. 39, 2253–2263, http://
dx.doi.org/10.1111/jbi.12009.
Jones, C.D., Hughes, J.K., Bellouin, N., Hardiman, S.C., Jones, G.S., Knight, J., Liddicoat,
S., O’Connor, F.M., Andres, R.J., Bell, C., Boo, K.-O., Bozzo, A., Butchart, N., Cadule,
P., Corbin, K.D., Doutriaux-Boucher, M., Friedlingstein, P., Gornall, J., Gray, L.,
Halloran, P.R., Hurtt, G., Ingram, W., Lamarque, J.-F., Law, R.M., Meinshausen,
M., Osprey, S., Palin, E.J., Parsons Chini, L., Raddatz, T., Sanderson, M., Sellar,
A.A., Schurer, A., Valdes, P., Wood, N., Woodward, S., Yoshioka, M., Zerroukat,
M., 2011. The HadGEM2-ES implementation of CMIP5 centennial simulations.
Geosci. Model Dev. Discuss., http://dx.doi.org/10.5194/gmdd-4-689-2011.
Junge, C., Museth, J., Hindar, K., Kraabøl, M., Vøllestad, L.A., 2014. Assessing the consequences of habitat fragmentation for two migratory salmonid ﬁshes. Aquat.
Conserv. Mar. Freshwater Ecosyst. 24, 297–311, http://dx.doi.org/10.1002/aqc.
2391.
Kuemmerlen, M., Domisch, S., Schmalz, B., Cai, Q., Fohrer, N., Jähnig, S.C., 2012. Integrierte Modellierung von aquatischen Ökosystemen in China: Arealbestimmung
von Makrozoobenthos auf Einzugsgebietsebene. Hydrol. Wasserbewirtsch. 56,
185–192, http://dx.doi.org/10.5675/HyWa 2012,4 3.
Kuemmerlen, M., Schmalz, B., Guse, B., Cai, Q., Fohrer, N., Jähnig, S.C., 2014. Integrating catchment properties in small scale species distribution models of
stream macroinvertebrates. Ecol. Modell. 277, 77–86, http://dx.doi.org/10.1016/
j.ecolmodel.2014.01.020.
Logez, M., Bady, P., Pont, D., 2012. Modelling the habitat requirement of riverine ﬁsh
species at the European scale: sensitivity to temperature and precipitation and
associated uncertainty. Ecol. Freshwater Fish 21, 266–282, http://dx.doi.org/10.
1111/j.1600-0633.2011.00545.x.
Mantua, N., Tohver, I., Hamlet, A., 2010. Climate change impacts on streamﬂow
extremes and summertime stream temperature and their possible consequences for freshwater salmon habitat in Washington State. Clim. Change 102,
187–223, http://dx.doi.org/10.1007/s10584-010-9845-2.
Markovic, D., Freyhof, J., Wolter, C., 2012. Where are all the ﬁsh: potential of
biogeographical maps to project current and future distribution patterns of
freshwater species. PLoS ONE 7, e40530, http://dx.doi.org/10.1371/journal.
pone.0040530.
Markovic, D., Scharfenberger, U., Schmutz, S., Pletterbauer, F., Wolter, C., 2013. Variability and alterations of water temperatures across the Elbe and Danube River
Basins. Clim. Change 119, 375–389.
Marmion, M., Parviainen, M., Luoto, M., Heikkinen, R.K., Thuiller, W., 2009. Evaluation of consensus methods in predictive species distribution modelling. Divers.
Distrib. 15, 59–69, http://dx.doi.org/10.1111/j.1472-4642.2008.00491.x.
McCullough, D.A., Bartholow, J.M., Jager, H.I., Beschta, R.L., Cheslak, E.F., Deas, M.L.,
Ebersole, J.L., Foott, J.S., Johnson, S.L., Marine, K.R., Mesa, M.G., Petersen, J.H.,
Souchon, Y., Tiffan, K.F., Wurtsbaugh, W.A., 2009. Research in thermal biology:
burning questions for coldwater stream ﬁshes. Rev. Fish. Sci. 17, 90–115, http://
dx.doi.org/10.1080/10641260802590152.
Meraner, A., Gandolﬁ, A., 2012. Phylogeography of European grayling, Thymallus
thymallus (Actinopterygii, Salmonidae), within the Northern Adriatic basin: evidence for native and exotic mitochondrial DNA lineages. Hydrobiologia 693,
205–221, http://dx.doi.org/10.1007/s10750-012-1109-x.
NGP, 2009. NGP, Nationaler Gewässerbewirtschaftungsplan, 2009. Federal Ministry
of Agriculture, Forestry, Environment and Water Management Austria, Vienna,
pp. 225.
Northcote, T.G., 1995. Comparative biology and management of Arctic and European
grayling (Salmonidae, Thymallus). Rev. Fish Biol. Fish. 5, 141–194.
Nykanen, M., 2001. Seasonal changes in the habitat use and movements of adult
European grayling in a large subarctic river. J. Fish Biol. 58, 506–519, http://dx.
doi.org/10.1006/jfbi.2000.1467.
Orr, H.G., Simpson, G.L., des Clers, S., Watts, G., Hughes, M., Hannaford, J., Dunbar,
M.J., Laizé, C.L.R., Wilby, R.L., Battarbee, R.W., Evans, R., 2014. Detecting changing

104

F. Pletterbauer et al. / Ecological Modelling 327 (2016) 95–104

river temperatures in England and Wales. Hydrol. Process. 766, 752–766, http://
dx.doi.org/10.1002/hyp.10181.
Parmesan, C., 2006. Ecological and evolutionary responses to recent climate change.
Annu. Rev. Ecol. Evol. Syst. 37, 637–669, http://dx.doi.org/10.1146/annurev.
ecolsys.37.091305.110100.
Pearson, R.G., Dawson, T.P., 2003. Predicting the impacts of climate change on the
distribution of species: are bioclimate envelope models useful? Global Ecol.
Biogeogr. 12, 361–371, http://dx.doi.org/10.1046/j.1466-822X.2003.00042.x.
Pletterbauer, F., Melcher, A.H., Ferreira, T., Schmutz, S., 2015. Impact of climate
change on the structure of ﬁsh assemblages in European rivers. Hydrobiologia
744, 235–254, http://dx.doi.org/10.1007/s10750-014-2079-y.
Pont, D., Hugueny, B., Oberdorff, T., 2005. Modelling habitat requirement of European
ﬁshes: do species have similar responses to local and regional environmental
constraints? Can. J. Fish. Aquat. Sci. 62, 163–173, http://dx.doi.org/10.1139/F04183.
Pörtner, H., Farrell, A., 2008. Physiology and climate change. Science 80-, 690–692.
R Development Core Team, 2011. R: A Language and Environment for Statistical
Computing. R Found. Stat. Comput, Vienna, Austria.
Radinger, J., Wolter, C., 2014. Patterns and predictors of ﬁsh dispersal in rivers. Fish
Fish. 15, 456–473, http://dx.doi.org/10.1111/faf.12028.
Ramirez-Villegas, J., Jarvis, A., 2010. Downscaling Global Circulation Model Outputs:
The Delta Method, International Center for Tropical Agriculture (CIAT).
Riley, W.D., Pawson, M.G., 2010. Habitat use by Thymallus thymallus in a chalk stream
and implications for habitat management. Fish. Manage. Ecol. 17, 544–553,
http://dx.doi.org/10.1111/j.1365-2400.2010.00756.x.
Schmidt, G.A., Kelley, M., Nazarenko, L., Ruedy, R., Russell, G.L., Aleinov, I., Bauer,
M., Bauer, S.E., Bhat, M.K., Bleck, R., Canuto, V., Chen, Y., Cheng, Y., Clune, T.L.,
Genio, A., Del Fainchtein, R., De Faluvegi, G., Hansen, J.E., Healy, R.J., Kiang, N.Y.,
Koch, D., Lacis, A.A., Legrande, A.N., Lerner, J., Lo, K.K., Matthews, E.E., Menon, S.,
Miller, R.L., Oinas, V., Oloso, A.O., Perlwitz, J.P., Puma, M.J., Putman, W.M., Rind,

D., Romanou, A., Sato, M., Shindell, D.T., Sun, S., Syed, R.A., Tausnev, N., Tsigaridis,
K., Unger, N., Voulgarakis, A., Yao, M.-S., Zhang, J., 2014. Journal of advances in
modeling earth systems contributions to the CMIP5 archive. J. Adv. Model. Earth
Syst. 6, 141–184, http://dx.doi.org/10.1002/2013MS000265.
Sušnik, S., Snoj, A., Dovč, P., 2001. Evolutionary distinctness of grayling (Thymallus
thymallus) inhabiting the Adriatic river system, as based on mtDNA variation.
Biol. J. Linn. Soc. 74, 375–385, http://dx.doi.org/10.1006/bijl.2001.0583.
Syrjänen, J., Korsu, K., Louhi, P., Paavola, R., Muotka, T., 2011. Stream salmonids
as opportunistic foragers: the importance of terrestrial invertebrates along a
stream-size gradient. Can. J. Fish. Aquat. Sci. 68, 2146–2156, http://dx.doi.org/
10.1139/F2011-118.
Thomas, C.D., 2011. Translocation of species, climate change, and the end of trying
to recreate past ecological communities. Trends Ecol. Evol. 26, 216–221, http://
dx.doi.org/10.1016/j.tree.2011.02.006.
Thuiller, W., Lafourcade, B., Engler, R., Araújo, M.B., 2009. BIOMOD—a platform for
ensemble forecasting of species distributions. Ecography (Cop.). 32, 369–373,
http://dx.doi.org/10.1111/j.1600-0587.2008.05742.x.
Vörösmarty, C.J., McIntyre, P.B., Gessner, M.O., Dudgeon, D., Prusevich, A., Green,
P., Glidden, S., Bunn, S.E., Sullivan, C.A., Reidy Liermann, C., Davies, P.M., 2010.
Global threats to human water security and river biodiversity. Nature 467,
555–561, http://dx.doi.org/10.1038/nature09440.
Waringer, J.A., 1989. Life cycle, horizontal microdistribution and current resistence
of Allogamus auricollis (Trichoptera: Limnephilidae) in an Austrian mountain
brook. Freshwater Biol. 22, 1365–2427.
Weiss, S., Persat, H., Eppe, R., Schlötterer, C., Uiblein, F., 2002. Complex patterns of
colonization and refugia revealed for European grayling Thymallus thymallus,
based on complete sequencing of the mitochondrial DNA control region. Mol.
Ecol. 11, 1393–1407, http://dx.doi.org/10.1046/j.1365-294X.2002.01544.x.
Woolland, J.V., 1988. The feeding relationships of grayling and trout in the Welsh
Dee. J. Grayl. Soc. Spring, 28–29.

