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Abstract Climate change influences air temperature

and precipitation, and as a direct consequence, the

annual discharge pattern in rivers will change as climate

warming continues. This has an impact on bedload

transport and consequently on aquatic life, because

coarse sediments in streams provide important habitat

for many species. Salmonids, for example, spawn in

gravel, and during their early life stages live in or on top

of the substrate. We used a multiple model approach to

assess how predicted discharge changes affect bedload

transport and the vulnerable early life stages of brown

trout (Salmo trutta fario) in a prealpine catchment in

Switzerland. In the study area, future discharge scenar-

ios predict an increased frequency offloodoccurrence in

winter and long-lasting low-flow periods in summer. As

a result, bed erosion will become more frequent during

winter, leading to less stable spawning grounds and

deeper scouring, but during summer, an improvement in

habitat diversity can beexpected,which is advantageous

for young-of-the-year fish. To face the future challenges

of climate change, we recommend widening of river-

beds and improvements in longitudinal connectivity.

Keywords sedFlow � Salmo trutta fario � Bedload
transport � Scouring � Mesohabitat � Spawning

Introduction

It is now generally accepted that the atmosphere is

warming, to a large part due to anthropogenic

influences. The changing climate is altering precipi-

tation patterns. The last two centuries have seen an
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increase in precipitation during winter and spring

months in the northern regions of the alps (Brunetti

et al., 2006), a trend that is likely to continue in future.

In addition, a larger fraction of winter precipitation

will fall in the form of rain rather than snow, snowmelt

will have an earlier onset and the snow line will shift

upwards to higher altitudes (Birsan et al., 2005; Parry

et al., 2007; Scheurer et al., 2009). In high mountain

regions, glaciers are receding, and the amount of water

stored as ice is declining. As a result, the seasonal

discharge regime in rivers will continue to change

(Parry et al., 2007). Especially for the European Alps,

a substantial temporal shift in runoff is expected

(Horton et al., 2006). For streams at altitudes between

500 and 1,500 m.a.s.l., several studies predict

increased winter runoff, 0.5–2 month earlier but

reduced snowmelt-induced peak flows and reduced

summer runoff (Jasper et al., 2004; Zierl & Bugmann,

2005; Horton et al., 2006; BAFU, 2012). It thus seems

likely that climate change will affect flooding and

therefore bedload transport in Swiss mountain catch-

ments over the coming 40–100 years (OcCC &

ProClim, 2007).

Formany aquatic species, coarse sediment in streams

provides an important habitat, particularly for repro-

duction and for early life stages. For salmonid popula-

tions, the area and distribution of suitable spawning

gravel in rivers determine breeding success (Kondolf &

Wolman, 1993). Hence, large flood events transporting

sediment can severely affect a population.Already Jager

et al. (1999) stated that anticipated hydrological changes

for mountain streams due to climate change have clear

consequences for salmonid survival.We selected brown

trout (Salmo trutta fario) as the target species. The early

life cycle of brown trout is strongly associated with the

river sediment and slow-flowing habitats. It initiates in

autumn with the spawning time, followed by a phase

called incubation. During the incubation, brown trout

remain, first as eggs and afterwards as alevins, in the

gravel bed. A study on seven alpine and prealpine rivers

in Switzerland (Riedl & Peter, 2013) found that

spawning lasted from the end of October until the

beginning of January. The spawning seasonwas closely

connected to water temperature and altitude. Riedl &

Peter (2013) also measured redd features like hydraulic

parameters and channel bed properties. The observa-

tions were comparable to current literature results (e.g.

Grost et al., 1990; Zimmer & Power, 2006; Pulg et al.,

2013). However, a discrepancywas found for egg burial

depth, which was measured in two different ways.

Taken from the level of the accumulated overlaying

gravel, burial depth ranged from 1 to 16 cm (mean 5.8,

SD = ±2.6 cm). Measured from the original bed level,

the depth is between-9 and 13 cm(3.8 cm, SD ± 3.2).

These values, recorded by Riedl and Peter (2013), are

lower than most mean literature values, which are

between 4 and 20 cm (Elliott, 1984; Crisp, 1989; Grost

et al., 1990). In spring, young brown trout, then called

parr, emerge from the gravel into the water column (e.g.

Elliott, 1994; Jonsson & Jonsson, 2011).

The habitats of salmonid individuals are structured

according to age and size, with juvenile fish using

shallow, slow-flowing areas of the river, and moving

into faster, deeper areas as they grow (Morantz et al.,

1987; Keeley & Grant, 1995). A way to describe this

lateral and longitudinal mosaic of different river areas

based on their physical condition, like water depth and

flow velocity, is the use of hydro-morphological units

(HMU), also called mesohabitats (Bisson et al., 1981;

Frissell et al., 1986). However, so far there are only a

limited number of studies investigating the effect of

climate change on bedload transport in alpine catch-

ments (e.g. Bathurst et al., 2004; Coulthard et al.,

2012; Elliott et al., 2012; Layzell et al., 2012; Diodato

et al., 2013) and an integration of interdisciplinary

research linking climate change models to hydro-

morphology, and impacts on fish populations are

lacking. We evaluate here the possible future impacts

of climate change using brown trout as indicator

species within this interdisciplinary framework. We

assess in detail how predicted climatic changes affect

discharge and bedload transport and thus the vulner-

able early life stages of brown trout in a Swiss

prealpine river (Kleine Emme), including time of

spawning, incubation and the early phase as parr. To

address these issues, we used a multi-scale modelling

approach including the following elements:

(i) Simulation of future discharge conditions

using input from general circulation models

and regional climate models to a rainfall–

runoff model at the catchment scale.

(ii) Simulation of bed erosion and scour depths,

during spawning and incubation time of

brown trout, using a one-dimensional bed-

load transport model at the reach scale.
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(iii) Field investigations and hydrodynamic

modelling of spawning ground stability

and mesohabitats at the local scale.

These investigations are based on observed dis-

charges for a control period (1980–2009) (hereafter

abbreviated by CTRL) and on predicted discharges for

the near (2021–2050) and far (2070–2099) future

obtained from the rainfall–runoff model.

Materials and methods

Study area

The river Kleine Emme is located in the prealpine area

of central Switzerland (Fig. 1a). It rises from the

Brienzer Rothorn Mountains (46�480500N, 8�40000E,
1460 m.a.s.l.) and flows into the river Reuss

(47�40200N, 8�1701600O, 434 m.a.s.l.), which belongs

to the Rhine drainage. The river is 58-km long, and its

total catchment is 477 km2. The main geological units

in the catchment are flysch, molasse conglomerate,

and sandstone. The channel bed slope varies between

0.4 and 4%. The Kleine Emme runoff regime is

characterized by maximum yearly discharge in spring

or early summer and the minimum discharge in the

winter months. However, this pattern is more pro-

nounced in the head reaches (Weingartner, 1992;

BAFU, 2005). For the reach-scale analysis, a total

length of 20 km of the Kleine Emme was simulated,

starting downstream of Entlebuch and continuing until

Littau, which is situated 5 km upstream of the

confluence with the Reuss (Fig. 1b). For the local

scale analysis, three reaches in the river were chosen,

which are representative for the variability of the

hydrogeological features of the Kleine Emme. Reach 1

has a total length of 205 m (upstream end at

47�209.3000N, 8�405.9200E). It represents the degraded

lower parts of the Kleine Emme. The channel is

straightened, and the left bank is enforced by a

concrete wall and three groynes. In addition, an

artificial bed drop has been introduced to decrease

channel bed slope. The substrate consists mainly of

gravel, pebble, cobble, and boulders (Fig. 1c). The

banks of Reach 2 (47�1038.1400N, 8�3059.8900E, with a

length of 170 m) are natural. In this reach, the bed

consists partly of exposed bedrock. The alluvial cover

is thin and patchy, and consists of sand, gravel, pebble,

cobble and boulders (Fig. 1d). The most diverse and

near natural reach is Reach 3 (47�000.0300N,
8�3039.4900E, 210 m). The substrate is dominated by

cobbles, pebbles and boulders with a minor fraction of

sand and gravel (Fig. 1e).

Catchment scale: impact of future climate change

scenarios on discharge

The data for the hydrologic scenarios have been

obtained from results of the CCHydro project (Bern-

hard & Zappa, 2012; Kobierska et al., 2013), in which

hydrologic simulations have been performed using the

rainfall–runoff model PREVAH (Viviroli et al., 2009).

PREVAH is a well-established fully distributed rain-

fall–runoff model specifically designed for alpine

catchments. Hydrological computations for the near

(2021–2050) and far future (2070–2099) used climate

impact scenarios prepared by Bosshard et al. (2011),

which have been obtained by the application of an

advanced delta-change methodology (Gleick, 1986;

Graham et al., 2007). A total of 10 scenarios for each

future period could be considered here, stemming

from the ENSEMBLES project (van der Linden &

Mitchell, 2009) and relating to the A1B emission

scenario. The simulation within the CCHydro exper-

iment has been validated at 70 gauging stations

maintained by the Swiss Hydrological Service (Zappa

et al., 2012). One of the verification points coincides

with the main gauging station of the Kleine Emme

(Table 1).

Hydrological models need careful calibration

within a pre-defined control (CTRL) period. Follow-

ing the procedure used by Kobierska et al. (2013), we

modelled a 30-year period with PREVAH (1980–

2009) as CTRL. The meteorological input forcing had

a temporal resolution of one day and was obtained by

interpolating data of the Swiss Federal Office for

Meteorology and Climatology, MeteoSwiss (Begert

et al., 2005). As presented by Schattan et al. (2013) and

Kobierska et al. (2013), we adopted the fully distrib-

uted version of PREVAH for the hydrological impact

study. This version allows for the assimilation of land-

use change scenarios and for improved coupling with

further impact models such as the bedload transport

model presented below. We quantified model perfor-

mance of the PREVAH simulations for the calibration

and verification periods by computing the Nash

criterion (NSE, Nash & Sutcliffe, 1970) and by
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assessing water volume error DV, which indicates the

value in percent of the bias between simulated and

observed discharge (Table 2). Further details on the

setup used herein were presented by Schattan et al.

(2013), Kobierska et al. (2013), and Köplin et al.

(2010).

Reach scale: climate change impacts on bedload

transport and channel morphodynamics

For the bedload transport and channel morphodynamic

simulations, we used the model sedFlow (Heimann

et al., 2014a). This model performs a one-dimensional

Reuss

Schüpfheim

Entlebuch

Emmen

Kleine Emme
R2

R1

R3

Wolhusen

0 5 10
Kilometers

a

c

e

d

b

Fig. 1 a Map of Switzerland, showing the investigated

catchment of the river Kleine Emme (shaded). b Kleine Emme

and its main tributaries. The three test reaches are represented by

square symbols. The two gauging stations are indicated by

triangles. Digital terrain data used for mesohabitat modelling of

possible future climate change impacts on brown trout

reproduction and juvenile habitats: c Reach 1, d Reach 2,

e Reach 3 (see ‘‘Parr phase’’ section)
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hydraulic routing of the runoff using a kinematic wave

approach for a rectangular cross section. The bound-

aries of the simulated system have constant elevation

and grain size distributions. Sediment input at the

upstream boundaries is determined corresponding to

the current discharge without limitations in sediment

availability. The model has been developed for the

simulation of bedload transport per grain size fraction

in mountain streams. The modelling concept is similar

to the one-dimensional bedload transport model for

steep slopes presented by Chiari et al. (2010). To

calculate bedload transport as a function of shear

stress, an equation proposed by Rickenmann (2001) is

used in combination with a reduced energy slope to

account for macro-roughness effects (Rickenmann &

Recking, 2011). The use of a reduced energy slope

significantly improves the prediction of bedload

transport in steep mountain streams (Chiari et al.,

2010; Nitsche et al., 2011; Rickenmann, 2012). The

critical dimensionless shear stress for initiation of

transport was determined using the empirical

approach of Lamb et al. (2008). For slopes approach-

ing zero, the equation of Lamb et al. (2008) predicts a

threshold value near zero, which is unrealistic.

Therefore, a minimal critical dimensionless shear

stress of 0.06 was used whenever the equation

predicted lower values. This value of 0.06 performed

best for the numeric reproduction of observed bed

level changes and is close to 0.047 as proposed by

Meyer-Peter &Müller (1948). Grain size distributions

were measured using the transect-by-number sam-

pling method (Fehr, 1987) at 19 locations along the

river profile. Following the Wentworth scale (Went-

worth, 1922), gravel and cobble grain sizes are most

dominant in the channel (Fig. 2).

The bedload transport model sedFlow was cali-

brated for the Kleine Emme for the period 2000–2005

for which independent measurements of sediment

input and changes in bed elevation were available. For

the simulation, the investigated 20 km river length of

the Kleine Emme was subdivided into legs ranging in

length from about 50–200 m. For each leg, two cross-

sectional profile measurements are available from

September 2000 and November 2005, which served as

a basis for the calibration of sedFlow. The agreement

of modelled with observed cross-sectional changes

was evaluated by comparing the simulated accumu-

lated bedload transport with the one derived from

observed bed level changes (Heimann et al., 2014b),

resulting in a Nash–Sutcliffe goodness-of-fit measure

of 0.949 (Nash & Sutcliffe, 1970). The parameter set

Table 1 Hydrological characteristics of the Kleine Emme

River (BAFU, 2013)

Gaugingstation Werthenstein Littau

NM30Q (m3 s-1) – 1.16

MQ (m3 s-1) 11.0 15.6

HQ2 (m3 s-1) 196 313

HQ30 (m3 s-1) 417 595

HQ100 (m3 s-1) 544 712

NM30Q minimal daily mean flow over 30 days, MQ mean

flow, HQx high flow (x recurrence interval)

Table 2 Basic information on hydrological verification for the

target area (gauging station Littau)

Catchment

(km2)

Elevation

(m.a.s.l.)

Performance

Period NSE (-) DV (%)

477 Min: 431 Cal 0.823 1.9

Avg: 1,050 VER 0.831 5.8

Max: 2,300 TOT 0.828 4.0

We indicate the performance (NSE and DV) of hydrological

model PREVAH during calibration (CAL, 1984–1996),

verification (VER, excl. 1984–1996) and for the whole

control period (TOT, 1980–2009)

Fig. 2 Grain size distribution derived from 22 line-by-number

samples recorded at the Kleine Emme. Solid lines represent the

median. Shaded areas are confined by the quartiles
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from the model calibration runs was used for the

simulations of both the CTRL and future periods

(Badoux et al. 2014). The same initial conditions were

used for all model runs, and only the hydrologic input

was varied. Each run was started on April 16th and

finished on April 15th of the following year. The

summer months were used as priming for the spatial

pattern of grain size distributions. Simulation state

variables were recorded every three hours during low

and intermediate flow and every 15 min when dis-

charge exceeded its upper 90th percentile.

The analysis focused on the maximum erosion

depth during incubation and the timing of lowest bed

elevation during winter. These simulated variables are

recorded for each leg along the river, during a single

winter, for all different years within the study period

(30 years in each of CTRL, near future, and far future),

and for each available hydrologic/climatic scenario.

To obtain the maximum erosion depth during incuba-

tion, the minimum bed elevation during the period

from December 20th to April 15th was subtracted

from the bed elevation on December 20th. The timing

of the lowest bed elevation was assessed for the period

between October 15th and April 15th of each simu-

lated year. To characterize the effect of climate change

on erosion depth and timing of the lowest bed level,

spatial as well as temporal quantiles of the CTRL

period were compared to the intervariability of the

different hydrologic/climatic scenarios for both the

near and far future.

To specify the spatial distribution of changes, we

studied how simulated grain sizes and bed stability

depend on the channel gradient. For this, we defined

the bed to be stable when the maximum erosion depth

did not exceed a threshold value of 5 cm. This

threshold is not only higher than the average egg

burial depth of 3.8 cm as measured from the original

bed level (Riedl & Peter, 2013), but also slightly lower

than the 5.2 cm as measured from the overlaying

gravel at the redd.

Local scale: climate change impacts on habitat

stability and distribution

Terrestrial survey/DTM generation

The bathymetric shape (main channel) of the three

investigated sites at the local scale of the Kleine

Emme has been measured by terrestrial survey

(17.7.2012–18.7.2012). A total station (Leica

TC805) was used to survey all relevant morphological

features for mesohabitat classification (e.g. gravel

bars, Riffle-Pool features) based on cross-sectional

measurements (Reach 1: 23 cross sections, Reach 2:

14 cross sections, Reach 3: 20 cross sections).

Additional points were surveyed between those tran-

sects if important hydraulic (habitat) characteristics

were observed (e.g. groynes and the related backwa-

ters) to determine basics for high-quality Digital

Terrain Models (DTMs). The terrestrial sampling

points (Reach 1: 525 points, reach 2: 261 points, Reach

3: 453 points) were placed onto a regular grid in a

second step before modelling. For the present study,

the Surface Water Modelling System (SMS) was

selected. SMS combines various algorithms for the

generation of modelling meshes with boundaries of

arbitrary shape and the interpolation of topographic

data (French, 2003). Moreover, basic tools for pre-

senting map, terrain and feature data are provided as a

series of geographical information (using GIS poly-

gons) (French, 2003). For DTM generation of the

investigated sites at the Kleine Emme, a patch-based

algorithm was used which automatically determines

elongated quadrilaterals or triangular elements. In

total, 11712 elements (Reach 1), 5902 elements

(Reach 2), and 12838 (Reach 3) were used to provide

bathymetric information for hydrodynamic–numerical

modelling (Fig. 1c–e).

Hydrodynamic–numerical modelling

For hydrodynamic–numerical modelling, a two-

dimensional depth-averaged model was used to

achieve the required abiotic resolution (e.g. flow

velocity) for instream habitat studies on the meso- and

microunit scale. The applied software Hydro_as-2d

(Nujic, 1999) calculates the hydraulic conditions

(water depth, depth-averaged flow velocity, bottom

shear stress) on a linear grid by a finite volume

approach. Time was discretised using an explicit

second-order Runge–Kutta method, and the convec-

tive flow was calculated based on the Upwind scheme

(Pironneau, 1989). The bed shear stress s, which was

used as a parameter for determining spawning habitat

stability during the period of reproduction (Novem-

ber–January) or incubation (February–April), was

calculated for each node of the grid based on following

formulas (Nujic, 2004):
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s ¼ q � g � h � Sf ; ð1Þ

Sf ¼
v2

k2str � h
4
3

; ð2Þ

where q is the density of water (1,000 kgm-3), g the

acceleration due to gravity (9.81 ms-2), h the water

depth at each node (m), Sf the friction slope (-), v the

depth-averaged flow velocity at each node (m s-1) and

kstr is the roughness coefficient by Strickler (which is

equal to the inverse of Manninǵs roughness

coefficient).

To ensure steady state flow conditions (input

discharge = output discharge) for the investigated

reaches, 30600 s (8.5 h) were required as total mod-

elling time for each of the 242 modelling runs (sum of

all climate change scenarios and low-flow sensitivity

testings). Moreover, discrete time steps of 900 s have

been applied as computational and/or detailed output

interval (e.g. flow velocity).

Classification and stability testing of spawning ground

and mesohabitats

For the impact analysis of climate change on brown

trout habitats at the Kleine Emme, the Mesohabitat

Evaluation Model (MEM) was used (Hauer et al.,

2009). The MEMmodel enables the determination and

quantitative calculation of six significant different

hydro-morphological units (mesohabitats). Based on

depth-averaged flow velocity, water depth and bottom

shear stress, the mesohabitats riffles and fast runs (as

high energetic habitats), runs and pools (as moderate

energetic habitats) shallow waters and backwaters (as

low energetic habitats) can be numerically distin-

guished (Hauer et al., 2009). Furthermore, by knowing

the hydrological characteristics (depth and flow veloc-

ity) of spawning grounds of a certain fish species, it is

possible to identify suitable areas for reproduction

within selected stretches. For engineering practice, the

MEM-concept was implemented into a Java software

application, which can be used for the post-processing

of modelling results of three different two-dimensional

(CCHE2D, River2D, Hydro_as-2d) and two different

three-dimensional models (RSIM-3D, SSIIM) (Tritt-

hart et al., 2008). MEM-modelling results are presented

in visual forms (plots) and/or quantified by area (m2)

and in relation to the total wetted area (%).

The stability of the bed is assessed using a simple

threshold criterion on the shear stress (Eq. 1). When

the critical shear stress scr is exceeded locally for the

discharge of interest, the bed is said to be unstable.

Following the suggestion of Meyer-Peter & Müller

(1948), the value of scr is set to

scr ¼ 0:047 � ðqS � qÞ � g � dm: ð3Þ

Here qs is the density of the sediment (=2,665

kgm-3), and dm is the characteristic grain size (m).

Similar to mesohabitat evaluation, the bed stability

for each of the hydro-morphological units is quan-

tified by area (m2) and in relation to the total

planimetric extent (%) of a specific habitat type (e.g.

riffles). Note that the definition of bed stability in

the MEM differs from the definition used in the

reach-scale modelling approach (see ‘‘Bedload and

morphodynamics’’ section).

We used the MEM to find suitable spawning

grounds for reproduction in the three test reaches of

the Kleine Emme. Our data for the suitable depth and

flow velocity of spawning grounds are based on

records during the years 2010 and 2011 by Riedl &

Peter (2013) in seven prealpine and alpine Swiss

streams that are comparable to the Kleine Emme.

These data were supplemented with additional

spawning observations during this study in the Kleine

Emme catchment in 2012, adding up to a total sample

size of 124 redds for the present study. At three points

on each redd (pit, middle and tail), depth, flow

velocity at a depth of 60% of the water column and

substrate were measured. By calculating the average

of the three measured points, we produced the

usability range of a maximal depth use which was

between 0.15 and 0.2 m, with a flow velocity of

0.45 m/s. Using the MEM, we searched, within the

three river reaches, for all areas with the mentioned

suitable abiotic characteristics under autumn low-

flow conditions, and aligned them with our own

observations in the test reaches of suitable spawning

gravel (average size 3.1 cm). If a patch showed the

right depth, velocity, and substrate, we considered it

as a designated spawning ground. These patches were

tested for their stability under different discharges

(4–26 m3 s-1) using two representative grain diam-

eters (dm = 20 and 50 mm). Here we considered a

patch as 100% stable if no movement of the bed

surface was found.

Hydrobiologia (2015) 751:1–21 7

123



Sensitivity testing and distribution of mesohabitats

under differing discharges

Mesohabitat distribution was modelled in the three-

test reaches to investigate the sensitivity of available

(suitable) habitat area for variable discharges of

4–12 m3 s-1. This range coincides with the lowest

flow magnitude during the summer period (June, July,

August) of each of the 10 climate scenarios. To

determine and quantify the shifts in habitat availability

during summer months (June, July, August) in the near

and far future, the specific discharge of each of the 10

climate scenarios was modelled in a second analysis.

Mesohabitat suitability for different brown trout age

classes

During October 2012, electrofishing surveys were

conducted in the three-test reaches. Fishing was done

within hydro-morphological units, according to the

MEM and to pre-modelled mesohabitat distribution

maps for the specific discharge during the fieldwork.

Every mesohabitat type was sampled separately, and

fish were kept in different tanks after. The fish were

grouped into different age classes based on their

lengths (according to our own observations, these are

young of the year (YOY); 61–130 mm, subadult;

161–210 mm, and adult[221 mm).We calculated the

relative frequency of fish density for each age class in a

certain mesohabitat type, dividing number of fish

caught by sampled mesohabitat area. By normalizing

these values (the highest relative frequency of fish

density of a mesohabitat type is given a value of one

and the rest of the results are set in relation to it), we

obtained an index of habitat suitability.

Results

Catchment scale

The yearlywater balance of the catchment for theCTRL

period 1980–2009 (Zappa et al., 2012) resulted in

1,505 mm precipitation, 980 mm discharge, 504 mm

evapotranspiration and 20 mm storage change (Fig. 3).

Storage change is due to different snow accumulation

and groundwater storage between the beginning and the

end of the simulation with PREVAH. The model

predicts that under current conditions 11.5% of runoff

is generated from snowmelt. The average discharge

hydrograph of the CTRL period clearly indicates that

the snowmelt governs the high-flow season between

mid-March and mid-June (Fig. 3a).

The results obtained for the near future (Fig. 4a)

already hint at a distinct increase of average discharge

in the winter half-year. This is because of both the

expected precipitation increase in winter (Bosshard

et al., 2011), and the reduction of snow accumulation

as a consequence of increased average temperature

(i.e. a larger fraction of the winter precipitation falls as

rain rather than as snow). The predicted average

discharge in January to March is below the average

value of present-day conditions in only one scenario.

The average seasonal discharge maximum in spring is

predicted to decrease in magnitude. In the near future,

the discharge regime is predicted to be less seasonal.

Most of the scenarios predict lower runoff in the

summer season in comparison to the CTRL. Averaged

over all ten realizations, the models predict no relevant

change in the average annual water balance. Only the

average contribution of snowmelt might be reduced

from 11.5 to 8%. Note that the individual scenarios

result in predictions of runoff changes ranging

between -8 and ?8% (Fig. 3a).

The further increase in temperature expected for the

latter portion of the twenty first century (Bosshard

et al., 2011) is cause of the further decrease in the

predicted summer low-flow periods in the far future

(Fig. 4b). The reduction of snow accumulation and

strong increase in liquid precipitation in the winter will

change the discharge regime in the Kleine Emme,

resulting in a distinct runoff maximum in winter and

long-lasting low-flow periods in the summertime.

Again, the ten realizations show no clear change in the

yearly water balance components, but the relative

differences in the predictions for the ten scenarios

increase. Specific scenarios result in predictions of

runoff changes ranging between -14 and ?18%.

Reach scale

Bedload transport and morphodynamics

Here, we use spatial and temporal percentiles to

illustrate the model outputs. To obtain the spatial

percentiles, the maximum erosion rate for each leg in

the model was determined for a given simulated year.

Out of these values, the desired spatial percentile was
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then calculated for each individual year (30 years for

each of the near and far future). Temporal percentiles

were calculated from the results for different years in

the studied periods for a given spatial percentile. Only a

slight increase of erosion depths is predicted for the

near future, when the 75th spatial percentile is used

(Fig. 5). The increase is more distinct for the far future,

where it exceeds the range in predicted values obtained

for the different hydrologic/climatic scenarios. Differ-

ent temporal percentiles exhibit a qualitatively similar

behaviour (Fig. 5). For other spatial percentiles, the

picture is similar as well (see supplemental material).

Thus, the increase of winter erosion depths appears to

be consistent across all years and reaches.

During the sensitive phases of spawning and

incubation of brown trout, the lowest bed elevation

tends to occur at a later time than in the CTRL period

(Fig. 6). In general, this means that the period in which

erosion takes place continues for a longer time. The

trend is clearer for the far future than for the near

future.

The fraction of stable legs (i.e. the maximum

erosion depth is less than 5 cm) decreases in the future

(Fig. 7). In general, legs with smaller slopes are more

stable than legs with higher slopes. In addition, the

number of unstable legs declines more steeply with

increasing bed slope in the near future than in CTRL,

and in the far future than in the near future.
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Fig. 3 Water balance scenarios for the ‘‘Kleine Emme’’ for the

reference period (black line in both panels) and ten realizations

for both future periods (coloured lines: left panel a 2021–2050,

right panel b 2070–2099. The labels on the x-axis define the

average water balance elements expressed in mm per year:

precipitation (P-kor), actual evapotranspiration (EREA), total

discharge (RGES), glacier melt (GLAC) and snowmelt (P-

SME)
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Fig. 4 Scenarios of mean discharge (m3 s-1) for the ‘‘Kleine Emme’’ for the reference period (black line in both panels) and ten

realizations for both future periods (colour lines: a 2021–2050, b 2070–2099). A centred 30-day averaging filter was applied
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Generally, the median grain size of the surface layer

D50 at the beginning of incubation period (to be taken

the 18th to 22nd December) increases with increasing

channel bed slope S (Fig. 8). Below a threshold bed

slope of about 0.9%, the vast majority of simulated

D50’s are finer than 12 cm. Above this threshold

simulated D50’s range from about 10 cm to more than

40 cm. The CTRL period as well as the near and the

far future exhibit a similar behaviour.

Local scale

Stability of spawning ground

The selected spawning site in Reach 1 is stable for

discharges between 4 and 5 m3 s-1 and the grain size

dm of 20 and 50 mm (Table 3). But the stability starts

to decrease at discharges higher than 5 m3 s-1 and is

totally unstable with a discharge of 11 m3 s-1 for the

grain size of 20 mm diameter. Under this discharge,

the same patch with a grain size dm of 50 mm remains

stable. The erosion starts at a discharge higher than

Fig. 5 Spatial 84th percentile of maximum scour depth during

incubation. Temporal percentiles refer to years within the study

period. The boxplots reflect the variability over the available

hydrologic/climatic scenarios. The 84th percentile value sepa-

rates those 16% reaches with larger erosion depths from those

84% reaches with smaller erosion depths. The abscissa

represents the temporal percentiles of erosion depth. Years on

the left part of the figure have little winter erosion, years on the

right part have more intense winter erosion

Fig. 6 Moment of minimum bed level occurrence. Temporal

percentiles refer to years within the study period. The boxplots

reflect the variability over the available hydrologic/climatic

scenarios. Spatial and temporal percentiles are used as described

for Fig. 5. Instead of the spatial 84 percentile the spatial median

is used and the abscissa represents different years grouped

according to early or late occurrence of maximum erosion

Fig. 7 Moving average of relative abundance of stable profiles

compared to bedslope. The spatial distribution of erosion is

shown as a function of channel slope S with a moving window

width of DS = 0.5%. That means for a given slope S all reaches

with slopes in a range of S ± 0.25% are analysed. Among these

reaches, the relative abundance of profiles is counted, for which

the maximum erosion during incubation (Dec 20th to April

15th) does not exceed a threshold of 5 cm. This relative

abundance of stable profiles is given in the ordinate, while the

abscissa shows the centre of the moving bed slope window
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12 m3 s-1 and reaches 100% instability with more

than 20 m3 s-1 water. The designated spawning site in

Reach 2 is already partly unstable for the smaller grain

size at a discharge of 4, and 8 m3 s-1 is enough to

reach 100% instability. The site is also unstable for the

dm = 50 mm substrate with a discharge of 4 m3 s-1,

but 100% instability requires discharges of more than

24 m3 s-1. The site in Reach 3 is the most unstable. At

a discharge of 4 m3 s-1, just 2.65% of the bed area is

stable with dm = 20 mm, and 100% instability is

reached at discharges smaller than 5 m3 s-1. Also

with dm = 50 mm, just 32.92% is stable with the

smallest calculated discharge, and the 100% instability

is reached for discharges under 11 m3 s-1 (Table 3).

Sensitivity testing of flow variation

In addition to the availability and the stability of

spawning habitats, possible changes of the quantitative

habitat distribution due to predicted climate change are

of special interest, ostensibly for the early life stages of

Fig. 8 Median grain diameter at individual simulation legs

compared to bedslope. The values represent medians of the

values calculated for 5 days at the beginning of the incubation

period (18th to 22nd December) across all years and hydrologic/

climatic scenarios

Table 3 Stability analysis of possible suitable spawning areas of brown trout using variable grain sizes

Discharge

(m3 s-1)

Reach 1 Reach 2 Reach 3

dm 20 mm dm 50 mm dm 20 mm dm 50 mm dm 20 mm dm 50 mm

Stable

(m2)

Stable

(%)

Stable

(m2)

Stable

(%)

Stable

(m2)

Stable

(%)

Stable

(m2)

Stable

(%)

Stable

(m2)

Stable

(%)

Stable

(m2)

Stable

(%)

4 67.70 100 67.70 100 32 56.74 56.39 100 0.54 2.65 6.7 32.92

5 67.70 100 67.70 100 23.05 40.88 56.39 100 0 0 2.69 3.97

6 63.67 94.05 67.70 100 7.06 12.50 56.39 100 0 0 2.69 3.97

7 49.74 73.47 67.70 100 3.63 6.44 56.39 100 0 0 2.14 3.16

8 30.08 44.43 67.70 100 1.46 2.59 52.78 93.60 0 0 1.6 2.36

9 13.19 19.48 67.70 100 0 0 49.99 88.65 0 0 1.07 1.58

10 3.16 4.67 67.70 100 0 0 47.62 84.45 0 0 0.54 0.80

11 0 0 67.70 100 0 0 39.23 69.57 0 0 0.54 0.80

12 0 0 67.70 100 0 0 26.58 47.14 0 0 0 0

14 0 0 64.20 94.83 0 0 18.1 32.10 0 0 0 0

16 0 0 60.83 89.85 0 0 15.12 26.81 0 0 0 0

18 0 0 11.88 17.55 0 0 11.6 20.57 0 0 0 0

20 0 0 1.03 1.52 0 0 9.27 16.44 0 0 0 0

22 0 0 0 0 0 0 6.6 11.70 0 0 0 0

24 0 0 0 0 0 0 2.87 5.09 0 0 0 0

26 0 0 0 0 0 0 0 0 0 0 0 0

Total stable area in square metres and stable area in percentage calculated with discharges between 4 and 26 m3 s-1 and two different

grain size diameters (dm = 20 mm or dm = 50 mm)
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the selected salmonid species. The relative mesohabitat

distribution clearly changes over the discharge range of

4–12 m3 s-1 (Fig. 9). At low flows (4 m3 s-1), the

three mesohabitat types, shallow water (24%), fast run

(28%) and run (38%), dominate. Run reaches its

maximum expansion at a discharge of 5 m3 s-1. With

further increasing discharge, the area covered by this

habitat type starts to decrease to a minimum extent of

18% at 12 m3 s-1. Shallow water mesohabitats have

their maximum extension at 4 m3 s-1. With increasing

discharge, the total area of the shallow water mesohab-

itat becomes smaller. However, the decrease is espe-

cially strong between 4 and 8 m3 s-1, when the area

shrinks to about half of its size at low flow. Between 9

and 12 m3 s-1, the area remains nearly the same,mostly

due to the increase of total wetted area. Asmore parts in

the riverbed overflow, larger areas with lowwater depth

and nearly stagnant water can be found. Fast run

mesohabitats increase in areal extent if discharge

increases. From 4 to 12 m3 s-1 the area of fast run

mesohabitats doesmore than double. Pool mesohabitats

consist of deep water with low-flow velocity. Pools are

the largest at a discharge of 4 m3 s-1 and almost

disappear at the discharges of 11 m3 s-1. Backwaters

and riffles peak both under low-flow conditions and are

the smallest at discharge of 9 and 8 m3 s-1, respectively

(Fig. 9).

Mesohabitat distribution under summer low-flow

conditions in the near and far future

Only the climate scenario DMI_ECHAM_HIR-

HAM leads to predictions of increasing summer

flow levels for the future, while the other nine

scenarios result in decreasing flow levels (Table 4).

Thus, we can expect decreasing summer flow levels

in future, and we will base our discussion on this

notion.

Within the CTRL period, the total wetted area in

Reach 1 is under summer low flow, on average

4,734 m2; the surface area of the same stretch would

decrease to 4,427 m2 (±158 m2) in the near future

and 4,220 m2 (±180 m2) in the far future. The

mesohabitat distribution changes accordingly. The

biggest change is predicted for fast runs and runs.

While the relative area of fast runs is decreasing

(CTRL period 77%, near future mean 53%, far future;

mean 36%), the area of runs is increasing (CTRL

period 13%, near future mean 31%, far future mean

44%). The fraction of shallow water increases with

the decreasing discharge (CTRL period 6.5%, near

future mean 8.3%, Far Future mean 12%), and so

does the area of riffles (CTRL period 0.56%, near

future mean 4.44%, far future mean 4.9%). Slight

changes appear for pools (CTRL period 0.79%, near

future mean 0.09%, far future mean 0.03%) and

backwaters (CTRL period 2.0%, near future mean

3.4%, far future mean 3.6%).

In Reach 2, the total wetted area during the CTRL

period is 3,351 m2, calculated with the average

discharge of the hydrologic/climatic scenarios; it

would be reduced to 3,222 ± 163 m2 in the near

future and to 3,015 ± 196 m2 in the far future

(Table 4). However, the relative changes in mesohab-

itat composition are relatively small. Fast runs remain

the most dominant habitat type (CTRL period 78%,

near future mean 73%, far future mean 63%), but the

fractions of runs (CTRL period 13%, near future mean

17%, far future mean 24%) and shallow waters (CTRL

period 7.0%, near future mean 8.0%, far future mean

10%) expand. The changes in riffle (CTRL period

1.7%, near future mean 1.9%, far future mean 2.4%)

and backwaters (CTRL period 0.10%, near future

mean 0.08%, far future mean 0.03%) are small. The

pool appears in the future scenarios (CTRL period

0.00%, near future mean 0.16%, far future mean

0.58%).

The total wetted area of Reach 3 decreases from

7,249 m2 to a mean of 7,045 ± 327 m2 in the near

future, and to a mean of 6,612 ± 480 m2 in the far

future (Table 4). The change of the mesohabitat

distribution is comparable to Reach 1. The fast runs

decrease drastically (CTRL period 70%, near future

mean 61%, far future mean 45%), runs (CTRL period

Fig. 9 Distribution of mesohabitat types in relation to the total

wetted area of the three reaches calculated for a discharge range

of 4–12 m3 s-1
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Table 4 Mesohabitat distribution in the three modelled river reaches under summer low-flow conditions for the control period and

the predictions of the different climate models

Climate model Discharge

(m3 s-1)

Shallow

water

Backwater Pool Run Fast run Riffle Total wetted

area (m2)

Control period 13.09 6.54 2.04 0.79 13.42 76.64 0.56 4,733.86

Reach 1

HC_HadCM3Q0_HadRM3Q0 NF; 5.32 14.16 3.76 0.01 54.93 21.16 5.98 4,041.56

FF; 4.45 20.64 4.03 0.02 52.71 15.56 7.03 3,979.58

ETHZ_HadCM3Q0_CLM NF; 8.51 9.03 3.44 0.02 40.75 42.8 3.96 4,312.34

FF; 5.08 15.51 3.84 0.01 54.64 19.67 6.32 4,020.79

CNRM_ARPEGE_ALADIN NF; 9.29 8.72 3.41 0.02 35.9 47.7 4.24 4,367.31

FF; 4.96 18.58 3.92 0.01 53.43 17.22 6.84 3,999.11

MPI_ECHAM_REMO NF; 11.06 7.26 3.38 0.08 28.57 56.07 4.64 4,443.29

FF; 7.05 9.45 3.55 0.02 50.17 32.76 4.05 4,156.97

DMI_ECHAM_HIRHAM NF; 11.07 7.37 3.35 0.07 28.4 55.93 4.88 4,440.99

FF; 11.77 7.59 3.3 0.1 25.98 58.53 4.51 4,502.52

SMHI_ECHAM_RCA NF; 11.61 7.69 3.34 0.09 26.54 57.88 4.46 4,497.06

FF; 7.39 9.56 3.57 0.02 47.79 35.47 3.59 4,213.92

ICTP_ECHAM_REGCM NF; 11.97 7.48 3.28 0.11 25.44 59.32 4.37 4,507.63

FF; 9.09 8.96 3.43 0.03 36.64 46.66 4.27 4,353.51

SMHI_HadCM3Q3_RCA NF; 12.87 7.34 3.27 0.13 23.27 62.1 3.91 4,544.86

FF; 9.02 8.92 3.45 0.02 37.19 46.24 4.18 4,347.41

KNMI_ECHAM_RACMO NF; 13.0 7.2 3.28 0.16 22.8 62.59 3.96 4,546.87

FF; 7.68 9.73 3.52 0.02 45.95 37.07 3.71 4,243.19

SMHI_BCM_RCA NF; 13.57 6.99 3.14 0.17 21.51 64.19 4 4,567.84

FF; 9.61 8.57 3.38 0.05 34.27 49.52 4.21 4,384.86

Control period 11.87 6.96 0.10 0 12.85 78.39 1.71 3,351.33

Reach 2

HC_HadCM3Q0_HadRM3Q0 NF; 4.95 11.72 0 1.31 29.91 53.8 3.26 2,858.65

FF; 4.1 13.71 0 1.34 32.33 48.74 3.88 2,726.75

ETHZ_HadCM3Q0_CLM NF; 7.8 8.93 0.04 0.09 21.11 68.14 1.69 3,106.77

FF; 4.65 12.38 0 1.3 31.01 51.67 3.64 2,816.73

CNRM_ARPEGE_ALADIN NF; 8.44 8.48 0.04 0.04 19.36 70.34 1.76 3,149.8

FF; 4.38 13.29 0 1.28 31.53 50 3.89 2,777.74

MPI_ECHAM_REMO NF; 10.13 7.49 0.1 0 15.21 75.56 1.64 3,255.26

FF; 6.51 10.6 0 0.78 24.15 62.59 1.87 3,026.81

DMI_ECHAM_HIRHAM NF; 10.18 7.51 0.1 0 15.12 75.6 1.67 3,258.89

FF; 10.6 7.22 0.1 0 14.47 76.41 1.8 3,282.97

SMHI_ECHAM_RCA NF; 10.63 6.83 0.1 0 14.54 76.74 1.78 3,272.86

FF; 6.81 8.95 0 0.56 23.73 65.0 1.76 3,005.89

ICTP_ECHAM_REGCM NF; 10.92 7.3 0.12 0 14.21 76.58 1.79 3,307.77

FF; 8.27 8.72 0.04 0.04 19.47 70.13 1.6 3,138.09

SMHI_HadCM3Q3_RCA NF; 11.71 6.89 0.1 0 13.15 78.12 1.74 3,342.34

FF; 8.13 8.79 0.04 0.03 19.76 69.74 1.64 3,126.06

KNMI_ECHAM_RACMO NF; 11.84 6.95 0.1 0 12.9 78.39 1.66 3,350.4

FF; 7.06 9.8 0.01 0.44 22.67 65.35 1.72 3,057.14
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18%, near future mean 25%, far future mean 31%) and

shallow water (CTRL period 10%, near future mean

12%, far future mean 18%) become more dominant.

The less dominant habitats increase, and the most

expansion is found in the pool (CTRL period 0.02%,

near future mean 0.51%, far future mean 2.0%)

compared to riffle (CTRL period 0.99%, near future

mean 1.2%, far future mean 1.4%) and backwaters

(CTRL period 0.47%, near future mean 0.73%, far

future mean 1.7%).

Ecological relevance of mesohabitat modelling

The electrofishing survey across different types of

mesohabitats showed a clear pattern of usability for the

different age classes (Fig. 10). The YOY clearly

preferred shallow water mesohabitats. Within these

habitats, the density was more than twice as high as it

was in the next most frequently used backwater

mesohabitats. In runs and riffles, YOY could still be

found, whereas fast runs and pools were unused

(Fig. 10a). A different pattern can be seen in subadult

and adult classes. Both were found in all of the six

habitat types, showing the highest density in backwaters

and riffles. While the subadult class was also found in

runs, fast runs and shallow water, they were least

frequent in pools, and adults used fast runs, pools, and

runs but rarely shallow water (Fig. 10b, c).

Combining the results of future summer low-flow

scenarios and habitat suitability, we find a habitat area

increase for YOY. This age class was mostly found in

shallow water mesohabitats, which increases with a

decreasing water discharge. The shallow water area in

the three test reaches during the CTRL period is

Table 4 continued

Control period 11.87 6.96 0.10 0 12.85 78.39 1.71 3,351.33

SMHI_BCM_RCA NF; 12.14 6.98 0.1 0 12.62 78.68 1.61 3,365.63

FF; 8.76 8.35 0.04 0.02 18.75 71.17 1.68 3,178.58

Control period 11.47 10.12 0.47 0.02 18.09 70.30 0.99 7,249.26

Reach 3

HC_HadCM3Q0_HadRM3Q0 NF; 4.83 1.79 35.45 34.04 3.13 2.57 23.01 6,164.32

FF; 3.98 2.03 29.44 31.93 3.83 4.49 28.28 5,856.37

ETHZ_HadCM3Q0_CLM NF; 7.56 1.26 49.84 32.13 1.19 0.72 14.86 6,931.62

FF; 4.51 1.82 33.6 32.57 3.48 3.53 25.01 6,057.92

CNRM_ARPEGE_ALADIN NF; 8.18 1.15 53.24 31.41 0.54 0.64 13.03 6,998.06

FF; 4.28 1.91 31.84 32.95 3.56 3.92 25.82 5,968.23

MPI_ECHAM_REMO NF; 9.82 1.06 61.94 25.34 0.08 0.51 11.07 7,128.88

FF; 6.33 1.28 44.36 31.86 2.63 1 18.88 6,606.17

DMI_ECHAM_HIRHAM NF; 9.87 1.07 62.22 25.14 0.07 0.51 11 7,133.69

FF; 10.24 1.07 64.42 23.34 0.06 0.49 10.62 7,154.12

SMHI_ECHAM_RCA NF; 10.31 1.09 64.79 23.02 0.05 0.49 10.56 7,158.37

FF; 6.62 1.4 45.52 31.8 2.39 0.86 18.03 6,688.09

ICTP_ECHAM_REGCM NF; 10.58 1.09 66.62 21.35 0.04 0.48 10.42 7,183.98

FF; 8.01 1.16 52.4 31.58 0.73 0.65 13.47 6,984.8

SMHI_HadCM3Q3_RCA NF; 11.34 1.1 69.81 18.41 0.02 0.47 10.19 7,241.09

FF; 7.85 1.18 51.74 31.73 0.95 0.67 13.73 6,963.22

KNMI_ECHAM_RACMO NF; 11.46 0.99 70.28 18.17 0.02 0.47 10.07 7,248.45

FF; 6.86 1.34 46.17 31.43 2.05 0.83 18.17 6,814.23

SMHI_BCM_RCA NF; 11.71 1.08 71.38 17.05 0.02 0.48 9.99 7,263

FF; 8.49 1.23 54.6 30.49 0.36 0.61 12.71 7,030.83

Control period 1980–2009 and climate models with an AB1 CO2 output; for the near future 2021–2050 (NF) and the far future

2070–2099 (FF), mesohabitat distribution in percentage of total wetted area and total wetted area in square metres of each river reach
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1,276 m2. The near future shows an average increase

up to 1,485 m2, and for the far future, the shallow

water surface is 1,992 m2. This means an increase of

the most used habitat type of the YOY of 36%.

Discussion

We used an interdisciplinary approach to investigate

the influence of climate change on the early life stages

of brown trout. Our results show different outcomes

for different stages of the reproductive cycle and at

different times into the future, with especially pro-

nounced impacts in the far future scenarios.

Bedload transport and morphodynamics

Bedload transport predictions are often associated with a

large uncertainty (Gomez&Church, 1989; Rickenmann,

2001; Barry et al., 2004; Nitsche et al., 2011). Therefore,

we focused our analysis on relative comparisons of the

results of different simulation runs between the CTRL

period and the future situation. We did not interpret the

simulation results in terms of absolute values, but rather

in terms of relative changes compared to other simulation

results to derive general trends. However, it is important

to consider that all predictions by the bedload routing

model sedFlow are averaged for each simulation leg of

the stream, with leg length varying between 50 m and

200 m.Variationwithin each leg cannot be resolved, and

locally much higher or lower values can be expected.

Bedload transport simulations were performed for a

total river length of 20 km including about 150 legs.

These legs represent a considerable range of channel

slopes, grain size distributions and shear stresses, and

all these parameters evolve over time during the

simulation runs. On the local scale, spatially and

temporally variable bed morphologies and grain sizes

may induce variations in local bed slopes and shear

stress covering a similar range to that of the reach-

scale simulations. We may therefore speculate that the

general trends identified from the bedload transport

Fig. 10 Mesohabitat suitability for a YOY, b subadult and c adult. Usability index was calculated with the relative frequency of

density, normalized by taking the highest value as one
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simulations at the reach scale may, at least in part, also

be representative of possible changes expected to

occur at local scales. Along the same lines, the

minimum Shields value of 0.06 used in the sedFlow

simulations at the reach scale is not consistent with the

critical Shields value of 0.047 of Eq. (3) used for the

local scale analysis with the MEMmodel. However, it

should be noted that the sedFlow simulations were

performed in one dimension and included a calibration

with bedload transport observations, while the MEM

model uses a two-dimensional approach on a local

scale. In reality, one may expect Shields values to vary

both in space (Kirchner et al., 1990) and in time

(Turowski et al., 2011), and thus the use of different

critical Shields values appears to be acceptable.

The rainfall–runoff simulations of the CCHydro

(Bernhard & Zappa, 2012) project predict an increase

in winter discharges (Fig. 4). This prediction is the

main driving factor for the simulated trends of

increasing magnitudes and durations of winter scour.

Across virtually all years and profiles in which

scouring occurs, we observed an increase in erosion

depth. The highest erosion depths tend to occur later in

winter. This means that erosion occurs over longer

time periods. This is not surprising, as the increased

discharges will stay above the threshold for bedload

transport and thus erode for a longer time in the future

than in the CTRL period. Further challenges to the fish

fauna for finding suitable spawning grounds may be

presented by the sharper transition between stable and

unstable regions predicted for the future, which

implies sharper boundaries of potential spawning

grounds.

Most previous studies of the impact of climate

change on sediment transport either focused on

lowland rivers (Verhaar et al., 2010, 2011) or did not

report erosion and deposition resolved for different

seasons (Gomez et al., 2009). These studies are

therefore of limited value for our purposes. Coulthard

et al. (2012) predicted a future increase in sediment

transport, especially during the winter months, for the

Swale River (United Kingdom). This is in qualitative

agreement with our prediction of an increase in winter

erosion depths for the river Kleine Emme. Goode et al.

(2013) assessed the potential future impacts of

changing sediment transport on salmonid habitat on

the catchment scale in the Middle Fork Salmon River

(USA). They predict climate change to increase scour

magnitude, which will lead to a smaller breeding

success, especially for smaller-bodied fall spawners.

Thus, the results of their large-scale study are in line

with our detailed assessment of the Kleine Emme.

Spawning and incubation phase

In a study of the alpine river Ybbs, a tributary of the

Danube, Unfer et al. (2011) found high survival of

YOY if the discharge during incubation time was

lower than 30 m3 s-1, which compares to an annual

mean high flow at the study site of 57 m3 s-1. Higher

water flow led to substantial sediment transport,

resulting in egg and fry damage due to scouring. As

a result, only a small proportion of YOY in the

population was found the following autumn. On the

other hand Unfer et al. (2011) found a positive

correlation between reproductive success and high-

flow events, if the flow events happened during

spawning time. This can be explained by a rearrange-

ment of suitable spawning ground (Unfer et al., 2011)

and a washout of deleterious fine sediment (Zeh &

Dönni, 1994) before the incubation actually starts. For

the Kleine Emme, the discharge during spawning and

incubation time might be increased by about 2 m3 s-1

in the near future and by about 3 m3 s-1 in the far

future (Fig. 4). As a direct consequence, the lowest

bed elevation will occur later in the year, and scouring

depths will increase. In our simulations, the entire

spawning ground is 100% unstable at discharges

smaller than 26 m3 s-1 (Table 3). Peak flows of this

magnitude presently occur on average about six times

during the incubation time (BAFU, 2013) but will

most likely occur more often in the future. In our

scenario, it is therefore likely that the stable spawning

habitat areas might decrease in the future, and erosion

depths will more frequently exceed the average egg

burial depth.

Parr phase

Another critical period in the life cycle of salmonids

occurs when juvenile fish emerge from the gravel and

establish their feeding territories. Considering the

average water temperature during incubation time of

about 5�C in the Kleine Emme, this happens in the

study reach during April and May. Feeding habitats are

usually in the direct surroundings of the redd, and after

settling, the fish do not typically disperse till autumn
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(Egglishaw & Shackley, 1980; Rimmer et al., 1983,

1984; Armstrong et al., 1994). Habitat quality near

spawning grounds is therefore crucial for the develop-

ment of juveniles. Typically, the flow velocity near the

snouts of brown trout parr smaller than 7 cm is between

0 and 0.1 ms-1, and they can rarely be found in parts of

the stream with flow velocities exceeding 0.5 ms-1

(Heggenes et al., 1999). The preferred depth of parr is

between 0.05 and 0.3 m and both, preferred depth and

flow velocity, increase with fish size (Greenberg, 1994;

Maki-Petays et al., 1997; Riley et al., 2009). Our fishing

survey at the Kleine Emme River based on modelled

mesohabitats confirmed these values from the literature.

We found a clear age class distribution. The YOYwere

most abundant in shallow waters (flow velocity

\0.2 ms-1, flow depth \0.4 m). Subadult and adult

fish showed a more diverse distribution, with increased

use of high-energy habitats like riffles and fast runs.

Both of these two age classes were mostly found in

backwaters, which are by definition low energetic

habitats. However, an exclusive focus on depth and

flow velocity does not do justice to the whole

complexity of a habitat. Other major parameters like

substrate, vegetation cover, competition or predation

can strongly influence the distribution of fish in a

stream. On the other hand, the importance of shallow,

slow-flowing water for recruitment, and the movement

into deeper parts of a river with increasing growth has

been shown in many other studies (e.g. Bardonnet &

Heland, 1994; Crisp, 1996; Heggenes, 1996), and these

findings are consistent with our results.We furthermore

predict more pronounced summer low flows, which can

lead to higher habitat diversity, especially due to an

increase in shallow water habitats (see Hauer et al.,

2012). Such an increase in suitable habitat area could

lead to a higher carrying capacity of the habitat of

brown trout parr during early summer and reduce self-

thinning effects for early free living life stages (Elliot,

1994; Milner et al., 2003).

Conclusions and possible mitigation measures

Predictions of how salmonids will adapt to a changing

environment driven by climate change are difficult to

make due to the complex interplay ofmany factors. For

example, changing temperature may influence the

onset of spawning (Wedekind & Kung, 2010), sex

determination (Craig et al., 1996; Moeliker, 2001;

Baroiller et al., 2009), fry development (Elliot, 1994),

prey availability (Crozier et al., 2008) or diseases

(Wedekind et al., 2010). Seasonal variation in dis-

charge also relates to the initiation of migration

(Banks, 1969; Jonsson, 1991) and spawning (Lobon-

Cervia, 2004). We have focused on the effect of

climate change on discharge and bedload transport

during the incubation time and the availability of

physical habitat later in the year. From this point of

view, the results indicate two different and important

outcomes for different life stages. While future con-

ditions during incubation time may become less

favourable for brown trout survival due to higher and

more frequent floods in the winter season, it is possible

that conditions later in the year become more favour-

able. As was suggested by Goode et al. (2013) and

Hauer et al. (2012), predicted outcomes on early brown

trout development depend strongly on river morphol-

ogy and the flow regime. In general, a natural riverbed

has the ability to buffer the power of a flood and

maintain habitat diversity. This, on the other hand, is

not true for embanked and artificially channelized parts

of a river. Here, water level increases with increasing

discharge up to bankfull stage and beyond. The

corresponding increases in stream power can lead to

high erosion and hence a predominance of high-energy

habitats. Depending on timing of the flooding, this will

lead to egg scour and/or displacement of juvenile fish.

Our results indicate that in the future, small tributaries

may becomemore important for spawning, due to their

lower discharge and flood power compared to the main

river stem. The fact that many smaller tributaries in

Switzerland and elsewhere are blocked by barriers (e.g.

Yamamoto et al., 2004; Raeymaekers et al., 2009; Zeh-

Weissmann et al., 2009) that will have to be removed if

fish are to be able access these areas. We conclude that

the restoration of lateral and longitudinal connectivity

through the removal of artificial embankments and

tributary weirs should be a high priority of rehabilita-

tion works in these systems to maintain essential

spawning habitat under future climates.

Acknowledgements The investigations related to the fish

habitat and the bedload transport modelling were supported by a

Grant of the Swiss National Science Foundation (NRP 61

Project SEDRIVER Contract No. 406140-125975/1) to DR, AP

and JMT. The hydrological impact study has been supported by

a Grant from the Swiss Federal Office for Environment

(CCHydro). We are indebted to the EU FP6 Project

ENSEMBLES (Contract 505539) and MeteoSwiss for

Hydrobiologia (2015) 751:1–21 17

123



providing us access to all necessary data. Many thanks go to

Reto Haas for support on GIS and in the field. We are also

grateful for field support to Salome Mwaiko, Cristina Hertz and

Brigitte German. Furthermore, we thank Catherine E. Wagner

for reviewing the manuscript.

References

Armstrong, J. D., P. E. Shackley & R. Gardiner, 1994. Redis-

tribution of juvenile salmonid fishes after localized cata-

strophic depletion. Journal of Fish Biology 45: 1027–1039.

Badoux, M., A. Peter, D. Rickenmann, J. Junker, F.U.M. Hei-

mann, M. Zappa, J.M. Turowski, 2014. Geschiebetransport

und Forellenhabitate in Gebirgsflüssen der Schweiz:
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