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Abstract
Background, aim, and scope Catch decline of freshwater
fish has been recorded in several countries. Among the
possible causes, habitat change is discussed. This article
focuses on potentially increased levels of fine sediments
going to rivers and their effects on gravel-spawning brown
trout. Indications of increased erosion rates are evident
from land-use change in agriculture, changes in forest
management practices, and from climate change. The latter
induces an increase in air and river water temperatures,
reduction in permafrost, changes in snow dynamics and an
increase in heavy rain events. As a result, an increase in
river sediment is likely. Suspended sediment may affect fish
health and behaviour directly. Furthermore, sediment loads
may clog gravel beds impeding fish such as brown trout
from spawning and reducing recruitment rates. To assess
the potential impact on fine sediments, knowledge of brown
trout reproductive needs and the effects of sediment on
brown trout health were evaluated.
Approach We critically reviewed the literature and included
results from ongoing studies to answer the following questions, focusing on recent decades and rivers in alpine countries.
–
–

Have climate change and land-use change increased
erosion and sediment loads in rivers?
Do we have indications of an increase in riverbed
clogging?
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–

Are there indications of direct or indirect effects on
brown trout from increased suspended sediment concentrations in rivers or from an increase in riverbed
clogging?

Results Rising air temperatures have led to more intensive
precipitation in winter months, earlier snow melt in spring, and
rising snow lines and hence to increased erosion. Intensification of land use has supported erosion in lowland and prealpine areas in the second half of the twentieth century. In the
Alps, however, reforestation of abandoned land at high
altitudes might reduce the erosion risk while intensification
on the lower, more easily accessible slopes increases erosion
risk. Data from laboratory experiments show that suspended
sediments affect the health and behaviour of fish when
available in high amounts. Point measurements in large rivers
indicate no common lethal threat and suspended sediment is
rarely measured continuously in small rivers. However, effects
on fish can be expected under environmentally relevant
conditions. River bed clogging impairs the reproductive
performance of gravel-spawning fish.
Discussion Overall, higher erosion and increased levels of
fine sediment going into rivers are expected in future.
Additionally, sediment loads in rivers are suspected to have
considerably impaired gravel bed structure and brown trout
spawning is impeded. Timing of discharge is put forward
and is now more likely to affect brown trout spawning than
in previous decades.
Conclusions Reports on riverbed clogging from changes in
erosion and fine sediment deposition patterns, caused by
climate change and land-use change are rare. This review
identifies both a risk of increases in climate erosive forces
and fine sediment loads in rivers of alpine countries.
Increased river discharge and sediment loads in winter
and early spring could be especially harmful for brown
trout reproduction and development of young life stages.
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Recently published studies indicate a decline in trout
reproduction from riverbed clogging in many rivers in
lowlands and alpine regions. However, the multitude of
factors in natural complex ecosystems makes it difficult to
address a single causative factor.
Recommendations and perspectives Further investigations
into the consequences of climate change and land-use change
on river systems are needed. Small rivers, of high importance
for the recruitment of gravel-spawning fish, are often
neglected. Studies on river bed clogging are rare and the few
existing studies are not comparable. Thus, there is a strong
need for the development of methods to assess sediment input
and river bed clogging. As well, studies on the effects to fish
from suspended sediments and consequences of gravel beds
clogging under natural conditions are urgently needed.
Keywords Alpine region . Agriculture . Brown trout .
Climate change . Clogging erosion . Fish health . Global
change . Gravel-spawning . Hydrology . Land-use change .
Precipitation . Reproduction . Rivers . Salmonids . Salmo
trutta . Suspended sediment
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A second driver of potentially increased erosion rates is
change in land use, which affects natural habitats and
stream morphology significantly. The combination of more
intensive rainfall and changes in land use have generally led
to increased erosion over the last decades (FAL 2001;
Gentile and Werner 2004). In addition, rivers have been
modified in the twentieth century for flood protection, bed
stabilization and hydropower dams and have influenced
flow velocity and gravel movement: these factors together
have supported riverbed clogging.
The purpose of this review is to study changes in erosion
and levels of fine sediment (sediments with a diameter
<2 mm) going into alpine rivers from land use and climate
change and assess the effects on brown trout reproductive
performance and health.

2 Approach
We aim to answer the following questions with a focus on
recent decades and the alpine region
–

1 Background, aim, and scope

–

Freshwater fish catches have been declining dramatically in
the last decades in many countries (EIFAC 2002). In Switzerland, the reported trout catch decreased in 85% of the
investigated rivers. In some rivers, catches have been
declining by up to 10% per year since the early 1980s
(Fischnetz 2004). A decline in fish health was also observed
with this trend and together have been the reason to launch
a nationwide interdisciplinary research project called
‘Fischnetz’ in 1998 (Burkhardt-Holm et al. 2002; Fischnetz
2004). Three main causes for the decrease in brown trout
catches were identified: (1) fisheries management; (2) PKD
(proliferative kidney disease); and (3) poor habitat morphology and water quality (Burkhardt-Holm et al. 2005). Among
the poor habitat morphology, the hypothesis of increased soil
erosion and subsequent sediments going into rivers was
discussed. However, particularly due to insufficient data
availability, the linkage to riverbed clogging (reduction in
riverbed interstitial flow from sediment deposition) and direct
or indirect impairment on fish health by suspended sediments
could not be evaluated (Fischnetz 2004).
One potential cause of increased erosion and sediment
loads in rivers could be increased temperatures, altered
precipitation patterns (strength, timing and altitude), changes
in snow cover and seasonal snow melting caused by climate
change (IPCC 2007; Fuhrer et al. 2006; Beniston 2006).
These may have led to increased river runoff, especially in
winter and in spring, and altered seasonal and regional
sediment load and riverbed clogging patterns.

–
–

Have climate change and land-use change increased
erosion and sediment loads in rivers?
Do we have indications of an increase in riverbed
clogging?
Are there indications of direct or indirect effects on
brown trout from increased suspended sediment concentrations in rivers?
Are there indications of direct or indirect effects on
brown trout from an increase in riverbed clogging?

3 Results and discussion
3.1 Climate change and expected effects on soil erosion
3.1.1 Consequences of changes in air temperature
Recent studies have shown that air temperature in the alpine
regions is changing more rapidly than in other regions
of the northern hemisphere and the global average
(Lebensministerium 2003; Beniston 2006; Hari et al.
2006). From data analyses of twelve stations in Switzerland
in the period 1864–2000, Begert et al. (2005) found a rise
in temperature by 1.1°C and 0.6°C per century in northern
and southern side of the Alps, respectively, (Table 1) and
the warming occurred mainly during autumn and winter
months. However, more recently (1978–2002), changes in
air temperatures occurred in spring and summer at lower
altitude stations (<700 m a.s.l.; Hari et al. 2006). Rising air
temperature is reflected in coherent rise in water temperatures (up to +1.1°C) in streams both in the lowlands and in
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Table 1 Change in climate parameters in alpine countries (e.g. Switzerland (CH) for river discharge) in different seasons (Winter: Dec/Jan/Feb,
Spring: Mar/Apr/Mai, Summer: Jun/Jul/Aug, Autumn: Sep/Oct/Nov)
Winter
dT [°C]
CH
North
Alps
South

Spring
a

+1.0–1.5
+1.2–1.6
+0.6–0.9

P

b

nd
↑
↑

↓

c

d

Summer
a

S

D

dT [°C]

nd
↓
↑
↓

nd
nd
nd

+0.8–1.0
+0.8–1.0
+0.4–0.7

P

b

nd
↑e
nd
↑

c

d

a

S

D

dT [°C]

nd
↓
nd
↓

nd
nd
nd

+0.7–1.0
+0.6–1.0
–

Autumn
P

b

nd
↑
nd

c

S

d

D

dT [°C]a

nd
nd
nd
nd

nd
nd
nd

+1.0–1.3
+1.2–1.3
+0.7–0.8

Pd

Sc

Dd

nd
↑

nd
nd
nd
nd

nd
nd
nd

nd
↑

Change in Temperature in °C in the period 1864–2000; increase (amount and intensity ↑) or decrease (amount and intensity ↓) in precipitation
(P) in the periods 1807–2003 and 1901–2000, respectively; change in snow (S) depths (increase ↑, decrease ↓); change in river discharge (D;
increase , decrease )
a
Begert et al. 2005
b
Brunetti et al. 2006 and Schmidli and Frei 2005
c
Beniston 2006
d
Birsan et al. 2005
e
Negative trend in recent years

the foothills of the Alps, but the changes are less obvious in
alpine streams influenced by glaciers and/or hydropower
stations (Hari et al. 2006; Matulla et al. 2007). Rising water
temperature has shifted the thermal habitat for fish
communities upwards up to 130 m (Hari et al. 2006;
Matulla et al. 2007) and might affect fish health and
reproduction (see discussion below).
While temperature will have no direct effect on river
sediment loads, indirect effects can be expected from
changed precipitation patterns, a decline in permafrost,
snow melting and rising snow lines with associated
potential increases in soil erosion.
3.1.2 Changes in snow dynamics
Rising air temperature and especially the increasing number
of days with air temperatures above zero influence the
occurrence of snowfall and time of snowmelt (Birsan et al.
2005), resulting in a rising snow line. Changes in snowmelt
are considered to be mainly critical for altitudes between
500–800 (in winter) and 1,000–1,500 m a.s.l. (in spring;
Wielke et al. 2004). Snow depths decreased in the late
1980s and 1990s at low elevations (<1,000–1,300 m a.s.l.
in Jan–Feb; Laternser and Schneebeli 2003; Beniston
2006), but increased at high elevations (>2,000 m a.s.l.;
Beniston 2006). At the same time snow melting is reported
to occur earlier in spring due to rising temperatures but
with no obvious shift of snow accumulation in autumn
(Laternser and Schneebeli 2003).
With the projection of further warming, the duration of
snow cover is predicted to be shortened by more than
100 days with earlier snowmelt in spring (Jasper et al.
2004; Beniston 2006; Horton et al. 2006). A permanent
snow cover in winter protects the soil from freezing, which
is important for snowmelt infiltration and runoff, respectively (Stähli et al. 2001; Bayard et al. 2005). Thus, higher

levels of rainfall and changes in freezing/thawing cycles
can be expected to increase soil erosion and mass
movement because of sparse or no vegetation cover at
low elevations in winter and in early spring.
3.1.3 Effects of changes in precipitation patterns
The changes in precipitation patterns are different on the
northern and the southern part of the alpine rim. While a
significant negative trend for total annual precipitation over the
last two centuries in the southern part of the Alps has been
shown, the average trend was positive for the northern alpine
region, particularly in winter and spring (Brunetti et al. 2006).
An increase in amount and duration of torrential rain events,
especially in winter and autumn months, during the last three
to five decades has been demonstrated mainly for the
northern alpine region while there is a slight positive, nonsignificant trend for the southern parts (Schmidli and Frei
2005; Fuhrer et al. 2006; Diodato and Mariani 2007). In the
south, these extreme events alternate with increasing dry
periods in autumn and spring (Schmidli and Frei 2005). In the
north, the increase in precipitation in winter is also caused by
extended long rain events (Schmidli and Frei 2005).
Torrential rain is widely believed to considerably contribute to sediment erosion (Summer 1989; Acornley and Sear
1999; Fraser et al. 1999; Descroix and Gautier 2002).
Additionally, both droughts followed by heavy rain events
and long consecutive rain events on already saturated soil
can trigger erosion; the latter at an even higher extent than
single day heavy rainfall events (Prasuhn 2003).
3.1.4 Trends in fluvial hydrology
Many studies pointed to the sensitivity of the alpine
hydrological system to climate change (Weingartner et al.
2003; Jasper et al. 2004; Birsan et al. 2005; Horton et al.
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2006). A comprehensive trend analysis of the runoff
regimes of 48 undisturbed catchment areas in Switzerland
showed that the annual runoff increased in the last century
(Table 1; Birsan et al. 2005). This was mainly due to a
higher discharge in winter (mainly high flows), but also
increased runoff for autumn and spring (moderate and low
flows) since 1960. In another study, Santschi (2003)
analyzed specifically the winter discharge in 41 river basins
with respect to gravel bed movements and destruction of
the upper layer of the riverbed. For alpine rivers and rivers
south of the Alps, a critical increase in winter discharge was
not evident with the available data (Santschi 2003). In the
Swiss Plateau and the Jura, however, Santschi (2003) found
an increase of high flows in winter for 35% of the rivers
after 1960. These trends of increased winter discharge are
suspected to lead to downstream sediment transport and
scouring of riverbed and therefore are assumed to disturb
fish reproduction. With the expected increase in temperature, some studies predict an advance of the peak flows in
spring by 0.5–2 month/century for the north side of the
Alps and up to 1 month/century on the south side of the
Alps (Jasper et al. 2004; Horton et al. 2006). However, the
projected runoff peaks will be substantially lower (20–50%)
than the present peak flows (Jasper et al. 2004).
3.2 Effects of land-use change on soil erosion
Soil erosion is strongly influenced by human activity and
land use. Since the late nineteenth century the forested area
is increasing because reforestation was promoted for flood
protection and erosion control (Table 2; RitzmannBlickenstorfer 1996; Bundesamt für Statistik 2001;
Descroix and Gautier 2002; Piégay et al. 2004). Erosion
rates in undisturbed forests are generally low. With
increasing areas of forest a decrease in erosion was reported
in different catchments in the Southern French Alps (Piégay
et al. 2004; Liébault et al. 2005).
In recent decades, wooded area is still increasing mainly in
the alpine and sub-alpine region due to the abandonment of
alpine meadows (Bundesamt für Statistik 2001; Tasser and
Tappeiner 2002; Krausmann et al. 2003; Piégay et al. 2004).
These abandoned sites are mainly found in steep and remote
areas (Bundesamt für Statistik 2001; Tasser and Tappeiner
Table 2 Relative change (%) in landuse in Switzerland between the
years 1979/85 and 1992/97 (Bundesamt für Statistik 2001)
Forest
areas
Jura/Central Plain
North Flank of the Alps
Central Alps
South Flank of the Alps

+0.2–0.3
+1.7
+2.3–4.5
+2.7

Agricultural
areas

Urban areas/
settlements

−1.9–3.0
−2.2
−2.8–6.0
−10

+11.9–14.5
+14.9
+12.8–21.8
+13.8

2002; Verbunt et al. 2005). Abandoned sites are, however,
only slowly being reclaimed by forests. Several authors
concluded that abandoned land is significantly more susceptible to erosion than managed meadows and pastures because
managed pastures create small terraces and hence increase
surface roughness and reduce soil erosion processes such as
snow gliding (Johannes 1995; Tasser et al. 2003; Hiltbrunner
et al. 2005). While Tasser et al. (2003) postulated that
abandoned areas covered with shrubs or bushes appear to be
more prone to suffer from landslides, Meusburger and
Alewell (2008) found that abandoned areas being invaded
by shrubs were more stable and had lower land slide densities
than surrounding grasslands.
Between 1950 (predominantly from 1970) and 1990, the
absolute farming area decreased. However during the same
time, the arable land increased in some areas (mainly in prealpine and lowland region, e.g. in Switzerland by 23%) but
decreased in other areas (in alpine regions; on average in
Austria by 14%; Summer et al. 1996; Krausmann et al. 2003;
Fischnetz 2004). The decrease in farming area caused an
intensification of land use of the remaining farmland and
therefore an increase in soil erosion risk enhanced by an
increasing use of agricultural machinery. The increased
cultivation of maize, sugar beet and wheat further intensified
the risk of soil erosion (Summer et al. 1996; Fischnetz 2004).
In Switzerland, arable land and erosion sensitive crop
areas are constant or have been slightly decreasing since the
early 1990s, which is, together with improved agricultural
practices, reflected in a steady decrease in the erosion risk
(FAL 2001; Prasuhn 2003; Bundesamt für Landwirtschaft
2006). However, with improved crop management and soil
cultivation in agricultural areas the erosion risk could be
reduced mainly in summer but not in winter when
protective (continuous) vegetation cover is naturally limited
(Prasuhn 2003). In addition, a decrease of buffer strips
along rivers due to an intensification of agriculture is
suspected to have increased fine sediment loads in rivers.
3.3 Effects of land-use and climate change on sediment
yields in rivers
Long-term trends in sediment yields have been mainly
evaluated for larger Alpine rivers. The sediment yield in the
Danube catchment has increased by 30–50% in the period
1950–1980 and to some degree in the river Lech after 1965
(Summer et al. 1994; Walling 1997). This trend is assumed
to be caused by changed agricultural management and
changed precipitation patterns, respectively. Looking at
combined future climate and land-use change scenarios
Asselman et al. (2003) calculated an increase in the future
annual sediment supply of 250% for the alpine Rhine
catchment. Decreasing trends were reported in areas of
reforestation in the French Alps (Descroix and Gautier
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2002; Piégay et al. 2004; Liébault et al. 2005) or beneath
hydropower plants (Habersack 1996; Weiss 1996; Walling
1997). Increasing trends in suspended sediment concentrations for peak flows have also been documented in some
rivers (e.g. in the Danube by a factor up to 2; Summer et al.
1994), whereas in many cases no clear trend could be found
(Zobrist et al. 2004). Higher sediment discharges are
usually related to high flows during snowmelt or heavy
rainfall in spring, summer and autumn (Lenzi et al. 2003;
Margreth 2006; Asselman et al. 2003). Thus, the greatest
transport of fine sediments within the stream occurs in
relatively short time periods (Summer et al. 1994; Hamm et
al. 1996). Suspended sediment may only reflect the smallest
fraction of fine sediments (silt and clay) transported
downstream. (Heywood and Walling 2007) concluded that
the majority of sediment accumulating in the riverbed is
transported downstream with the fine-grained bed load.
Reservoir hydropower plants and other dam construction
affect the magnitude and timing of hydrological regime and
downstream sediment transport substantially, which often
results in gravel deficiency downstream (Habersack 1996;
Weiss 1996; Walling 1997; Beyer Portner 1998). In Swiss
rivers, most hydropower stations were constructed between
the years 1930–1970 (www.swissdams.ch). In cases of
deposition of fine sediment or a lack of regular gravel
movement, riverbed clogging might occur. In Switzerland
and other European countries, observations of fish experts
and anglers have indicated a general increase in riverbed
clogging (Walling et al. 2003; Bolliet et al. 2005; Fischnetz
2004). Construction work for flood protection and riverbed
stabilisation up to the 1980s has contributed substantially to
riverbed clogging. Riverbed clogging was observed in
many streams downstream of hydropower plants (Baumann
and Klaus 2003).
Seasonal changes in river discharge due to changed
precipitation patterns and earlier snowmelt may have
changed the timing of the sediment transport downstream.
Sediment transport downstream alternating with sediment
deposition on gravel beds can now be expected to occur
also in winter and earlier in spring and hence affecting trout
spawning and incubation.
3.4 Effects of temperature increase, high discharge,
suspended solids and riverbed clogging on brown trout
(Salmo trutta)
3.4.1 Effect of changes in temperatures and high discharge
on spawning and embryo development of brown trout
In the alpine regions, reproduction season of brown trout is
during autumn and winter months with a spawning season
from October to January (Zaugg et al. 2003). Growth of
embryos is dependent on temperature but differences
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between populations seems to be small (Crisp 2000).
Depending on altitude and temperature, fry emerge from
gravel beds in April and May (<700 m a.s.l.: April,
>1,200 m a.s.l.: May; Hari et al. 2006). Since the rise in
temperature due to climate change occurred particularly in
autumn and winter seasons, it directly influences reproduction and egg development. Accordingly, the emergence of
brown trout fry from the gravel beds is predicted to have
advanced by 2.8–5.6 days per decade in alpine rivers (Hari
et al. 2006).
The timing of high discharges is especially critical for egg
and fry development. Naturally, discharge is low in winter.
With climate change, an increased discharge during winter,
spring and autumn was observed (Birsan et al. 2005) and with
the predicted advance of peak flows in spring (Jasper et al.
2004; Horton et al. 2006) the timing could overlap fry
emergence. Fry, around the time of emergence, is considered
to be the live stage most sensitive to high floods (Jensen and
Johnsen 1999; Cattanéo et al. 2002; Tetzlaff et al. 2005)
whereas egg scouring is thought to occur only with extreme
events (Cattanéo et al. 2002). However, only a slight increase
in discharge could result in significant egg damage (Montgomery et al. 1996) and high discharges during incubation
time and emergence was found to be inversely related to
year-class-strength of brown trout (DeVries 1997; Spina
2001; Cattanéo et al. 2002). As scouring is, besides discharge,
dependent on gravel size and bedform roughness (Montgomery et al. 1996; Lapointe et al. 2000) critical discharge is
different for each stream. In 35% of the investigated river
basins in the Swiss Plateau and Jura, an increase in winter
discharge and frequency of extreme events are estimated to
have occurred and could have led to critical gravel movement
and hence to egg scouring (Santschi 2003). However, to date,
no study exists, which investigates the implications of both
the advanced river peak-flow and the advanced fry emergence in the alpine region.
3.4.2 Impact of suspended sediment loads on behaviour,
health and survival of brown trout
With high discharges, high loads of fine sediment are
usually transported downstream. These sediments are
suspended in the water column above a certain water
velocity and deposit to the river bottom when velocity
decreases. With prolonged exposure time or increased
concentrations, suspended sediment with values above
90 mg l−1 can affect fish directly with increasing risk of
mortality or damage of gill or skin epithelia (Fig. 1;
reviewed data in Alabaster and Lloyd 1980; Newcombe
and MacDonald 1991; Berry et al. 2003). Physical damage
of gill and skin epithelia include thickening of gill lamellae,
clogging of gills, hyperplasis and necrosis—all of which
can have detrimental effects on the individual fish (Berry et
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Fig. 1 Concentrations of suspended sediments and related
effects on trouts in dependence
of exposure time. Area below
dotted straight line is measured
(cross symbol) and estimated
concentrations in Swiss rivers
(unpublished data LHG and
NADUF). Below straight line,
no LC (lethal concentrations)
was found (Herbert et al. 1961;
Alabaster and Lloyd 1980;
Newcombe and MacDonald
1991; Newcombe and Jensen
1996; Berry et al. 2003)

al. 2003; Newcombe and Jensen 1996). Published 96h LC50 values for salmonids exposed to natural sediments
are mostly above 1,700 mg l−1 (Berry et al. 2003;
Newcombe and Jensen 1996). However, at values lower
than 90 mg l−1fish already show signs of sub-lethal stress
(changes in blood chemistry, increased parasitic infection of
gill tissue) and changes in behaviour such as reduced
feeding rates, increased rates of coughing, and avoidance of
turbid water with increasing risk for predation (Fig. 1;
Servizi and Martens 1991, 1992; reviewed data in Berry et
al. 2003; Fischnetz 2004).
The differences in the reported critical concentrations
(Fig. 1) are likely related to differences in the duration of
exposure and the geochemical composition and size of
suspended particles (Servizi and Martens 1987 in Servizi
and Martens 1992; Alabaster and Lloyd 1980; Bilotta and
Brazier 2008). Different authors concluded that the duration
of the exposure to a specific concentration is an important
factor for possible adverse effects on brown trout
(Newcombe and McDonald 1991; Berry et al. 2003;
Fischnetz 2004). Moreover, the geochemical composition
has to be scrutinized as it influences the angularity and
particle size of the suspended particles (Servizi and Martens
1992; Alabaster and Lloyd 1980). For example, more
angular particles did show effects at lower values than
round particles in coho salmon (Oncorhynchus kisutch;
Lake and Hinch 1999). In addition, an increase in one unit
weight of silt (diameter<0.063 mm) has been found to be
on average three times as detrimental to embryo survival in
Atlantic salmon than a similar unit weight of sand
(0.63 mm<diameter<2 mm; Lapointe et al. 2004).

Only limited information is available about the geochemical composition and size distribution of sediments in
alpine rivers. However, measured concentrations of suspended solids in alpine rivers are below values regarded as
lethal threats or are very rarely lethal during summer floods
(point measurement: <10,000 mg l−1; 14-days sample
<1,000 mg l−1; 80% 14-days <300 mg l−1; Zobrist et al.
2004; unpublished data BWG). In Swiss lowland rivers,
such lethal concentrations have not been measured and the
calculated 80-percentile (14-day sample) was below
100 mg l−1 (Fischnetz 2004). However, these lower
concentrations can affect trout health and respiration
capacity (see Fig. 1) or may have negative effects in
combination with other stressors, such as chemical and
physical stressors. With the advance of peak-flow in spring
younger life stages, more vulnerable to the exposure to
suspended solids, might be affected by high loads of fine
sediments because they cannot as easily evacuate to
adjacent rivers like adult fish. Accordingly, studies examining type, size and shape of suspended sediments and their
effects in younger life stages of salmonids are needed.
3.4.3 Habitat requirements of gravel-spawning brown trout
Streambeds in alpine regions naturally contain different
gravel sizes, which serve as shelter and nursery for many
benthic invertebrates and fish species. Brown trout
(Salmo trutta) depend strongly on unimpaired gravel beds
for spawning and successful egg development. Brown trout
prefer to place the spawning sites (redd) in areas of shallow
water (±0.2 body length, ±30 cm in average; Armstrong et
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al. 2003; Zimmer and Power 2006) with higher water
velocities (Baglinière and Maisse 2002; Zimmer and
Power 2006) and the redds are usually placed at the same
sites in subsequent years (Schneider 2000). For redd
construction female trout excavate a depression by removing fines and gravel creating a typical pit and tail structure.
Spawning fish can move gravel with a maximum gravel
diameter of 10% of the fish’s body length (Kondolf 2000).
Moreover, egg burial depth for trout is also dependent on
female size and average 15 cm (0.3–0.4 body length;
Armstrong et al. 2003). After deposition and fertilisation,
eggs are covered with gravel from upstream digging during
further spawning activity. After hatching, young alevin
remain in the gravel until the yolk sac is used up and they
emerge as ‘fry’ from the gravel. In case of severe riverbed
clogging before spawning, eggs are either not spawned
(Ortlepp and Murle 2003; Mathisen 1955 in DeVries 1997)
or insufficiently covered by gravel, with an increased risk
for wash out with high floods (Everest et al. 1987 in
DeVries 1997). As fines are usually transported downstream by currents during redd construction, the initial
percentage of fines in the redd is often reported to be lower
(e.g. −32%; −41% <2 mm) than in the surrounding
substrate (Chapman 1988; Montgomery et al. 1996;
Kondolf 2000, Zimmermann and Lapointe 2005). The
latter ensures, together with the specific form of the redd, a
sufficient exchange of water between the stream and the
interstitial (Kondolf 2000), at least at the beginning of
incubation (Zimmermann and Lapointe 2005). However,
fine sediment infiltration into redds during the incubation
period due to moderate intensity floods is likely (Zimmermann and Lapointe 2005) and redd siltation within several
days has been reported (f. ex. Heywood and Walling
2007). Exposure to fine sediments during the incubation
period can delay the emergence of fry, as has been shown
for rainbow trout (Oncorhynchus mykiss), thereby likely
altering the natural emergence pattern (Fudge et al. 2008).
The deposition of fine sediment is therefore especially
detrimental during the reproduction phase, including the
incubation period and the time of emergence, in case of
river discharge not being strong enough for downstream
fine sediment transportation.
3.4.4 Sediment deposition and riverbed clogging
influencing embryo survival
Fine sediment accumulation and gravel bed clogging can
disturb interstitial flow, and subsequently oxygen supply,
which is crucial for egg to fry survival (Rubin and
Glimsater 1996; Rubin 1998). Critical thresholds of
interstitial oxygen concentration for brown trout eggs are
in the range of 7–10 mg l−1 (Rubin and Glimsater 1996;
Ingendahl 2001; Malcolm et al. 2003). Embryos, after
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hatching, are less sensitive to locally low oxygen availability, as they are more mobile (Greig et al. 2007). Under
optimal gravel bed conditions with free interstitial flow and
low temperatures, interstitial oxygen concentration is
thought to be sufficient for embryo survival. With increasing clogging of the gravel bed by fine sediments, interstitial
flow and, hence, oxygen supply is limited.
The percentage of fine sediments is often used as an
indicator for reduced interstitial flow and oxygen supply
and related to embryo survival and emergence success of
salmonids (Chapman 1988). However, results from different studies where survival rates were correlated to percent
of fines are difficult to compare and even sometimes
contradicting (Chapman 1988; Greig et al. 2005a)—
probably also due to different thresholds for grain size of
fine sediments, which had been used (Chapman 1988). As a
consequence, it was suggested that other grain size-based
descriptors of gravel composition (e.g. geometric mean
(dg), sorting coefficient (S0) and Fredle index (Fi: index of
permeability; Lotspeich and Everest 1981) might be better
descriptors for survival rates (dg: Rubin and Glimsater
1996; Fi: Chapman 1988; S0: Ingendahl 2001). However,
other studies found no clear relationships between these
parameters and survival rates (dg: Chapman 1988; Rubin
1998; Ingendahl 2001; Fi: Ingendahl 2001). Neither
percentage of fine sediment nor these grain size-based
measures showed to be well related to survival rates in
studies on Atlantic salmon (Greig et al. 2005a; Levasseur et
al. 2006). Greig et al. pointed out that the processes
governing oxygen flux through gravel riverbeds are much
more complex, comprising a multitude of interacting factors
such as organic matter, which causes a high biological
oxygen demand during degradation (Greig et al. 2007). A
considerable influence on oxygen supply to embryos was
suggested to be due to the finest parts of sediments—silt
and clay, finally affecting the survival rate (Greig et al.
2005a; Julien and Bergeron 2006; Levasseur et al. 2006).
Oxygen consumption by Atlantic salmon embryos was
restricted even by small quantities of clay forming a thin
coating around the eggs (Greig et al. 2005a, b). This was
discussed to have an influence on either reduced permeability or to direct blocking of pore canals in the egg
chorion.
Although observations of fish experts and anglers
indicate a general increase in riverbed clogging, it is not
widely investigated and hardly any data exist on undisturbed or anthropogenically altered conditions. As measurements of gravel compositions, interstitial flow, and oxygen
concentration are time intensive and raise methodological
problems, a simple method for the evaluation of the
riverbed clogging was developed (Schälchli method;
Schälchli et al. 2002; Fischnetz 2004). However, although
it is currently used for general ecomorphological assess-
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ments in Swiss rivers (Bundesamt für Umwelt 2006), a
major drawback is the limitation to dry gravel banks and,
accordingly, to the application to non-spawning sites and
seasons.
In two consecutive years, 59 and 39 selected stream
stretches in Swiss lowlands (below 800 m a.s.l.) were
investigated for riverbed clogging with the Schälchli
method (among other ecomorphological factors) and brown
trout YOY-abundance (Young-of-the-Year YOY; Schager et
al. 2007). In 14% of the investigated streams, a high grade
of riverbed clogging along with stream width, altitude and
proliferative kidney disease (PKD) was negatively related
to YOY-abundance (Schager et al. 2007). Since data on
riverbed clogging were collected in summer, evidence for
clogging in spawning season is restricted. The reproductive
success of gravel-spawning fish was also impaired in
another study investigating four selected river basins in
Switzerland. Riverbed clogging (raised by the Schälchli
method as well) was identified to contribute to the stated
decrease in trout population size at least in some river
stretches (Borsuk et al. 2006; Burkhardt-Holm and
Scheurer 2007).
In another study, the reproductive success of lake trout
(Salmo trutta f. lacustris) in two alpine rivers influenced by
the intermittent discharge of hydropower plants was compared with two rivers with natural discharge (Eberstaller
and Pinka 2001). Incubation of lake trout eggs was
successful in natural rivers, whereas egg development was
retarded beneath hydropower plants. The latter was discussed to be due to fine sediment deposition reducing
interstitial flow and fry survival during spring floods. A
high fraction of fine sediment <0.63 mm was related to
reduced egg development, whereas a high sediment fraction
of 0.63–2 mm had no obvious impact.
Only limited studies on riverbed clogging and its effect
on fish in the alpine region are available. Older studies do
not exist and the change over time is therefore unknown.
Nevertheless, riverbed clogging seems to be increasingly
problematic for trout reproduction mainly in lowland
streams (Borsuk et al. 2006; Burkhardt-Holm and Scheurer
2007; Schager and Peter, unpublished data).

4 Conclusions
An increase in climate erosive forces has been demonstrated for northern and southern Alps. High discharges
increased in winter months and reach levels for gravel bed
movement critical for different reproduction stages of
brown trout in some lowland and pre-alpine streams north
of the Alps. For alpine rivers and rivers south of the Alps
data is scarce and a critical increase was not evident. In
both regions, climate models also predict an advance of the
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peak flows in spring by 1–2 months, which could overlap
the time of advanced fry emergence.
The combination of land-use and climate change has led
to increased erosion in the lowland, pre-alpine and alpine
regions at least until the 1990s. In the Alps, the more recent
development is still in discussion. Erosion has increased in
some areas due to abandonment (remote regions) or use
intensification (accessible regions) of land and due to
climate change effects. Contrasting effects are forest
regrowth in abandoned areas and further reclamation by
trees of higher slopes due to climate warming. Overall
effects seem to result in an increase of sediment loads in
some larger river catchments and are expected to increase in
future.
As high flows now also occur in autumn and winter
months and earlier in spring, transport and sedimentation of
fine sediment during reproduction and embryo development
are expected. Strong discharges cause gravel movements,
leading to egg scouring, injury and displacement of young
fish. Moderate discharge events result in fine sediment
infiltration into redds reducing the interstitial flow, and
hence, oxygen supply, with detrimental consequences for
eggs and embryos. Clay particles attached at the egg
surface are supposed to impair gas exchange and reduce
embryo viability, and suspended sediments affect brown
trout health and behaviour depending on concentrations,
but also on the size, form and quality of the particles. With
the lack of long-term trend data for sediment going into
rivers, sediments suspended in rivers and riverbed clogging,
a direct correlation with fish population or catch data is not
possible at the current state of knowledge. Recently
published studies indicate a decline in trout reproduction
from riverbed clogging in many rivers in lowlands and
alpine regions. However, the multitude of factors in natural
complex ecosystems makes it difficult to address a single
causative factor. As a consequence, it has to be elucidated
whether riverbed clogging and sediment concentrations
present can impair fish reproduction, health and behaviour.

5 Recommendations and perspectives
Sediment entering rivers from erosion has been recognised
by experts as a problem and several initiatives have been
taken including measures to reduce these stress factors in
surface water systems (Alpenkonvention 1991; Fischnetz+
2007). These initiatives need to be implemented.
From the scientific point of view, erosion trends in the
Alps are not clearly understood and further research is
necessary in this field. Investigations into the consequences
of climate and land-use change on river systems, such as
sediment going into rivers, transport and clogging processes
are therefore needed. Especially small rivers, serving as
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recruitment sites of gravel-spawning fish, are often
neglected. There is also a strong need to develop methods
for sound data collection on sediment input and river bed
clogging. Without the latter, it will not be possible to draw
consequences on scientific progress and mitigation measures. Studies on the effects of suspended sediments on fish
health under environmentally realistic conditions, especially
taking origin, size and shape of the particles into consideration should be carried out. Furthermore, the consequences of gravel bed clogging for reproduction of our native
gravel-spawning fish, such as trout, grayling and charr are
urgently needed to be studied. There is a lack of
information on the linkage between riverbed clogging and
interstitial gas exchange in most alpine field studies and this
area should be considered in future research. In general, it is
necessary to understand the abiotic–biotic interaction in
aquatic ecosystems and provide suggestions for more
advanced water quality guidelines (Bilotta and Brazier
2008).
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