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Abstract:
Natural ﬂoodplains are spatially heterogeneous and dynamic ecosystems but at the same time, a highly endangered landscape
feature due to climate change and human impacts such as water storage, ﬂood control and hydropower production. Flow is
considered a master variable that shapes channel morphology and the heterogeneity, distribution, and turnover of ﬂoodplain
habitats. Despite their highly dynamic nature, the relative abundance of different habitat elements (islands, gravel bars) in natural
ﬂoodplains seems to remain relatively constant over ecological periods and is referred to as the shifting mosaic steady state
concept. In this conceptual context, we analysed spatiotemporal changes in relative habitat abundance and channel complexity of
an alpine ﬂoodplain from its near natural state in 1940 before water abstraction and levee construction until 2007 using historical
aerial images. Within the ﬁrst decades of impairment, the relative abundance of ﬂoodplain habitats that depend on ﬂood and ﬂow
pulses such as paraﬂuvial channels and islands shifted toward a greater abundance of terrestrial forest and grassland habitats.
After 1986, the duration and frequencies of high-precipitation events (>60 mm 24 h–1) triggering major, channel-reworking
ﬂoods increased substantially and caused a restructuring of the ﬂoodplain and decrease in the abundance of more terrestrial
habitat types. These results are contrary to expectations of the shifting mosaic steady state concept yet suggest its potential
application as an indicator of landscape transformation and human impacts on ﬂoodplain ecosystems. Last, the results raise the
applied question as to whether an increased frequency of high ﬂow events induced by climate change can contribute to ﬂoodplain
restoration. Copyright © 2011 John Wiley & Sons, Ltd.
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INTRODUCTION
In their natural state, ﬂoodplains, that is, the entire
channel network and valley bottom area susceptible to
ﬂooding, are exceptionally heterogeneous and dynamic
ecosystems composed of different aquatic (channels,
pools, backwaters, side-arms) and terrestrial (riparian
forests, islands, gravel bars) habitats. This complex and
heterogeneous array of habitat types undergoes distinct
cycles of expansion, contraction, and fragmentation along
longitudinal, lateral, and vertical dimensions, primarily as
a result of variations in ﬂow (Stanley et al., 1997; Ward
et al., 2002; Malard et al., 2006; Doering et al., 2007; Poole
et al., 2008). Flow is the key driver regulating ecosystem
processes and biodiversity in natural ﬂoodplains that
transcends multiple temporal and spatial scales (Leigh
et al., 2010; Poff and Zimmerman, 2010). Extreme
inﬂows range from ﬂoods exceeding bankfull discharge to
low ﬂows interrupted by frequent instream water-level
ﬂuctuations (“ﬂow pulses” sensu Tockner et al., 2000) to
long-term drought (Lake, 2000). The magnitude, frequency,
duration, and timing of ﬂow events structure and maintain
habitat heterogeneity, spatial conﬁguration, and connectivity
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and cause channel migration and turnover in riverine
ﬂoodplains (Poff et al., 1997; Doering et al., 2007; Whited
et al., 2007; Naiman et al., 2008).
Despite their inherent dynamic nature, the coarse
composition (i.e. number of habitat types) and abundance
(i.e. the relative proportion of different habitat types to
total ﬂoodplain area) of habitat elements in natural
ﬂoodplains seem to remain relatively constant over
ecological periods. This spatiotemporal phenomenon is
described as the “shifting mosaic steady state” (Bormann
and Likens, 1979; Ward et al., 2002; Hohensinner et al.,
2005) and is a fundamental process attribute of
unregulated river ecosystems (Stanford et al., 2005).
Support of the concept has been found, for instance, from
studies of near-natural ﬂoodplains of the Tagliamento
River in northeast Italy and Nyack River in northwest
Montana, USA (Arscott et al., 2002; van der Nat et al.,
2003; Whited et al., 2007; Zanoni et al., 2008). Except
for a study of an impacted ﬂoodplain section of the
Danube River (Hohensinner et al., 2011), the concept has
not been considered to serve as an indicator to empirically
assess impacts to Alpine ﬂoodplains transformed by
human use or climate change in which the historical ﬂow
regime has been altered.
Today, natural ﬂoodplains are among the most
endangered ecosystems worldwide because most have
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been modiﬁed, disconnected or armoured by dams and
levees for water storage, ﬂood control, and hydropower
production (Tockner and Stanford, 2002; Opperman et al.,
2010; Tockner et al., 2010). In particular, Alpine and preAlpine ﬂoodplains were historically one of the most typical
landscapes along river corridors, but these have been
progressively lost or profoundly transformed due to altered
ﬂow regimes. Notable changes in ﬂow regimes, for
example, temporal shifts and frequency of ﬂoods, also have
been associated to changes in climate, further exasperating
the transformation of ﬂoodplain landscapes. The few
remaining ﬂoodplains of unmodiﬁed, non-channelized
braided rivers are especially endangered by increasing
water exploitation and development of ﬂood protection
structures (Kollmann et al., 1999; Brunke, 2002; Guex
et al., 2003).
The goal of this study was to quantify the spatiotemporal transformation of ﬂoodplain habitats in a Swiss
ﬂoodplain of national importance from its near-natural
state in 1940 until 2007. During this period, the ﬂoodplain
was subject to several hydrological and morphological
impairments via dam construction and water abstraction
in the upper catchment and the installation of several
levees for ﬂood protection in the active ﬂoodplain. To
achieve our goal, we analyzed a 67-year time series of
aerial images taken before and after human impairments

for changes in the composition and abundance of
predominant habitat types (i.e. mature forest, gravel,
vegetated gravel, islands, water, pasture, and grassland)
and in channel complexity within the ﬂoodplain. Our
working hypothesis was that ﬂow regulation and water
abstraction have decoupled the interactive linkage
between the natural ﬂow regime and the formation of
ﬂoodplain habitats inherent to naturally functioning
ﬂoodplains as posited by the shifting mosaic steady state
concept. We discuss the application of the concept
originally developed for near-natural ﬂoodplains as a
useful framework to indicate changes in ﬂoodplain
heterogeneity resulting from human-modiﬁed ﬂow
regimes or landscape transformation via climate change.

METHODS
Site description

The study ﬂoodplain on the lower Urbach River (800–900
m a.s.l.) is situated in canton Bern, Switzerland. The
3.4-km-long and up-to-600-m wide ﬂoodplain has an area
of about 125 ha and is bordered by canyon-constrained
knick points at the northern and southern end of the
ﬂoodplain. A steep rock face on the left side of the river
conﬁnes the valley to the east, whereas the right side of
the active ﬂoodplain opens up into grassland and pasture
area, bordered by mountain slopes (Figure 1). Geology is
characterized by limestone and crystalline rocks. The
ﬂoodplain contains all habitat elements typical for natural
ﬂoodplains, including the main channel, side channels,
islands, open gravel bars, vegetated gravels with
successive shrub vegetation (Salix spp.), and mature
forest mainly dominated by Alnus incana. Livestock
(cows, sheep) grazing occurs in the ﬂoodplain as well.
The discharge regime of the Urbach is glacio-nival with
highest discharge during snow and glacier melt in spring/
summer. Precipitation events result in frequent ﬂow and
ﬂood pulses (Figure 2), leading to extensive expansion
and contraction dynamics of the ﬂoodplain system.
However, the discharge regime is constrained by
hydrological impairments. In 1950, dam construction at
the primary glacial headwater of the system (Gauli
Glacier) about 6 km upstream of the study area formed
Lake Mattenalp (2 mio m3, 1875 m a.s.l.) where about
30% of the average annual baseﬂow of the river is
abstracted for power production. Starting in 1950, several
levees for ﬂood protection were successively installed in
the active part of the ﬂoodplain. These human-induced
changes have led to changes in the ﬂow regime and to a
gradual transformation of the ﬂoodplain over time.
Characterization of the ﬂow regime

Figure 1. Aerial photograph of the Urbach River ﬂoodplain in 2007. The
black line delineates the area considered for this study (118 ha), and the
inlet shows the location of the ﬂoodplain in the Canton Bern, Switzerland
Source: Bundesamt für Landestopograﬁe
Copyright © 2011 John Wiley & Sons, Ltd.

Unfortunately, discharge data for the Urbach were only
available for the years 2008 and 2009 (Figure 2). Therefore,
we used daily sums of precipitation from 1920 to 2010
acquired from the climate station (Guttannen, 1053 m a.s.l.)
located approximately 5 km east of the study area to
Hydrol. Process. 26, 3319–3326 (2012)
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quantify the timing, duration, magnitude, and frequency of
high-precipitation events (> 60 mm 24 h–1; Kunz, 2002) as
a proxy triggering severe, channel-reworking ﬂoods in the
ﬂoodplain. This data set was supported by precipitation data
from 1961 to 2010 from another climate station (Gadmen,
1205 m a.s.l.) located about 13 km north of the study area.
The greater distance to the study area and the microclimatic
conditions of small Alpine valleys constrain the comparability between data sets. Data were summarized based on
the availability of aerial images and major changes in
ﬂoodplain structure.
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ecotone between aquatic and terrestrial habitats and was
expressed as kilometre per river kilometre. Thalweg length
was extracted by converting the channel system from vector
to raster format and isolating the centre raster cells along the
channel continuum. Parameters were used to calculate the
sinuosity index (S, Equation (1)) and the braiding index (B,
(Equation (2)) as reported by Friend and Sinha (1993).
S ¼ LT =LR

(1)

B ¼ LT =LTmax

(2)

Image data

We used historical aerial images (1940, 1960, 1969,
1977, 1986, 1998 and 2007) to map the different habitat
types within a 118-ha area of the ﬂoodplain over time
(Figure 1). All images were taken between July and
August when river discharge was similar and below
bankfull conditions. Aerial images were scanned at 600
dpi and georectiﬁed to a referenced 2007 digital orthophoto provided by vendors using ArcGIS 9.3 (ESRI
Redlands, California, USA). During image rectiﬁcation,
each photograph was resampled to a 0.5-m resolution for
consistency among all images. Rectiﬁcation resulted in a
root mean square error of <1.4 m for all images.
Spatiotemporal changes in habitat elements and
channel complexity

Six typical ﬂoodplain habitats (i.e. mature forest, gravel,
vegetated gravel, islands, water, pasture, and grassland)
were quantiﬁed for each aerial image (Table I). Habitats
were delineated using ‘heads-up’ digitizing (manually
drawing polygons around habitat elements) in ArcGIS.
From the different vector layers, we calculated the relative
proportion of each habitat type as a percentage of total
ﬂoodplain area. These data were used to quantify changes
in the relative abundance of habitat types between
sequential aerial photos.
To estimate changes in channel complexity, we derived
channel shoreline and thalweg lengths from the ArcGIS
vector layers. Shoreline length describes the length of the
10
9

2008

Discharge (m3 s-1)

RESULTS
Characterization of the ﬂow regime based on
precipitation patterns

At the nearest climate station, Guttannen, the number
of high-precipitation events in the periods 1920 to 1940,
1940 to 1960, and 1961 to 1986 ranged between 20 and
22 but increased substantially to 29 in the period 1987 to
2007 (Table II). The maximum number of events per year
was <4.0 (average <1.05) in the periods before 1987 but
equalled 7.0 (average 1.38) in the period after 1987. The
maximum duration of events showed a consistent pattern,
being less than 2 days for periods before 1987 and 3 days
in the period after 1987. The greatest magnitude of highprecipitation events at 129.4 mm per 24 h–1 (average 77.8)
was recorded between 1961 and 1986, whereas magnitudes in the other periods ranged between 103.5 (average
76.4) and 110.0 mm per 24 h–1 (average 74.9) (Table II,
Figure 4A,B). Differences in magnitudes among the
periods were not signiﬁcant (p > 0.5; analysis of
variance), and timing of high-precipitation events
revealed no consistent pattern. This trend was generally
reﬂected by the data from the climate station Gadmen as
well, although being located farther away.
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Figure 2. Discharge (m3 s–1; daily averages) of the Urbach River about 1 km
downstream of the lower knick point of the study ﬂoodplain in 2008 and 2009
Copyright © 2011 John Wiley & Sons, Ltd.

where LT is the length of the thalweg of the main channel, LR
is the length of the whole channel system from the upper to
the lower knick point (straight distance), and LTmax is the
thalweg length of all other channels.

Spatiotemporal changes in habitat elements and
channel complexity

Results showed that the spatial distribution of habitat types
changed substantially between 1940 and 2007 (Figure 3).
Over 48% of the total ﬂoodplain area changed at least once,
and approximately 5% of the ﬂoodplain changed habitats at
least four times during the study period.
Overall, the habitat composition (number of habitat types)
of the ﬂoodplain did not change over the study period, but
three main time intervals of change in habitat abundance
(ﬂoodplain percentages) were distinguished. First, a period
from 1940 to 1960 when approximately 32% of all habitat
types changed spatially (Table III, Figure 4C). Habitat
Hydrol. Process. 26, 3319–3326 (2012)
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Table I. Characterization of the terrestrial and aquatic habitat types used in this study
Habitat type
Water
Mature forest
Islands
Grassland and pasture
Gravel
Vegetated gravel

Characteristics
Permanent primary and secondary lotic channels having coarse permeable gravel sediments often fringed by gravel
bars
Predominantly forested terrestrial* habitat, fringing the active tract of the ﬂoodplain and characterized by
developed soil (Eutrochept ﬂuvisol). The vegetation is mainly composed of Alnus incana.
Predominantly terrestrial* habitat, mainly colonized by Alnus incana and different willow (Salix spp.) species
and characterized by sandy and pebble substrata and developed soil (Eutrochept ﬂuvisol)
Predominantly terrestrial* areas composed of grassland and different kinds of pasture fringing the active
ﬂoodplain
Predominantly terrestrial* areas characterized by bare or sparsely vegetated gravel deposits
Predominantly terrestrial* areas characterized by pioneering vegetation of different Salix species

*These habitats become aquatic habitats during ﬂoods.

abundance of grassland and pasture increased from 52.1% to
67.2% during this period, whereas areas of gravel and
vegetated gravel decreased from 5.9% to 3.7% and 12.6% to
3.3%, respectively. Second, a period from 1960 to 1986
when habitat types overall changed between 15% and 11%.
Major changes in habitat abundance were evident for forest
habitat, which increased from 17.8% to 23.9%. In contrast,
islands decreased from 4.1% to 0.2% and gravel bars from
3.7% to 1.9 % in habitat abundance (Table III, Figure 4C).
All other habitat types remained more or less the same in
abundance during this period. From 1986 to 2007, changes
in habitat types ranged between 18% and 16% and showed a
different developmental pattern compared with before 1986.
The abundance of forest decreased by 6.7%, whereas island
and gravel habitats exhibited an increasing trend in area of
1.9% and 2.7 %, respectively. For the entire study period
(1940 to 2007), most habitat types decreased in relative
abundance, ranging from 9% (forest) to 78% (vegetated
gravel), whereas pasture and grassland showed an increase
of 28% (Table III, Figure 4C).
Channel complexity paralleled the temporal changes in
habitat abundance. From 1940 to 1986, the shoreline
length decreased from 3.1 to 2.4 km per river km and the
braiding index (B) from 1.75 to 1.25 (Figure 4D). Both
parameters slightly increased (shoreline length = 0.2 km
per river km, B = 0.2) from 1960 to 1969. From 1986 to
2007, both parameters also increased, shoreline length to
1.6 km per river km and B to 2.9, although both values
were less than values calculated for 1940. During the

whole study period, the sinuosity index remained
relatively stable (Figure 4D).

DISCUSSION
Rapid and frequent habitat turnover are well-known
phenomena in natural riverine ﬂoodplains driven by the
dynamic nature of hydrological (ﬂow) disturbance
(Stanford et al., 2005). Despite their inherent dynamic
nature, the composition and relative abundance of
different habitat elements in natural ﬂoodplains seem to
remain relatively constant over ecological time, as
inferred in the shifting mosaic steady state concept
(Arscott et al., 2002; Ward et al., 2002; van der Nat et al.,
2003; Whited et al., 2007). Based on this concept, we
evaluated long-term changes in habitat abundance and
channel complexity in the Alpine ﬂoodplain of the lower
Urbach River. Although the Urbach has a historically
modiﬁed ﬂow regime, the ﬂoodplain contains habitat
elements usually found in relatively undisturbed ﬂoodplains. Consequently, the system provided an excellent
opportunity to investigate the effects of ﬂow regulation on
long-term habitat dynamics of a mostly natural riverine
ﬂoodplain. Our results, based on historical aerial images
taken over ~70 years, revealed a highly dynamic pattern of
habitat abundance deviating from the shifting mosaic steady
state concept for this human-modiﬁed ﬂoodplain. Therefore,
we consider the application of the concept as a potential

Table II. Summary of precipitation variables calculated from daily sums of precipitation >60 mm 24 h–1 from 1920 to 2007 for the
station Guttannen and Gadmen (in brackets)
Variable
Number of events
Maximum number of events per year
Average number of events per year
Maximum duration of events (days)
Maximum magnitude (mm 24 h–1)
Average magnitude (mm 24 h–1)

1920–1940

1941–1960

22
3
1.05
2
110.0
74.9

21
4
0.95
1
103.5
76.4

1961–1986
20
2
0.73
1
129.4
77.8

(21)
(2)
(0.77)
(1)
(108.1)
(74.9)

1987–2007
29
7
1.38
3
109.3
74.2

(24)
(5)
(1.14)
(2)
(107.7)
(76.6)

Data were summarized based on the availability of aerial images and major changes in ﬂoodplain structure (see Figure 4C).
Copyright © 2011 John Wiley & Sons, Ltd.
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Figure 3. Number of changes (times per entire study period) in habitat types
for the 118-ha study area of the Urbach ﬂoodplain from 1940 to 2007. Dark
areas indicate no change in habitat type, whereas brighter colours indicate
areas of the ﬂoodplain that shifted between different habitat types

indicator of ﬂoodplain change in response to landscape
transformation.
Spatiotemporal changes in habitat dynamics and
channel complexity

Habitat turnover in the Urbach ﬂoodplain was frequent,
about 48% of all habitats changed location once and 5%
up to ﬁve times in the 67-year study period. Even so,
these changes were less frequent compared with, for
example, the Nyack ﬂoodplain in northwest Montana that
showed respective turnover rates of 70% and 25% over a
period of 59 years. Importantly, changes in the abundance
of habitat types sensitive to alterations or modiﬁcations in
ﬂow regime were much higher in the human-impacted

Urbach ﬂoodplain than in other near-natural ﬂoodplains.
For instance, the abundance of gravel habitats in the
Nyack ﬂoodplain and island habitats in the Tagliamento
ﬂoodplain in northeast Italy remained fairly constant
(Coefﬁcient of variation = on average 18% and 10%,
respectively) (Whited et al., 2007; Zanoni et al., 2008) but
were highly variable in the Urbach ﬂoodplain (CV = 37%
and 84%, respectively). In addition, the braiding index was
<3 and shoreline length <3.2 km per river km for the
Urbach ﬂoodplain, further indicating that channel complexity was much less than that in the highly braided
Tagliamento ﬂoodplain with a braiding index up to 6 and
average shoreline length of 13.6 km per river km under
intermediate ﬂow conditions (Arscott et al., 2002; van der
Nat et al., 2003).
Variability in habitat abundance and channel complexity can be associated with changes in water and sediment
supply, ﬂooding, and vegetation-driven stabilization
processes (Leys and Werritty, 1999; Gurnell et al.,
2001; Surian and Rinaldi, 2003; Kiss et al., 2008). From
1940 to 1960, the abundance of gravel and vegetated
gravel decreased (2.2% and 9.3%, respectively), whereas
pasture and grassland habitat increased in area (5.1%).
From 1960 to 1986, forest habitat increased in area
(6.1%) whereas gravel habitat lost area (1.8%) and island
habitats almost disappeared (0.2%) in the ﬂoodplain. In
both periods, shoreline length and braiding index, both
indices of channel complexity, also showed decreasing
trends (see Figure 4D). During this period, the number of
high-precipitation events triggering restructuring ﬂoods
did not change remarkably (Table III). Therefore, the
observed changes in habitat abundances and declining
channel complexity most likely can be attributed to water
abstraction linked to dam construction in the late 1940s in
concert with successive construction of levees for ﬂood
protection in the active ﬂoodplain. Hydropower abstracts
around 30% of the annual baseﬂow of the Urbach at the
dam, which had its ﬁrst bank-ﬁlled level in 1950.
Water abstraction at dams and disconnection of habitats
by levees that narrow the active ﬂoodplain can have
severe effects on the spatial extent of restructuring ﬂoods
and, in particular, on frequent ﬂow and ﬂood pulses in
regulated rivers. Although ﬂow and ﬂood pulses usually
are not responsible for rapid ﬂoodplain restructuring, they
are important for creating and maintaining habitat

Table III. Percentage of the total ﬂoodplain area occupied by each of the six habitat types for each measured year of the time series
Year
1940
1960
1969
1977
1986
1998
2007
Mean
SD
CV (%)

Pasture and grassland (%)

Water (%)

Gravel bars (%)

Vegetated gravel (%)

Islands (%)

Forest (%)

52.1
67.2
69.0
69.0
67.1
69.2
69.3
66.1
6.2
9.4

5.7
4.0
3.9
3.4
3.7
2.8
3.8
3.9
0.9
23.1

5.9
3.7
1.5
1.7
1.9
5.0
4.8
3.5
1.8
51.4

12.6
3.3
3.6
3.0
3.3
2.0
2.8
4.4
3.6
81.8

3.6
4.1
1.7
0.9
0.2
2.9
2.1
2.2
1.4
63.6

20.2
17.8
20.4
22.0
23.9
18.0
17.2
19.9
2.4
12.1

Copyright © 2011 John Wiley & Sons, Ltd.
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Figure 4. (A) Precipitation events >60 mm 24 h–1 between 1920 and
2010. (B) Yearly frequencies of precipitation events >60 mm 24 h–1
between 1920 and 2010. (C) Change in habitat abundance in percentage
from 1940 to 2007. (D) Change in shoreline length (km km–1), sinuosity
index, and braiding index from 1940 to 2007. The white and grey sections
on each plot indicate periods distinguished in this study (before 1960,
1960 to 1986, and after 1986)

elements and inﬂuence the successional development of
vegetation (Benke et al., 2000; Arscott et al., 2002;
Tockner et al., 2003). Modiﬁcations of the frequency and
duration of ﬂow and ﬂood pulses have been shown to
Copyright © 2011 John Wiley & Sons, Ltd.

shift hydrological-disturbance-dominated vegetation
communities to more terrestrial-like communities
(Marston et al., 2005). In the Urbach, vegetated gravel
dominated by different willow species adapted to a
dynamic ﬂow regime was the ﬁrst habitat type that
strongly declined due to the reduced ﬂow and ﬂood
pulses. Decreasing frequencies of inundation can alter
environmental conditions (e.g. habitat stability, sediment
and nutrient supply, moisture gradients), thereby enhancing the growth of terrestrial vegetation such as grassland
and pasture that may later develop into ﬂoodplain forests
(Katz et al., 2005). This successional terrestrial pattern
can lead to decreasing habitat dynamics and especially the
stabilization of human-modiﬁed ﬂoodplains. For
example, Kloehn et al. (2008) found the age structure
of ﬂoodplain surfaces in the Elwha River, Washington,
USA, to be younger at sites non-impacted by dams
compared with impacted sites, and Hohensinner et al.
(2011) documented increasing age (i.e. lower turnover) of
ﬂoodplain habitats following channelization of the
Danube River, Austria.
Islands, almost lost from the Urbach ﬂoodplain until
1986, can serve as a direct indicator of the effects of a
changing ﬂow regime on ﬂoodplains in human-modiﬁed
rivers. Islands are deﬁned as areas of woodland vegetation
surrounded either by water-ﬁlled channels or exposed
gravel (Gurnell et al., 2001). Island development and
turnover are a direct result of high ﬂow dynamics that
induce and maintain erosion, transport and deposition of
vegetation, sediment and nutrients (Edwards et al., 1999).
They are important features of ﬂoodplain ecology,
sustaining high biodiversity and ecosystem processes
(Thorp, 1992; Gurnell and Petts, 2002; Doering et al.,
2011). In natural, unregulated ﬂoodplains, ﬂuvial islands
are widespread common features, but they are among the
ﬁrst habitats that disappear as a consequence of human
interference such as water abstraction and ﬂood control
(Osterkamp, 1998; Gurnell et al., 2001).
Channel complexity in the Urbach declined until 1986,
as shown by a decreasing braiding index and shoreline
length. In contrast, sinuosity of the main channel
remained relatively low and constant (~1.2; Figure 4D).
In complex, braided systems, sinuosity is poorly suited as
a measure of channel complexity as it is for meandering
or single-channel systems (van der Nat et al., 2002).
However, changes in the braiding index and shoreline
length may be attributed directly to water abstraction and
channel narrowing. In the Tagliamento River, falling water
levels below intermediate discharge directly and negatively
inﬂuenced the braiding index and shoreline length (van der
Nat et al., 2002). Increasing stabilization of the ﬂoodplain
by vegetation succession, as described earlier, can lead to
channel narrowing and give the main channel more power to
incise and become disconnected from side channels
(Katz et al., 2005; Stallins et al., 2010).
From 1986 to 2007, habitat-type abundances and
channel complexity exhibited complimentary patterns.
Speciﬁcally, islands and gravel habitats signiﬁcantly
increased (1.9% and 2.7%, respectively), whereas forest
Hydrol. Process. 26, 3319–3326 (2012)
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habitat decreased in abundance (6.7%). At the same time,
shoreline length and braiding index increased by 0.5 and
0.3 km–1, respectively. Concomitantly, high-precipitation
events triggering reworking ﬂoods occurred at higher
frequencies and duration (increases of ~30%) than those
earlier (Table II and III). The altered ﬂow regime enhanced
erosion and scouring of ﬂoodplain areas, including levees,
and thus reactivated, created, and maintained habitat types
such as gravel and islands that depend on hydrological
disturbance and, as a consequence, restored channel
complexity (Figure 4C,D). The decrease of forest habitat
and concurrent increase of island habitats indicate that
most new islands were created by forest dissection. The
formation of islands is a result of vegetation succession
initiated by the deposition of large wood and sediments or
by dissection from other parts of the ﬂoodplain (Gurnell
et al., 2001). Regardless, the increased hydrological
disturbance was not able to restore ﬂoodplain structure that
characterized the ﬂoodplain in 1940 before impairment and
clearly suggests that a long-term perspective is needed in the
restoration of riverine ﬂoodplains using hydrological
disturbance (see Robinson and Uehlinger, 2008).

CONCLUSION
The Urbach ﬂoodplain is a shifting mosaic of habitat
patches that exhibited a distinct change in habitat-type
abundance and channel complexity over the 67-year study
period. These ﬁndings are in contrast with results from
other near-natural ﬂoodplains that show high habitat
turnover but a fairly constant habitat-type abundance over
time and thus deviates from the shifting habitat steady
state process for human-impacted ﬂoodplains. Importantly,
the concept has major applications toward attributing
changes in ﬂow due to human impacts (ﬂow regulation,
water abstraction) or landscape transformation from
environmental change in altering the spatial and temporal
dynamics of human-dominated ﬂoodplains. For instance,
the results of this study indicate that the important linkage
between hydrological disturbance (i.e. natural ﬂow regime)
and the maintenance of ﬂoodplain heterogeneity and
process dynamics is decoupled in human-modiﬁed ﬂoodplains. Intriguingly, this concept also raises the question
whether the observed elevated frequencies of high ﬂow
events induced by climate change can assist resource
managers in ﬂoodplain restoration. Application of the
“shifting mosaic steady state” concept may serve as a
framework to indicate changes in ﬂoodplain heterogeneity
and process dynamics resulting from human-modiﬁed ﬂow
regimes or landscape transformation via climate change.
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