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Earth Surface Processes and Landforms

ABSTRACT: Hydropower alteration of the natural flow and sediment regime can severely degrade hydromorphology, thereby
threatening biodiversity and overall ecosystem processes of rivers and their floodplains. Using sequences of aerial images, we quan-
tified seven decades (1938/1942-2013) of spatiotemporal changes in channel and floodplain morphology, as well as changes in the
physical habitats, of three floodplain river reaches of the Swiss pre-Alps, two hydropower-regulated and one near-natural. In the
Sarine River floodplain, within the first decades of hydropower impairment, the magnitude and frequency of flood events (Q,,
Qi0, Q30) decreased substantially. As a result, the area of pioneer floodplain habitats that depend on flood activity and sediment
dynamic, such as bare sediments, decreased dramatically by approximately 95%. However, by 2013 vegetated areas had generally
increased in comparison to the pre-regulation period in 1943, indicating general vegetative colonization. Between 1943 and 2013,
the active channel underwent essential narrowing (up to 62% width reduction in the residual flow reach) and habitat turnover rates
were very low (5% of the total floodplain area changed habitat type five to six times). In contrast, from the 1950s onwards, the
near-natural floodplain of the Sense River experienced recurrent narrowing and widening, and frequent changes between bare
and vegetated areas, reflecting the shifting habitat mosaic concept typical for natural floodplains. In the three reaches investigated,
we found that the active floodplain width and erosion of vegetated areas were primarily controlled by medium to large floods (Q;,
Q30), which combined with reduced time intervals between ordinary floods > Q, most likely mobilized streambed sediments and
limited the ability of vegetation to establish itself on bare gravel bars within the parafluvial zone. These findings can contribute to
restoration action plans such as controlled flooding and sediment replenishments in the Sarine and other floodplain rivers of the Alps.
© 2020 John Wiley & Sons, Ltd.
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dynamics, often releasing only a low flow (also called base or
residual flow) lacking natural flood—drought cycles (Poff

Introduction

Hydropower is an important renewable energy source with
excellent efficiency, currently accounting (excluding pumped
storage) for approximately 16% of the world’s electricity gener-
ation (IEA, 2018) and approximately 57% in Switzerland
(SFOE, 2019). Even though most of these hydropower facilities
provide important benefits to human societies and their econo-
mies, they may have detrimental impacts on downstream river
ecosystems by altering the natural equilibrium between flow
and sediment regime (Poff et al., 1997; Wohl et al., 2015a).
The upstream and downstream propagation of fragmentation
and flow regulation caused by dams and reservoirs are consid-
ered to be the dominant factors that disrupt river connectivity
(Grill et al., 2019). High-head hydropower dams affect flow

etal., 1997; Richter et al., 2003). Further, downstream of hydro-
electric power plants, rivers may also exercise unnatural daily
or sub-daily quick variations in discharge and water levels
(i.e. hydropeaking; Moog, 1993; Meile et al., 2011) at a rate
that varies in response to turbine operations according to the
demand of the electricity market. Thus alteration of the flow
and sediment regime by hydropower facilities often severely
affects hydrogeomorphological variability and dynamics,
which in turn support biota (especially disturbance-adapted
aquatic and riparian communities) and overall ecosystem pro-
cesses (e.g. production, transformation and storage of organic
matter and nutrients) of rivers and their floodplains (Bunn and
Arthington, 2002; Graf, 2006; Poff et al., 2007; Poff and
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Zimmermann, 2010; Vorosmarty et al.,, 2010; Best, 2019;
Palmer and Ruhi, 2019; and references therein).

Unregulated river floodplains are complex, dynamic and
diverse ecosystems characterized by interconnected aquatic
and terrestrial habitat patches. These patches are generated
and maintained by frequent expansion—contraction cycles of
surface waters, channel avulsion and cut-and-fill alluviation,
mainly as a result of variability in flow, and flood pulses and sed-
iment regime in interaction with riparian and in-channel vegeta-
tion (Tockner and Stanford, 2002; Ward et al., 2002; Tockner
etal., 2010a; Gurnell, 2014; and references therein). Moreover,
floodplains are one of the most vulnerable and threatened eco-
systems worldwide (Tockner and Stanford, 2002; Tockner
et al., 2010b). Their pronounced heterogeneity over a wide
range of temporal and spatial scales and frequent habitat turn-
over occur much more rapidly than in most other ecosystems,
distinguishing them as excellent model ecosystems (Tockner
et al., 2010a) to study the impact of hydropower exploitations
on the spatiotemporal organization of channel and floodplain
morphology including physical habitat variability.

Sequences of remotely sensed aerial images are frequently
used to digitize surface areas in order to identify changes in
physical habitats at the reach scale over decades, and are
therefore essential in the analysis and management of river sys-
tems (Grabowski et al., 2014; Belletti et al., 2017). Neverthe-
less, remotely sensed data are limited to a snapshot in time
and should, whenever possible, be combined with other data
sources and observations. In French river systems, they have
been successfully used to determine the role of flood activity
and bedload supply in controlling channel width, vegetation
dynamics and island patterns in both braided (Belletti
et al., 2014, 2015) and bedrock alluvial (Toone et al., 2014)
reaches. Moreover, historical aerial image analyses have been
used to identify spatiotemporal changes in habitat proportion
and variability in a Swiss alpine floodplain affected by water
abstraction and levee constructions (Doering et al., 2012),
and within two alluvial reaches of a Mediterranean river
located downstream of large dams (Gar6fano-Gémez
et al., 2013). Further, aerial images have been combined with
historical maps (Hohensinner et al., 2011) or airborne LiDAR
(Lallias-Tacon et al., 2017) to characterize the history of river
floodplain morphology, development of habitats and vegeta-
tion responses. Overall, these studies suggest that flow and sed-
iment regulation generally lead to active channel (AC) incision
and narrowing with consequent disconnection from former AC
or active floodplain (AF) areas as well as to increased channel
and floodplain stabilization through changes in vegetation
composition (i.e. pioneer versus mature vegetation) and
encroachment.

The main goal of our study was to quantify seven decades of
spatiotemporal transformation of channel and floodplain mor-
phology, including physical habitat turnover, in near-natural
and hydropower-regulated river floodplains of the Swiss pre-
Alps. We analysed a series of aerial images extending over a
period of 70-75 years relating to two river reaches character-
ized by a residual flow and hydropeaking regime. Both reaches
are connected downstream and affected by hydropower facili-
ties (dam, hydropower plant). Equivalent analyses were per-
formed for a floodplain reach with a near-natural flow and
sediment regime in an adjacent catchment, serving as compar-
ison. We expected that modification of the natural flow and
sediment regime in the two hydropower-affected reaches
would change habitat proportion as well as distribution, and
increase morphological stability as a consequence of promoted
vegetation succession. Our study aims at quantifying long-term
trajectories of changes, using and specifying several variables
to better assess consequences of persisting hydropower
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pressures and resulting hydrogeomorphological responses over
decades in floodplains. It also aims at supporting sustainable
restoration and adaptive management strategies in
hydropower-regulated rivers and floodplains.

Study Sites

Three different floodplain reaches of national importance, i.e.
protected areas, located in alluvial zones of two Swiss
pre-alpine rivers were selected for spatiotemporal quantifica-
tion of morphological changes by means of aerial image analy-
ses (Figure 1 and Table 1). The Sarine River is 126 km long and
drains a catchment of 1893 km? before flowing into the Aare
River, a tributary of the Rhine River (Mapgeo, 2020). On its
course, the Sarine is exploited for hydroelectrical production
in five facilities that impair its flow and sediment regime.
Between the Rossens dam (Lake Gruyére) and the Maigrauge
dam (Lake Pérolles) the meandering course of the river is well
developed and constrained in a 50-100m deep canyon in
the Miocene molasses bedrock (Braillard and Mauvilly, 2008).
The investigated 11 km long residual flow reach (henceforth,
Sarine-Residual) was located between 2.4 km downstream of
the Rossens dam and the hydropower plant Hauterive (Figure 1
and Table 1). The 6.5 km long hydropeaking reach (henceforth,
Sarine-Hydropeaking) was located between the water release
of the hydropower plant Hauterive and 1.7 km upstream of
the Maigrauge dam (Figure 1 and Table 1). The Sense originates
at the confluence of the Cold and Warm Sense and drains a
catchment of 435km? before joining the Sarine after 36 km
(Mapgeo, 2020). The Sense is one of the most natural rivers in
the northern Alpine region (Hettrich et al., 2011). The investi-
gated 3.5 km braided floodplain reach was located near the vil-
lage of Plaffeien and characterized by a near-natural flow and
sediment regime (Figure 1 and Table 1), only slightly
constrained by former gravel extraction and some levees
installed for flood protection and bank stabilization in the
1950s. Average total annual rainfall in the Sarine (station
Fribourg-Posieux) and Sense (station Guglera) reaches is 1075
and 1345 mm, with average maximum and minimum monthly
rainfall typically occurring in August and in February, respec-
tively (period 1920-2016; MeteoSwiss, 2017).

Historical changes in flow and sediment regime

The Rossens dam was built from 1944 to 1948 (arch dam
height 83 m; crest length 320 m; Gigot, 1950) forming Lake
Gruyere, the longest (~13 km) and fourth largest (170-200 x
10°m?) Swiss reservoir. After the construction of the Rossens
dam the hydropower plant Hauterive, built between 1898
and 1901, was renewed and connected with the reservoir by
a ~6 km long circular gallery (Gigot, 1950) for on-demand tur-
bine operation, resulting in hydropeaking downstream. Cur-
rently, the mean annual production is 220GWh and the
maximum discharge through the gallery is 84 m? s™'. The
actual residual flow between the Rossens dam and Hauterive
varies between 2.5 and 3.5m> s~ ' in winter and summer,
respectively. However, because of renewals of the hydropower
facilities, the residual flow and hydropeaking regime in the two
Sarine reaches have changed considerably over the years
(Table 2). The Sense reach is not affected by hydropower
facilities.

The discharge at the hydrological station ‘Fribourg’ (located
~10km downstream of the hydropower plant Hauterive;
FOEN, 2020) is influenced by the Maigrauge dam (hydropower
plant Oelberg; Qumax =99 m* s™', since 1956) and the two main
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Figure 1. Overview of the three study reaches: Sarine-Residual, Sarine-Hydropeaking, and Sense (near-natural). Major hydropower facilities
(Rossens dam, gallery and hydropower plant Hauterive) and tributaries are indicated. Yellow polygons illustrate the reach boundaries and orange
polygons the maximum active floodplain area (see text: ‘Habitat delimitation” and ‘Floodplain and habitat variables, flood variables’). Background

maps: orthophotos of the year 2013 (Swissimage Geodata Swisstopo®).

Table 1. Characterization of the study reaches in their actual state

Sarine-Residual Sarine-Hydropeaking Sense
Strahler’s order 7 6
Valley confinement and floodplain planform® Partly confined, single-thread meandering Laterally unconfined, multi-thread braided
Average channel slope (%o) 3 17
Sediment size D,,| Do (cm) 5.6111 9.6122
Main channel average width (m) 25 10
Mean elevation (m a.s.l.) 590 560 810
Source elevation (m a.s.l.) 2250 1500°

Natural flow regime Intermediate nival

Floodplain of national importance

La Sarine-Rossens-Fribourg (267 ha)

Nivo-pluvial pre-alpine
Senseauen (307 ha)

D,,: geometric mean; Dgo: 90% finer.
‘Classification according to Rinaldi et al. (2016).
"Source of the Cold Sense.

tributaries Gérine and Glane with an annual average discharge
of 1.7and 4.2 m> s ', respectively (Mapgeo, 2020; Figure 1).
The discharge at the hydrological station ‘Thorishaus—
Sensematt’ (located 20 km downstream of the Sense reach end;
FOEN, 2020) is influenced by the Schwarzwasser as a main trib-
utary (annual average discharge of 2.4 m?® s™'; Mapgeo, 2020)
located 3 km upstream of the station and two other smaller trib-
utaries, the Laubbach and the Tiitschbach (annual average dis-
charge: <0.3 m?s ! Mapgeo, 2020; Figure 1). It is most likely
that, in the Sarine, floods with a return period of two (Q, =260
m?*s™') or more years are not affected by hydropower operation

© 2020 John Wiley & Sons, Ltd.

(maximum capacity 99 m* s~") and tributaries (e.g. Q.00 Gérine
=140 m’ s~") located before the gauging station. Moreover, dis-
charges > Q, are expected to mobilize streambed sediments in
both the Sarine and Sense reaches (Jaeggi, 2001; Jaeggi
etal., 2002; Ribeiro et al., 2014).

The natural bedload transport downstream of the Rossens
dam until the confluence with the tributary Gérine, located
1.4km downstream of the hydropower plant Hauterive
(Figure 1), was estimated by numerical model simulations at
4000 m* yr' (Jaeggi et al., 2002), whereas the actual bedload
transport is almost zero. The Gérine is estimated to transport
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Table 2. Historical evolution of residual flow released from the Rossens dam and maximum possible peak flow released from the hydropower plant
Hauterive

Period Residual flow (m® s~ Hydropeaking max. flow (m® s~
1948-1975 0.00 37.50
1976-1994 1.00 56.25
1994-2005 1.00 75.00
Since 2006 2.50-3.50 84.25"

Data source: personal communication Groupe-e (hydropower company).

‘Maximum water volume that can pass through the turbines. However, only 75 m? s~ can be legally released in the Sarine by the hydropower plant

Hauterive.

3500 m> yrf1 in the Sarine (Jaeggi, 2001) and this volume has
not changed significantly over the years. The bedload regime
in the Sense reach is near-natural, with an estimated actual
bedload supply from the Cold and Warm Sense of 7500
m?® yr~' (GEKOBE, 2014). However, an active period of mining
occurred between 1950 and 2000 when important quantities of
gravel were extracted from the Sense (1500-15 500 m? yr”).
Additional information on the hydropower facilities, as well
as on the flow and sediment regime, is provided in Supporting
Information A.

reaches (Table 3). All images were obtained in digital format
from the Swiss Federal Office of Topography (Swisstopo®).
Images from 2007 and 2013 were Swisslmage RGB
orthophoto-mosaics at 25cm resolution, and images from
1981 and 1993 were panchromatic orthophoto-mosaics at 50
cm resolution. Six time series of small- to medium-scale pan-
chromatic vertical aerial images (Sarine: 1943, 1952, 1968;
Sense: 1938, 1954, 1969) were obtained at scanning resolu-
tions of 6.8-10.9 um and then photogrammetrically processed,
orthorectified and resampled to orthophoto-mosaics at 30 cm

resolution (Supporting Information B).

Daily mean discharges at the date of the aerial surveys
ranged between 2.3 and 10.8 m® 57" in the Sense and between
10.9 and 88.7 m> s~ in the Sarine (Table 3). According to the
known residual flow regime (Table 2), except for 1943 (before
damming), discharge in the Sarine-Residual is considered to
be lower than 4 m? s™', whereas in the Sarine-Hydropeaking
the recorded discharges are strongly affected by the
hydropeaking regime.

Methods
Aerial images
Seven sets of historical aerial images and contemporary

orthophotos captured over a period of 70-75 years were used
to map and characterize morphological changes in the study

Table 3. Characterization of the aerial images used and approximated daily mean discharge at the day of image acquisition.
# images used for Average Final Precision final
Study Flight date final ortho- flight Focal length pixel ortho-mosaic Daily mean
reach (dd.mm.yyyy) mosaic height (m) (mm) size (m) (+m) discharge m?s
Sense
04.06.1938 2 3450 216.98-221.15 0.30 0.20" 9.9
24.09 and
14.10.1954 2 4500-5000 210.1 0.30 0.34" 2.3-3.5
14.07.1969 1 4500 152.87 0.30 0.25" 7.2
01.06.1981 1 4762 153.02 0.50 nd 10.8
29.07.1993 1 4819 152.52 0.50 nd 5.0
01.08. and
21.09.2007
(ev.13.09) 1 2500-5000 nd 0.25 0.25% 6.8 and 5.8 (ev.3.3)
07.06.2013
(ev.31.07) 1 2500 nd 0.25 0.25% 10.1 (ev.5.9)
Sarine-Residual and Sarine-Hydropeaking
30.08.1943 6 3000 204.08-212.77 0.30 0.13" 10.9
08.04.1952 6 4300 210.38 0.30 0.71" 67.2
25.06.1968 3 4200 152.87 0.30 037" 34.5
01.06.1981 2 4306-4314 153.02 0.50 nd 66.0
30.07.1993 1 5899 152.52 0.50 nd 45.2
31.07.2007 1 2500 nd 0.25 0.25% 48.4
07.06.2013 1 2500 nd 0.25 0.25% 88.7

nd: no data; ev: eventually.
'Average positional absolute accuracy (total image unit-weight RMSE).
*Standard deviation for the precision in position.

© 2020 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, (2020)
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Habitat delimitation

The study area of each reach was delimited by the official
perimeters of the floodplains of national importance ‘La
Sarine—Rossens-Fribourg’ and ‘Senseauen’ (FOEN, 2007), with
an additional buffer of 50 m to account for inaccuracies in the
defined official perimeters. Upstream and downstream ends
were delimited by the minor extent of the available aerial
images (yellow polygons in Figure 1).

For each orthophoto-mosaic, six habitat types (i.e. geomor-
phic macro-units) were classified and manually digitized in
ArcMap 10.4 (ESRI, Redlands, CA, USA) across the entire area
of each reach (Table 4): (i) open water (OW); (ii) bare sediment
(BS); (iii) vegetated sediment (VS); (iv) island (IS); (v) mature for-
est (MF); (vi) other structures (OS). Where necessary, digitized
habitats were corrected for uncertainties (e.g. vegetation
period, shaded areas) and digitalization artefacts (e.g. overlap-
ping polygons, data gaps; Supporting Information C). Accuracy

in habitat boundary delineation is commensurate with the final
pixel resolution (0.25-0.5 m) and the final positional accuracy
of the orthophoto-mosaics (max. = 0.7 m; Table 3) as well as
the possible digitization inaccuracy (estimated at £2 m). These
potential uncertainties were considered small relative to the
expected amount of change between periods and the
large-scale data provided by our study.

Floodplain and habitat variables, flood variables

Transformation of channel and floodplain morphology as well
as physical habitats were quantified for the maximum active
floodplain (MaxAF) area (orange polygons in Figure 1). We
defined MaxAF as the union of OW, BS, VS and IS over the
seven sets of digitized orthophoto-mosaics, thus representing
the area where major morphological changes are expected
due to flood activity of the last 70-75 years. For each reach,

Vegetated sediment: exposed cobble, gravel and sand surfaces with grass and/or pioneer vegetation such as different Salix

Island: isolated dense vegetation growing on higher substrata and soil, surrounded either by OW, BS or VS, mainly
colonized by Alnus incana and different Salix sp. but also hardwood vegetation. If there was a direct contact with MF,

Mature forest: dense vegetation fringing the active tract of the floodplain or outside of the floodplain, mainly colonized by

Other structures: including farming land (e.g. grassland, pasture, cultivated areas), hanging rock and cliffs free of vegetation

Table 4. List and description of acronyms and variables employed in the text
Habitat type
oW Open water: primary and secondary lotic channels and standing waters
BS Bare sediment: exposed cobble, gravel and sand surfaces free of vegetation cover
VS sp. or Petasites hybridus as well as large woody debris
IS habitat class was MF
MF Alnus incana and different Fraxinus sp. but also hardwood vegetation
oS cover, anthropogenic structures (e.g. buildings, industrial sites, reforestation zones)

Habitat unions

Maximum active channel: union of OW and BS over the seven sets of digitized orthophoto-mosaics (i.e. 70-75 years)
Maximum active floodplain: union of OW, BS, VS and IS over the seven sets of digitized orthophoto-mosaics

AC Active channel: union of OW and BS (e.g. Belletti et al., 2014)
AF Active floodplain: union of OW, BS, VS and IS

MaxAC

MaxAF (i.e. 70-75 years)

Floodplain and habitat variables

Relative
proportion

AC width, AF width

ACvar/ AFvar

Habitat turnover rate

habitat

Area proportion of each habitat type as percentage of the MaxAF area for each period between aerial images

AF and AC width for each period between aerial images, indicating narrowing/widening trends over time. Width was
determined using automatically generated transect measurements evenly spaced (50 m) along and perpendicular to the
centreline of the AF polygon and AC polygon, respectively

AC and AF median width variation (AC, ., and AF,,,, respectively; %), for each period between aerial images, normalized by
the number of years between the consecutive periods (e.g. the percentage of AC,,, between Sarine 1952 and Sarine 1968
rated by 16 years)

Number of changes in habitat types over the entire study period. First, vector data sets were converted into raster files of 2 m
cell size with habitat classes coded by integer numbers. Then, all raster files of the same study reach were combined into a
single raster file. This allowed the habitat type of each cell and year to be tracked and thus the habitat change of each cell
through time to be computed

Eroded area variation EA,,, (IS and/or MF and/or VS changed to AC, i.e. vegetation becoming AC; %) and vegetated area
variation VA, (AC changed to IS and/or MF and/or VS, i.e. AC becoming vegetation; %), for each period between
aerial images, normalized by the number of years between the consecutive periods (e.g. Belletti et al., 2014).

Ratio between VA and EA for each period between aerial images, normalized by the number of years between the
consecutive periods (e.g. Belletti et al., 2014). VA/EA indicates the overall floodplain evolution (turnover) in terms of

Shannon’s diversity index (SHDI), Shannon’s evenness index (SHEI), mean shape size (MPS) and mean shape index (MSI) for

EA i, VAvar Calculated from habitat turnover maps
VA/EA river and floodplain dynamics, including vegetation loss and gain and morphological erosion
SHDI, SHEI, MPS,

MSI

Flood variables

each period between aerial images. Additional information is provided in Supporting Information F

Number of floods with return periods ,, Qo and 3o, normalized by the number of years between the consecutive
periods. Each flood was considered only once (i.e. if one Q5o occurred, it was not also considered as Q, and Q)
Maximum number of consecutive years with Q> Q,, normalized by the number of years between the consecutive periods

QZ/ Q10/ Q3O
ny. Q=Q,
n.m. Q>Q, Number of months since the most recent flood Q> Q,
Qmin/ Qma></
Qmeans Qcv Flow minimum, maximum, mean and coefficient of variation

© 2020 John Wiley & Sons, Ltd.
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we calculated a set of floodplain and habitat variables
reflecting proportion, distribution, stability, diversity and patch-
iness (Table 4).

A set of flood variables that consider magnitude, frequency
and timing of high-energy flood pulses and flow regime
(Table 4), which could explain changes in channel and flood-
plain morphology as well as physical habitats, was calculated
from maximum annual flow data of the selected hydrological
stations (see ‘Historical changes in flow and sediment
regime’, above) for the exact period between aerial image
acquisition.

Statistical analyses

Spearman’s correlations between single flood variables as con-
trol factors and floodplain/habitat variables (AC, ., AF,a,, EAvar,
VA,., VAJEA) as response factors were used to analyse the
dependence between flood activity and morphological
changes. In addition, multiple linear regression (MLR) analyses
were performed to test whether floodplain/habitat variables can
be predicted by analysing a combination of different flood var-
iables. Furthermore, to verify whether there is a reach effect, we
fitted mixed-effect models (MEM) with the three different river
reaches as block variables. Grouping the river reaches into
three blocks, each with six samples (i.e. periods between aerial
images), reduces the variability caused by the reach samples
themselves and therefore leads to more accurate results
(Bailey, 2008). To reduce multicollinearity in the MLRs and
MEMs, two of the nine flood variables (Qua., Q) were
excluded prior to model selection because of their significant
Spearman’s correlation (p < 0.05) with four other flood vari-
ables. Subsequently, the Akaike information criterion (AIC)
was used to select the most appropriate model on a step-by-
step basis with maximum likelihood estimates. After model
selection, the MEMs were refitted with the restricted maximum
likelihood method (REML) to obtain better variance estimates.
Statistical analyses were performed using version 3.6.3 of the
R software (R Development Core Team, 2008).

Results

Temporal changes in river flow regime and flood
activity

During the pre-regulation period (1928-1943), before dam
construction, the Sarine experienced the most flooding
(Figures 2 and 4A and Table 5) with a flow mostly above the
long-term daily mean (insert in Figure 2). The period 1943—
1952 was influenced by construction of the dam (1944-1948)
but still characterized by a similar amount of Q,, Q¢ and
Q30 per year to that before flow regulation. The years 1952—
1968 showed the same amount of Q, per year as the first two
periods but no larger floods (Q;¢ and Qsp), whereas the years
1968-1981 showed a little less Q, but more Q;q per year than
the three periods before. Subsequently, the number of Q, per
year decreased. However, the major flood event occurred on
22 August 2005 with a magnitude of 750 m® s, correspond-
ing to a Q5. Moreover, the last three periods were character-
ized by no consecutive years with Q> Q,. The period with the
least flooding in the Sarine was the most recent (2007-2013),
with one single Qs at the beginning of the period and
70 months since the most recent flood Q> @, (Table 5), as well
as a flow over most of the period below the long-term daily
mean. Furthermore, the mean maximum annual flow showed
an important decrease from around 420-430 m? s~ in the first

© 2020 John Wiley & Sons, Ltd.

two periods to 290-340 m* s~ in the third and fourth period,
260m> s ' in the fifth and sixth period, and only 215m® s~'
in the last period, corresponding to a reduction of approxi-
mately 50% compared to the first two periods and ~107
m> s~ lower than the long-term mean maximum flow (Figure 2
and Table 5).

In the Sense, no clear decreasing trend in flooding frequency
and magnitude was detectable (Figures 2 and 4A and Table 5).
Most of the flooding occurred between 1954 and 1993, as well
as between 2007 and 2013. The years 1938-1954 showed the
least flooding, with only five Q, events in the 17-year period,
no consecutive years with Q> @Q,, lowest mean maximum
annual flow (~22 m? s™' lower than the long-term mean maxi-
mum flow) and a flow mostly below the long-term daily mean
(insert in Figure 2). The major flood event occurred on 29 July
1990 with a magnitude of 489 m® s=', corresponding to a
return period larger than 150 years.

Spatiotemporal changes in channel and floodplain
morphology

From the pre-regulation period in 1943 to 2013, the proportion
of BS area relative to the MaxAF area decreased by 52% in the
Sarine-Residual and by 27% in the Sarine-Hydropeaking
(Figure 3). Compared to 1943, original BS area decreased dras-
tically by approximately 95% until 2013 in both
hydropower-affected reaches. At the same time, the VS and
MF areas increased by 95% and 319% in the Sarine-Residual,
whereas in the Sarine-Hydropeaking VS decreased by 29%
and MF increased by 149% (Figure 3).

In 1943 and 1952, the proportion of the active floodplain
(AF) area of the Sarine-Residual was approximately 90% of
the MaxAF area, which decreased by approximately 20% in
1968 and by an additional 18% in the last four periods
(Figure 4B). At the same time, the proportion of the AC area rel-
ative to the maximum active channel (MaxAC) area decreased
by approximately 44% until 1968 and then by a further 8%
until 2013 (Figure 4C). The Sarine-Hydropeaking showed sim-
ilar but less pronounced trends, with an AC and AF area
decrease of approximately 25% between 1943 and 2013. The
major flood event of 2005 (750 m* s™' = Qy;5) coincided with
a slight increase in AC and AF area but a decrease in BS and
an increase in VS in 2007. Consistent with area changes, the
residual and hydropeaking reaches underwent overall
narrowing between the pre-regulation period (1943) and
2013, demonstrated by reductions in mean AC width of 62%
and 33%, respectively (Figures 4E and 5; Supporting Informa-
tion D). Similarly, mean AF width decreased by 42% and
29%, respectively (Figure 4D). Furthermore, although some dif-
ferences in terms of habitat diversity and patchiness could be
identified, there are no clear trends after dam construction
(Supporting Information F).

In the near-natural Sense, between 1938 and 1954, the rela-
tive proportion of VS (+12%) and MF (+14%) area increased,
whereas BS area decreased from 49% to 27%, although after-
wards it varied between a minimum of 23% in 2013 and a
maximum of 42% in 2007 (Figure 3). Interestingly, from 1954
until 2013, when the BS area increased, the VS area decreased
almost proportionally, whereas its sum varied only slightly
between 46% and 51% (Figure 3). Moreover, in 1938 the pro-
portion of AC area relative to MaxAC area was 73% and the
proportion of AF area in relation to MaxAF area was 83%; sub-
sequently, they varied between 42% and 59% (Figure 4C) and
between 58% and 68% (Figure 4B), respectively. Similarly,
between 1938 and 1954 mean AC width and AF width

Earth Surf. Process. Landforms, (2020)
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decreased by 39% and 16%, respectively, but then they
remained relatively stable with slight variation over the periods
(Figure 4D,E; Supporting Information D). Surprisingly, the
major flood event of 1990 (489 m® s™', >Q;s) coincided with
a decrease in AC and AF area and width in the 1993 image.
In the study period lasting 70-75 vyears, 61% of the
Sarine-Residual and 71% of the Sarine-Hydropeaking area,
but only 34% of the Sense area, were characterized by either
no changes or a maximum of two changes in habitat type,
whereas 5-6% of the Sarine reaches area but 20% of the

Sense area changed habitat type at least five times (Figure 6).
Between 1943 and 2013, the Sarine-Residual underwent
essential vegetation encroachment, seen by changes of 48%
BS area and 89% VS area to MF and only 1% erosion of
the vegetated areas VS and MF to BS (Supporting Information
E). Moreover, 70% MF but only 3% BS and 2% VS area
remained unchanged. Maximum vegetation encroachment
in the Sarine-Residual occurred in the period 1952-1968,
and conversely in the Sarine-Hydropeaking in the period
1981-1993. This is demonstrated by the approximately 25%
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Figure 2. Histograms showing the maximum annual flow in the Sarine and in the Sense. Grey dotted lines indicate floods with return periods Q,,
Q0 and Q3¢ as well as the long-term mean maximum flow (1928-2013). Inset line plots show departure trends of annual mean daily flow series over
the period of gauging. An ascending plot indicates periods that are persistently above mean flows; a descending plot indicates periods that are per-
sistently below mean flows; and a level plot indicates flows near the long-term mean (dotted black line by zero). Camera icons and grey bars in the
histogram plots and grey vertical lines in the line plots indicate the year of image acquisition (see Table 3 for exact dates). Grey squares indicate the
construction period of the Rossens dam (1944-1948), and the period since the amount of dam overflow has been strongly reduced because of forecast

software (since 2007). Note differenty-axis scales.
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Table 5. Flood variables calculated from maximum annual flow data for each period and study river (Sarine in black and Sense in grey colour). Q,,
Q10, Q30 and n.y. Q> Q, are normalized by the number of years between consecutive periods. Each flood was considered only once (i.e. if one Qs
occurred, it was not also considered as Q, and Q). Flood variable acronyms are described in Table 4

1928-43 1943-52 1952-68 1968-81 1981-93 1993-07 2007-13
Flood variable 1928-38 1938-54 1954-69 1969-81 1981-93 1993-07 2007-13
0.63 0.63 0.63 0.54 0.42 0.21 0.00

Q 0.30 0.29 0.57 0.50 0.62 0.21 0.50
0.13 0.13 0.00 0.23 0.00 0.00 0.00

Q1o 0.10 0.00 0.00 0.17 0.00 0.07 0.17
0.19 0.13 0.00 0.00 0.00 0.07 0.14

Q30 0.00 0.00 0.07 0.00 0.08 0.07 0.00
0.88 0.63 0.31 0.31 0.00 0.00 0.00

ny. Q=Q, 0.30 0.00 0.29 0.42 0.46 0.00 0.33

2 9 12 11 8 23 70
nm. Q=Q, 25 1 10 29 36 1 1

257.00 195.00 115.00 94.00 135.09 104.18 118.89

Qmin (m3 571) 64.80 76.00 98.00 79.00 98.12 80.87 98.13
702.00 725.00 450.00 547.07 359.82 750.01 605.24

Qrax (m3 571) 250.00 240.00 340.00 287.71 489.15 333.43 290.44
429.69 420.94 291.56 343.76 261.44 264.23 215.33

Qumean (M 7Y 145.82 137.38 166.64 167.07 181.63 160.13 164.28
33.79 38.63 33.32 42.67 28.09 60.38 80.47

Qe 45.50 36.80 38.13 36.91 53.63 40.60 40.38
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Figure 3. Area proportion of each habitat type expressed as percentage of maximum active floodplain area (MaxAF). See Table 3 for exact image

acquisition dates.

of the BS area and 65% of the VS area that changed to MF in
both reaches (Supporting Information E) and by the highest
values of vegetated area variation in these periods (VA,..;
i.e. AC becoming vegetation; Supporting Information D). In
the Sense, between 1938 and 2013, 24% of the BS area
and 46% of the VS area changed to MF, but in the same
period also 19% of VS and 20% of MS areas changed to
BS (Supporting Information E). Moreover, 51% MF, 23% BS
and 20% VS area remained unchanged. Between 1938 and
1954, 16% of BS area, 49% of VS area and 58% of IS area
changed to MF, whereas between 1993 and 2007 62% of
the OW area, 55% of the VS area and 48% of the IS area
changed to BS (Supporting Information E).

Relationship between flood activity and floodplain
dynamics

Considering all three river reaches together, the variation of
the active floodplain width (AF,,,) was positively correlated

© 2020 John Wiley & Sons, Ltd.

to the flood variables ;o and Q., (Table 6). In addition,
69% of the variation in AF,,, can be predicted by the multi-
ple linear regression (MLR) model with significant contribu-
tion of Q30 (p < 0.001) and, to a lesser extent (p < 0.01),
also of Qo and n.m. Q>Q, (i.e. number of months since
the most recent flood Q > @Q,; Table 7). The variation of
eroded areas (EA,,,; i.e. vegetation becoming AC) was posi-
tively correlated with Q;o and to n.y. Q> Q, (i.e. maximum
number of consecutive years with Q> Q,; Table 6). More
than 90% of the variation in EA,, can be explained by the
MLR model, with significant contribution of Qs;o and n.
m. Q>@Q, and to a lesser extent also of Qo and n.y. Q>
Q, (Table 7). In contrast, the variation of vegetated areas
(VA\ar; i.e. AC becoming vegetation) was negatively corre-
lated with Qmax and Quean, and the MLR model explained
40% of the variation with significant contribution of Qmean
and Qui, (Tables 6 and 7). The AC width variation (AC,,,)
and the ratio of vegetated to eroded area (VA/EA) were not
significantly correlated with any of the single flood variables
(Table 6), and less than 35% of the variation in those vari-
ables can be explained by an MLR model.

Earth Surf. Process. Landforms, (2020)
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(A) Number of small (Q, < Q < Q1), medium (Q;0< Q < Qs30) and large (Q > Q) floods for each period before the corresponding aerial

image and for each study river (Sarine and Sense; see Table 3for exact image acquisition dates). (B) Proportion of active floodplain area (AF = OW +
BS + VS +1S) expressed as percentage of maximum AF area (MaxAF) and (C) proportion of active channel area (AC = OW + BS) expressed as percent-
age of maximum AC area (MaxAC) for each study reach. (D) AF width and (E) AC width for each study reach. Boxplots in parts D and E show the

25" and 75" percentiles, the median (black line in the box), whiskers (10" and 90" percentiles) and outliers (5" and 95" percentiles).The continuous
thick black line connecting the boxes represents the mean. The grey solid vertical line indicates the date when the Rossens dam was finished (1948).

Note differenty-axis scales in parts A, D and E.

We could find no block effect for AC, ., and AF,,, as well as
only a very slight, negligible block effect for EA, ., and VA, ,, (i.e.
no change in regard to significance of flood variables). Thus, for
those four variables, there is no significant reach effect, mean-
ing that all three river reaches react similarly to the flood vari-
ables. In contrast, VA/EA reacted differently to the flood
variables in the Sarine-Hydropeaking compared with those in
the Sarine-Residual and Sense (intercept values: —0.72, 0.54
and 0.18, respectively).

© 2020 John Wiley & Sons, Ltd.

Discussion

Spatiotemporal changes in channel and floodplain
morphology

Directional trends in morphological changes — relative habitat
proportion, area and width of the AC and AF, turnover rate —
were prominent and similar in the two hydropower-affected

Earth Surf. Process. Landforms, (2020)
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Figure 5. Example of morphological changes in the Sarine-Residual for the pre-regulation (1943) and two post-regulation periods (1968 and 2013).
(A) Active channel area (AC = OW + BS) over the entire 11 km. The black polygons highlight the area presented in parts B and C. (B) Orthophoto-
mosaics. (C) Habitat types. Orange polygons: maximum active floodplain area (MaxAF). Flow direction is from south to north.

reaches with, for example, original BS area drastically decreas-
ing by up to 95% and vegetated areas (vegetated gravel bars,
islands, mature forest) generally increasing from the
pre-regulation period in 1943-2013, contrasting the lack of
clear trends in the near-natural Sense (Figure 3). Doering
et al. (2012) also found a decrease in BS area and an increase
in vegetated areas within the first decades of water abstraction
and levee impairment in the Urbach floodplain in Switzerland.
However, changes were much less prominent, probably
because in the Urbach only 30% of the annual baseflow is
abstracted for hydropower production and flood events still
occur on a regular basis.

In the Sarine, different periods of habitat and floodplain evo-
lution could be distinguished with flood activity as the main
driver. From the pre-regulation period (1943) until 4 years after
dam completion (1952), flood activity remained almost con-
stant (Figure 2 and Table 5) with no major habitat or floodplain

© 2020 John Wiley & Sons, Ltd.

changes (Figure 4). Between 1952 and 1968 the lack of
medium-large floods (Q;o, Q30) resulted in considerably
decreasing area and narrowing of AC and AF, e.g. up to
—44% in area and —51% for mean AC width in the
Sarine-Residual (Figure 4), including vegetation encroachment
(Supplementary Information D and E). Fairly constant habitat
and floodplain evolution between 1968 and 1981 was then
followed by further area and width reduction of AC and AF
from 1981 to 1993 in conjunction with decreased flood occur-
rence until a new equilibrium was reached between 1993 and
2013 (Figure 4). These results are reflected in previous studies.
For example, for 12 braided reaches of the Rhone basin (south-
eastern France), Belletti et al. (2014) observed a general AC
narrowing during periods with no floods and widening after
large floods over a period of approximately 50 years. Moreover,
in a comprehensive review of morphological changes in Italian
rivers over a period of 100 years, Surian and Rinaldi (2003)

Earth Surf. Process. Landforms, (2020)
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Figure 6. Spatial distribution of the number of changes (times per entire study period) in habitat types for the maximum active floodplain area
(MaxAF) of the three study reaches from 1938/1943 to 2013. Black areas indicate no change in habitat type (turnover rate = 0), whereas brighter
shades of grey indicate areas that shifted between different habitat types (turnover rates = 1-6). Dashed black line separates the Sarine residual
and hydropeaking reaches. Flow direction is from south to north. The insert histogram plot shows the area proportion of each habitat turnover rate
(0-6: number of changes in habitat types) over the entire study period expressed as percentage of MaxAF.

found channel narrowing up to 50% in response to various of our study over a period of only 16 years (1952-1968),
types of human disturbance such as dams, gravel mining and Garé6fano-Gémez et al. (2013) found a decrease in the
channelization. Further, similar to the 44% decrease in AC area pre-regulation AC area of approximately 80% 30-40 years after

© 2020 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, (2020)
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Table 6. Spearman’s correlation coefficients between the floodplain/habitat and flood variables (acronyms are described in Table 4), for all three

river reaches together (n = 18)

QZ Q10 Q30 n.y. Qz QZ n.m. QZ QZ Qmin Qmax Qmean ch
AC,ar —-0.28 0.23 0.39 —0.21 0.17 —0.19 0.25 0.03 0.41
AFyar —0.19 0.33 0.55* 0.10 —0.07 0.05 0.35 0.01 0.51*
EA ar 0.36 0.62%* 0.32 0.59** —0.15 —0.18 0.04 0.05 0.20
VA ar 0.16 —-0.17 —0.31 0.13 —0.19 —-0.24 —0.771%** —0.58* —-0.39
VA/EA -0.17 —0.45 —0.36 —0.29 0.00 0.05 -0.37 —0.33 —0.26

Significant correlations are indicated in bold, with *p < 0.05, **p < 0.01 and ***p < 0.001.

the beginning of hydropower flow regulation (decrease in flow
magnitude and variability) in two alluvial reaches of the
Mediterranean Mijares River (eastern Spain).

Notable habitat and floodplain changes in the near-natural
Sense only occurred between 1938 and 1954 with decreasing
BS area (—22%), and increasing vegetated areas (approximately
+13%; Figure 3) as well as substantial area reduction and
narrowing of AC and AF (e.g. up to —26% for the AC area
and —39% for mean AC width) (Figure 4). These changes can
most likely be attributed to sediment mining activities between
1950 and 2000 with maximum gravel extraction of approxi-
mately 15000m® yr~' between 1970 and 1989 (Supporting
Information A), as well as to levees installed for flood protection
and bank stabilization in the 1950s (detected on the 1954
aerial images). Moreover, in the period 1938-1954 the Sense
received a reduced number of morphologically effective floods
(five Q> and no Q¢ or Q3¢ in the 17-year period; Figures 2 and

Table 7. Best (Akaike information criterion) multiple linear regression
(MLR) model for prediction of the floodplain/habitat variables by a
combination of flood variables (acronyms are described in Table 4),
for all three river reaches together (n=18). For VA/EA, results of the
REML model are reported because of significant block effect

Adjusted R Estimate () and p-values

Intercept: —4.83

Q ,: 15.39*

Q 10° 16.09*

Q 30: 53.80**

ny. Q>Q,: —15.47*
Qmin: —0.02
Intercept: 0.20

Q: —1.32

Q 10° 5.87**

Q 30t 15.95%**

n.m. Q> Q,: —0.03**
Qmean: —-0.00
Intercept: 0.45

Q 10: 6.05**

Q 30: 19.54***

ny. Q> Qs: 2.40%*
nm. Q> Q,: —0.04***
Qmean: —0.00

Qmin: 0.01

Intercept: 3.02**
Q10: 6.83

Q30: —10.05

Q mean* —0.02**

Q min: 0.04*
Intercept: 1.14

Q 10: —8.98*

Q 30+ —27.21**

n.m. Q>Q,: 0.03
Qmin: 0.02

Estimate of regression beta coefficients and significant t-statistic p-

values are indicated in bold, with *p < 0.05, **p < 0.01 and
#p < 0.001.

AC.ar 0.29

AFyar 0.69

EAvar 0.92

VAuar 0.40

VAJEA 0.34

© 2020 John Wiley & Sons, Ltd.

4A and Table 5). Gostner et al. (2010) noted that bare sediment
deposits in the Sense occur for Q< Q, but sediment deposits
with pioneer vegetation (e.g. Myricaria germanica) are inun-
dated at Q,—Qs; higher features such as islands with mature
vegetation at Q> Qs, and all parafluvial features are inundated
when discharges exceed a 20-year return period. After 1954,
the Sense AF experienced recurrent narrowing and widening
as well as changes between bare and vegetated areas, with
no directional trend (Figures 3 and 4), which was most proba-
bly caused by similar flood conditions between 1954 and
2013 (Figure 2 and Table 5). However, the major flood event
of 1990 489 m> s ', > Qy50) coincided with an increase in
vegetated area. Two dry years (1991 and 1992), the lack of
Q10 between 1981 and 1993 and the absence of floods > Q,
for 36 months (Figure 2 and Table 5), as well as the short dura-
tion of the major flood event (the daily mean flow on 29 July
1990 was 34.6 m> s~ ') might explain vegetation encroachment
and stabilization and thus this unexpected behaviour.

In the two hydropower-affected reaches of the Sarine, turn-
over rate over the 70-year study period (1943-2013; seven
observations) was low, with approximately only 5% of the total
floodplain area analysed changing habitat type five to six times.
This coincides with turnover rates in the Urbach floodplain
(Switzerland), impacted by water abstraction and levees, where
only 5% of the floodplain changed habitats at least four times in
the 67-year study period (1940-2007; seven observations;
Doering et al., 2012). In contrast, floodplain turnover in the
near-natural Sense over the 75-year study period (1938-2013;
seven observations) was frequent, where 20% of the floodplain
area changed habitat type five to six times and less than 1%
remained unchanged (Figure 6). This corresponds to turnover
rates found in the natural Nyack floodplain in north-western
Montana (USA), where 25% of the floodplain changed habitats
at least four times in the 59-year study period (1945-2004; nine
observations; Whited et al., 2007). Despite the frequent habitat
change in the Nyack and Sense (after 1954), the relative pro-
portion of the habitat types remained relatively constant,
supporting the shifting habitat mosaic concept (Stanford
et al., 2005) typical of natural floodplains.

The different valley confinement and floodplain planform of
the Sarine (partly confined, single-thread meandering, actual
channel slope 2-3%.) and Sense (laterally unconfined,
multi-thread braided river, actual channel slope 17%o) reaches
can partly explain the different floodplain changes. However,
the main drivers of the morphological changes in the Sarine
reaches described above are most likely linked to the drastically
reduced flood activity (Figure 2 and Table 5) and truncation of
bedload and suspended sediment supply downstream of the
dam. The resulting shift from a depositional (pre-regulation) to
an erosional (post-regulation) state is most likely associated with
vegetation-driven  stabilization processes and vegetation
encroachment promoted by the 70 years of hydropower exploi-
tation. According to Jaeggi et al. (2002), in the depositional state
the Sarine could move over the entire AC and AF, whereas in the
erosional state, in particular under residual flow conditions, flow

Earth Surf. Process. Landforms, (2020)
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is mainly limited to the main channel and connections with sec-
ondary branches have almost disappeared; and, further, the lack
of incoming bedload promoted incision of the river. During the
erosional state, vegetation may find favourable conditions to
develop, the recruitment being maximized and the scouring
minimized. Moreover, vegetation patches and plants roots stabi-
lize sediments and banks and reduce lateral erosion, favouring
bed stability and channel straightening, thereby also reducing
habitat turnover by high-energy floods (Gurnell et al., 2012;
Camporeale etal., 2013; Gurnell, 2014; and references therein).
In the Sarine, floodplain narrowing as well as vegetation devel-
opment and stabilization moved from upstream to downstream
over time. For example, major vegetation encroachment in the
hydropeaking reach, located 13 km downstream of the dam,
occurred approximately 30 years later than in the residual reach
(Supporting Information D and E). Moreover, the tributary
Gérine carries 3500 m® sediment per year into the Sarine
(Jaeggi, 2001), which may prolongate reaction time for channel
incision and floodplain disconnection including mature vegeta-
tion development and bed stabilization.

Interaction between flood activity and floodplain
dynamic

We found that channel and floodplain morphology as well as
physical habitats dynamic are, in large part, dependent on
flood series characters. Indeed, for the three river reaches inves-
tigated, we were able to show that active floodplain widening
(AF,.,) and erosion of vegetated areas (EA, ,;) most likely prevail
during periods with medium-large floods (Q;o, Qs30) in con-
junction with consecutive floods Q> Q, (Tables 6 and 7). The
magnitude and frequency of these high-energy flood pulses
are assumed to limit vegetation establishment on bare gravel
bars within the bankfull boundaries (parafluvial). Further, dis-
charges > QQ, are expected to mobilize streambed sediments
in the Sarine (Jaeggi, 2001; Jaeggi et al., 2002; Ribeiro
et al., 2014). However, even the two high-magnitude flooding
events of 2005 (750 m> s™' = Qyy5) and 2007 (605m* s =
QQ34) had almost no morphological effect on the Sarine reaches.
This suggests that stabilization by vegetation encroachment in
the Sarine restricts lateral erosion even under large flood condi-
tions, limiting floodplain responses to flood events. Similarly,
Belletti et al. (2014, 2015) found that floodplain patterns in gen-
eral and AC width in particular are primarily controlled by Qg
floods, but not all reaches respond systematically to each Qg
flood. Discontinuous floodplain response to changing flow
and sediment regimes is probably a result of the
hydrogeomorphological variability and dynamic nature of
floodplains varying in temporal and spatial scales within the
geographic, human and climatic context (Welber et al., 2012;
Belletti et al., 2014; Toone et al., 2014; Church and
Ferguson, 2015; Wohl et al., 2015a); thus trend generalization
is extremely difficult based solely on flood magnitude and dura-
tion. Nevertheless, according to Belletti et al. (2014), we con-
clude that medium- to large-energy floods with return periods
higher or equal to 10 years (e.g. Q1o, Q30) act as important
drivers for spatiotemporal floodplain reorganization and
dynamics. Further, 10-30 years is most likely a timescale dur-
ing which essential floodplain narrowing and changes in habi-
tat proportion and distribution can be expected after the
beginning of flow and sediment regulation by hydropower
installations. However, the effects of flow regulation on vegeta-
tion structure are, in many cases, still not complete after many
decades (Nilsson and Svedmark, 2002; Gonzélez et al., 2010;
Garéfano-Gémez et al, 2013) or even centuries
(Johnson, 1992).

© 2020 John Wiley & Sons, Ltd.

Conclusion and Implications for Restoration
Actions

The analysis of two hydropower-affected reaches and one
near-natural reach located in protected floodplains of the Swiss
pre-Alps between 1938/1943 and 2013 supports our initial
expectation of an existing relationship between the modifica-
tion of the natural flow and sediment regime and the transfor-
mation of channel and floodplain morphology and dynamics.
However, this relationship is spatiotemporally complex. For
instance, the results of our study indicate major and faster
impacts in the Sarine residual flow reach, which is located
directly downstream of the hydropower dam and lacks sedi-
ment delivery from tributaries, with a dramatic reduction of
BS area, AC and AF areas, important narrowing and very low
habitat turnover rates, indicating vegetation encroachment. In
contrast, after an initial period of sediment mining activities
and reduced high-energy flood events, the near-natural Sense
exhibited recurrent narrowing and widening, and changes
between bare and vegetated areas with no clear directional
trend over time, as well as frequent habitat turnover rates.
Moreover, our results suggest that floodplain evolution and
dynamics follow a complex trajectory related to magnitude, fre-
quency and timing of floods, as well as sediment availability
and vegetation dynamics. Medium—large floods (Q;o, Q30) in
combination with consecutive floods Q> Q, generally support
AF widening and erosion of vegetated areas, whereas periods
of low flooding frequency favour morphological stability as a
result of vegetation succession. However, also extremely
high-energy flood events (e.g. >Q50 in the Sarine), if of short
duration and in-between periods with relatively low flow and
flood conditions, do not necessarily imply relevant morpholog-
ical effects in these floodplains. Furthermore, we were able to
highlight that radical changes already appear only a few
decades (e.g. approximately 20 years in the Sarine residual
flow reach) after alteration of the natural flow and sediment
regime until a new equilibrium is reached. Finally, based on
the floodplain/habitat variables used in this study, changes in
active floodplain width (AF,,,) and in eroded areas (EAvar; i.e.
vegetation becoming AC) are best suited for assessing morpho-
logical effects of flood variables in complex floodplains. Over-
all, consideration of these quantitative results and application
of appropriate variables to the hydrogeomorphological evolu-
tion of the hydropower-regulated river floodplain of the Sarine
could serve as a framework for restoration activities in general.

Dam removal, a measure which is increasingly being consid-
ered for hydromorphological river restoration (e.g. Ritchie
et al., 2018), is almost certainly socioeconomically unaccept-
able for the longest and fourth largest Swiss reservoir and its
importance for energy production and flexibility, in particular
in the context of the staggered withdrawal from nuclear energy
in Switzerland (SFOE, 2020). Valuable alternatives are con-
trolled artificial floods, a well-accepted restoration measure in
river systems affected by dams (Konrad et al., 2011;
Robinson, 2012; Olden et al., 2014; Wohl et al., 2015b). An
artificial flood with a maximum magnitude of 195m? s~'
(~100% the actual residual flow and corresponding approxi-
mately to a @,) was released from the Rossens dam in the
Sarine in September 2016. Before flooding, sediment deposits
were added to the river downstream of the dam, and mature
vegetation was locally removed from the banks and bars to pro-
mote lateral erosion and to prevent further channel incision
and floodplain disconnection. This combination of measures
successfully increased morphological diversity and related
hydraulic habitat suitability (Stahly et al., 2019), habitat turn-
over, local removal of pioneer vegetation on sediments
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deposits and also partial inundation of higher features such as
islands and alluvial forest (Doering et al., 2018). However,
effects were only short term, in particular for aquatic macroin-
vertebrates, algal growth and pioneer vegetation (Doering
et al., 2018), suggesting a regular implementation of floods of
varying size and timing for sustainable management and
long-term effect on ecosystem structure and function (sensu
Palmer and Ruhi, 2019). This has been demonstrated, for
instance, in a long-term study on the release of artificial floods
in the Swiss River Spol (Robinson, 2012; Robinson et al., 2018).

The results from our historical analyses can serve as an
important baseline for the design of a long-term environmental
flow program, including experimental flooding in the Sarine
and eventually also in other floodplain rivers of the Alps. This
suggests the implementation of elements of the historical,
pre-dam  flow regime, with consecutive vyears of
low-magnitude floods (e.g. @Q,), in combination with some
medium-large floods (e.g. Qo, Q30) every 10-30 years. Fur-
ther, sediment replenishments and vegetation clearance would
probably favour lateral reactivation and erosion of vegetated
areas and sediment aggradation, which would ultimately lead
to AC widening and overall reactivation of the entire Sarine
floodplain. However, implementing a long-term environmental
flow program needs a rigorous and concomitant adaptive man-
agement process involving authorities, hydropower plant
owners, specialized consulting firms, scientists and other
appropriate stakeholders. Adaptive management is mandatory
to determine, monitor and adapt, if necessary, measures such
as the amount of sediment replenishment, flood magnitude
and frequency or vegetation clearance, as well as to balance
ecomorphological and socioeconomic (e.g. water for electric-
ity production, flood protection) needs. Finally, it should be
considered that, after the implementation of restoration mea-
sures, the timescale for large-scale channel and floodplain evo-
lution is probably medium to long (30-80 years).
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