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Quantifying fluvial habitat changes due to multiple subsequent floods
in a braided alpine reach
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ABSTRACT

During flood events, river topography and fluvial habitats can change drastically, potentially
affecting the ecological status. In case of multiple floods, whether each single event modifies
the habitat characteristics in the same direction or not, is still an open question. We gath-
ered high quality topographical data of one braided Alpine reach before, between and after
multiple floods. Considering the full dynamics of the hydrological regime affected by hydro-
power production, we calculated water depth and flow velocities distributions for relevant
discharge conditions using hydrodynamic modelling. We then calculated four ecological indi-
cators related to habitat diversity, habitat quantity, habitat connectivity and stranding risk.
Despite the consistent depositional morphological trend, the habitat diversity and stranding
metrics returned to pre-floods values after an initial deviation. The habitat quantity and con-
nectivity metrics did not show a clear trend towards an alternative state. Habitat prevalence
varied seasonally and with hydropower water release, and also changed markedly between
floods, possibly affecting species composition. We show the possible intrinsic variability in
several ecological indicators which can aid in the management and restoration of river
floodplains.
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1. Introduction and communities in a variety of ways (Bischoff and
Wolter 2001; Carline and McCullough 2003; Milner
et al. 2013, e.g.,). Recovery of species or commun-
ities from the immediate effects of flood events can
take several months to years (Niemi et al. 1990;
Pearsons et al. 1992; Weng et al. 2001; Roghair
et al. 2002).

Besides their direct, short-term effects, floods can
also indirectly affect biota by altering habitat, e.g.,
areas with a certain combination of parameter val-

ues which are suitable for a species or group of spe-

Natural and near-natural rivers are conveyors of
water and sediment, and constitute hotspots of
aquatic habitats and biodiversity. Erosion and
deposition of sediment change river topography
(Ashmore 1991; Warburton et al. 1993; Roghair
et al. 2002; Milner et al. 2013; Parasiewicz et al.
2019), which can impact the local biota by altering
habitat quality and quantity (Roghair et al. 2002;
Tamminga and Eaton 2018; Parasiewicz et al. 2019;
Stahly et al. 2019), and potentially abundance of fish

or invertebrate populations (Elwood and Waters
1969; Niemi et al. 1990; Parasiewicz et al. 2019).
Especially during flood events, rivers can transport
large quantities of sediment, causing large topo-
graphical changes (Sawyer et al. 2010). Therefore,
these events are capable of modifying existing habi-
tats in a short time frame, representing major dis-
turbances in fluvial ecosystems.

Floods impact the species and communities in
the river. Recurring (e.g., seasonal) events allow spe-
cies to adapt and are therefore usually not harmful

cies. It is generally assumed that river ecosystems
are in equilibrium, i.e., the system is in balance and
small changes may lead to an initial deviation from
this state, but will ultimately not cause the system to
move towards another equilibrium state (e.g.,
Woodworth and Pasternack 2022). However, flood-
induced habitat changes can alter this balance and
lead to novel ecological states. In this regard, distur-
bances can be classified by their long-term impact:
pulse or press (Reeves et al. 1995). The system can
either return to the pre-disturbance state after a

(Junk 2005). Rare events can directly impact species  pulse disturbance, or will move to a new
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equilibrium after a press disturbance (Reeves et al.
1995). This definition has been used to describe the
effect of disturbances on a variety of entities, but
here we will limit ourselves to the effects of distur-
bances on habitats. With pulse disturbances, habitat
types will persist but might shift in location (termed
the shifting habitat mosaic) (Reeves et al. 1995;
Stanford et al. 2005). This process has been vali-
dated at river basin (Brennan et al. 2019) and at
reach scales (Glova and Duncan 1985; Van der Nat
et al. 2003).

Natural variations in weather and hydrology, the
immediate flood effects and normal year-to-year
variation in abundance of species can mask the
long-term flood effects, complicating their measure-
ments. Although many processes can be affected by
floods which can have an impact on the long-term
ecological status, habitat changes are a good proxy
for the long-term ecological changes in a certain
reach. Habitat modelling techniques allow for the
identification of flood-induced changes to habitats
in isolation and are wusually employed (e.g.,
Tamminga and Eaton 2018). These procedures aim
to measure the habitat changes, assuming these
changes affect the biological assemblage. Habitat
modelling is often used to analyze the effects of
anthropogenic changes, such as river restoration
works (e.g, De Jalén and Gortazar 2007;
Parasiewicz et al. 2013; Gostner et al. 2021), hence
to inform river managers and decision makers.

Using habitat modelling, Harrison et al. (2017)
found an increase in the number of pools after a
flood, increasing potential Steelhead habitat. Stahly
et al. (2019) found that artificial sediment replenish-
ment before floods can increase hydromorphody-
namic and habitat diversity. Hajdukiewicz et al.
(2016) showed that a flood widened a river reducing
habitat diversity in unmanaged reaches, but increas-
ing it in channelized ones.

By determining the long-term ecological effects
using habitat modelling, a flood can be classified as
a press or pulse disturbance. What happens in sub-
sequent floods is also important. Multiple floods
may have consistent effects, changing the habitat
template towards a new equilibrium, or subsequent
floods may compensate for the previous floods’
changes, reverting the habitat template back to the
pre-disturbance state. Multiple flood events have
only been investigated sporadically. Glova and
Duncan (1985) found that floods did not alter habi-
tat prevalences in braided river reaches, and that the
river was in a dynamic equilibrium. Tamminga and
Eaton (2018) found that floods generally homogen-
ized the flow conditions in a reach, leading to
reduced habitats for the present species.
Contrastingly, Roghair et al. (2002) found that

multiple floods after an initial extreme flood and
debris-flow returned the reach to a state more simi-
lar to the pre-event state. Lastly, Woodworth and
Pasternack (2022) investigated a long river reach
(more than 30km) and showed how the compos-
ition of morphological units was not stationary over
multiple floods.

Temporal habitat changes are related to topo-
graphical changes, but also to discharge dynamics.
The hydrological variation over the year can influ-
ence the water depth and flow velocity in a river
and cause seasonal habitat changes. This is import-
ant to consider since some habitat types are used
more in some seasons than others depending on the
species and lifestage. In Alpine regions, hydropower
production is common and often causes hydropeak-
ing, i.e., sub-daily changes in discharge. This may
alter the hydrological regime at multiple temporal
scales (Zolezzi et al. 2009), and change the temporal
dynamics of habitat availability even more (Greimel
et al. 2015; Holzapfel et al. 2017; Judes et al. 2021).
Additionally, hydropeaking can lead to (rapid) dew-
atering, which can cause stranding of species or the
destruction of redds (Barillier et al. 2021). To reduce
the effects of hydropower production on biota often
limitations on the management of hydropower
plants are imposed, such as required minimal flows
or limitations on up- and downramping rates
(Hayes et al. 2019). River reaches with different
morphologies are affected differently by hydropeak-
ing (Vanzo et al. 2016), and therefore it is likely
that hydropeaking can affect the same reach in dif-
ferent ways when it undergoes morphological
change. However, the temporal habitat variation due
to seasonal or hydropower-induced discharge vari-
ation has largely been overlooked in studies identify-
ing flood-induced habitat changes.

In this study, we investigate a braided reach of
the Moesa river in southern Switzerland where one
major flood was followed by several subsequent
floods with a return period between 1 and 5 years.
This field site is of particular interest because it is
very similar to restored reaches where rivers are
widened with the goal of enhancing river ecology
(Wohl et al. 2015) in response to past artificial nar-
rowing and channelization (Hohensinner et al.
2021). Therefore it can be expected that habitat
changes occurring at the investigated field site can
be representative of those occurring at widened
Alpine river reaches. In many rivers, the widened
sections are those with the highest ecological value
(Rohde et al. 2004; Person et al. 2014; Schmutz
et al. 2016) and therefore the natural variability of
these reaches is of interest. This is especially the
case because more and more rivers are restored, and



o
>

Calanca

%5:-,

JOURNAL OF ECOHYDRAULICS 3

Soazza
Hydropower
Plant

Discharge (m3/s)

\
2 2 £ T z g Z g s 2 3 2
2 3 § 2 - = 2 3 e £ £
% 5 3 ' 5 v o
= (g oY > o
= & 2 &

Figure 1. Overview of the Moesa river. A. The location of the Moesa river, the fieldsite and of nearby gauging stations and
towns. B A more detailed view of the fieldsite also showing the hydropower plant’s location and the village of Cabbiolo
(source: map.geo.admin.ch: edited). C Monthly discharge of the Moesa river as measured at Soazza Al Pont. The solid line indi-
cates the monthly median discharge and the colored area the discharges between the 5th and 95th percentiles in

that month.

the amount of river restoration projects is expected
to increase (Kurth and Schirmer 2014).

We gathered high quality topographical data at
this study site before, between and after the floods.
We analyzed the flood-induced effects on habitat
diversity, quantity and connectivity and stranding
potential, considering the full hydrological regime,
with the goal of assessing possible long-term effects
on fluvial ecosystems. Specifically, we aim to answer
the question: is there a trend in the habitat quality
and quantity through multiple subsequent floods?
We setup a two-dimensional numerical hydro-
dynamic model for each measured period. Using the

numerical model’s output, we modelled the flood-
induced habitat changes considering the flow
regime’s full dynamics using a novel mesohabitat
approach. Additionally, we quantified metrics relat-
ing to the change in hydromorphorphological state,
connectivity and stranding risk. Finally, we eval-
uated how the floods changed the reach’s ecological
state using these metrics.

2, Study site

The investigated Moesa river reach is located near
the village of Cabbiolo, canton Grisons, Switzerland
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Figure 2. Aerial photographs and discharge timeline in the study period. The aerial photographs collected during the field
study (see section 3.1). From left to right: 19 December 2018 (pre-floods), 27 August 2019 (not analyzed), 22 January 2020
(inter-floods-1), 16 July 2020 (inter-floods-2), 15 October 2020 (post-floods) and 4 march 2021 (post-floods). The letters indi-
cate areas where an embankment stops the lateral movement of the channel (between A and B), where embankment collap-
ses occurred (C, D, E) or where vegetation was strongly affected by the floods (F, G). Below the residual flow during the study
period; the flood events are clearly visible. The horizontal line indicates the approximated discharge where sediment move-

ment is possible.

(Figure 1). The Moesa is a 5% order Alpine stream that
flows from the San Bernardino pass to Lumino where
it merges with the Ticino river. The reach was never
channelized, but is stabilized with side embankments
for flood protection. The reach is approximately 800
meters long, has a longitudinal slope of approximately
0.012m/m and the floodplain’s total width is between
100 and 200 m (Figure 2). The substrate is gravel with
patches of sand.

The nearest gauging station is Soazza Al Pont
(Amt fir Natur und Umwelt, 2006-2021), approxi-
mately 4 km upstream of the fieldsite. A rating curve
is available for low discharges, which we extrapo-
lated to high values by calibrating a HEC-RAS
model (Brunner 2016; Paszti 2019). The measured
discharge is highest in summer and lowest in winter,
averaging approximately 4 and 1.5 m®/s, respect-
ively (Figure 1C). Hydropeaking, the release of

peaks of discharge during hydropower production,
is present in the reach. The Soazza power plant is
located approximately 1 km upstream from the field-
site and releases up to 14 m?/s of water. It has two
turbines with a maximum release of 7 m?®/s each
and regularly runs at partial load.

Two typical Alpine fish species are present:
brown trout (Salmo trutta) and bullhead (Cottus
gobio) (Flavio Nollo, cantonal Fisheries officer, per-
sonal communication). The reach is considered
important for trout migration (Flavio Nollo, per-
sonal communication).

2.1. Flood events

In 2019 and 2020 multiple floods occurred in the
Moesa river (Figure 2). The first (12 June 2019) was
the largest, with an estimated peak discharge of



approximately 150 m?/s. This was the highest flood
ever measured at the Soazza Al Pont gauging sta-
tion. The return period cannot be accurately
assessed because the record of water level measure-
ments is only nine years long. Downstream at the
Lumino gauging station this flood had a return
period of between 100 and 150years (Bundesamt
fir Umwelt BAFU 2020). More floods occurred later
on 12 August 2019, 21 October 2019, 7 June 2020,
29 August 2020 and 3 October 2020 with approxi-
mate discharges of 90, 90, 32, 120 and 110 m?/s
and approximate return periods of 3, 3, 1, 5 and
4 years, respectively. These return periods are based
on the Soazza al Pont gauging station and therefore
are indicative only, owing to the short avail-
able record.

3. Methods

Since floods, especially large ones, are infrequent
and poorly predictable, high quality data for pre-
flood states is scarce (Turner and Dale 1998). When
data is available, the data quality often limits the
analyses that can be performed. We therefore meas-
ured the reach’s topography at several times
(Section 3.1). This leads to a full topographical
description for four different periods (pre-floods,
inter-floods-1, inter-floods-2, post-floods).

Using these topographical models, four numerical
hydrodynamic models were setup and run to evalu-
ate the depth and velocity distributions for a set of
discharges (Section 3.2). The numerical model’s out-
puts were used to quantify the floods’ ecological
impacts by the calculation of selected metrics,
namely: habitat diversity, quantity and connectivity
and stranding risk (Sections 3.4-3.7 and supplemen-
tary materials).

3.1. Topographical survey and analysis

To measure the river topography, droneflights were
carried out, which were georeferenced with ground
control points measured using handheld RTK GPS
devices. Using structure from motion technique via
industry-standard programs (Agisoft Metashape
Professional 2020; Pix4dMapper 2021) the drone
images were used to obtain orthoimages and digital
terrain models (DTM). The DTM was supplemented
with data from below the water surface, which we
measured using handheld RTK GPS devices while
wading. These measurements were carried out
shortly after the drone flight if it was safe to wade
and at a later date if not (see also supplementary
materials). These points were spaced between 0.5
and 1.5m apart in transversal direction and 3 to
15m apart in longitudinal direction. The points
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were spaced in such a way by the surveyors that
interpolating them would yield a good description
of the river bed topography. Points measured with
the RTK GPS devices had a vertical error up to
0.05m; horizontal errors were always smaller than
vertical errors. Vertical errors up to 0.2m were
allowed under dense vegetation because of poor sat-
ellite connections. Points measured with the RTK
GPS devices outside the submerged area not used as
ground control points, matched the DTM with a
vertical error of less than 0.1 m.

We composed four complete DTMs representing
four periods: before 12 June 2019 (pre-floods),
between 21 October 2019 and 7 June 2020 (inter-
floods-1), between 7 June 2020 and 29 August 2020
(inter-floods-2) and after 3 October 2020 (post-
floods). In the inter-flood periods of 12 June
2019 —12 August 2019, 12 August 2019 —21
October 2019 and 29 August 2020 — 3 October 2020
it was not possible to obtain complete DTMs, owing
to the short duration of these periods. They are
therefore not analyzed.

To quantify the topographical changes we calcu-
lated the difference in elevation among the subse-
quent states, as used in the hydrodynamic model,
for each point in the reach. Areas where higher
uncertainties in the DTM are expected (e.g., under
dense vegetation), and areas that are dry under
ordinary discharge conditions (e.g., side embank-
ments), were excluded from this analysis, totalling
approximately 30% of the field site.

3.2. Numerical hydrodynamic modelling

For each investigated period, a numerical hydro-
dynamic model was setup using BASEMENT v3.1
(Vanzo et al. 2021), a freeware tool solving the fully
unsteady shallow water equations over two-dimen-
sional unstructured meshes. The computational
meshes had between 169,724 and 175,806 cells, and
an approximate mean cell size of 0.6 m*. They were
created using BASEmesh (Vanzo et al. 2021), an
open-source plugin.

We considered five different hydraulic roughness
categories (rough sediment, fine sediment, vegetated,
blockramp and boulders) the areas of which visibly
shifted locations between periods and were manually
delineated. Fine sediments were primarily located
on top of bars and were therefore rarely wetted, but
could influence how water was diverted over the
side channels. In the model of the first investigated
period the roughness values were calibrated by com-
paring the modeled depths to measured values using
five pressure sensors throughout the fieldsite. The
Strickler roughness values for the rough sediment,
fine sediment, vegetated, blockramp and boulder
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area were 30, 50, 5, 45 and 20 m1/3/s respectively
(see Paszti 2019). The remaining hydrodynamic sim-
ulations used the same roughness values.

At the downstream boundary a water level was
imposed, calculated based on the discharge and local
slope, assuming local uniform flow conditions. At
the inflow boundary a discharge was imposed.
Eleven discharges were investigated (see section 3.3),
for each discharge scenario, the models were run
until steady flow was reached.

Each of the models’ results were validated by
comparing the inundated area visible on the orthoi-
mages with the modelled area, using the discharge
scenario closest to the discharge during the drone
flight. Since many side channels are shallow, the
minimum water depth was set to the low value of
0.005m, in order to represent the wetted area well.

3.3. Metric calculation and
hydrological scenarios

The numerical hydrodynamic model’s output was
used to compute various metrics. These metrics
relate to the habitat diversity (HMID), the amount
of habitat, connectivity within the reach and fish
stranding (dewatered area). More details on each of
these metrics are given in the following sections.

Each metric is evaluated for each modelled dis-
charge: 1, 2, 3, 5, 7, 10, 12, 15, 17, 20 and 28 m®/s.
These discharges are selected based on the flow dur-
ation curve (see supplementary materials). Here we
simulate three hydrological scenarios: residual flow,
full load (2 turbines in operation) and half load
hydropower (1 turbine). We used the hydrograph,
calculated from the water levels measured at Soazza
Al Pont (Figure 1C) as the residual flow, and we
consider an additional 7 or 14 m?/s to represent the
discharge during half load and full load, respectively.
The residual flow, half load and full load are well
represented by the lower (1 through 7 m?/s), the
medium (7 through 15 m®/s) and the high (15
through 28 m?/s) modelled discharges, respectively.
For discharge values in the hydrological scenarios
that were not simulated, the metrics were linearly
interpolated from the two nearest simulated dis-
charges. We present the monthly metric values
including the spread in daily values, based on all
available discharge data.

We show the depth and flow velocity distribu-
tions, as well as the braiding index (i.e., the average
number of channels in a cross-section) (Hong and
Davies 1979). The four metrics we calculated are
habitat diversity, habitat quantity, connectivity and
stranding risk (Sections 3.4-3.7). Each metric with
exception of stranding risk was computed for all
topographical states and hydrological scenarios.

Since stranding risk is concerned with the difference
between two discharge stages, we calculated it for
the difference between full load and residual flow.

3.4. Habitat diversity: Hydromorphological index
of diversity (HMID)

We used the hydromorphological index of diversity
(HMID) to estimate habitat diversity (Gostner et al.
2013). The HMID is a measure for the diversity in
ecologically relevant hydromorphological parameters
in the riverine environment. It is calculated as:

2 2
HMID = (1+2) + (1+% (1)
u, Ky

where ¢; and o, are the standard deviation of the
depth and velocity distributions, respectively, and
and p, are the mean depth and velocity, respect-
ively. Sites with an HMID lower than 5, between 5
and 9 and higher than 9 are considered morpho-
logically heavily altered, somewhat altered and pris-
tine, with all possible types of habitats present
(Gostner et al. 2013), respectively. A higher HMID
is thus considered a proxy of higher diversity.

The HMID was developed for mean flow condi-
tions. However, we applied it to all discharge scen-
arios to consider the full hydrological regime.
Therefore, comparing the resulting values with other
rivers or the classification values given above may
be difficult.

3.5. Habitat quantification:
Mesohabitat modelling

We quantified the available habitat types. We did
this using a mesohabitat approach, which assumes
that habitat choice or quality depends not only on
the location itself but also its surroundings. We
employed BASEmeso, a newly developed algorithm
that identifies homogeneous, distinct and spatially
contiguous patches based on the distribution of
depth and velocity values (van Rooijen et al. 2021),
to identify the location and extent of hydraulic
units, which relate to biotic assemblages (Thomson
et al. 2001).

Using the k-means clustering algorithm (Jain
2010), the hydraulic units identified by BASEmeso
(following the considerations of van Rooijen et al.
2021) were grouped into 6 habitat types, which
proved to provide a good balance between interpret-
ability and amount of detail. Additionally, the
obtained habitat types related well to species suit-
ability (see below). The clustering was performed
using the pre-floods patches, where the different dis-
charges were weighted to their occurrence fre-
quency. The clustering parameters were the 5th,
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Table 1. Values of depth and velocity considered suitable for the different species and lifestages.

Minimum Maximum Minimum Maximum
Species and lifestage depth (m) depth (m) velocity (m/s) velocity (m/s)
Adult brown trout (Vismara et al. 2001) 0.6 14 0.05 0.85
Juvenile brown trout (Vismara et al. 2001) 0.2 14 0.05 0.7
Spawning brown trout (Person 2013) 0.3 0.85 0.2 0.65
Bullhead (Vezza et al. 2014b; Adamczyk et al. 2019) 0.2 0.75 0.15 1.0

50th and 95th percentiles of the depth and velocity
distributions of the patches, considering the param-
eter values’ spread and not just their mean value.
The patches of the other topographical states (inter-
floods-1, inter-floods-2 and post-floods)
grouped into the same habitat types. The rationale
is that species occupying the habitats before the
floods, had adapted to their habitats, e.g., we assume
pre-floods is a valid reference state. Each group of
patches would therefore represent a different habitat
type, used by different species. The flood-induced
changes in the prevalences of habitat types therefore
are indicative of habitat changes for groups of spe-
cies. Each habitat type’s prevalence (e.g., amount of
area occupied by a habitat type) was computed in
each of the investigated scenarios and compared.

Habitat types are not utilized equally by species
and can therefore be difficult to interpret. To aid
interpretation, we therefore linked habitat types to
species by comparing the habitat type characteristics
to suitable conditions for the present fish species.
The habitat types which for a large part coincided
in terms of characteristics (depth and velocity) with
the suitability criteria for the species were consid-
ered linked to the species. This can show which
habitat types are most relevant and should be
focused on in analysis. Suitable conditions were
inferred using habitat suitability criteria (Table 1),
stemming from a geographically near river if pos-
sible (Vismara et al. 2001; Person 2013) and from
multiple sources if curves from such rivers were
unavailable (Vezza et al. 2014a; Adamczyk et al.
2019). The following species/lifestages were consid-
ered: adult brown trout (ABT), juvenile brown trout
(JBT), brown trout spawning (BTS) and bullhead.
For BTS the analysis was restricted to the months of
October-December. The analysis is also applicable to
other species, since species only have to be linked to
one or several habitat types. The fish species and
habitat types considered here serve only as
an example.

were

3.6. Connectivity analysis

Habitat that cannot be reached, cannot be used.
Therefore habitat availability declines when topo-
graphical changes impair fish movements between
habitats. To quantify habitat connectivity, we
adapted the dendritic connectivity index (DCI, Cote

et al. 2009). This index was developed to identify
the effect of artificial (dams) and natural (waterfalls)
barriers on watershed connectivity. The DCI is the
probability that fish can move freely (e.g., without
encountering a barrier) between two randomly
chosen points in a watershed.

We turned this metric two-dimensional, with
insufficient depths or excessive flow velocities as
barriers. We call this metric the Reach Connectivity
Index (RCI). We focused on ABT, being the most
mobile species/lifestage combination present. An
individuals body size determines the depth and vel-
ocity conditions under which ABT can swim
(Castro-Santos et al. 2013; Donni et al. 2016). Here,
we assume that areas deeper than 0.2m were freely
passable (Donni et al. 2016) if velocity did not
exceed 2m/s (Castro-Santos et al. 2013).
Furthermore, it was assumed that individuals could
move up to 5m in water deeper than 0.07m (Do6nni
et al. 2016) with a velocity less than 2 m/s.

Using these criteria we identified the freely pass-
able areas (e.g., fish can move from any point to
any other point in the area). We first delineated the
area deeper than 0.2m and slower flowing than
2m/s. This area was buffered by 2.5m (e.g., half the
distance fish can swim in water shallower than
0.2m). The area deeper than 0.07m and flowing
slower than 2m/s was intersected with the buffered
area, yielding the area to which fish could swim.
The contiguous areas identified in the first filtering
step (e.g., the areas with a depth >0.2m and vel-
ocity <2m/s) that were in the same contiguous area
from the last step (e.g., the area in which a fish can
move freely) were considered to be one freely pass-
able area. Finally a quality  check
was performed.

The probability that fish can move freely between
two randomly chosen points considered swimmable,
was calculated as:

visual

RCI = En: i (2)

2
i=1 tot

where A; is the freely passable area that can be
reached from any point within that area, A, is the
total swimmable area in the reach and # is the num-
ber of areas between which movement of ABT is
not possible.

The RCI calculates the probability that an ABT
individual can move from one swimmable area to
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another. As such, it identifies if all potential habitats
can be reached and used (RCI = 1) or if all areas
are disconnected from one another (RCI = 0). It
thus quantifies habitat fragmentation. However,
whether under certain discharge conditions the
reach is a barrier for large-scale movement (e.g.,
migration) of ABT due to insufficient depths or
excessive flow velocities, is not resolved (for a more
in depth explanation of the RCI, see the supplemen-
tary material). We tested whether the reach was
such a barrier by identifying under which discharge
conditions there is a freely passable path present
between the reach’s downstream and upstream
boundaries, i.e., if the upstream and downstream
barriers were in the same freely passable area.
Further description of the Reach Connectivity Index
and a graphical example are provided in the supple-
mentary materials.

3.7. Dewatered area

Large variations in discharge are common in the
investigated reach due to the up- and down-ramp-
ing of hydropower flow release. During down-ramp-
ing the water level drops, consequently drying some
river bed area. This can have impacts on the ecosys-
tem, e.g., causing redds to be dewatered (Barillier
et al. 2021). Additionally, when the down-ramping
happens too fast, organisms (e.g., fish and macroin-
vertebrates) may not manage to escape and there-
fore get stranded. This is particularly harmful for
alevines and juveniles (Halleraker et al. 2003).
Stranding is often lethal (Holzapfel et al. 2017).
Despite no recorded scientific evidence of stranding
at the Moesa fieldsite, since fish stranding can be
significant in braided reaches (Vanzo et al. 2016),
we nevertheless investigate the floods’ possible
effects on this process to highlight poten-
tial changes.

Topographical changes mostly alter stranding risk
by changing the amount of area that falls dry when
water levels drop. We therefore calculated the dewa-
tered area to analyse the effects of the altered topog-
raphies (Baumann et al. 2012):

peak base
AA,, = A”VA;;:W x 100 3)
w
where AL is the wetted area during hydropower
flow release and A is the wetted area under base
(residual) flow conditions. Dewatered area is consid-
ered high if it exceeds 30% (Baumann et al. 2012).

We calculated this metric as a function of time
using the full load (peak) and residual (base) scen-
arios as an integral over the entire floodplain but
also locally, using cross-sectional slices with a width
of 5m, allowing us to also asses if certain locations

are more prone to dewatering than others. For the
spatial analysis, we used 3 and 17 m’/s as a repre-
sentative value for residual and peak flow conditions
throughout the year, respectively (Figure 1C).

4, Results
4.1. Topographical changes

Each flood thoroughly reworked the topography;
shifting channels are visible after all floods (Figure
2A). In the upstream and middle of the fieldsite, the
main channel shifted eastwards during the first
flood. During the subsequent floods, the main chan-
nel shifted little in the upstream area, but shifted
first westwards and then split into two channels,
approximately equally wide, in the middle of the
floodplain. The eastern channel moved further east
during the last flood. In the downstream area, the
first flood moved the main channel eastwards, caus-
ing a bend to form. The subsequent floods opened a
new channel on the western side that grew slightly
larger with each flood. A reach’s topography can
also change during low flow periods (Pasternack
and Wyrick 2017), typically by a slow homogeniza-
tion of the topographical gradients. In our case
study there were only short periods (months)
between the floods, and the vast majority of the
topographical  changes are associated  with
the floods.

Numerical simulations show that at a discharge
of 3 m3/s, only 32% of the area that was wetted
during pre-floods remained wetted at inter-floods-1.
The subsequent flood periods changed the channel
configuration less: 56% and 63% of the wetted area
of inter-floods-1 and inter-floods-2 remained wetted
in inter-floods-2 and post-floods, respectively. On
the fieldsite’s western side, a vegetated embankment
does not allow the channel to move further west-
wards (Figure 2A between A and B), causing one
channel to hug the side during all periods.
Persistent channels on the margins of an active
floodplain are not uncommon (e.g., Warburton
et al. 1993). Of course, channels can still change
even when they do not move, e.g., become shallower
or deeper.

The embankments eroded at two specific loca-
tions. A first bank-erosion event occurred between
pre-floods and inter-floods-1 in the northeastern
embankment (Figure 2A around C). The other ero-
sional event affected the southeastern embankment
(Figure 2A around D) between inter-floods-1 and
inter-floods-2, removing several of the large bould-
ers protecting the shoreline. Between inter-floods-2
and post-floods this initial embankment failure
grew, especially upstream (Figure 2A approximately
up to E).
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The floods also affected riparian vegetation. All
floods removed young vegetation patchily present in
the active floodplain, while vegetation on the stable
embankments was little impacted. Mature vegetation
was affected too. Before the floods the fieldsite’s
northwestern part was densely vegetated with some
minor channels flowing through (Figure 2A around
F). Each flood removed some vegetation and wid-
ened the channels through this area. Additionally,
an island populated by old trees (Figure 2A around

G) lost much vegetation in the last two
flood periods.
Overall, more sedimentation than erosion

occurred between each of the investigated periods
(Figure 3), with sedimentation more pronounced in
the upstream part. Despite the lower amount of
sedimentation in the downstream part, the bed
changed thoroughly, with channels shifting both
locations and dimensions. We interpret these find-
ings as an indication that the investigated reach is
not in a morphological equilibrium.

The braiding index changed much between the
hydrological scenarios (approximately 2 at residual
flow, approximately 3 at full load, see supplementary
materials), while the topographical changes generally
had a less pronounced effect: with exception of the
inter-floods-1 period at half load, the differences in
braiding index between the topographical states
were smaller than 0.5. Water depths were slightly

elevated in inter-floods-1 and inter-floods-2 com-
pared to pre-floods, while flow velocities slightly
dropped in these periods (Figure 4). Yet, both water
depth and flow velocity distributions widened under
all discharge conditions in inter-floods-1 compared
to pre-floods (Figure 4). In post-floods both depth
and velocity distributions were similar to pre-floods
conditions. The first flood thus changed the flow
dependent characteristics (depth, velocity) and the
subsequent floods returned these to pre-floods val-
ues. Although the morphology is not in an equilib-
rium, the flow dependent variables suggest
the opposite.

4.2. Hydromorphological index of
diversity (HMID)

In Figure 5, we present how the HMID changed
between the topographical states (identified by colors)
under the different hydrological scenarios (panels A
through C). Between pre-floods and inter-floods-1
the HMID increased under all hydrological scenarios
to values between 10 and 12 (Figure 5). Between
inter-floods-1 and inter-floods-2 the HMID decreased
again: under residual flow the HMID dropped to
below pre-floods levels (Figure 5C), while with hydro-
power water release, the HMID returned to pre-
floods levels (Figure 5A and B). Between inter-floods-
2 and post-floods the HMID increased under residual


https://doi.org/10.1080/24705357.2022.2105755
https://doi.org/10.1080/24705357.2022.2105755

10 (&) E.VAN ROOUEN ET AL.

0.5 A 1
0.0 0
= B| 2 E
= | e
E 104 R T iniiniainisinisinisiniotnieinieieisinisinisiniatnisinintnintni st s====s=s
e ettt E R [ gl NSttt e T
© o
205 v 1+
3z >
© B3
2 £
0.0 0
— Pre-floods C F
101 — interfloods-1 2
—— Inter-floods-2
__________ L L LT T
T st B o S s~ I o e i ittt
L it i B s siuie IS I B
ﬁ
0.0 - . - - T . : , - 0-+— . . - n v . . -
> > = = > o - L o s = > > e = > ) = e 1 = “
c = = a 9] 9] [ o c = = 4 o 9] 9] ]
[} & e o g 5 3, 3 a o Qa o © © 2 a 2 £ 3, 3 o a o )
3 S G 4 2 [S) € e} = € > S ] < =2 o = o) c c
c e = - = c = = 3 =
© Q < Q |93 [ [ © Q < [ O [ [
- 7] o o > Iv] = [} o o > 9]
w o o 1) w 153 o @
& 2 o g 2 4

month in year

Figure 4. The depth and flow velocity distributions in time

month in year

. The depth A-C and flow velocity D-F for each month, the con-

tinuous line indicates the median and the dashed line the 95 percentile in that month. The top, middle and bottom panels

refer to full load, half load and residual flow, respectively.

flow conditions (Figure 5C), and slightly increased in
the other hydrological scenarios (Figure 5A and B).

4.3. Habitat modelling

We defined six habitat types using the k-means
clustering algorithm (Figure 6). For the sake of clar-
ity we named the six types according to their gen-
(depth-

velocity): low-low (brown), low-medium (black),

eral depth and velocity characteristics

medium-low (green), low/medium-high (red), high-
low/medium (yellow) and high-high (blue; Figure
6). Comparing these to suitable conditions for
brown trout and bullhead, shows that the high-low/
medium habitat type is suitable for ABT, while both
high-low/medium and medium-low are suitable for
JBT and BTS. High-low/medium, medium-low and
low-medium habitat types comprise suitable habitats
for bullhead. We focus on the changes in these
habitat types, being the most important for the
description of fish habitats in this river reach.

In Figure 7, we show the area associated with
each habitat type (as in Figure 6) under the different
topographical and hydrological scenarios. Panels A-
C, D-F and G-I refer to the high-low/medium (yel-
low), medium-low (green) and low-medium (black)
habitat types, respectively. Panels A, D and G refer
to full load and C, F and I to residual flow.

Under residual flow, the high-low/medium habi-
tat type varied with the seasons (Figure 7C). In win-
ter (December-March) there was a strong increase
(up to 80%) in this habitat type between pre-floods
and inter-floods-1. Afterwards, this habitat types’
prevalence decreased again to pre-floods levels. In

early summer (May-July) the first flood period
decreased high-low/medium prevalence by up to
30%, the subsequent floods initially seemed to revert
the prevalence to pre-floods levels, but then dropped
to inter-floods-1 levels. In autumn (August-
November) little change was found.

Under full load (Figure 7A), the initial large flood
barely changed the amount of high-low/medium
habitat, but the subsequent floods decreased it, ini-
tially only in summer and autumn, but eventually
throughout the entire year with equal amounts,
about 30%. Under half load (Figure 7B), the high-
low/medium habitat type decreased overall, but not
monotonically.

Seasonality impacted the medium-low habitat less,
but the topographical changes still caused changes in
prevalence (Figure 7D-F). Under residual flow, this
habitat type decreased by approximately 25% during
the first flood. Its prevalence then increased to pre-
floods levels during the next flood, and reduced to
inter-floods-1 levels during the last flood (Figure 7F).
The medium-low habitat type only experienced sea-
sonal trends under full load, with higher prevalence
in summer and autumn than in winter (Figure 7D).
This seasonality was lost after the first flood, when
prevalence increased by 15% in to 45%. Seasonality
returned and prevalence decreased to values similar
to those in the pre-floods state in the inter-floods-2
and post-floods periods. Under half load, the
medium-low prevalence increased during the first
flood by approximately 15%, then decreased during
the other floods to lower than pre-floods levels.

The total of the combined suitable habitat types
show how species could be impacted (Figure 6).
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flow scenarios, respectively.

Since ABT is linked to the high-low/medium habitat
type only, the changes in ABT habitat are equal to
the high-low/medium habitat changes (Figure 7A-C
and J-L).

The combination of high-low/medium and
medium-low habitat types approximates JBT and
BTS habitat (Figure 7M-O), with spawning only
occurring between September and December. Under
residual flow, JBT habitat is not affected in winter
and early spring, except for the post-floods case. In
the other months, JBT and BTS habitat initially
decreased approximately 25% between pre-floods
and inter-floods-1, followed by a small increase and
decrease in prevalence. Under half load, each flood
reduced JBT habitat by up to 20% except in June,
where the first flood increased JBT habitat slightly.
Under full load, JBT and BTS habitat increased by
approximately 20% between pre-floods and inter-

floods-1, then reduced to below pre-floods levels in
post-floods.

Bullhead is adapted to the most habitat types and
therefore has the most potential habitat (combin-
ation of high-low/medium, medium-low and low-
medium habitat types; Figure 7P-R). Under residual
flow, bullhead habitat changed seasonally during
pre-floods with most habitat available in summer
and least in winter (Figure 7R). The first flood
removed this seasonality bringing habitat prevalence
to winter levels throughout the year (decrease of
approximately 40% in summer). Bullhead habitat
increased between inter-floods-1 and inter-floods-2
and in post-floods was virtually at inter-floods-1 lev-
els. Under half load (Figure 7Q), bullhead habitat
reduced by approximately 30% and 10% between
pre-floods and inter-floods-1 and inter-floods-1 and
inter-floods-2, respectively. Only the last flood
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increased bullhead habitat. Under full load (Figure
7P) bullhead habitat increased, decreased and then
increased again.

4.4. Connectivity

Our numerical simulations show that under residual
flow, connectivity (measured by RCI) is highest in
summer and lowest in winter (Figure 8C). With
exception of the pre-floods condition, the opposite
holds for full load (Figure 8A), while with half load
no large changes in RCI occur in time (Figure 8B).
Under residual flow, every flood increased the reach
connectivity with the exception of the second flood
(Figure 8C). The exact opposite holds for full load
(Figure 8A). Under half load RCI is stable between
the different topographical states, except for inter-
floods-2, where connectivity is higher (Figure 8B). A
continuous path for adult brown trout (ABT)
between the reach’s downstream and upstream ends
was present for discharges of at least 2, 1, 3 and 1
m?/s for the pre-floods, inter-floods-1, inter-floods-
2 and post-floods periods respectively.

4.5. Dewatered area

Dewatered area is high (AA,,>30%) throughout the
year (Figure 9A) for all topographical configurations
and is highest in winter and early spring. The first
flood (between the pre-floods and inter-floods-1
conditions) increased the dewatered area throughout
the year by about 10%. The two subsequent floods
returned the stranding risk in two steps to pre-
floods levels.

Although the dewatered area is high throughout
the year, it is not high everywhere in the reach
(Figure 9B). There are several places in the river
reach with low values. Highest dewatered area is
found at locations that have a side channel that
dries up during down-ramping.

5. Discussion

5.1. Change in ecologically relevant
hydraulic metrics

The HMID is related to the depth and velocity
changes and also shows a dynamic equilibrium
(Figure 5). As a diversity metric, the HMID gives an
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indication about the magnitude of habitat changes
in the reach. The change in HMID under residual
flow indicates large changes in habitat diversity.
Similarly, we can expect smaller habitat changes
under the higher discharge conditions based on the
HMID. Previous research has already found that
large magnitude floods can have an impact on habi-
tat diversity (Hajdukiewicz et al. 2016). From our
results it is clear that the large flood changed the
fieldsite’s state considerably: had no more floods
occurred, the biota would have adapted to the new
situation. However, the subsequent floods changed
the ecologically relevant reach characteristics (e.g.,
depth and velocity) back to the pre-floods levels.
This is similar to the processes found by Roghair
et al. (2002) who investigated floods following a

large flood and debris flow. Thus, the change in
habitat diversity due to a major flood may poten-
tially only impact the reach wuntil the next
flood occurs.

The floods also changed the number of patches
in each habitat type. After the first flood, depths
increased while velocities decreased. A reasonable
expectation is that ABT (preference for deep and
low flow areas) would benefit from these changes.
However ABT habitat increased only in winter
under residual flow conditions. Thus, although
depths and velocities both changed in a direction
considered positive for ABT, suitable depths and
velocities coincided less often, e.g., the high-low/
medium habitat type reduced in prevalence. In the
subsequent floods both depth and velocity values
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returned to pre-floods conditions. The amount of
ABT habitat only returned to pre-floods levels in
some cases. The individual parameter distributions
thus were not representative for the habitat types.
Each flood affects species and lifestages differently
and therefore the overall change in habitat quality
will depend on which species or lifestage is limiting
or considered of greatest importance (Faro et al
2021). The time period that the habitat is affected
(e.g., which season) can be of equal importance as
the amount of change, e.g., BTS is only present in
some months. Changes due to one flood were some-
times amplified and sometimes partially or com-
pletely reverted by the next. An example is ABT
habitat under residual flow. This is remarkable,

since both the depth and velocity distributions
returned to the pre-floods state. However, the joint
distribution of depth and velocity did not, but
changed after each flood, yet not in a consistent
manner. We interpret this as the reach being in a
dynamic equilibrium from a habitat quantity per-
spective. In this dynamic equilibrium, the amounts
of habitat can still change significantly, some habitat
types increased or decreased more than 30%
between two consecutive states, e.g., the natural
variation in habitat quantity can be large. Such pro-
found habitat shifts will influence the biota.

Habitat quality may change without a change in
habitat prevalence. For JBT, under full load, the
habitat prevalence is stable in the year for all
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investigated topographies (Figure 7M). However, if
we focus on inter-floods-2 we can see that although
the same amount is present throughout the year, in
summer the potentially suitable habitat has shal-
lower depths overall than in winter (compare
medium-low and high-low/medium habitat types;
Figure 7A and D). Thus, even if habitat prevalence
remains the same, the habitat quality may change.
Since each flood changes habitat prevalences, each
flood individually could be identified as a press dis-
turbance. The changes in habitats can be large, and
the present fish community would likely shift long-
term if these conditions remained. If studied in iso-
lation, the first flood, having the largest impact,
would likely be classified as a press disturbance.
However, considering all floods, it seems more cor-
rect to identify the floods as pulse disturbances.
Although a singular flood may cause changes in
habitats, the subsequent floods can alter it again.
Over long periods of time, with sufficient floods
occurring, there is no consistent trajectory in the
habitat changes and the reach will be in a dynamic
equilibrium.

We limited our analysis to the present fish spe-
cies’ habitat. The changes of in-stream habitat types
will also affect other species in the river, like macro-
invertebrates. In most river reaches there are more
species of macro-invertebrates than fish species and
therefore a more complex set of habitat changes
may be found. Additionally, macro-invertebrates are
a food source for fish (Holzapfel et al. 2017),
thereby impacting fish species as well. Changes in
habitat types are thus not limited to fish and the
present approach also sheds light on the potential
changes for other species.

Habitat can only be used if fish can reach it. The
RCI shows that the floods influence the ability of
ABT to move to suitable habitats. RCI is based on
the spatial configuration of areas which are too shal-
low or fast flowing. If these occur between poten-
tially suitable areas the RCI is reduced. Due to the
low number of areas with excessive velocities, the
RCI is more affected by excessive depths in our
reach. The distance between areas with sufficient
depths, thus influences RCI the most. A negative
correlation of RCI with braiding index would thus
be expected, since one barrier in a side channel may
disconnect many potentially suitable areas. In our
reach this correlation is very weak. Instead the num-
ber and locations of local shallow areas in the main
channel determines the RCI. The side channels
impact the connectivity little because there are few
suitable destinations for ABT, making any barriers
there irrelevant. However, the seasonal RCI changes
are influenced by the side channels. RCI generally
increases with increasing discharge, since depths in

the main channel increase. In some cases, however,
we see a decrease in connectivity. Connectivity in
the main channel was then already close to the max-
imum and the increase in discharge caused more
destinations in the side channels to develop. Since
shallow conditions prevail in the side channels,
these are usually disconnected from other suitable
areas, thereby reducing the overall connectivity. An
increase in discharge can therefore cause an increase
or decrease in RCI depending on the situation.
Connectivity can also affect larger scale movements,
e.g., upstream migration. Since the reach is only a
barrier under the lowest discharges, the frequent
hydropower-induced discharge peaks might support
large-scale movement year round. The discharge
thresholds for ABT migration are correlated to the
RCI under residual flow. Actually, the two topogra-
phies that always allow large-scale migration (inter-
floods-1 and post-floods) have the highest RCI in
this configuration (Figure 8).

The dewatered area has a spatial distribution typ-
ical for braided reaches, i.e., alternating high and
low values (cf. Vanzo et al. 2016). Topographical
changes did not influence this, despite the expected
negative correlation with braiding index (e.g., Vanzo
et al. 2016). Possibly, the differences in braiding
intensity are too small to noticeably affect the dewa-
tered area. Overall, the flood-induced topographical
changes only had small effects on the dewatered
area. To avoid stranding, fish must flee these areas
that become dewatered due to a downramping
event. The ability of a fish to flee is therefore as
important as the amount of dewatered area. This is
a function of the reach’s connectivity expressed with
the RCI as well as the speed of downramping.
Topographical changes potentially affected fish
stranding more due to differences in connectivity
than due to differences in dewatered area.

5.2. Direction of changes

The floods affected the investigated reach in several
profound ways. The initial and largest flood altered
both the HMID and dewatered area. The subsequent
floods returned these metrics to pre-floods levels.
The other investigated metrics did not show this
trend, in fact they did not show any consistent
changes. Importantly, they did not move towards a
new equilibrium, most likely because the metrics
change within the bounds of a dynamic equilibrium.
Meaning that habitat changes in a dynamic equilib-
rium can be significant, at least on the reach scale.
Some habitat types decreased by more than 30%.
This is not in agreement with the shifting habitat
mosaic theory, which states that disturbances such
as floods cause changes in habitat locations, but not



in prevalence. This disagreement might be caused
by the comparatively small size of the investigated
field site which makes it less likely that a decrease
in one habitat type in one location is compensated
by an increase somewhere else in the field site. The
scale of the field site may not be congruent with the
shifting habitat mosaic theory’s assumptions (see
Reeves et al. 1995; Stanford et al. 2005) and there-
fore this theory cannot be properly tested in this
field site.

The first flood was the largest flood. This would
lead to larger hydraulic forces on the bed, causing
more sediment A more thorough
reworking of the topography and habitats are there-
fore to be expected. This could explain why changes
during the first flood broadly differed from the
other floods.

However, another explanation can also be pro-
posed. The meteorological conditions that caused
the first flood, also generated other disturbances in
and close to the fieldsite, possibly impacting the
state of the river reach. A good example are two
landslides. One landslide occurred close to the
northeastern boundary of the fieldsite (Figure 2C),
the other in a montane tributary which merges with
the Moesa river approximately 4 km upstream of the
fieldsite. Both these landslides may have increased
sediment availability, especially during the first
flood, which can affect the river’s topography
(Ashmore 1991; Harrison et al. 2011; Liébault et al.
2013; Pasternack and Wyrick 2017; Rachelly et al.
2021). This could have affected not only the amount
of sedimentation, but also the channel planform
(e.g., Rachelly et al. 2021) and thereby the eco-
logical indicators.

movement.

5.3. Effect of hydropeaking

The dewatered area metric shows that hydropeaking
related effects can change between flood-induced
morphological states (Figure 3). The other metrics
(RCI, HMID and all investigated habitat types)
change differently under full load conditions than
under residual flow conditions. Concerning hydro-
peaking, not just the values of metrics can change,
but also the seasonality of the metric values (see for
example the HMID, Figure 5 or the high-low/
medium habitat type, Figure 7A-C). To obtain a full
understanding of the habitat dynamics in a flood-
and hydropower-affected reach, it is therefore insuf-
ficient to only consider the changes under residual
flow conditions.

The effects of hydropower are often identified
using habitat modelling techniques similar to those
in this work in order to set limitations on the man-

agement of hydropower resources, such as
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environmental flows (Hayes et al. 2019). If floods
change the morphological state of a reach, updated
rules for the management of hydropower may be
required to ensure the continued ecological func-
tioning of fluvial ecosystems. To ensure certain min-
imum amounts of habitats or connectivity,
minimum or residual flows would for example need
to be changed depending on the morphological state
(e.g., Figures 7F, R and 8). Identifying new min-
imum or residual flows frequently, could be time
and resource intensive however. As a solution to
this, limitations on hydropower can be set upon
considering the flood-induced variability in eco-
logical metrics. In other words, the limitations can
be set in such a way the ecological needs are met
under a certain range of expected morphological
states. Especially in reaches experiencing a multitude
of floods which do not cause the dynamic ecological
equilibrium to shift, such as in the investigated
reach, this may be a good solution.

5.4. Limitations of the approach

The habitats we defined are based on depth and
flow velocity values. Temperature (Jonsson and
Jonsson 2009; Elliott and Elliott 2010), bed grain
size (ASCE Task Committee on Sediment Transport
and Aquatic Habitats and Sedimentation Committee
1992), cover (Niayifar et al. 2018) and many other
parameters (e.g., Jakober et al. 2000; Rosenfeld et al.
2005; Cotel et al. 2006; Huusko et al. 2007; Null
et al. 2017; Larsen and Woelfle-Erskine 2018) can
also play a role in habitat analyses. This paper
focuses on the ecological changes caused by changes
in two parameters directly impacted by the floods
and which are the most commonly used parameters
in habitat modelling. Floods may also change the
other parameters amplifying or reducing the habitat
changes. More research into the additional effects of
these parameters is needed but may be hindered by
demanding data acquisition.

We applied a methodology where habitat suitabil-
ity for species is inferred based on habitat types.
The determination of which combination of habitat
types constitute suitable habitat for which species or
lifestage can have a large impact on the results. ABT
and JBT habitat differ in only one habitat type, but
show vastly different changes. In this work, the spe-
cies habitat were just shown as aids for interpret-
ation. The identification of habitat variability due to
floods is not impacted.

An assumption in habitat modelling is that spe-
cies preferences are static. However floods may also
change habitat preferences of species (see Dolloff
et al. 1994). The correlation between the abundance
of species and their associated habitat types may
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thus be context dependent. Changes in habitats can
still be useful information for managers and deci-
sion makers. Care should be taken however in
extrapolating the results from habitat changes to
population changes.

Previously, the changes in morphology per habi-
tat patch have also been investigated to identify how
stable habitat patches are (see for example Wheaton
et al. 2010). Due to the vast reworking of the topog-
raphy we did not include such an analysis, as it was
clear that most habitat patches had shifted entirely:
large parts which were wetted in one topographical
state did not remain wetted after a flood. In reaches
with more limited reworking of the morphology
such an analysis may add additional information.

We proposed the new metric RCI quantifying a
reach’s habitat connectivity. RCI can theoretically
take values between 0 and 1 and values over almost
this entire spectrum were found. Since the metric
had not been used previously, it is difficult to gener-
alize the findings based on previous research at
other field sites. Further investigation can assess
how RCI differs between reaches with different top-
ography, which can aid in the metric’s
interpretability.

A reach’s topography influences its ecological
state and is influenced by hydrological, geological
and biological (e.g., vegetation) influences (Castro
and Thorne 2019). Trees and other plants could not
grow sufficiently in the few months between the
floods to influence the hydro- or morphodynamics.
Since trees were also removed, the biological influ-
ence on the field site likely progressively reduced
while the hydrological influence progressively
increased (e.g., Castro and Thorne 2019). In pre-
floods the reach was already in a topographical state
that was mostly determined by hydrological and
geological influences, typical for Alpine rivers (c.f.
Castro and Thorne 2019). The reduction of the bio-
logical influence on the topography therefore did
not alter the topographical type. Habitat shifts in
rivers where the topography is dominated by other
influences are likely to be different. Results from
this study should not be extrapolated to such rivers
and separate research should be carried out.

6. Conclusions

Floods can change the long-term behaviour of river
ecosystems by altering the habitat template. By
investigating subsequent floods we can improve our
understanding of the natural variability inherent in
the ecological functioning of rivers.

We investigated a braided reach of the Moesa
river in southern Switzerland which was subject to
multiple flooding events. The reach’s topography

changed with each flood and is aggradational. The
reach is not in a morphological equilibrium. The
first and largest flood increased depths and widened
the flow velocity distribution. The subsequent floods
returned  these  parameters to  the  pre-
floods conditions.

The HMID and dewatered area followed this
same pattern of an initial deviation and then a
return to pre-floods values. However, for some met-
rics (RCI) no clear pattern was identifiable. Habitat
types that also depend directly on depth and flow
velocity, did not change unidirectionally too. The
changing joint depth-velocity distribution deter-
mined the changes in habitat types. Habitat types’
prevalences change within the bounds of a dynamic
equilibrium. Despite a clear trend towards an alter-
native morphological state in this reach, a move
towards an alternative ecological state seems absent.

Even if there is no movement towards an alterna-
tive ecological state, the changes in habitat prevalen-
ces can be large. The changes are dependent on
seasons and hydropower water release. A full ana-
lysis of habitat effects due to topographical changes
thus requires the consideration of the full complex-
ity of the flow regime.

Few prior studies investigated the effects of mul-
tiple floods on habitats at a single river reach. Since
the investigated reach has similar characteristics to
many river widening projects, the results can aid in
the management of widened reaches. This study can
also contribute to the proper identification of limita-
tions on hydropower under future changing condi-
tions by shedding light on the flood-induced
variability in ecological metrics. This
improves our knowledge of flood-induced fluvial
habitat changes and contributes to the field of habi-
tat modelling.
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