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Abstract Riparian zones are some of the most valuable
and at the same time endangered ecosystems in the world.
Their progressive degradation caused by anthropogenic
pressure calls for the adoption of effective, resilient restora-
tion strategies. However, a full understanding of the com-
plex mechanisms governing riparian ecosystems has not yet
been achieved, and many assumptions are based on quali-
tative findings. We quantitatively investigated the habitat
conditions of a key riparian plant, the German tamarisk
(Myricaria germanica), using a two-dimensional hydro-
dynamic model that was created for a braided reach of the
river Sense (Switzerland). The results demonstrate that the
presence of this species in gravel bar habitats is strongly
correlated with inundation frequency. The species was pre-
sent on gravel bars near the main river channels, which are
inundated every 4-5 years. Where the gravel bars are fre-
quently flooded, seedlings do not survive the hydrodynamic
perturbations, whereas elsewhere, where periodic flooding
does not reach, M. germanica is replaced by stronger com-
petitors. Our study contributes to an understanding of the
dynamics of riparian corridors and provides a quantitative
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basis for developing effective restoration plans, which
may involve the optimisation of hydropower regulation
programmes.
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Introduction

Riparian corridors are a nexus between aquatic and terres-
trial environments that changes spatially and temporally
due to fluvial processes driven by hydrographic events,
drought periods, water quality, vegetation dynamics includ-
ing invasions by non-native species, and anthropogenic
influences, among many other factors, thus forming com-
plex and highly dynamic ecosystems (Tockner and Schie-
mer 1998). All these aspects of riparian corridors create
a landscape characterised by a highly variable mosaic of
habitats of high biodiversity and productivity (Tockner and
Stanford 2002; Camporeale et al. 2013).

Riparian vegetation and river processes interact with
each other. On the one hand, vegetation affects several
processes that control river morphology (Corenblit et al.
2007), e.g. increasing the channel roughness and altering
the turbulence dynamics (Baptist et al. 2007; Nepf 2012a),
or influencing sediment transport via the stabilisation of
soil by roots (Pollen-Bankhead and Simon 2005, 2010). On
the other hand, riparian vegetation dynamics are strongly
affected by river processes. Rivers provide water, thereby
enhancing soil moisture and nutrients for plant growth
and facilitating hydrochoric seed dispersal (Pezeshki and
Shields 2006; Gonzalez et al. 2012; Bertoldi et al. 2014).
Mass processes such as the transport of river sediments
not only create new depositional zones for vegetation
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colonisation but also remove vegetated areas via erosion
(Pasquale et al. 2012), thereby interacting with vegetation
via uprooting and burial (Friedman and Auble 1999).

Floodplain riparian zones have been identified as some
of the most geomorphologically active and threatened
landscapes in the world (Tockner and Stanford 2002; Sad-
ler et al. 2004). Traditional river engineering activities
directly affect the natural habitats and sediment dynamics
of rivers, which in turn affect the communities of riparian
plants. Along reaches of rivers with reduced sediment flow,
which are common downstream of reservoirs, the natural
development of new habitat patches occurs with reduced
frequency. Consequently, local populations of pioneer
species may decline or become locally extinct as natural
plant succession progresses to later forested stages (Miiller
2014). Moreover, lateral embankments (levees) and river
bank protections may have negative consequences for ripar-
ian plant communities: they hinder the flooding of alluvial
plains, thereby impeding seed dispersal and ultimately
leading to severe reductions of species diversity in alluvial
areas (Junk et al. 1989; Nilsson and Jansson 1995; Jansson
et al. 2000a). It has been observed that plant dispersal is
more effective in the absence of dams, and the fragmenta-
tion of riparian habitats by dams leads to changes in the
spatial distribution of plant biodiversity across drainage
basins (Jansson et al. 2000b; Gonzalez et al. 2010).

Therefore, in the twenty-first century, considerable
emphasis is being placed on the restoration of riparian
corridors as an essential means for enhancing the hydro-
morphological and ecological equilibrium of rivers while
improving habitat diversity and variability and reducing
long-term maintenance costs (FISRWG 1998; EU 2000).
Riparian corridor restoration may involve the removal of
river training structures to allow fluvial processes to be
re-established in riparian corridors, physical restoration
of channel morphologies through construction measures,
removal of levees, bioengineering, grooming and enhanced
planting of terrestrial species, and protection and preser-
vation of wild areas (see for example Schropp and Bakker
1998; Roni et al. 2002; Rohde et al. 2004).

In many countries, dams add another level of complex-
ity: they interrupt both water and longitudinal sediment
connectivity, thereby altering the natural hydrologic regime
(Miiller 2014). Where dams are present, the restoration of
riparian corridors can be promoted by altering hydropower
operation programmes to ensure the release of periodic
functional floods and by adopting structural measures to at
least partially restore sediment connectivity (e.g., by adding
sediment downstream of dams) (Robinson and Uehlinger
2003; Giller 2005; Palmer et al. 2005).

Due to the present condition of riparian corridors and the
urgent need to preserve and restore them, scientific commu-
nities have expended increasing effort during the previous
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few decades to understand the mechanisms regulating these
complex ecosystems. In the past, the main branches of the
scientific community were working independently (ecolo-
gists and biologists on one side and hydraulic engineers on
the other); recently, however, a more constructive and col-
laborative approach has been adopted. As a consequence,
both semiquantitative and quantitative models were devel-
oped in attempts to link fluvial morphodynamics and ripar-
ian vegetation dynamics. The ultimate objective is to under-
stand the key processes regulating riparian ecosystems and
thereby to be able to foresee the effects of anthropogenic
actions and effectively manage and restore river corridors
(Camporeale et al. 2013). Solari et al. (2015) presented a
thorough review of the state of the art of the modelling of
riparian dynamics. What we have observed is that, despite
increasing efforts to deepen our understanding of the many
complex aspects of riparian zones and appropriately model
them, only a few models properly take into account the
many complex variables, and many simplifications have
to be performed (e.g., Nepf 2012b). Two of the more suc-
cessful attempts to model the interactions between hydro-
logic processes and vegetation are those of Camporeale and
Ridolfi (2006) and Bertoldi et al. (2014); the latter study
took into account morphodynamic interactions, although in
a simplified way.

Riparian dynamics involve a number of factors and pro-
cesses that link various aspects such as hydrology, mor-
phology, biology, chemistry and ecology. Nevertheless,
many authors regard river-driven disturbance as the main
component controlling riparian vegetation processes (e.g.,
Poff et al. 1997; Nilsson and Svedmark 2002; Camporeale
and Ridolfi 2006; Corenblit et al. 2007). In particular, flow
and flood regimes control riparian vegetation colonisation
and development (Bornette et al. 2008). Ye et al. (2013)
built a model to predict which hydrological component is
dominant in affecting vegetation cover in riparian zones,
and they concluded that floods are the main regulating
process. Biological and chemical processes exert second-
ary control on species presence and abundance (Gurnell
et al. 2012). Hydrodynamic disturbances are at a maximum
within and near the channel and decrease farther from the
river, where competition between species becomes domi-
nant (Corenblit et al. 2007). In riparian environments, suc-
cessional dynamics are periodically interrupted by fluvial
disturbances, leading to a mosaic of patches at various suc-
cessional stages (Camporeale et al. 2013). This process is
characteristic of natural fluvial ecosystems and has been
called the “shifting habitat mosaic” (Pringle et al. 1988;
Stanford et al. 2005). Fundamental are the “flood pulse”
(Junk et al. 1989) and the “flow pulse” (Tockner et al. 2000)
concepts. They both focus on the interconnections between
rivers and surrounding floodplains, which are considered a
unique dynamic system where hydrological and ecological
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processes actively interact. While Junk et al. (1989) con-
sider flood pulse as the driving force in determining river-
floodplain systems’ equilibrium, Tockner et al. (2000) also
stress the ecological importance of expansion—contrac-
tion events below bankfull flooding (flow pulses). Moreo-
ver, fluvial hydrodynamics play an important role during
all stages of plant life from seed dispersal to colonisa-
tion, recruitment, growth, succession and finally mortality
(Crouzy et al. 2013; Egger et al. 2013; Solari et al. 2015).

The colonisation success of riparian species that popu-
late point bars, central bars and other mid-channel depo-
sitional features between large hydrographic events is
directly dependent on the frequency and duration of the
events (Tanaka and Yagisawa 2012; De Silva et al. 2013).
Nevertheless, quantitative findings regarding the frequency
and duration of inundation of floodplains and mid-channel
depositional features and their effects on riparian species
are still scarce (De Silva et al. 2013). Some qualitative find-
ings have resulted from recent monitoring programmes fol-
lowing several restoration projects (Egger et al. 2010; Lener
et al. 2013). The aim of this study was to test how the fre-
quency of floods in an alpine braided river reach affects the
colonisation of a native early-succession riparian species
(Myricaria germanica). We chose a study site (river Sense
near Plaffeien, Switzerland) with a pristine morphologic
configuration, an unaltered hydrologic and sedimentologic
regime, an absence of artificial regulation and stabilisation
works and a lack of biologic stress factors, which combine
to create a potential habitat for the dispersal, establishment
and growth of M. germanica. The analysis of the interac-
tions between the flow field and vegetation were performed
by means of a hydrodynamic numerical model.

Methods
Study site

The river Sense is a fourth-order watercourse within a
432 km? drainage basin located in the cantons of Fribourg
and Bern, Switzerland (Fig. 1). The drainage basin contains
one of the last unregulated rivers in Switzerland, where
hydrographic events are driven solely by snowmelt and
precipitation and not by any hydropower projects or major
flow diversion works. Downstream from the confluence
of several headwater streams (near Plaffeien—Fig. 1), the
main stem of the river flows a distance of 35 km before its
confluence with the river Saane (Gostner 2012).

We investigated the inundation frequency of a braided
reach near Plaffeien (Fig. 1), where Myricaria germanica
(German tamarisk; Tamaricaceae, Caryophyllales) was
observed growing on several gravel bars. In the braided
parafluvial zones of the river, which are the areas of the
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Fig. 1 The river Sense site location map showing natural and trained
reaches. A rectangular box highlights the natural gorge downstream
of Plaffeien

bankfull channel that are affected annually to some extent
by scour and deposition (Stanford et al. 2005), the mor-
phology is dominated by numerous channel avulsions
and mid- and side-channel bars. The result is a mosaic
of habitats (Lorang and Hauer 2006) with frequent bank
retreats and tree losses and abundant woody debris,
emergent vegetation and successional terrestrial species
growing on depositional forms characterized by different
elevations.

The study site is located at an altitude of ca. 800 m a.s.l.,
it is approximately 2 km long (Fig. 2), with an average
bankfull width of 150 m, an average valley width of ca.
290 m and a slope of 2%; the parafluvial zones measure a
total of approximately 25 hectares. The upstream drainage
basin measures 118 km? and it is hydrologically character-
ised by a transitional snow regime. From a geological point
of view, it is mainly composed of sedimentary rocks, with
a major component of limestone in the upper part and of
marl schist and calcareous phyllite at the medium and lower
heights, while in Plaffeien alluvial deposits prevail.
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Fig. 2 The study site near Plaffeien and cross section locations

Study species

The riparian shrub Myricaria germanica is a characteris-
tic species of the pioneer vegetation of natural rivers and
is thus considered an indicator of high biotic integrity of
rivers. It has a wide distribution, being present in Europe,
Anatolia (Turkey), Armenia, Russia, Iran, Afghanistan,
and New Zealand, where it is known as an invasive spe-
cies. In Europe, it extends between the Pyrenees, Scan-
dinavia, Alps, Central Apennines and the Illyricum
mountains (Michielon and Sitzia 2010). In particular, in
Central Europe this species is often present along large,
braided rivers with natural or near-natural habitat dynam-
ics (Werth and Scheidegger 2014). Its distribution is
determined by a complex interaction between geologi-
cal and geomorphological characteristics of the drainage
basin and of the river reach, flow regime and bioclimatic
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conditions. Kudrnovsky (2013) carried out an extensive
survey of the distribution of M. germanica in the Euro-
pean Eastern Alps, identifying three main suitable habi-
tat variants: M. germanica was found as open-structured
stocks on sandy sites at higher altitudes (above 1300 m),
on top of sandy gravel bars close to the main river chan-
nel, or along flood lines or in slight depressions situated
at some distance from the main river channel.

The shrub is pollinated by insects such as bees and
flies, but selfing is also possible. Based on observations
gathered during laboratory experiments, Benkler and
Bregy (2010) found that its seeds germinate well on a
matrix of sand and silt, characterised by good capillar-
ity and a favourable moisture content. The first stage of
growth (approximately the first year of life) is largely
dependent on the nutritive contribution from the shoots;
therefore, the main limiting factor for survival during this
stage is the moisture in the growth substrate. This period
of life is characterised by expansion of the roots, which
is a slow process during which the plants are particularly
sensitive to hydro-morphological dynamics. In locations
with a high inundation frequency, the seeds and seedlings
tend to be washed away. Moreover, the seedlings are eas-
ily outcompeted by stronger competitors such as willows
(Salix), which are more drought tolerant than M. german-
ica. Starting in the second year of its life, M. germanica’s
growth rate accelerates, and the plant becomes stronger
and more resistant to mechanical disturbances from the
flow regime. The plant possesses a notable tolerance to
periodic floods and can survive being inundated and bur-
ied under sediment. These characteristics make it a strong
competitor against almost all of its rivals, which are less
resistant to morphodynamic fluctuations (Lener et al.
2013). When these mechanical disturbances are lack-
ing, M. germanica is outcompeted and replaced by spe-
cies belonging to later stages of succession, such as Salix
bushes (Egger et al. 2010).

Mpyricaria germanica has faced a severe decline during
the previous several decades due to human impacts on
river ecosystems, such as the straightening of river chan-
nels and the creation of lateral embankments, which have
caused degradation and loss of habitats (Endress 1975;
Bill et al. 1997). In Austria, M. germanica went extinct
in most of the rivers, due to substantial regulation works,
and today it is limited to the natural reaches of Lech and
Isel rivers (Kudrnovsky and Stohr 2013). Furthermore,
populations of the species become genetically isolated if
they are separated by dams and reservoirs (Werth et al.
2014), even though the species reproduces via small
seeds that are well dispersed by air currents and water
(Lanz and Stecher 2009).



Gravel bar inundation frequency: an important parameter for understanding riparian corridor... 829

Field data collection

Nineteen cross sections (Fig. 2) and a longitudinal thalweg
profile along the channel were surveyed using a first-order
GPS base and rover station (Topcon Hiper Pro). The tran-
sects were spaced at intervals of approximately 100 m per-
pendicular to the mean channel flow direction to character-
ise the geomorphic features (Simonson et al. 1994), which
included the thalweg, the tops and bottoms of the banks,
the bankfull stage, terrace elevations and any additional
breaks in the topography. The limits of islands and depo-
sitional features were surveyed in addition to the maximum
elevation of each feature and the locations of woody debris
piles.

The locations of the terrestrial species of interest were
acquired from a parallel biological inventory using a hand-
held GPS. As a result, the spatial distribution of M. ger-
manica was represented by polygonal areas on the gravel
bars where the plant was identified.

The stream discharge velocities within each cross sec-
tion were obtained using the six-tenths-depth method (Tur-
nipseed and Sauer 2010) using a Sontek Flow Tracker®
acoustic Doppler velocity metre.

Surface material sizes and their distributions were char-
acterised using the Wolman pebble count method (Wolman
1954) along each cross section within the bankfull limits
of the channel. This approach consisted of randomly sam-
pling a grain exposed on the ground surface at intervals
of approximately 1 m along a transect and measuring the
grain’s intermediate axis. Then, grain size distribution plots
of the surface layer were generated for each cross section,
and the median particle diameters from log-normal distri-
bution plots were used to determine the median grain size
(Dsp). In addition to this surface layer analysis, the global
composition of the gravel bars material (surface and sub-
surface layers) was investigated in the upper part of the
reach between transects P2 and P3 (Fig. 2) by means of
two volumetric samplings. Each sample measured approxi-
mately 1 m? horizontally and was approximately 25 cm
deep. These samples were sieved and, after plotting their
grain size distributions, the D5, was determined.

Hydrology

A hydrometric gauge station was not available at the study
site. Therefore, a duration curve was defined based on a
Swiss regional model of mean flow (Pfaundler and Zappa
2006), which is based on ordinal datasets dating from 1981
to 2000 and on available discharge records at gauge stations
in the region. Two gauge stations are located upstream
(approximately 7 km) of the study site on two tributar-
ies (Rotenbach and Schwindlibach), one gauge is located
15 km downstream at Thorishaus, and a fourth gauge is

located on the river Saane at Laupen immediately down-
stream of the confluence with the river Sense (Fig. 1).

A flow duration curve based on the daily mean flow time
series recorded between 1993 and 2008 at the Thorishaus
gauge station was extrapolated for discharges of less than
an annual flood. Using the regional model, the mean
annual specific flow was calculated for the river Sense at
Thorishaus and for the study site. Therefore a correction
factor (f), defined as the ratio between the mean annual spe-
cific flow for the drainage basin at the study site (gp;) and
the gauge station at Thorishaus (g4;,), was calculated:

= ?ﬁ =14 1)

qth

This scaling factor was validated by comparing the dis-
charge calculated from the velocities measured in the field
with the discharge recorded at the Thorishaus gauge station
on the same day. On the day of measurement, the average
daily discharge at Thorishaus was 4.8 m3 s~'. The scale
factor derived from the regional model yields a predicted
discharge at Plaffeien of 2.2 m 3 s~! whereas a discharge
of 2.4 m3 s™! was calculated based on the velocities meas-
ured in the field. Given the small difference between the
observed average daily discharge and that predicted using
the regional model, we assumed that the correction fac-
tor of 1.4 was sufficiently reliable for use in the study. The
flow duration curve at the study site (Qp) was calculated by
multiplying the discharges at the Thorishaus gauge station
(Qr;,) with the correction factor (f) and the ratio between
the drainage basin areas upstream of the study site (A py) and
the Thorishaus gauge station (Az,).

A
Opr = Oy f - /TZ @

Discharges corresponding to return periods longer than
1 year were extrapolated from the official peak flow values
available at the four gauge stations. Specifically, regres-
sion curves relating specific flow to drainage basin area
were derived for return periods ranging from 2 to 50 years,
thereby permitting us to evaluate the peak discharges at
Plaffeien (Table 1).

Numerical model development

The numerical model FLUMEN (FLUvial Modelling
ENgine) was used to investigate the spatial distribution
and inundation frequency of depositional features at the
study site. FLUMEN is a two-dimensional surface-water
model that can be used to investigate the hydraulic behav-
iour of rivers and coastal waters in a variety of discharge
conditions. The programme solves the depth-averaged
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Table 1 Return frequencies and extrapolated discharges (Q) at the
study site

Return period Q Return period Q
years mds~! years m3s~!
1 45 7 195
1.3 75 10 208
124 30 266
172 50 296

shallow-water flow equations in a cell-centred unstructured
mesh that allows for wet and dry domains, sub- and super-
critical flow conditions, and specification of variable stre-
ambed topography. The model is based on the finite-vol-
ume approach and uses the first-order explicit Euler method
for time discretisation (Beffa 2004).

The modelling domain was defined based on the topo-
graphical survey within the floodplain (Fig. 2), and data
extracted from a digital terrain model were used for the sur-
rounding area. The surface grain size distribution curves
indicate a median particle diameter (Ds;) of 53 mm within
the reach. Using the Strickler approach (Strickler 1923), a
corresponding average Manning’s roughness value (n) of
0.03 m™' s was calculated (Eq. 3) and was adopted for the
bankfull channel in the zones devoid of mature vegetation.

/s
) 3)
21.1

Floodplain roughness beyond the limits of the bankfull
channel and in mature tree stands on islands (delineated
during the biological inventory) was estimated to be in the
range of 0.05 <7 <0.10 m™" s and was associated with the
density and stem diameter of vegetation communities as
suggested by Chow (1959). Apart from the increase in the
roughness coefficient, the presence of vegetation was not
used directly in the numerical model. Instead, its correla-
tion with inundated areas was investigated during post-pro-
cessing by means of a GIS analysis based on the coverage
mapping performed during the field campaigns. The river
bed was assumed to be stable.

Calibration of the model

To calibrate the numerical model, we ran a simulation with
the discharge recorded during the field day (2.4 m3 s7).
Due to the highly variable bed topography at the site, both
in the longitudinal and transverse directions, we decided to
compare the model results with the measured data based on
the water elevation instead of the water depth. Along each
transect, a unique average water elevation was considered.
This value was extracted from the survey data and from
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Fig. 3 Comparison between measured and simulated water eleva-
tions during a discharge of 2.4 m? s~! (R?=0.99, P<0.0001)

the results of the numerical model in each computational
cell along each cross section. These water elevations were
compared only at cross sections where the total flow was
confined to a single channel rather than where there were
multiple flow paths. These locations of single flow paths
were selected because they offered greater flow depths
and decreased the cross sectional variations, thereby lead-
ing to better comparisons between observed and predicted
water elevations. The most upstream and downstream cross
sections were also eliminated from the comparison due to
boundary condition limitations in the numerical model.
Figure 3 shows the geodetic elevations of the thalweg pro-
file (bed elevation) and of the calculated and measured
water level along a segment of the reach. The analysis
yielded a satisfactory and statistically significant correla-
tion between the measured and calculated values of flow
elevation (R*=0.99, P<0.0001).

The bankfull discharge frequency was also calculated as
a qualitative metric to evaluate the accuracy of the model.
Kellerhals et al. (1972) observed that the return frequency
of bankfull discharge in braided rivers in western Can-
ada ranged between 2 and 7 years. In our study, a series
of simulations with various discharges were conducted to
determine the discharge (and associated return period) that
yielded the bankfull water elevation that best correlated
with the bankfull height observed in the field. A discharge
of 172 m3 s™! (corresponding to a 5-year return period) best
correlated with the observed bankfull elevation (Fig. 4,
R?=0.99, P<0.0001).

Parafluvial zone and bar inundation frequency

Based on the two-dimensional simulation of discharges
ranging between low-flow conditions and the 10-year dis-
charge, i.e., between 2 and 208 m3 s7!, we performed both
at a larger and at a smaller scale analysis. Initially, the
entire river reach was investigated to analyse the progres-
sive parafluvial zone inundation with increasing discharge
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Fig. 4 Comparison between bankfull height and water level during a
discharge of 172 m3 s~! (HQ5). Bankfull SX and bankfull DX are the
left and right bankfull heights, respectively (R>=0.99, P <0.0001)

as it relates to various annual durations of exposure. More-
over, relative percentages of inundated (wet) and exposed
(dry) parafluvial zones were calculated for a series of dis-
charge simulations related to specific frequency return peri-
ods. The final objective was to carry out a first investiga-
tion on the presence of various types of depositional forms
(characterized by different vegetation covers) and their cor-
relations with discharge magnitudes and frequencies.

As a second step, a small reach of interest 600 m long
located between cross sections P3 and P9 (Fig. 2) was ana-
lysed in greater detail. This reach segment is of particular
interest in that it presents, in a relatively limited area (about
4 hectares) several gravel bar deposits at various elevations.
In addition, one group of bars supports M. germanica, a
second group supports stands of grey alder (Alnus incana),
and a third group supports neither species. Rather than
evaluating the areal percentage of parafluvial inundation
in relation to a pre-determined discharge frequency, here
we investigated the discharge in relation to the water sur-
face elevation when the surfaces of specific gravel bars and
islands became inundated. For this purpose, we checked the
presence of some particular discharges responsible of sub-
stantial variations in the inundated area, by running a series
of simulations and analysing the relationship between the
change in exposed parafluvial area (dA) and change in dis-
charge (dQ) as a function of discharge. Indeed, the pres-
ence of inflection points in this function corresponds to
threshold discharges where significant changes in exposed
surface area occur. The final target of this analysis was
to investigate the presence of particular discharges with
known return frequencies and their correlation with the
successful colonisation of certain gravel bar sites by M.
germanica.

Threshold for material mobilisation

In addition to the analysis of the frequency of inundation
of the gravel bars where M. germanica grows, another

important issue to evaluate was the threshold for the mobi-
lisation of the bar deposits.

For the analysis of grain mobilisation conditions, the
Shields parameter was used (Armanini 2005):

Rh‘s

0=
A-d

“

where 6 (—) is the Shields non-dimensional shear stress,
R, (m) is the hydraulic radius (here approximated with the
hydraulic depth of the computational cell ), s (—) is the
bed slope, and d (m) is the characteristic diameter of the
material (assumed to equal the ds, of the grain size distri-
bution). A (—) represents the relative density of the grains,
defined as the ratio (p, — p)/p, where p and p, are the den-
sity of water and the sediment, respectively (kg m™>).

The threshold value of the Shields parameter 6,, above
which the mobilisation of grains occurs, can be calculated
using the expression proposed by Brownlie (1981):

0, = 0.22D7" + 0.06¢~17770% 5)

The term D, (—) is the non-dimensional characteristic
diameter of the material and can be calculated using the
following formula (Yalin 1972):

‘ 1/3
D :d(g A) ©)

02

where g (m s2) is the gravitational acceleration and v
(m %s7") is the kinematic viscosity of water.

The threshold for the initiation of movement is reached
when 6 equals 6. Thus, by equating Eq. 4 and Eq. 5, the
flow depth corresponding to the beginning of mobilisation
of the bed material can be calculated (Eq. 7). By analysing
the results of several hydraulic simulations corresponding
to various flow discharges, the return period of the flood
responsible for initiating transport of the gravel bar mate-
rial was investigated.

A-d-(022D;" + 0,067 ) -
h = Rh = R

Results
Overall study site

The spatial distribution of inundation of the reach resulting
from six primary simulations is depicted in Fig. 5. These
results indicate that with increasing discharge, an increas-
ing proportion of the river bed is inundated, thereby creat-
ing more isolated dry regions (pseudo islands) as the flow
increases to approximately 45 m3 s~! (which corresponds to
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Fig. S The parafluvial zone
inundation corresponding to
various flow regimes. The
dashed rectangle indicates the
reach segment shown in Fig. 9

parafluvial (%

zone

™ parafluvial pe

zone

a 1-year discharge return frequency), followed by shrink-
age of the isolated regions until the majority of the channel
is inundated at a flow of 208 m3 s™! (10-year flood). The
remaining dry regions correspond to islands identified from
the field investigations where mature, well-established tree
stands exist.

The relationship between the submerged (wet) sur-
face area of the reach and the annual duration of exposure
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(Fig. 6) indicates that at low-flow conditions (2 m3 s,
20,000 m? of the study area is inundated (9% of the total
parafluvial zone) and that the inundation trend follows
a logarithmic profile with decreasing annual duration
(increasing discharge). During the flood with a 1-year
return period (45 m?® s~!), approximately 140,000 m? of
the reach is inundated, which corresponds to 56% of the
total parafluvial zone. Furthermore, only 10% of the total
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Fig. 6 The area of wetted parafluvial zone versus annual duration

parafluvial zone is inundated during more than half of an
average discharge year, and 20% of the parafluvial zone is
inundated for 25 days/year or less (the study site flow dura-
tion curve is reported in Online Resource 1). The main
hydraulic parameters also indicate that the fluctuations in
water depth and flow velocity are low during most of the
year and become more consistent during floods exceeding
the 1-year return period.

The relationship between relative wet/dry area percent-
ages and discharge return frequency (Fig. 7) indicates that
a rapid increase in inundation area occurs within the para-
fluvial zone with flows of up to approximately the 2-year
return period (approximately 85% wetted surface area).
With increasing discharge return frequencies, the relative
areal increase in inundation significantly decreases. The
rapid increase in parafluvial zone inundation relates to the
range of discharges that are submerging all the mid-chan-
nel and side channel bars. During discharges exceeding the
2-year return period, only the highest islands remain dry;
these features correspond to the locations of well-devel-
oped characteristic floodplain vegetation. A small portion
of the parafluvial zone remains dry during the 30-year
return period flows. This area corresponds to an abandoned
island that has persisted over several decades.

100

wetted area
————— dry area

A [%]

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Return period [years]

Fig.7 Trend of wetted and dry areas across the floodplain corre-
sponding to floods of various return periods

Special area of interest

While analysing the particular area of interest between
cross sections P3 and P9 (see Figs. 2, 5), a relationship was
derived between the percentage of dry parafluvial zone and
the discharge and between the discharge and the ratio of
the change in exposed parafluvial area to the change in dis-
charge, i.e., dA/dQ (Fig. 8). The curve shows the presence
of five inflection points, namely local maxima in the dA/dQ
ratio. The five corresponding threshold discharges, i.e. 10,
19, 32, 75, and 195 m3 s~!, are related to water surface
elevations where there are significant changes in paraflu-
vial inundation (Fig. 8). Figure 9 shows the distribution of
dry and wet zones in the reach segment associated with the
threshold flow conditions shown in Fig. 8. An additional
case corresponding to 8.5 m3 s~! is also depicted: this case
corresponds to the lowest discharge when two flowing
channels begin to form in the parafluvial zone.

A first analysis of the simulations results in the sub-
reach of interest confirms the trend observed in the overall
study site: a progressive increase in discharge from 10 to
75 m3 s~ ! involves a substantial increase in parafluvial zone
inundation. In particular, in correspondence of the thresh-
old discharges highlighted above, the primary dry zone
is avulsed by the development of a number of secondary
channels, with the consequent formation of several islands
(Fig. 9). A discharge of 75 m® s™! corresponds to a return
period of approximately 1.3 years. At discharges exceed-
ing 75 m3 s~!, no significant change in inundated surface
area occurs until a discharge of 195 m3 s~! (7-year return
period) is reached; this discharge exceeds the bankfull stage
(discharge of 172 m3s~! and a 5-year return period).

Focusing on the spatial analysis of the inundated sur-
faces in relation to the presence of the various types of
depositional forms mapped during the field surveys, at a
flow of 75 m3 s~! the majority of the gravel bars devoid of
vegetation (which are at lower elevations) are submerged,
whereas the higher bars populated by M. germanica are
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Fig. 8 Decrease in size of continuously dry gravel bar due to increas-
ing discharge (grey line) and variation in dA/dQ with discharge (black
line)
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Fig. 9 Wetted and dry areas
with varying discharge in the
reach segment. The dashed

areas depict the continuously i A wen ]
dry surfaces, and the darker parafluvial
solid shading depicts the inun- zane

dated areas
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still above the water surface. At discharges corresponding
to the 4- and 5-year return frequencies (almost bankfull
discharge), the areas colonised by M. germanica are com-
pletely inundated. During a discharge of 195 m3s™" (7-year
return period) also the adjacent floodplains are inundated,
with the exception of an island that coincides with a low
terrace with a mature tree stand. These results clearly show
the notable correlation between bar coverage types (no
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vegetation, M. germanica, and mature tree stands) and bar
inundation frequency, which is in turn strongly dependent
on the elevation of the various depositional forms.

The analysis of the threshold for mobilisation of the bar
material where M. germanica grows first requires the deter-
mination of the particles characteristic diameters. The ds,
of the surface material resulting from the pebble counts
performed on the bars populated by M. germanica is equal
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to 73 mm (grain size distribution plots at each cross sec-
tion are reported in Online Resource 2). From the volumet-
ric analysis the ds, of the subsurface material amounts to
66 mm (grain size distribution plots are shown in Online
Resource 3). Therefore, once the surface layer is mobilised,
the entire bar will be progressively eroded. Following the
procedure described earlier and assuming a sediment spe-
cific gravity of 1.65, a non-dimensional shear stress of
0.06 and a bed slope of 2.1% along the reach segment, the
critical flow depth corresponding to a diameter of 73 mm
is 0.33 m. This depth corresponds to a flood with return
period of approximately 7 years (195 m? s~!). Therefore,
the gravel bars populated by M. germanica are inundated
during floods with a return period of 4-5 years, whereas
mobilisation of the bar material requires a flood with return
period of at least 7 years.

Discussion
Actual findings of the research

Characterising the hydro-morphological configuration
at natural sites using numerical models

Among the species populating riparian corridors, M. ger-
manica can be regarded as an indicator of the ecological
integrity of alpine streams (Egger et al. 2010) in that it is
particularly sensitive to both hydrologic and morphologic
dynamics among other factors. The main features distin-
guishing a pristine river reach from a regulated one are the
greater hydro-morphological variety of the former and the
occurrence of typical riparian pioneer species.

The reach investigated in this study exhibits all the
characteristics typical of a natural stream. The highly vari-
able bed morphology implies a notable diversity of aspects
linked to the flow regime, particularly, the highly variable
wetted surface. In addition to the main channel, several sec-
ondary channels become active with increasing discharge
(Figs. 5, 9), and depositional features at different elevations
are progressively inundated in proportion to the flow rate.
The results confirm the validity of the “flow pulses” con-
cept (Tockner et al. 2000), according to which distinct vari-
ations of floodplains wetted surface occur not only at flood
pulses, but also for events below bankfull.

The numerical modelling indicates that there is a nota-
ble spatial variation across the computational domain in
terms of both water depth and flow velocity. The mesohabi-
tats in this braided reach (e.g., pools, riffles, and runs) are
characterised by different values of these two parameters,
showing a significant variation typical of natural streams
(e.g., Hauer et al. 2012). In addition to the spatial variabil-
ity, a distinct peculiarity of morphologically heterogeneous

reaches is the temporal variation in the hydraulic parame-
ters (Gostner et al. 2013). The simulations of this study and
numerical modelling of the same reach by other research-
ers (Gostner et al. 2013) indicate that during ordinary dis-
charges (a flow with a return period of less than approxi-
mately 1 year), there are only slight variations in the water
depth and flow velocity despite a significant increase in the
wetted surface area. Only floods greater than the 1-year
return period, when a consistent portion of the parafluvial
zone is wetted, induce notable variations in the hydraulic
parameters with increasing discharge. The marked habitat
diversity and dynamism at the natural study reach, directly
linked to the flood regime, are expected to lead to a cor-
responding notable ecological dynamism throughout the
parafluvial zone (Junk et al. 1989).

In contrast, a highly trained reach of the river Sense near
Thorishaus, where M. germanica is absent, displayed dras-
tically different behaviour from that of our study site (Gost-
ner et al. 2013): indeed, even during low discharges, the
channel bed is completely wetted, depositional forms are
absent, and the spatial heterogeneity of the main hydraulic
parameters is reduced (see also Montgomery and Buffing-
ton 1997). Moreover, an increase in flow discharge always
involves significant variations in both the hydraulic depth
and velocity, which indicates a permanent lack of temporal
stability.

Correlation between the observed natural stream dynamics
and the presence of Myricaria germanica

We found a consistent correlation between the distribu-
tion of M. germanica and the inundation frequency of the
bars: gravel bars inundated by floods with a frequency
greater than a 2-year return period are devoid of vegeta-
tion, particularly M. germanica. This absence is due to the
low growth rates of the roots and of the plant in general
during its first phases of life, which make it highly vulner-
able to hydraulic disturbances (saplings are washed away).
Instead, this species was observed growing on bars that
are inundated every 4-5 years. In fact, as it reaches its sec-
ond year of life, M. germanica becomes stronger and more
resistant to both inundation and erosion/burial (Lener et al.
2013). During this phase, this species is notably successful
in competition with other species, which is confirmed by
the observation that the bars subject to this inundation fre-
quency were populated almost exclusively by M. german-
ica. In contrast, M. germanica was not observed on islands
subject to floods with a return period of approximately
20 years, whereas these formations were densely populated
by species belonging to later stages of succession, e.g.,
Alnus incana, which are stronger competitors where peri-
odic hydrologic disturbances are absent (Miiller 2014).
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While focusing on the substrate characteristics, the bars
populated by M. germanica are composed of gravel with
a matrix of fine sand (that, from the volumetric sampling,
amounts to circa 20% of the global material composition,
even if several additional sand lenses were also identified
on the bars). This condition is present only in highly het-
erogeneous physical environments and has been proven to
constitute the ideal substrate for the germination of M. ger-
manica (Benkler and Bregy 2010).

Concerning the spatial localization of the gravel bars
populated by M. germanica, they are located near the main
channels, where water depth fluctuations were minor dur-
ing most of the year, thereby allowing the saplings to grow
without facing notable hydraulic disturbances.

The analysis of sediment transport dynamics shows that
erosion of the bars where M. germanica grows is initiated
by floods with return periods of approximately 7 years.
Further erosion leads to uprooting and then the complete
removal of the plants. In terms of flow and flood pulses,
it is confirmed that while the former are associated with
changes in landscape heterogeneity due to water level fluc-
tuations, major erosive floods can involve notable changes
in landscape configuration, with a significant turnover
of some of its elements (pioneer islands, woody debris)
(Tockner et al. 2000).

Implications

Advantages of numerical models for characterising stream
hydro-morphological patterns

The present research confirms that 2D hydrodynamic mod-
els can be a valuable support for quantitatively character-
ising the often complex hydro-morphological configura-
tion of a river reach. In our context, their use proved to be
essential for addressing the target questions.

First, the numerical modelling allowed us to analyse in
detail the behaviour of the main hydraulic variables (e.g.,
water depth and flow velocity) throughout an extensive
computational domain representing a 2-km reach with an
average bankfull width of 150 m. An accurate analysis of
an area this size would be difficult to perform by means of
a classic field campaign. Nevertheless, we learned that two
requirements for developing a precise model are an accu-
rate topographic survey and a valid calibration phase.

A second, major advantage of the numerical model-
ling was the chance to simulate a broad range of flow dis-
charges: indeed, the analysis spanned from low-flow condi-
tions to a flood with a 50-year return period.

Finally, numerical models possess a predictive capabil-
ity that is not achievable through field observation. They
can simulate future morphologic and hydrologic modifi-
cations, thus constituting a unique tool, for example, in
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helping to assess the effectiveness of restoration strategies
(e.g., Casas-Mulet et al. 2014; Gostner et al., submitted).

Extrapolation of model results to other settings

The present study provides quantitative support for deep-
ening our knowledge of the complex interactions between
the presence of M. germanica and the hydrologic regime.
In particular, we observed a strong correlation between the
presence of M. germanica and inundation frequency. The
need of periodic floods is independent of the specific study
site and therefore widely valid. Nevertheless, when con-
sidering the results in a more general context, other factors
partially related to the characteristics of the analysed river
and on the bioclimatic conditions of the area may also play
a significant role.

First, at the study site M. germanica was found on gravel
bars close to the water table. In contexts where other water
sources are available (tributary water, soil water, upwelling
groundwater) this species may colonise also areas further
from the river channel (Tockner et al. 2000; Kudrnovsky
2013). Moreover, this pioneer riparian species requires
sunny sites to grow, which are abundant in the study area;
on the contrary, a prevalence of shady places would inhibit
its colonisation (Michielon and Sitzia 2010). Then, in a
broader perspective related to climatic and hydrologi-
cal conditions, the timing of floods has been observed to
play an important role for some biota dynamics (Junk et al.
1989). For example, it is problematic if the timing of inun-
dations and the flowering and seed production phases are
not properly synchronised, because the absence of sites
with suitable moisture and nutrient content may inhibit M.
germanica germination.

Implications for river restoration

This research confirms that riparian corridors are governed
by a complex interplay between morphology, hydrology,
solid transport and the riparian environment. A natural
unaltered hydrologic and sedimentologic regime and the
absence of artificial regulation works favour the develop-
ment of suitable hydromorphological dynamics for the
colonization of key early-succession riparian species such
as M. germanica (Miiller 2014). Therefore, effective and
resilient restoration strategies should aim to recreate this
equilibrium.

In particular, we demonstrated that the presence of
M. germanica is strictly related to inundation frequency.
Hence, when the natural regime along a river has been
altered by the presence of hydropower plants, valuable
actions could include the development of hydropower
operation programmes aimed to recreate by means of arti-
ficially regulated floods the periodical inundation of the
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depositional forms in the downstream reaches and thereby
improve riparian corridors. Moreover, longitudinal sedi-
ment connectivity should be promoted, to favour the main-
tenance of gravel bars and avoid the progressive riverbed
degradation and bed forms loss.

Future development of the research

In the next steps of our research we intend to apply the
analysis performed on river Sense to other study sites pop-
ulated by M. germanica, located in various countries of the
Alps. Indeed, monitoring the frequency of inundation of
this pioneer species in many various river reaches and with
different conditions would provide further validation of the
present results. In addition to inundation frequency, the
possible relevance of the inundation duration for the pres-
ence of M. germanica merits investigation. Special atten-
tion should also be given to the relationships between veg-
etation and sediment transport dynamics. This involves in
particular the effects of plant roots on the strengthening of
the soil and the consequent increase of the threshold for the
initiation of sediment transport, together with the effects of
roots on plant removal dynamics.
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