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ABSTRACT

Climate change has a direct influence on both hydrology and floodplain vegetation of water courses, which are
key players in river morphodynamics. The river system response to climate change is complex and the effects of
non-linear interactions between alterations in water, sediment and vegetation remain incompletely understood.
Which of these components becomes dominant in shaping the river channel when climate becomes drier or
wetter? To answer this question, we investigate the cross-sectional response of sand-bed rivers to climate change
focusing on channel width and depth, which respond directly to changes in boundary stresses. Thanks to the
exceptional availability of long time-series of daily discharge and cross-sectional profiles, the Pilcomayo River is
an ideal living lab for this investigation. We constructed a two-dimensional model of the river using the open-
source state-of-the-art, structured Delft3D code. The highly dynamic behaviour and quick morphological
adaptation of the Pilcomayo allowed reducing the period of time covered by the simulations because the river
cross-section adapts its morphology to a new value of the water discharge within hours or days, which is crucial
for modelling investigations. Calibration and validation were successfully performed by comparison with his-
torical data. We considered several scenarios representing current, dryer and wetter climates. The results show
that a dryer climate reduces the river channel depth and enlarges the width. A wetter climate increases the
channel depth but produces negligible widening. Vegetation, sparser with a drier climate and denser with a
wetter climate, is found to control the channel width. This analysis is unique and shows which alterations can be
expected in alluvial sand-bed rivers with natural vegetated banks due to climate change.

1. Introduction

morphology and dynamics, with consequences for the water conveyance
and sediment transport (Grams and Schmidt, 2005; Kondolf, 1997;

Changing climate affects terrestrial landscapes (Baker, 1995; Yang
et al., 2003) and their components through alterations in precipitation
and temperature which directly affect water quantity and quality, soil
erosion, soil moisture and vegetation cover (Masson-Delmotte et al.,
2018; Seneviratne et al., 2006; Sperna Weiland et al., 2012; Trenberth,
2011). Increasingly frequent extreme events, such as floods and
draughts, combined with deforestation, have already intensified sedi-
ment production and will govern the future geomorphological trends
(Baker, 1995; Borrelli et al., 2017; Cai et al., 2014). Rivers have a pri-
mary role in transport and distribution of water, sediment and nutrients
(Sabater et al., 2018; Wohl et al., 2015). Alterations in their discharge
regime and sediment production (Church, 2006) induce changes in their
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Wilby et al., 2008), as well as for the quality of their ecosystems (Wohl
et al., 2015).

Floodplain vegetation plays a significant role on the morphological
adaptation of rivers (Gurnell, 2014; Tal and Paola, 2010), since it affects
the water flow distribution and sediment transport during floods
(Lightbody et al., 2019; Villada Arroyave and Crosato, 2010; Wang
et al., 2015), protects banks and emerging bars against erosion (Micheli
and Kirchner, 2002; Rominger et al., 2010; Thorne, 1982), and creates
the conditions for new floodplain formation (Hupp and Simon, 1991). As
a result, dense vegetation growth on river banks and floodplains reduces
the river braiding degree and promotes river meandering (Crosato and
Saleh, 2011; Gibling and Davies, 2012; Gurnell, 2014, 2012; Nardi et al.,
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2013; Solari et al., 2016; Tal and Paola, 2010; Ward et al., 2000). Iso-
lated trees as well as sparse patchy vegetation, however, might split the
flow promoting the excavation of channels through the floodplain and
main channel bifurcation as well as enhancing local bank instability
(Coulthard, 2005; Ielpi and Lapotre, 2019; Vargas-Luna et al., 2019b).
However, at the same time, floodplain vegetation growth also increases
the water levels during floods (Villada Arroyave and Crosato, 2010).

By directly affecting the river discharge regime (Sperna Weiland
et al., 2012), floodplain vegetation (Baker, 1995; Dale et al., 2001) and
sediment production (Lane et al., 2007), climate change is thus expected
to also modify the river morphology. This might have important con-
sequences not only for the river landscape and ecosystem, but also for
the river conveyance, the water accessibility, the safety of structures, the
frequency of floods, and the human activities. This shows the relevance
of anticipating and understanding river adaptation to climate change,
which still remains a challenge (Harrison et al., 2019).

Reproducing the long term river response to climate changes in the
laboratory, by combining the effects of altering discharge, sediment
input and vegetation, requires a substantial effort. For this, if sufficient
data are available, computational approaches represent a valid alter-
native (Arboleda et al., 2010; Siviglia and Crosato, 2016). Among the
different types of water courses, sand-bed rivers show highly reactive
responses to external drivers: they quickly adapt their alluvial channel to
variations in discharge and sediment input through deposition, scour-
ing, widening and narrowing (Martin-Vide et al., 2019; Sarker et al.,
2014). Moreover, sand-bed rivers generally present full sediment
mobility and their bed material can be assumed uniform (Singh et al.,
2017). For this, simulating their morphological adaptation does not
require excessively long computational times, which makes these sys-
tems ideal case studies to investigate the effects of changes in the main
drivers of river morphology.

In the present research, we investigate how climate change affects
the cross-section, and particularly the width and depth, of a natural
sand-bed river using a two-dimensional numerical model of the Pilco-
mayo River at a location near the border between Paraguay and
Argentina. We look at two of the main drivers of channel morphology
which have a direct dependency on climate: river flow and floodplain
vegetation. This study is made possible by the availability of a unique set
of data, containing long time series of daily cross-sectional profiles and
corresponding discharges. In addition, due to a bed composition of fine
sand, the Pilcomayo River displays an extraordinary high dynamism
(Martin-Vide et al., 2019), with fast adaptation to new environmental
conditions, which allows estimating its morphological response to water
flow and vegetation alterations with rather quick computations covering
relatively short periods of time.

We consider moderate climate changes, corresponding to the 2100
projections of the Intergovernmental Panel on Climate Change (IPCC)
Special Report on Emission Scenarios A1B, hereafter named as the SRES
A1B scenarios (Stocker et al., 2013) based on which Sperna Weiland
et al. (2012) derived the corresponding monthly changes in river
discharge world-wide by running a multi-model ensemble of 12 general
circulation models with the global hydrological model PCR-GLOBWB
(Van Beek and Bierkens, 2009). For the Pilcomayo River, this scenario
results in 20-30 % of flow reduction (Sperna Weiland et al., 2012). For
sake of comparison, the scenarios analysed in this study are the present
climate, the projected drier climate for the year 2100, as well as the
opposite wetter climate. Each scenario is represented by a water
discharge regime, derived from the work of Sperna Weiland et al.
(2012), affecting also the input/output of sediment in the study area,
and floodplain vegetation. The three adopted discharge scenarios
represent well the range of variability that more recent global change
scenarios displayed. For instance, Montroull et al. (2018) analysed the
impact of adopting several representative concentration pathways, RCPs
(van Vuuren et al., 2011), on future streamflow scenarios in la Plata
basin where the Pilcomayo lays. Their conclusion is that the percentage
of change in annual mean streamflow in the basin is between —20 % to
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+ 25 %. These values are in line to our dry and wet scenarios.

There are no quantitative studies on how on-going global warming
will change vegetation, but observations show that richer vegetation is
found in wetter climates and sparser vegetation in drier climates
(Anadon et al., 2014; van Oorschot et al., 2018). The vegetation sce-
narios considered in this study are based on these observations, which
means that floodplain vegetation is assumed to be higher and denser
with the considered wetter climate; sparser and shorter with the drier
climate.

2. The Pilcomayo river

The Pilcomayo River flows south-eastwards from the Andes to the
Paraguay River, a tributary of the Paran4, for 1,100 km. Its basin is part
of the La Plata Basin, the second largest one in South America after the
Amazon (Martin-Vide et al., 2014). The study area is an 8 km long river
reach of the Lower Pilcomayo near the border between Paraguay and
Argentina. This zone includes the gauging station Mision La Paz
(Argentina) where the river has a catchment area of 96,000 km?. At this
location, the Pilcomayo divides the Argentinian village of Mision La Paz
from the Paraguayan village of Pozo Hondo, whereas a 220-metre-long
international bridge connects the two communities. The study reach
starts 4 km upstream and ends 4 km downstream of this bridge. The river
has a meandering style and no tributaries (Fig. 1). It has a mild slope
(about 0.03 %), an average main channel width varying from 75 m to
some hundreds meters as a function of discharge, and wide floodplains
covered by sparse vegetation, mainly consisting of semi-open shrub. At
low-flow conditions, the river bed presents many sand bars and areas of
lateral sediment deposition (Fig. 1).

The river bed material is fine sand, with particles ranging between
0.1 and 0.2 mm, as indicated by Pool and van Duijne (1996). The yearly
sediment transport rate of this reach of the Pilcomayo River is estimated
in 140 million tons/year, for 89 % composed of silt and clay (wash load
not contributing to the morphological changes of the river channel in the
study area and thus not considered in this study), and for 11 % of fine
sand (Martin-Vide et al., 2014).

According to the updated Koppen-Geiger classification (Peel et al.,
2007), the climate of the Pilcomayo basin is temperate, with total yearly
precipitation ranging between 400 and 500 mm (upper basin) and
700-1,200 mm (lower basin) and yearly averaged temperatures of
9.5 °C and 23.3 °C, respectively (Halcrow & Serman Associados, 2006).
As far as 90 % of the annual precipitation occurs in the period mid-
November to mid-March. Concentration of rainfall in such a short
time causes two physical processes, outstanding in the entire basin: large
floods and intense fluvial erosion/deposition (Pool and Van Duijne,
1996). An important part of the river catchment lies inside the Gran
Chaco, a hot semi-arid lowland region between the Andes and the
Paraguay River with poor vegetation cover and high soil erodibility.

The National Hydrological Network of Argentina has records of daily
discharges, water levels at the station of Misién La Paz covering the
periods November 1960 to August 2018 and September 1964 to July
2019, respectively. At this location, the maximum recorded discharge is
4,585 m3/s (in March 1984) and the minimum is 1.4 m3/s (in October
1972), the mean annual discharge being 212 m3/s. The wet season is
from December to March. The maximum value of monthly discharge is
648 m>/s and it corresponds to February, while the month with less
discharge is September, with an average discharge of 22 m®/s.

The strong flow variability, combined with a highly erodible bed
composed of fine sand and sparse riparian vegetation, makes the Lower
Pilcomayo a notoriously dynamic river with cross-sections responding
very fast to flow variations (Capape and Martin-Vide, 2015; Martin-Vide
et al., 2014; Pool and Van Duijne, 1996). This can be observed in the
video provided by Martin-Vide et al. (2019) as supplementary material
(https://ars.els-cdn.com/content/image/1-s2.0-S0022169419305888
-mmcl.mp4, retrieved the 1st December 2020). This is clear also when
analysing the daily cross-sectional data collected by the Tri-National
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Fig. 1. The Pilcomayo River: upper left panel, the study area location within South America; upper right panel, map of the region with the Pilcomayo Basin in gray
shade; main figure: an aerial photography of the river close to Misién La Paz looking downstream, taken in June 2017 (courtesy of Kenny Goossen).
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Fig. 2. Channel cross-section A, looking in the downstream direction, at Misién
La Paz measured in the period 1972-1973 showing strong and quick morpho-
logical variations in time. The corresponding discharges are: (i) 12 m3/s; (ii) 25
m?/s; (iii) 1,330 m®/s; and (iv) 550 m>/s. Discharge and cross section geome-
tries data were obtained from the Tri-national Committee for the Development
of the Pilcomayo River basin (www.pilcomayo.net). Their measuring technique
is well described in Martin-Vide et al. (2019).

Committee for the Development of the Pilcomayo River basin at the two
locations near Misién La Paz in the period 1972-2019 (Fig. 2). As
consequence of bank erosion rates, also the channel alignment contin-
uously changes (Fig. 3). The current reach-scale characteristics of the
Pilcomayo River in the study area are summarized in Table 1.
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Fig. 3. Changes of river course in 45 years (1972-2017), as manually derived
from selected Landsat images (see section 3.2 for further details on used Landsat
images). The Cross-Section A (black line) is located at the gauging station of
Misién La Paz (22°22'38"S, 62°31'24"W). The black polygon represents the
numerical model domain, which contains the river channels in the period
1972-2019 for an extension of 8 km. The rectangular grid cells are shown in the
small square.
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Table 1
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Current reach-scale characteristics of the Pilcomayo River at Mision La Paz: average values in bold and range of values in brackets if available.

Discharge * Channel width " Longitudinal slope Sinuosity Bed grain size ¢
(m*/s) (m) (%) O (mm)
212 (1.4 - 4,585) (75 - 180) 0.038 1.30 (0.10 - 0.20)

@ - Measured values in the period 1960-2018;
b

¢ - average of the period 1972-2017;

- measured at Cross-Section A in the period 1972-2019 by the Tri-National Committee for the Development of the Pilcomayo River basin;

4 . data from Kopaliani and Georgievsky (1993) with no information regarding temporal variations.

3. Materials and methods

The analysis of daily data series, covering long periods of time, al-
lows properly setting up, calibrating and validating a reliable numerical
model simulating the morphological behaviour of the Pilcomayo River.
The type of sediment forming the alluvial bed (fine sand) allows
assuming full sediment mobility and thus considering a single sediment
size in the model, reducing computational time (Singh et al., 2017).
Moreover, due to the extremely quick response of the river to changing
conditions, simulating a single hydrological year can be considered
enough to detect the range of effects of alterations in morphological
drivers. All these factors together make the Pilcomayo a unique case to
be used as a living lab to investigate the response of alluvial sand-bed
rivers to climate change.

3.1. Model description

We constructed a two-dimensional (2D) numerical model of the
Pilcomayo River using the open-source structured Delft3D code (version
4.1), which solves the 3D Reynolds equations for shallow water coupled
to sediment transport and sediment balance equations, including also a
bank erosion formulation (Deltares, 2019; Lesser et al., 2004), down-

loadable at https://oss.deltares.nl/web/delft3d. The code has been
widely tested and validated for investigations requiring the simulation
of the morphological changes of rivers with vegetated floodplains (e.g.:
Arboleda et al., 2010; Vargas-Luna et al., 2018; Villada Arroyave and
Crosato, 2010). The model computes water levels and depth-averaged
flow velocity, the latter as a vector with two components in the hori-
zontal plane, as well as changes of bed topography and channel align-
ment, including the effects of vegetation on local energy dissipation and
sediment transport rate. Bed level changes are computed at every time
step for every grid cell based on sediment budget, following Exner
(1920) approach, in which the sediment transport rates are computed
using a sediment transport capacity formula:

aZb aSX aSv_
(1_€)E+0x Wﬁo @

where, ¢ is the bed porosity, z; is the bed level, t is time, S is the sedi-
ment transport rate in the x-direction and S, is the sediment transport
rate in the y-direction.

In river bends, the stream lines have a spiral shape with important
vertical flow components near the banks. The maximum flow velocity is
shifted towards the outer bend, altering the bed shear stress direction.
This affects the sediment transport direction, with relevant conse-
quences for the computation of channel bed topography (Struiksma
etal., 1985). Another factor influencing the sediment transport direction
is gravity, which is particularly relevant for bed load if the bed is sloping.
The presence of bars and pools produces important transverse slopes,
which should be considered by the model. The sediment transport di-
rection is therefore corrected by taking into account both the spiral flow
and the gravity effects, following Koch and Flokstra’s (1980)
formulation:

: 1 9%
sinar — ¢ ==

f oy

1 0z (2)
cosar — Fox

tanag =

where ag is the direction of sediment transport and a7 is the direction of
bed shear stress. f is a user-defined tuning parameter, which we
computed according to Talmon et al. (1995):

] D Cshld
f = Agat™" (%) ©)

where 6 is the Shields parameter, D5y is the median sediment grain size,
h is the local water depth and Agyg, Bswig and Cgng are calibration
coefficients.

The model represents bank erosion by transferring a fraction of the
erosion occurring at every wet cell to the adjacent dry cell (if present),
which then becomes wet and is then incorporated in the water flow and
morphological computations (van Der Wegen and Roelvink, 2008). For
the Pilcomayo River, 80 % of the erosion computed for a cell at the bank
toe is transferred to the adjacent floodplain cell, with the result of
enlarging the wet channel width.

The effects of vegetation on water flow and sediment transport are
taken into account by adjusting the flow resistance as a function of
vegetation characteristics. Two roughness coefficients are computed:
the global Chézy coefficient, for the derivation of the depth-averaged
hydraulic variables, and a Chézy coefficient of the soil among the
plants, for the derivation of the bed shear stress and the sediment
transport rate, following Baptist’s formulation (Baptist et al., 2007). The
method distinguishes between submerged and emerging vegetation.
Plants are represented as vertical rigid cylinders (Vargas-Luna et al.,
2016) with specific density, height and diameter. The flow velocity is
considered uniform through the plants but following a logarithmic
vertical profile above the canopy. The total shear stress is assumed to be
composed of two components:

pghi=1,+1, @

in which p is the water density, g is the acceleration due to gravity, h
is the local water depth, i is the longitudinal water surface slope, 73 is the
bed shear stress and 7, is the extra shear stress caused by the presence of
vegetation.

For emerging plants, the water depth h is smaller than the plant
height, h,. In this case, the two stresses can be written as:

P8

Ty = 7C§u§ )
1 2

T, = 3 pCpmDhu;, 6)

where Cp is the Chézy coefficient of the un-vegetated bed, uy is the flow
velocity through vegetation, Cp is the drag coefficient of the plants, m is
the vegetation density per unit area and D is the representative stem
diameter, the product mD being the canopy density, a, defined by Nepf
(2012). The global Chézy coefficient, C,, is obtained by combining the

two equations with the Chézy equationu, = C,v/hi, leading to:
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1
C, = TGt (emerging vegetation) 7)
c 2
If the plant height is smaller than the local water depth (submerged
vegetation), the flow is assumed to be split in two parts: the flow through

the plants and the flow above the canopy. In this case:

1 h
C, = T o T L‘é In <h—> (submerged vegetation) (8)
A

in which « is the van Karméan constant (x = 0.41) and h, is the plant
height. The bed shear stress, 73, is computed as:

o, =28 ©)

G

where 1 is the depth-averaged flow velocity for which & = C,v/hi and C,
is the Chézy coefficient of the soil among the plants, which is used to
compute the bed shear stress and the sediment transport rate in the
vegetated areas. Its value is a function of Cp, the Chézy coefficient of the
un-vegetated bed, corrected to take into account the effects of vegeta-
tion, which is obtained as:

h Dh,
ﬁm@)1+9ﬂ; (10)

C = C+Y¥2
b b+K 2g

v

For emerging vegetation:Cy = Cj.
3.2. Model set up

Considering the significant planimetric changes that occurred in the
study area, three distinct numerical models were constructed to repre-
sent the Pilcomayo River in three different periods of time for which
long and complete daily data series are available: 1972/1973; 1980/
1981 and 2017/2018. The historical river models 1972/1973 and
1980-1981 were meant for calibration and validation purposes. The
model of the river in 2017-2018 was used as the morphological starting
point for the study of the climate scenarios. The following satellites
images were used to reconstruct the historical river-bank alignments:

e Periods 1971/1972 and 1980/1981: Landsat 1-3, Level-1 (retrieved
from United Station Geological Survey at https://earthexplorer.usgs.
gov).

e Period 2017/2019: Landsat 8, Level-1 (retrieved from United Station
Geological Survey at https://earthexplorer.usgs.gov).

In the study reach, the bankfull river width between 100 m to several
hundreds of meters. Landsat 1-3, Level-1 images have a resolution of 60
m. Therefore, a minimum of 1 full pixel (or 1.67 pixels) to a maximum of
about ten full pixels fit the river width. This is enough to recognize and
depict the main river channel bankfull width. Landsat 8, Level-1 images
have a resolution of 30 m. Therefore, the river width is depicted with a
minimum of 3 full pixels (or 3.33 pixels). The river banks were manually
depicted. The resulting historical river planimetries are shown in Fig. 3.

Topographical elevations were derived using the ALOS (Advanced
Land Observing Satellite) DEM of 2011, with resolution of 12.5 x 12.5
mz, covering an area of 30 km? (downloaded from: https://www.asf.
alaska.edu/sar-data/palsar/terrain-corrected-rtc/). Irregularities in the
DEM were smoothed out using ArcGIS’s geoprocessing tools, process
that was finalized using the QUICKIN tools of the Delft3D software
package.

The spatial distribution of floodplain vegetation was obtained from
the Google Earth images 1984 to 2016 in a straightforward way, by
defining the contourlines of the areas presenting the same vegetation
cover. The current plant characteristics were derived from local photos
and simple field observations, indicating that floodplain vegetation in
the study area can be classified as semi-open shrub constituted by 3 m
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high plants with a density of approximately 7 stems/m?2. Data on growth
rates, conditions for germination, establishment and decay, as well as
root characteristics of floodplain vegetation are missing. This lack of
data makes impossible to model the interaction between plant dynamics
(variations in vegetation characteristics due to colonization, growth and
decay of plants) and the morpho-dynamics of the Pilcomayo River
(O’Hare et al., 2016; Pasquale et al., 2014; Perona et al., 2012). Caponi
et al. (2020) indicate that vegetation does not establish on migrating
bars in case of high uprooting rates during floods. The Pilcomayo pre-
sents powerful and relatively frequent flood events, with bars that
appear and disappear very quickly. This extremely high morphody-
namics results in regular removal of sprouts from bars, point bars and
channel margins. Fig. 1 shows the almost complete absence of vegeta-
tion growth on these areas. Instead, vegetation is present on the river
floodplains, where is appears as a rather uniform semi-open shrub. It is
therefore appropriate to suppose that plant dynamics does not influence
the current morphological developments of the Pilcomayo River channel
in a significant way (Boothroyd et al., 2021).

The model domain was discretized in more than 27,000 cells with
dimension between 12 x 15 and 30 x 30 m (Fig. 3). The upstream
boundary conditions consist of water and sediment inflows. Water
inflow is made up of a daily discharge time. The sediment inflow is
computed as local sediment transport capacity, derived as a function of
flow velocity, particle size, bed roughness and other parameters
adopting the best performing sediment transport formula (van Rijn,
1984). Due to the absence of measured water levels time series at a
location close to the end of the model domain, the downstream
boundary conditions are water levels and sediment outflows being
calculated by the model assuming uniform flow. The initial bed topog-
raphy of each historical model was derived numerically. It was obtained
by running the model for the last 18 months before starting the scenario
runs using the measured daily discharges (spin up runs). Before this, a
preliminary channel was created by lowering the levels in the area be-
tween the river banks by 2.5 m.

Summarising, the three historical model setups have different initial
river bank alignment and bed topography, floodplain vegetation cover
distribution, and different upstream and downstream boundary condi-
tions, but the same numerical grid, sediment transport formula and
physical parameters, either derived from the calibration procedure or
from physical considerations.

3.3. Model calibration and validation

Model calibration was carried out by optimizing the values of several
coefficients to best reproduce the river morphological behaviour in the
period 1972/1973 imposing initial morphological conditions corre-
sponding to the river alignment of 1972 and model-generated 2D bed
topography. The upstream boundary conditions of this model were the
series of daily discharges measured in the same period. The sediment
input rate was computed as a function of incoming discharge. The
chosen calibration period can be regarded as a typical hydrological year
of the Pilcomayo River, with a maximum discharge of 1,362 m®/s and an
average discharge of 173 m®/s.

Vegetation, described by plant height, representative stem diameter
and density was assumed to be equal to the current climatic condition
(Section 3.4), but with the 1984 spatial distribution, derived from
Google Earth (lack of historical information on floodplain vegetation
prevented us to define the vegetation distribution before 1984).

In the calibration process, special attention was paid to obtain a good
characterisation of the river dynamics, represented by the temporal
variations of maximum water depth, measured at the deepest point
(thalweg) in the monitored cross-section. The River Pilcomayo does not
have a dominant horizontal bed structure on which to calibrate a 2D
model, because its bed topography changes with high speed every day,
showing daily appearance and disappearance of bars and shoals, as a
response to discharge variations (Fig. 2 and Fig. 3). It was therefore
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meaningful to calibrate the model in such a way that it captures the
measured river dynamics. Compared to the cross-section averaged bed
level, the thalweg level incorporates some information on cross-
sectional shape. For instance, the average bed level hardly responds to
the formation of bars. The presence of alternate bars would deepen the
thalweg without changing the average bed level significantly. Moreover,
the thalweg would be deeper with alternate bars rather than with central
or multiple bars (Crosato and Mosselman, 2009).

Besides the temporal variation of the maximum water depth, cali-
bration was based also on the temporal variations of the wet cross-
sectional area, and on the yearly volume of transported sediment on
the basis of the best performance compared to measured data. To decide
which calibration simulation is the best performing one, a multi-criteria
analysis was carried out by computing the coefficient of determination
(Rz), the root mean square error (RMSE), and the mean absolute error
(MAE), relative to wet area and maximum water depth of the cross-
section, for each specific calibration run by comparing computed and
measured values (Moriasi et al., 2015). The calibration parameters are
the following:

e Chezy’s coefficient of bare bed: the same value for main channel and
floodplain soil, corresponding to Cp in Equations 4-10.

e Chezy’s coefficient of the vegetated floodplains: the Baptist’s method
allows deriving two values of Chezy’s coefficient from the bare-bed
roughness coefficient, Cp, and the plant characteristics, one to be
used for the computation of the hydrodynamic characteristics (either
Equation 7 or 8) and the other one for the bed shear stress (Equation
(10)).

e Transverse slope effects on the sediment transport direction, where
Asnid, as and ar are calibration parameters (Equations (2) and (3)).

e Multiplication factor for suspended sediment concentration formula
of van Rijn (1984).

e Multiplication factor for bed-load transport vector magnitude of the
formula of Engelund and Hansen (1967).

The downstream boundary conditions affect not only the flow dis-
tribution and the morphological changes in the last part of the model
domain but might gradually impact also the areas more upstream if
undesirable backwater effects are created. For this reason, due to the
absence of water level measurements close to the model boundary, the
calibration process included also the selection of the best-performing
downstream boundary condition.

Model validation was carried out to assess the model performance
based on an independent set of data, i.e. on the morphological changes
that occurred in the period 1st January 1980 to 28th February 1981
starting from the 1980 channel alignment and model-generated bed
topography. The model was run using the daily discharges measured in
the same period with the values of calibration coefficients derived from
the calibration procedure and with the spatial distribution of vegetation
of 1984 and plant characteristics of current climate described in Section
3.4.

3.4. Climate scenarios

Sperna Weiland et al. (2012) estimated a 25 % discharge reduction in
December, January and February (wet season), a 30 % reduction in
March to August, and a 20 % reduction in September to November (dry
season) in the study area. To have a mirror condition for comparing
purposes, we consider also a wetter climate (Wet), presenting the same
percentages of discharge variations of the projected scenario, but in
opposite direction. This means that we consider three different hydro-
graphs (Fig. 4):

1) the one representing the current situation (Base-Case), Q BC, corre-
sponding to the series of discharges measured in the period
September 2017 to August 2018;
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Fig. 4. The three discharge hydrographs considered in the model, constructed
from the measured discharges in the period September 2017 to August 2018,
which can be regarded as a typical hydrological year. Legend: green = present
climate; blue = higher discharges (wetter climate); red = lower discharges
(drier climate). Legend: Q Wet = discharge hydrograph of the wet climate
scenarios; Q BC = present discharge hydrograph (Base current scenarios); Q
Dry = discharge hydrograph of the dry climate scenarios (based on SRES A1B
IPCC projections). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

2) a constructed dryer hydrograph, Q Dry;
3) a constructed wetter hydrograph, Q Wet.

The current total yearly runoff is 9,935 Mm?, the one relative to the
constructed wet hydrograph is 12,598 Mm? (+26.8 %), whereas for the
constructed dry hydrograph, the total yearly runoff is 7,272 Mm? (-26.8
%).

Due to expected differences in soil moisture, the drier climate is
assumed to also present reduced floodplain vegetation mass (Anadon
et al., 2014; Stocker et al., 2013); the wetter climate increased vegeta-
tion mass (van Oorschot et al., 2018). More specifically, considering that
the current floodplain vegetation in the area is a semi-open shrub, we
assume that this would turn into open shrub for the climate becoming
drier and into close shrub for the climate becoming wetter. In total, we
consider four vegetation scenarios, since we also include a case without
floodplain vegetation. The present distribution of floodplain vegetation
is used for all scenarios. According to observations and to Baptist and de
Jong (2005), we introduce the following plant heights and canopy
densities in the model: for the semi-open shrub, 3 m high plants with a
canopy density of 0.07 m™?, corresponding to the current plant char-
acteristics; for the open shrub, 2.5 m high plants with a canopy density
of 0.034 m™L; for the close shrub, 3.5 m high plants and canopy density
of 0.102 m~L. All plants have a representative stem diameter of 0.01 m.
Finally, we assume the drag coefficient of the plants to be Cp = 1, as
suggested by Vargas-Luna et al. (2016). Regarding vegetation dynamics,
in terms of vegetation colonization, growth and decay, it is supposed
that these processes do not affect the morphological developments of the
Pilcomayo River in a significant way also for the moderately drier and
wetter climates. In drier climates vegetation grows slower and is less
dense. This diminishes the mutual protection offered by plants,
enhancing bed erosion around plants and eradication, partly counter-
balancing the flow reduction (although in drier climates the flood in-
tensity might increase, see discussion). In wetter climates vegetation
grows faster and denser, but at the same time the water flow increases,
partly counterbalancing the increase in plant resistance. Note that this is
only valid for moderate climate changes.

The bare soil of the floodplains among the plants is assumed to have
the same roughness as the main channel bed for which we assign the
calibrated value of Chézy coefficient: C, = 60 m'/%/s. This is used to
compute the hydraulic variables and bed shear stress for the case
without vegetation. It is also used to compute the bed shear stress if
plants are emerging, but if vegetation is submerged the model computes
the bed shear stress using Cp’ (Equation (10)). Note that for vegetated
areas the hydraulic variables, such as the depth-averaged flow velocity
and the water depth, are computed using the global Chézy coefficient, C,
(Egs. (7) and (8)). The spatial distribution of vegetation is assumed equal
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Table 2

Description of the scenarios.
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Scenario Description Total cumulative runoff (Mm®) Plant height (m) Canopy density (m ')

BC Veg Current discharge, current vegetation: semi-open shrub 9,935 3.0 0.070
Current Climate

BC Veg(-) Current discharge, reduced vegetation: open shrub 9,935 2.5 0.034

BC Veg(+) Current discharge, increased vegetation: close shrub 9,935 3.5 0.102

BC noVeg Current discharge, without vegetation 9,935 0 0

Dry Veg Reduced discharge, current vegetation: semi-open shrub 7,272 3.0 0.070

Dry Veg(-) Reduced discharge, reduced vegetation: open shrub 7,272 2.5 0.034
Drier Climate

Wet Veg Increased discharge, current vegetation: semi-open shrub 12,598 3.0 0.070

Wet Veg(+) Increased discharge, increased vegetation: close shrub 12,598 3.5 0.102

Wetter Climate

to the present one, derived from Google Earth. For all climatic scenarios,
the sediment input rates coincide with the transport capacity of the
incoming flow, computed using van Rijn’s (1984) formula, and depend
thus on discharge regime. This approach neglects wash load, i.e. the
sediment transported in suspension with size of the order of several
micrometres (clay and silt). This sediment does not affect the
morphology of dynamic rivers and can thus be neglected from this study,
focusing on river channel adaptation.

In total, we simulated eight scenarios, combining the three discharge
hydrographs (current, wetter and drier) with the three different classes
of vegetation, plus one case without vegetation (Table 2).

The analysis of combinations of these scenarios allows isolating the
effects of discharge, vegetation and climate. All scenario runs started
from channel alignment and model-generated bed topography of the
year 2017.

4. Results of model calibration and validation

The best performing set of input parameters was identified based on
49 runs, each one differing in the value of one or more calibration co-
efficients or parameters which were always falling within their physics-
sound range. As an example, the range of values of Chézy’s coefficient
considered in the calibration runs was derived from the results of pre-
vious hydrodynamic computations performed using Manning’s coeffi-
cient (Baldissone et al., 2013; Brea et al., 2014; Testa Tacchino, 2015)
concluding that the values to be used for the Pilcomayo River in the

study area fall between 0.018 s/m'/® and 0.020 s/m'/3, which corre-
spond to Chézy’s coefficients in the range of 50 to 65 m'/?/s, with the
highest values for high flow conditions. The sediment particle diameter
was optimized by considering only values falling within the measured
range to comply with the estimated value of total yearly sediment
transport (Fernandez and Garcia, 2017). The calibration phase also
included the selection of the sediment transport formula. Note that the
sediment transport formula affects not only the sediment transport rates
in the study area, but also the sediment inputs from upstream and the
speed of the morphological developments. About the correction of
sediment transport direction due to spiral flow and gravity (Eq. (3)), we
calibrated the coefficient A4, being the one that mostly affects the river
bed topography, whereas the other two coefficients were given their
default values: Bgpg = 0.5 and Cgpyg = 0.3. The time step used in the
computations was nine seconds, selected based on preliminary runs.
The results of the calibration runs show that the best performing
downstream boundary condition is the water level recomputed at each
time step assuming uniform flow with a value of Chézy’s coefficient
equal to 60 m'/%/s. This is the calibrated value of the roughness coef-
ficient for the un-vegetated river bed and floodplains composed of
sediment having diameter equal to 0.1 mm. The best-performing value
of the coefficient weighing the effects of gravity on sediment transport
direction, Aghg, is 0.5, corresponding to a relatively high sediment
transport deviation towards the deepest areas of the river bed (Baar
et al., 2019). The best-performing sediment transport formula is the one
developed by van Rijn (1984), which is particularly suited for sand-bed
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Fig. 5. Results of model calibration and validation for Cross-Section A (Fig. 3). a) Model calibration: observed vs simulated maximum water depth - September 1972
to September 1973 (maximum discharge 1,362 m®/s). b) Model validation: observed vs simulated maximum water depth - January 1980 to February 1981
(maximum discharge 1,868 m>/s). 1:1 relationship in solid line; dashed lines represent the range of the deviation by 1.5 times the average measured water depth in
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Fig. 6. Results of model validation: simulated thalweg levels (brown lines) and
water level (blue lines) and measured thalweg levels (black stars) at Cross-
Section A (Fig. 3) for two different periods in 1980 and 1981 (maximum dis-
charges 1,817 m3/s and 1,868 m®/s, respectively). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

rivers and distinguishes bed load from suspended load.

Fig. 5a illustrates the results of model calibration with remarkable
values of R? and normalized root mean square error (NRMSE) for the
maximum water depth in Cross-Section A (location indicated in Fig. 3).
Particularly, after calibration, the error is limited to 19 %. The MAE
relative to maximum water depth resulted in 0.31 m and the MAE
relative to cross-sectional wet area in 31.34 m?.

The results of the validation run are shown in Fig. 5b and Fig. 6.
Fig. 5b illustrates the simulated water depth versus its corresponding
measured values, showing values of R? and normalized root mean
square error (NRMSE) being similar to the ones of the calibration period.
Additionally, Fig. 6 depicts the comparison between measured and
computed bed levels showing a high-quality performance of the model.
The simulated bed levels follow well the pattern of observed data,
indicating that the model can successfully reproduce the observed cross-
sectional morphological adaptation of the river.

5. Results of scenario runs
5.1. Effects of discharge and vegetation on main channel cross-section

Fig. 7 shows the cross-sectional profiles at high flow conditions

Effects of Vegetation
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(February 4th 2018, Fig. 4). In this case, the main channel width co-
incides with the river bankfull width (e.g.: Vargas-Luna et al., 2019a;
Wilkerson and Parker, 2011). For smaller discharges the model would
give the width and the depth of the water flowing within the main
channel, which would not represent the channel size, but just the lateral
and vertical dimensions of the wet area at that particular flow rate.
Moreover, at flows smaller than or equal to the bankfull discharge, the
water would not flow through the side channels, making them hard to be
recognized/visualized from the model results.

Fig. 7a indicates the effects of floodplain vegetation, since it presents
the results of four runs with the same water and sediment inputs
(hydrograph Q BC, corresponding to the Base Case flow) and different
floodplain vegetation characteristics. The cross-sectional profiles show
that higher vegetation mass (Veg (+): thin green line) enhances levee
formation and concentrates the water flow in the main river channel. As
a result, the channel becomes deeper, complying with the observations
of Gurnell (2014). Lower vegetation mass (Veg(-): dotted green line)
results in more distributed sediment deposition over the floodplains and
in a shallower channel. In this scenario, the channel of the Pilcomayo
presents a shift of a few tens of meters toward the right bank of the river
due to enhanced bank erosion and sediment deposition near the opposite
bank. Finally, the extreme scenario in which vegetation is absent results
in a relevant main channel shift to the left and in the formation of a small
secondary channel to the right (noVeg: black dotted line). The main
channel is wider and shallower, and presents a central bar. This is due to
morphodynamic instability triggered by the high width-to-depth ratio of
the flow (e.g.: Crosato and Mosselman, 2020). The irregular cross-
section is a clear indication of channel braiding (Leopold and Wol-
man, 1957).

Fig. 7b shows the effects of having a different discharge regime. The
results of the scenarios with the current floodplain vegetation charac-
teristics (Veg), indicate that higher discharges (Wet: dotted blue line)
produce a deeper channel contained by larger levees. Smaller discharges
(Dry: dotted red line) produce a shallower channel and smaller levees.
Due to the presence of vegetation on banks and floodplains, the width of
the channel appears to be only slightly influenced by the discharge
regime. However, this conclusion is only valid for moderate changes in
water flow, as in the studied scenarios, with well-developed floodplain
vegetation, as in the study area. The smaller discharge regime does not
alter the channel width, whereas the channel presents some widening
with the largest one. This is due to the higher near-bank flow velocities
that are capable of eroding banks despite the presence of vegetation.

5.2. Effects of climate change on channel cross-section and river fluvial
style

Fig. 8 shows the Cross-Section A profiles that are obtained for the
three considered climate scenarios on different days. The extremely fast

Effects of Discharge
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Fig. 7. Simulated Cross-Section A profiles (Fig. 3) on 04 Feb 2018 (Fig. 4) seen from downstream. The horizontal axis represents the distance from the right bank. a)
Four vegetation scenarios and current hydrograph. b) Three discharge scenarios and current floodplain vegetation.
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adaptation of the cross-sections of the Pilcomayo River (Fig. 2), well
reproduced by the model (Fig. 5), allows relating the computed cross-
section profiles to the discharge of the day. Almost no differences be-
tween climate scenarios can be observed at the start of the simulations
when the flow is very low for all the three scenarios (e.g., on 1
September 2017 in Fig. 4). The quick morphological adaptations that
occur during the flood season (January to March 2018) result in a sys-
tematically wider channel for the drier climate and in a systematically
narrower channel for the wetter climate scenario. The three climate
scenarios present a similar channel depth at low flows. However, the
depth is substantially larger with the wetter climate scenario at the
highest discharges, which is due to the higher flow rates and the denser
vegetation which appears to successfully limit bank erosion. The result
of the wet climate scenario is thus a higher transient channel excavation

of 20 % respect to the current scenario (Fig. 8c). At the end of the wet
season (Fig. 8f), when the flow is low again, the wet areas are similar for
all the three considered climates. Sediment deposition, occurring during
the falling limb of the flood waves, results in a similar bed level rise for
all the three climates, since more sediment is transported and thus
deposited with the wetter climate. Instead, the width is maintained and
our results indicate that the bankfull width can be expected to increase
by 35-45 % in 2100, due to the forecasted climate change (Fig. 8b-f).
Fig. 9 shows the yearly sand transport rates of the river for all the
considered scenarios. An increase in sediment transport rates can be
expected if the climate becomes wetter (+46.1 %); a decrease if the
climate becomes drier (-39.1 %). Fig. 9 allows also detecting the effects
of changes in floodplain vegetation. In combination with the present
discharge hydrograph (green bars), either a higher or a lower vegetation
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mass would increase the yearly sediment transport rates. A denser
vegetation, Veg(+), would increase the sediment transport capacity of
the flow by enhancing its concentration, and velocity, in the main
channel (4+3.9 %). A lower floodplain vegetation mass, Veg(-), would
increase the sediment input through a slight increase in bank erosion
(+0.3 %). A similar effect of vegetation is found in combination with the
drier hydrograph (red bars). Instead, a larger vegetation mass, Veg(+),
would, but only slightly, decrease the yearly sediment transport rate in
combination with the wetter hydrograph (blue bars). This is mainly due
bank erosion zeroing. Finally, it is important to consider that these re-
sults exclude wash load. Including the finest part of the sediment
transported by the flow would not affect the configuration of the main
river channel, but would result in higher floodplain sedimentation rates,
with deposition occurring further away from the main channel margin
than sand.

Fig. 10 shows the water coverage in the study area with the present
discharge hydrograph, but without floodplain vegetation on February
4th 2018 (peak flow of 3,934 m?/s). On that day, being the discharge
above bankfull, it is possible to detect the presence of channels exca-
vated through the floodplains. In this case, the river presents multiple
channel excavation and main channel shift, resulting in a braided system
with substantial straightening: the present channel sinuosity is 1.3,
calculated as average sinuosity in the period 1972-2017 (Table 1), while
the predicted sinuosity without floodplain vegetation (under the “BC
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noVeg” scenario) is 1.1 (Fig. 10). Considering that the downstream
boundary conditions (water levels) and the upstream boundary condi-
tions (2D flow distribution) are the same, river straightening means also
steepening of the longitudinal water level profile. And indeed, the lon-
gitudinal slope increases from 0,038 % (present situation, Table 1) to
0.044 % (Fig. 10).

6. Discussion

The model covers one hydrological year to shows how the river cross-
section evolves with different climatic and vegetation settings. Since the
morphodynamic response of rivers is complex and depends on sequences
of floods and dry periods, we needed a real hydrograph as basis to
construct the drier and wetter scenarios. In fact, we could not reproduce
the morphodynamic river response with annual or seasonal mean
streamflows. Additionally, the choice of covering one year is justified by
the intrinsic morphodynamics of the Pilcomayo River, our case study.
This river has such a strong dynamic that the cross-section drastically
changes every day as a response to the discharge variation. For this
reason and after having well reproduced this behavior with the model
and analyzed its morphodynamics (Chapter 5), we decided that we can
link the cross-section that is measured in one day to the discharge. Ul-
timately, this work does not want to forecast the Pilcomayo River
morphology due to global change, but, more in general, to disentangle
the river response to plausible dryer and wetter scenarios. A specific
further study on how the Pilcomayo will evolve in the future due to
climate change would be certainly an important contribution.

In our model, sediment input is computed as a function of inflow
characteristics using the sediment transport formula of van Rijn (1984)
which includes suspended load and is particularly appropriate for fine
sand. As all transport capacity formulas, van Rijn’s does not include
wash load, i.e. the transport of very fine material, silt and clay, which is
supply-limited rather than capacity-limited. Thus, the decrease in
discharge characterizing the dry climate also results in reduced sediment
input to the study area, whereas for the wetter climate our model pre-
dicts larger sediment inputs. Wash load supply is mainly related to soil
erosion in the river catchment. In this study, we do not consider the
effects of changing climate on sediment production (Pitlick et al., 2012;
Verhaar et al., 2010). The reduction of vegetation cover due to a drier
climate is expected to result in increased soil erodibility in the river
catchment and larger sediment inputs to the river. The transport of sand,
which is capacity-limited, is expected to decrease if the discharges
decrease (Fig. 9). However, dry climates often present extreme
discharge variations due to rainfall concentration in brief periods, so it is
not clear whether higher, but shorter, discharge peaks would actually
increase or decrease the total bed load in the river.
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Fig. 10. Simulated water depth over the entire model domain on 04 Feb 2018: present discharge hydrograph without floodplain vegetation (“BC noVeg” scenario).
The thick white line depicts the plane delineation of the current channel; the straight white line across the channel indicates the location of Cross-Section A (Fig. 10).
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As a result of an increase in sediment load, we can expect enhanced
bed aggradation to occur where the slope of the river decreases, further
enhancing the tendency towards a braided style at these locations
(Germanoski and Schumm, 1993). A wetter climate would have opposite
effects, i.e. reduction of sediment production, enhancing a meandering
style (Gurnell, 2012).

The effects of vegetation on hydraulic resistance, sediment transport
and bed erosion are included in the model in a static way by assuming a
certain distribution of plants with constant characteristics (height,
density, representative diameter) on the floodplain, depending on sce-
nario. However, vegetation processes (colonization, growth, decay) are
known to interact with the river dynamics (Caponi et al., 2020; van
Oorschot et al., 2016) and are affected by climate (Liu and Lei, 2015;
Roerink et al., 2003). Lack of data and the choice to concentrate the
analysis in one hydrological year do not allow including vegetation
dynamics. This means that our work does not represent the transition
period, i.e. when the river channel evolves until the characteristics of the
floodplain vegetation reach the configuration expected in the future
climate.

By including the effects of vegetation on water flow and sediment
transport, the model indirectly reproduces also part of the protecting
effects of plants on river banks. Due to the higher roughness caused by
riparian vegetation, the main flow is deflected towards the centre of the
channel, and the near-bank flow velocity as well as the near-bank bed
shear stress are reduced. This decreases erosion of the river bed near the
bank, which our model partially converts in bank erosion (van Der
Wegen and Roelvink, 2008), and enhances levee formation (Crosato and
Saleh, 2011). The model ignores bank strengthening by roots and bank
reinforcement by slump blocks that armour cut banks. In addition, the
model does not account for vegetation dynamics, in terms of coloniza-
tion, growth and decay of plants. This becomes important in river sys-
tems where plants have the possibility to colonize emerging bars and
banks during low flows and have the time to grow strong enough to
resist the next flood (Serlet et al., 2018). In rivers where plant dynamics
plays a role, this is found to enhance bank accretion and opposite bank
erosion, which results in increased river meandering (Vargas-Luna et al.,
2019b).

As previously described, measured data on plant colonization,
growth, temporal changes in plant density, etc. are lacking. The only
vegetation data available for this study is the type of vegetation that is
dominant in the area whereas we derived historical floodplain vegeta-
tion cover distribution from satellite images. Vegetation dynamics de-
pends not only on plant species, but also on climate, soil type and
moisture, which means that we could derive this information from
studies carried out elsewhere. Along the Pilcomayo, vegetation is mainly
present on the floodplain and rarely on bars, a clear sign that vegetation
processes are governed by the river dynamics and do not play a relevant
role in the cross-sectional dynamics of the river. Vargas-Luna, Durd,
et al. (2019b) showed that colonization of emerging bars by vegetation
increases opposite bank erosion, but does not affect channel width and
depth, focus of this research. Not considering vegetation dynamics could
be a shortcoming in the generalization of the results for sand-bed rivers
in different climatic settings. Moreover, considering that the interaction
river-vegetation is affected by scale (Gurnell, 2014), we conclude that
our study case and the results herein presented are strictly representa-
tive of rivers having size compared to Pilcomayo’s, located in similar
climatic settings and having similar hydro-morphological conditions. In
any case, our results indicate the right trends of river morphological
variations under moderate climate change in general, and that our re-
sults can be used as a guidance to include climate change effects in
forecasting the long term evolution of rivers. The results of this study
provide also a reference tool to analyse past changes of river environ-
ments assuming no human influence. The results provide also an insight
to predict the effects of combinations of interventions, for instance
regarding floodplain vegetation management (e.g.: Gonzdlez et al.,
2017) and alterations of the river discharge on the width and depth of
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Table 3

Main channel sinuosity and slope for the studied scenarios.
Scenario Sinuosity Slope
Present (2017, Fig. 3) 1.603 0.030
Dry veg(-) 1.477 0.033
Wet veg(+) 1.493 0.032
BC noVeg (Fig. 10) 1.098 0.044

the main river channel (e.g.: Su et al., 2021).

A recent study (Chen et al., 2019) shows that the hydrological regime
leaves an imprint on the longitudinal profile of rivers. In particular,
based on NASA data sets and numerical modelling, Chen et al. (2019)
show that drier climates (aridity) reduce the river sinuosity and produce
steeper longitudinal slopes. Our results show that the absence of flood-
plain vegetation increases the longitudinal slope of the river through
channel straightening as a result of river braiding (Fig. 10). Overall, a
light flow straightening is also obtained for the moderately drier climate
(see Table 3). Thus our results appear to support Chen et al.’s
observations.

The central region of the study area has remained straight for at least
the period covered by our study (1972-2018). We do not have data
explaining this, which might be due to either artificial or natural
(vegetation) bank reinforcement or to the characteristics of the bank
material in that region. To explain this, we recommend carrying out
some field investigations focusing on the characterization of the river
banks.

7. Conclusions

This numerical study analyses the adaptation to climate of sand-bed
rivers, considering the Pilcomayo as an example. For the climate sce-
narios, we considered the 2100 projections of the Intergovernmental
Panel on Climate Change (IPCC) Special Report on Emission Scenario
A1B, hereafter named as the SRES A1B scenario (Stocker et al., 2013).
Our model reproduces historical cross-sectional changes that follow the
measured ones, which gives confidence in our results. We then used the
model to assess the response of the main river channel to climate change,
considering the forecast for the year 2100, as well as its opposite, the
river climate being described by a combination of hydrological regime
and floodplain vegetation characteristics.

The main finding of this investigation results from the analysis of the
either combined or separate effects of alterations in discharge regime
and floodplain vegetation, both resulting from climate change. These
alterations interact with each-other and affect the river morphology in a
non-linear way, complicating the analysis of their single roles in the
process of climate adaptation. Our results show that for moderate
climate changes vegetation governs the river channel width whereas
discharge, in presence of floodplain vegetation, mainly affects the main
channel depth and the levee formation. Previous works not considering
the role of riparian vegetation found a much stronger effect of discharge
alteration on channel width (e.g.: Vargas-Luna et al., 2019b). The dif-
ference is mainly due to having now considered the effects of plants on
river banks, which is obtained in our model only partially, since the
strengthening effects of roots and the mechanical reinforcement of
slump blocks that shelter failed banks and limit further erosion are not
considered. Due to this, we can expect plants to have an even stronger
role in governing the river width than our results are able to
demonstrate.

Previous works have shown that floodplain vegetation growth lead
to important changes of the river morphology which even result in a
different fluvial style, for instance from braiding to meandering (e.g.:
Crosato and Saleh, 2011; Gurnell, 2014; Tal and Paola, 2010; Villada
Arroyave and Crosato, 2010). This is confirmed also by the results of our
study, showing that without vegetation the Pilcomayo River would be
braided.
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Summarising, we find that for sand-bed rivers in temperate climates:

e A moderately dryer climate, characterized by reduced water flow
and scarcer floodplain vegetation, will result in a shallower and
wider water course with floodplains and banks that are more prone
to erosion. The projected change for the Pilcomayo River in 2100 is a
consistent bankfull width increase by 35-45 % respect to the current
scenario.

A moderately wetter climate, characterized by increased water flow
and denser floodplain vegetation, during floods will produce a
transient deeper channel by 20 % respect to the current scenario,
whereas channel widening will be limited by vegetation offering a
more effective protection to cut banks.

Research data

The National Hydrological Network of Argentina has records for
daily discharge, water level and cross-sectional profile at the station of
Mision La Paz (in front of Pozo Hondo, 22°22'38"S, 62°31'24”"W) from
1960 to 2018. The time series of discharges and water levels were
downloaded from http://bdhi.hidricosargentina.gob.ar/. The time se-
ries of the cross-section was downloaded from www.pilcomayo.net, the
webpage of the Tri-national Committee for the Development of the
Pilcomayo River basin. Sediment data, including sediment characteris-
tics, are also available from several documents at www.pilcomayo.net.
The models are freely downloadable from the website of NCR
(Netherlands Centre of River studies: https://ncr-web.org/).
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