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worldwide is extremely limited. In consideration of this deficiency, we developed a
width-based approach to estimating multi-decade changes in coarse sediment fluxes
occurring at reaches of the Po River and 21 of its tributaries in northern Italy. The

Funding information estimation was based on temporal variations in the reach-averaged width of the riv-

University of Padova (DOR funds) er's active channel, and such width was expressed through a dimensionless index of
coarse bed material load ;). The index was determined in two periods: 1954-1998
and 1998-2020. Statistically significant relationships were found between temporal
variations in Iy occurring in reaches of the Po River and at key locations of each spe-
cific reach (i.e., upstream reaches and tributaries). Such evidence of coherent changes
in sediment transfer through space and time led us to conclude thatl, variations can
be regarded as a reliable proxy for historical changes in sediment transport in a river
reach. The application of the approach to the investigation of the Po River catchment
provided new insights into the historical changes characterizing coarse sediment
fluxes along the river and its major tributaries. From 1954 to 1998, an average
decrease in coarse sediment fluxes of about 20% and 30% occurred along the
river and the terminal sectors of its tributaries, respectively. The estimations showed
that coarse sediment fluxes exhibited a slightly lower decrease in the last two
decades, with sediment flux recovery occurring only in some tributaries. The results
suggest that a profound change in sediment dynamics and fluxes has occurred, and is
likely still ongoing, in the Po River system, despite the decrease in human distur-
bances (e.g., in-channel sediment mining) in more recent times.
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1 | INTRODUCTION determining channel characteristics; Church,2006) in wide rivers

where the coarse sediment forming the streambed is mobilized

The geometry and morphology of alluvial channels are direct conse-
guences of sediment transport processes (Church2006). For this rea-
son, a reliable quantification of sediment fluxes is a key issue to
(Church &
Ferguson, 2015), but this goal is considerably difficult to achieve

consider in studying river morphodynamics
(Church,2006; Ferguson,2007). A particularly challenging task in this
respect is the estimation of the bed material load (i.e., the transport of

material that forms the streambed and lower banks of a river, chiefly

primarily as bedload or mixed load, as is the case in large gravel- or
sand-bedded rivers. In these contexts, the techniques for quantifying
sediment fluxes (e.g., using transport formulas, direct and indirect
sampling and inverse sediment budgeting) are affected by major
sources of uncertainties and/or applicability limitations (e.g., Gomez &
Church, 1989; Lopez et al., 2014; Vericat et al., 2006). Moreover,
increased difficulties plague the calculation of bed material load at
wide spatial scales (e.g., a large river network) and the estimation of
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the historical changes affecting such a process because adopting the
majority of previously established methods for determining sediment
fluxes in the past is infeasible.

During the last century, many coarse-bedded rivers that are wide-
spread in several physiographic contexts have been affected by
anthropic interventions (e.g., Kondolf, 1997; Liébault et al., 2005;
Rovira et al., 2005; Surian, 2022; Surian, Ziliani, et al.,2009). For
example, reforestation, in-channel mining and interruption of sedi-
ment transfer due to dam closure are pressures that can dramatically
reduce sediment availability along a river course (Grant,2012;
Kondolf et al., 2014; Marston et al., 2003; Surian & Rinaldi,2004).
Several works analysed the morphological responses of fluvial systems
to reductions in sediment supply (e.g., Church,1995; Graf, 2006;
Surian & Rinaldi,2003) and identified three main effects: bed-level
incision, channel narrowing and changes in planform morphological
configuration. Fewer studies have focused on anthropic intervention-
induced alterations in sediment fluxes, likely because of the aforemen-
tioned limitations in sediment transport estimation (Arnaud et al.,2015;
Brenna et al., 2021; Preciso et al., 2012; Surian & Cisotto, 2007;
Vazquez-Tarrio et al. 2019; Vericat & Batalla,2006). Even less quantifi-
cation has been directed to these changes over expansive time and spa-
tial scales (e.g., the last century and a large river network, respectively).
In light of the relationships between bed material load and channel mor-
phology (Church,2006; Church & Ferguson,2015), a crucial task is to
examine how sediment fluxes have changed over time to better under-
stand current river morphodynamics and predict the evolution of fluvial
systems in the future.

Over the last decades, studies have revolved around the relation-
ships between bed material transport and the morphological features
of an alluvial river, with consideration directed specifically towards
the planform configuration (e.g., Church, 2006; Ferguson, 1987;
Mollard, 1973; Pitlick et al.,2012) and width of the river’s active chan-
nel (e.g., Belletti et al. 2013, 2015; Jacobson & Gran,1999; Liébault &
Piégay, 2002). Such planform features are easily determinable for
large rivers, and available data (e.g., historical maps, aerial photographs
and satellite images) enable the definition of changes that occur in
most river networks worldwide across historical periods (e.g., the last
century). Considering the difficulties of determining sediment flux
changes at extensive time and spatial scales, we developed an
approach to estimating bed material load changes that occur over an
historical period in a river network on the basis of temporal variations
characterizing the planform features of a channel at the reach scale.
Variations in the width of the active channel in a coarse-bedded river
can be related to changes in local sediment supply and bedload trans-
port (Bertrand & Liébault, 2019; Jacobson & Gran,1999; Liébault &
Piégay,2002). On the basis of results obtained from laboratory rivers
(Abramian et al.,2020), Popovt et al. 021) concluded that the shape
of a river, expressed in terms of channel width and depth, strongly
depends on its sediment discharge. Furthermore, flume experiments
conducted by Peirce et al. 2018) uncovered, through a positive corre-
lation, that variations in the width of an active channel are quantita-
tively associated with changes in bedload transport. With these issues
in mind, we formulated the following hypotheses:

1. Temporal variations in the active channel width can serve as a
proxy for bed material load changes occurring at river reach and
network scales over historical time (e.g., for the last 56-100 years).

2. If channel width is a suitable proxy for coarse sediment flux, a sig-
nificant relationship should be expected between the temporal
changes observed in a specific reach and those taking place in
channel network portions (i.e., upstream reaches, tributaries) that
are strongly linked in terms of sediment flux.

We evaluated a dimensionless index derived initially on the gro-
unds of the results of Peirce et al. 018) with respect to the active
channel width. The temporal index variations determined at the reach
scale were treated as a candidate proxy for coarse sediment load
changes that occurred over time. To test our hypotheses, we searched
for statistical relationships between the temporal index variations
happening at a reach and variations determined at locations that, on
the basis of consolidated knowledge from the literature, are expected
to control sediment input to a reach and, consequently, its bed mate-
rial availability and transport (e.g., upstream reaches, tributaries).

The Po River and its major tributaries (Po catchment, northern
Italy) were selected as a case study for the development and valida-
tion of the proposed estimation approach. Most of the rivers flowing
in the Po catchment have been affected by human interventions that
have substantially limited sediment availability in these streams during
the last century (Colombo & Filippi, 2010; Parrinello et al., 2021;
Surian, Rinaldi, et al.2009). The selection of the site enabled us to
deal with a river network characterized by remarkable channel
changes in the recent past. Two periods, namely 19541998 and
1998-2020, were chosen for determining historical changes in the
width of the river ’s active channel and testing the proposed approach.

2 | STUDY AREA

The Po River is the largest Italian river in terms of total length
(651 km) and drainage area (75,000 krf). Its catchment is bounded to
the north and west by the Alps and to the south by the Apennines.
The annual average daily discharge of the Po River at Pontelagoscuro
(Figure 1) is estimated at 1500 ns ! (Zanchettin et al., 2008). The
river sector investigated in this work was divided by the local water
agency (Autorita di Bacino Distrettuale del Fiume Po’, AdBPO) into
nine homogeneous reaches (i.e., reaches-A in Figure 1) with consid-
eration for major variations in channel width, slope, morphology and
grain size (AdBP0O2006, 2008a, 2008b). Channel morphology is typi-
fied primarily by single-thread patterns with bars, but reach B has a
multi-thread configuration. Channel slope decreases from reach A
(0.170%) to reach | (0.003%) in accordance with the grain size of the
streambed material, which is composed principally of gravel at reaches
A and B and sand starting from reach C (Figurel).

Human pressures on the Po River have a long history
(Marchetti, 2002; Parrinello et al.,2021), but most of the anthropic
interventions occurred during the second half of the 20th century.
Intense in-channel mining (1950s-1990s; at a maximum rate of 6 to
7 Mm3yr * during the 1970s-1980s) and the construction of the
Isola Serafini Dam (Figure 1) in 1964 (Lanzoni, 2012; Maselli
et al.,2018; Parrinello et al.,2021) caused a decrease in sediment sup-
ply along the main stem of the river. Consequently, it experienced
morphological changes, such as channel narrowing, reduced morpho-
logical complexity and bed incision. Channel incision was comprehen-
sively documented and analysed in the past. Topographic data on the
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middle and lower Po courses, covering the 19th century to 2006
(Colombo & Filippi, 2010), highlighted bed stability until 1960,
followed by a remarkable incision phase from the 1960s to the 1990s
(e.g., 4 m of incision occurring at reach E) and a subsequent decrease
in the incision rate.

Several tributaries flow into the Po River from the Alps and Apen-
nines (Figure1). The aforementioned anthropic interventions occur-
ring in the river have similarly affected most of its tributaries. In-
channel mining of gravel and sand was carried out mostly on the high
plain river sectors, with a maximum rate during the 1960s and 1970s
of about 11 Mm3yr ! considering all the Po River tributaries (Dal
Cin, 1983; Marchetti, 2002; Surian & Rinaldi,2003). A number of
dams (Figurel) were constructed on both mountain and plain sectors
of the tributaries from the 1920s to the 1970s (Parrinello et al., 2021;
Surian, Rinaldi, et al.2009), and the catchment experienced signifi-
cant reforestation during the 20th century (Falcucci et al., 2007,
Marchetti, 2002; Parrinello et al.,2021; Preciso et al.,2012; Surian &
Rinaldi, 2003). According to Liébault and Piégay Z001) and Liébault
et al. 2005), an increment in the forest cover at the catchment scale
limits sediment production from hillslopes and, consequently, sediment
supply to a river network. The past three decades have witnessed a
decrease in human pressures (Surian, Rinaldi, et a2009). The current

rate of in-channel mining is lower than 1 Mm3yr *

, and integrated
management for the Po River, as well as other European rivers, wherein
the quality of river morphology is taken into account, has received
increasing attention (e.g., European Commission2000; Newson &
Large,2006; Rinaldi et al.,2013, 2015; Vaughan et al.,2009).

From a morphological point of view, researchers documented how
the Alpine (e.g., Pellegrini et al.2008; Siviglia et al.,2004) and the Apen-
nine (e.g., Brenna et al.2021; Clerici et al.,2015; Gumiero et al.,2015;
Mandarino et al., 2019) tributaries of the Po River have responded to
human-induced sediment starvation. They identified three main types of
morphological responses, with maximum rates occurring over the 1960s
to the 1990s: bed level lowering (incision ranging from a few metres up
to more than 10 m), channel width reduction (a narrowing of up to 50%
or more) and changes in planform mophological configuration (evolu-
tion from braided to wandering or single-thread channels). From the
2000s to the present, an inversion of the evolutionary trajectory charac-
terizes some tributaries of the Po River as showing moderate widening
and recovery of morphological complexity (e.g., Bollati et al.,2014;
Brenna et al.,2021; Mandarino et al., 2020). This recovery was attrib-
uted to both an increase in sediment availability due to the cessation of
intense in-channel mining after the 1980s (Bollati et al.,2014) and a
more frequent occurrence of high-magnitude floods over the last three
decades (Clerici et al.2015) that is related to on-going climate changes
(Bloschl et al.,2020; Gaume et al.,2016).

Current knowledge about historical changes in sediment fluxes in
the Po catchment is extremely limited. Some studies focused on the
evolution of the Po delta and suggested that sediment input from the
Po River to the Adriatic Sea remarkably decreased over the second
half of the 20th century (Cencini, 1998; Ninfo et al., 2018; Parrinello
et al., 2021). In the 1940s to the 1950s, the total estimated sediment
load (i.e., sediment mobilized as both bedload and suspended load)
was 8.4 Mm® yr 1, which further declined to 6.4 Mm3yr * from the
1970s to the 1980s (Dal Cin, 1983). Billi and Spalevic 2022) recently
confirmed that a remarkable decrease of suspended load has occurred
in Italian rivers throughout the last five decades.

W_WILEYL>®

In this work, we focused on a Po River sector extending to about

470 km between the confluence of the Stura di Lanzo River and the
beginning of the Po delta (which was excluded from the analysis
because of its peculiar dynamics and the dominance of fine cohesive
sediments in the site). The nine reaches formerly defined by the
AdBPO (006, 2008a, 2008b) were subsequently divided into 14 new
reaches (i.e., reaches Adl1 in Figure 1) with consideration also for
some tributary confluences, which represent major hydrological and
sediment inputs. Besides the main stem of the Po River, the terminal
reaches of 11 Alpine and 10 Apennine tributaries selected on the gro-
unds of their drainage areas (> about 350 knf) were explored (Figurel
and Tablel). The terminal reach of each tributary was defined consider-
ing a constant morphological configuration of the channel and exten-
ding from the confluence with the Po River to about 10 to 20 km
upstream along its course. The rationale behind this choice is that only
the terminal sectors of the tributaries are considered to be strongly
related to the Po River main stem in terms of sediment input and coarse
bed material load. All the analysis described in the following sections
were conducted at the reach scale for the Po River and the tributaries.

3 | MATERIALS AND METHODS
3.1 | Relationships between the bed material load
and planform configuration of alluvial channels

The planform morphological configuration of an alluvial channel is a
direct consequence of bed material load, which in turn, is determined
chiefly by the flow regime and the dominant grain size and supply of
bed material (Church,2006; Ferguson,1987; Mueller & Pitlick, 2013,
2014; Pitlick et al., 2012; Tooth & Nanson, 2004). Researchers
explored the relationships between channel morphological configura-
tion and bed material transport and incorporated them into river classi-
fications (e.g., Church,1992, 2006; Mollard, 1973; Rinaldi et al.,2016;
Schumm, 1985). Their core findings are summarized in Figure2(a).
Multi-thread wandering or braided configurations are typical expres-
sions of rivers with dominant bed material that ranges from gravel to
sand and sediment supply that ranges from medium to high. Channels
with sediments characterized by the same grain sizes but low supply
commonly display single-thread configurations (i.e., straight-sinuous,
pseudo-meandering and meandering; see Métivier & Barrier2012) with
exposed sediment bars. Bed material is mobilized primarily as bedload
in rivers dominated by gravel or as mixed load in rivers made of sandy
channels (Billi et al.,2017; Church, 2006). Single-thread channels
(i.e., straight-sinuous and meandering) without unvegetated point and
lateral bars are morphological expressions of rivers dominated by cohe-
sive fine sediments forming the bed; these sediments are mobilized
mostly as suspended load with minor bedform development
(Church, 2006). ‘Single-thread without bars' configuration can evolve
into anastomosing patterns under high sediment supply (Makaske
etal.,2017).

Therefore, the presence of unvegetated sediment bars in alluvial
channels (Figure2b,c) observable in the field or recognizable from
planform analysis of maps and images is a remarkable indicator of the
dominance of cobbles, gravel and sand in the streambed
(Ashmore, 2013; Marren et al., 2006; Smith, 1987). In contrast, in

channels dominated by fine sediments (i.e., very fine sand, silt and
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TABLE 1 Rivers considered in this study
Confluence with Drainage Percentage of the Analysed

River Source the Po River at reach area (kn?) Po catchment length (km)
Po Alps — 75000 — 470
Stura di Lanzo Alps Al 855 11 17
Malone Alps A2 345 0.5 10
Orco Alps A2 910 1.2 10
Dora Baltea Alps A3 3930 5.2 10
Sesia Alps B1 3075 4.1 10
Tanaro Alps B2 8080 10.8 11
Scrivia Apennines B3 1235 1.6 10
Ticino Alps C1 6035 8.0 21
Tidone Apennines C2 480 0.6 4
Lambro Alps Cc2 1980 2.6 10
Trebbia Apennines D1 1070 1.4 11
Nure Apennines D1 430 0.6 5
Adda Alps El 7930 10.6 10
Arda Apennines El 440 0.6 10
Taro Apennines F1 2030 2.7 29
Parma Apennines F1 815 11 10
Enza Apennines F1 890 12 10
Oglio Alps G1 6360 8.5 8
Mincio Alps G1 3000 4.0 10
Secchia Apennines H1 2090 2.8 10
Panaro Apennines H1 1775 2.4 10

Note: The analysed lengths for the tributaries refer to the channel lengths measured along the river course, starting from the confluence with the Po River.

clay), exposed bar development is uncommon (Figured), given the
different transport and depositional processes mobilizing cohesive
sediments forming the bed (e.g., deposition on convex banks via the
oblique accretion of drapes from suspension; see Page et al2003;
Marren et al., 2006). In the latter case, the development and observ-
ability of exposed sediment bars is extremely limited, also because of
the slow rates of channel lateral migration and vegetation encroach-
ment (e.g., Brooks et al.2003). Finally, under specific conditions associ-
ated with low sediment supply, bars do not develop in coarse-bedded
rivers. Their development may also be impeded in transitional sandy riv-
ers with resistant silty banks, where bed material moves mainly through
sand waves and subaqueous dune propagation (Church2006; Cilli
et al., 2021). A coarse-bedded river subjected to tightened channeliza-
tion (e.g., the construction of tight and longitudinally extended artificial
levees; Figure2e) is another example of a coarse streambed channel,
where an almost complete disappearance of sediment bars can take
place (Scorpio et al.2018).

3.2 | Active channel width

The active channel of a river is defined as the area occupied by low-
flow channels and unvegetated bars (Haschenburger & Cowie2009;
Liébault & Piégay,2002) where bed material load occurs. The active
channel width of a river that can freely move laterally (i.e., an uncm-
fined alluvial channel) is strongly positively correlated with local sed-
iment supply (Belletti et al., 2015; Jacobson & Gran, 1999;

Liébault & Piégay,2002). Bertrand and Liébaults 2019) study of New
Caledonia rivers demonstrated that a normalized active channel width
(Piégay et al. 2009) can be used as a proxy for sediment supply.

As posited by Popovi et al. 021) on the grounds of experiments
on bedload-dominated laboratory rivers (Abramian et al.,2020), an
increase in sediment discharge progressively widens a river. The
results of physical models of coarse-bedded channels indicated that
the reach-averaged active channel width is positively correlated with
the bedload transport rate (Peirce et al.,2018), clearing the way for
the supposition that the active width and its variations can be
adopted as parameters for estimating changes in coarse sediment
fluxes. The flume experiments conducted by Peirce et al. Z018)
suggested that the bedload transport rate Q) increases with the
active channel width (W) in accordance with a power law; that is,
Qp = 12.7W%85% (R? = 0.70).

3.3 | Awidth-based approach to estimating bed
material load changes based on variations on the
active channel width: Conceptual introduction and
supporting theory

Currently, pinpointing a direct association between the width of a riv-
er's active channel and the absolute values of sediment fluxes occur-
ring at a given reach (e.g., expressed bed material load volume) is
infeasible because this relationship is influenced by numerous river
features (e.g., sediment grain size, transport capacity, morphological
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FIGURE 2 Planform morphological
configurations of alluvial rivers and some

INCREASING SEDIMENT SUPPLY >

of their prinCipaI governing factors Single thread with bars (STB) Multi thread (MT) ]
(sources: Mollard,1973; Schumm,1985; Cobble andine raided
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Single thread with bars (STB)

Single thread without bars (ST)

N Artificially channelized river N

configuration) (e.g., Mueller & Pitlick,2013, 2014). That said, Popow
et al. 2021) recently hypothesized that the shape of a river can be
used as a proxy for sediment discharge. Peirce et al2018) also dem-
onstrated in a flume experiment that variations in the active channel
width are positively correlated with changes in coarse sediment trans-
port. This correlation has never been tested in real-world case studies.
Correspondingly, the aim of the present work was to verify whether
the relationship that Peirce et al. 018) found in a laboratory is
equally applicable to actual rivers. We took on this task because, par-
tially following the hypothesis of Popovic et al. £021), this would
allow us to explore variations in the active channel width as a reliable
proxy for sediment flux changes. On the basis of the aforementioned
relationships between the bed material load and features of an alluvial
channel, we focused our investigation on coarse-bedded and uncon-
fined alluvial channels, for which a positive correlation between
changes in the active channel width and coarse sediment fluxes was
previously demonstrated in laboratories (Abramian et al.2020; Peirce
et al., 2018). Accordingly, we excluded channels dominated by fine
sediments and confined or channelized river reaches.

Beginning from the relationship found by Peirce et al. 018)
between the bedload transport rate and the reach-averaged active

channel width (W, in metres), we determined an index of coarse bed
material load (), calculated as follows:

12:7W0%8
1 I
T ap

where | is a dimensionless index directly calculated from the active
channel width that does not carry physical meaning. We introduced
this index because we believe that the sediment flux rates (in kg s*)
obtained from the relationship identified by Peirce et al. (2018) are
not directly applicable to real-world river networks characterized by a
range of channel morphologies (from braided to single-thread pat-
terns), bed materials (from coarse gravel to sand) and spatial scales
that substantially differ from those of the flume where the authors
carried out experiments. Under the normalization proposed in the cur-
rent research (i.e., dividing the numerator of Equationl by 4828), alq
of 1 corresponds to the expected sediment flux in a river with an
active channel width of 1000 m (Figure 3a). This normalization is suit-
able for the Po River catchment, which has channel widths of a few
hundred metres for most of the network analysed in this study,
whereas a different normalization can be proposed for other river
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FIGURE 3 (a) Relationship between thel, and the active channel width adopted in this study, (b) parameters considered in validating the
approach and (c) notation adopted in the application to the rivers of the Po catchment for the most important parameters. |, (Po) indicates

the |y variation obtained at a reach of the Po River over a selected period, Iy (PQypsyr) and I (PQpstr-1) indicate the | variations occurring in the
reaches of the Po River located upstream of the considered reach during the same period, andl, (Trib) and |4 (Tribypsy) indicate the I,
variations occurring in the tributaries flowing into the considered reach of the Po River and into the immediately upstream reach during

the same period, respectively [Color figure can be viewed atwileyonlinelibrary.com]

networks with considerably wider or narrower active channels. For
instance, dividing the numerator of Equation (1) by 667, al, of 1 would
be obtained for a channel with W = 100 m, that is, a normalization
suitable for a river network with channel widths of a few tens of
metres. In using l;, we disregarded its absolute value and concen-
trated on a comparison of its values across different periods because
we intended to determine whether, under specific boundary condi-
tions (i.e., alluvial, unconfined and coarse-bedded channels), temporal
relative variations in |4 (e.g., a percentage of decrease) can be regarded
as representative of coarse sediment flux changes (e.g., a coherent
percentage of decrease) that occur over a period at a specific reach of
a real river. In the absence of reliable data about historical changes in
coarse sediment fluxes in the Po catchment, we developed an alterna-
tive procedure for validating this hypothesis.

The sediment transported along a river reach is remarkably
influenced by the availability of mobile bed material that, as a first
approximation, is determined by the overall sediment input supplied
to the reach (Dean et al., 2016; Madej et al., 2009; Mueller &
Pitlick, 2013, 2014). This supply comes from (1) sediment input from
upstream due to longitudinal sediment transfer along the river course

and (2) sediment input from tributaries flowing into the river
(Church,2006; Mackin, 1948; Neill, 1987; Rice & Church,1998; Sear
et al., 2010). A variation in the overall sediment input supplied to a
reach should induce a coherent variation over the period in the sedi-
ment fluxes occurring in an examined reach. To validate the hypothe-
sis that temporal variations in |4 can function as a candidate proxy for
sediment flux changes, we considered thel, determinable through
Equation (1) at a specific date for all the reaches of a river [e.g.]q
reach ()'®; Figure 3b] and all its tributaries [e.g.,l trib a'®; Figure 3b].
Considering two different dates [i.e., t(x) — t(x + 1)], we ascertained
the temporal |, variations occurring at the reach scale along the entire
river network (i.e., main stem and tributaries). We then tested whether
an |, variation obtained at a reach of the examined river [ I, reach )
et D), (Po) in this application ; Figure 3b,d] is related to the
variations in the |l determined over the same time interval at some
key locations of the river network, which determine changes of sedi-
ment input to the analysed reach. Specifically, we probed into thel,
changes in the reaches located upstream from the reach of interest
[ 1qreach (- 1)®®* Dand I, reach (- 2@ D |, (PQ,pst)
and Iy (Poypstr-1) in this application], and in all the tributaries flowing
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into the reach of interest[ I, trib reach(Q)!®t®* 1)

application] and into the immediately upstream reach [
(i _ l)t(xyt(x + 1)

lq (Trib) in this
lq trib reach
lq (Tribypsy) in this application] (Figure3b,c).

Single- and multiple-explanatory variables regressions were con-
ducted to investigate the potential relationships between changes in
the |4 calculated at the reaches of a river over a defined period [i.e., the
candidate proxy for temporal changes in sediment transport occurring
at a river reach; I, (Po)] and the four independent control variables
discussed earlier and summarized in Figur8(b,c) [i.e., lg (Poypst), Iq
(Paypsir-1), lq (Trib) and g (Tribypsy)]. These variables are candidate
proxies for temporal changes in the overall sediment input supplied to
a reach from longitudinal sediment transfer along the river course and
by the tributaries flowing into the river; that is, their variations are
expected to determine coherent changes inl, at a specific reach. The
existence of statistically significant relationships between the depen-
dent variable and one or more control variables would be regarded as
a validation of our approach and hypothesis. Even considering tempo-
ral variations in |y instead of changes in coarse sediment load, the
expected relationships between temporal variations in the overall sed-
iment input (from longitudinal transfer and tributaries) and the conse-
guent changes in sediment transport at a river location remain valid.
This condition would allow to assert that coarse bed material load
changes occurring in a river reach over time can be assessed on the
basis of temporal variations in the reach-averaged active channel
width expressed in terms of I.

3.4 | Application of the width-based approach at
the river network scale
The Po River network (the main stem of the Po River reaches Al to
11 and the terminal reaches of 21 tributaries) was selected as the case
study on whose basis to develop and validate our approach (Figurel
and Tablel). The terminal reaches of the tributaries had a typical length
of about 10 km. Slightly shorter reaches were analysed in the case of
longitudinal changes extensively affecting the channel morphological
configuration of the river, whereas slightly longer sectors were consid-
ered when part of the terminal course of the river was excluded from
the analysis because of local factors limiting the applicability of our
approach (e.g., the presence of widespread channelization).

Two aerial photographs acquired in 1954 (Volo GAI photographs,
1.2 m resolution) and 1998 [retrieved from the Geoportale Nazionale
of Italy (http://www.pcn.minambiente.it‘mattm/ ), 1 m resolution] and
a satellite image acquired in 2020 (available at Google Earth, 0.6 m
resolution) were employed to determine the planform morphological
configuration of each study reach (14 reaches along the Po River and
21 reaches along the terminal sectors of the tributaries) in 1954, 1998
and 2020. These dates allowed us to ascertain the planform morpho-
logical characteristics of the rivers at three peculiar times of their evo-
lutionary trajectory (details found in the ‘Study Area section): before
the widespread and severe human disturbances that occurred during
the 1950s to the 1980s in Italian rivers (i.e., 1954 photographs), at the
end of the period characterized by such disturbances (i.e., 1998 pho-
tographs) and three decades after the cessation of the most intense
anthropic pressures (i.e., 2020 satellite images). We regarded the con-
dition determined using the 1954 photographs as a reference for rela-
tively lower human disturbances in the Po catchment rivers, likely

W_WILEYL>¥

characterized by higher sediment availability (Parrinello et al.2021);

the 1998 photographs display the most severely altered conditions
(i.e., reduced sediment availability due to severe anthropic interven-
tions) for the majority of the Italian rivers.

The active channels observed in 1954, 1998 and 2020 were manu-
ally digitalized in ArcGIS 10.5 from interpretations of photographs and
satellite images. The channel configuration was classified as follows:
multi-thread (MT) and single-thread (STB) channels with exposed braid,
point and/or lateral bars (Figure 2b,c), and single-thread channels with-
out exposed bars (ST) (Figur@d). We also identified river sectors highly
affected by the presence of artificial levees that control channel width,
potentially altering the channel planform configuration (Figure 2e). Such
strongly channelized sectors recognizable from photographic interpreta-
tion were excluded from our analysis, given that the width of the active
channel could not be in equilibrium with the local sediment fluxes (i.e., a
fundamental assumption of our approach).

The mean active channel width of each reach of the tributaries
and the main stem of the Po River in each year was calculated by
dividing the polygonous area spanned by the active channel deter-
mined in ArcGIS (islands were excluded) using the length of a reach
(Figure 4). The average active channel width was adopted as the
parameter for calculating I using Equation (). Thus,lq was calculated
exclusively at reaches where exposed sediment bars were identified
(MT and STB configurations) because the bars were considered evi-
dence of the dominance of gravel and sand in the streambed. In such
reaches, a reasonable expectation is that most of the bed material
load consists of coarse sediment mobilized as bedload or mixed load.
By contrast, at reaches devoid of exposed bars (ST configuration)
was regarded as equal to zero; in these reaches, the dominant fine
sediments forming the streambed were considered to be mobilized
mainly as suspended load.

The result of the comparison of the |y calculated at a specific
reach in different years (i.e., 1954, 1998, 2020) and relative variations
was considered a candidate proxy for bed material load changes
locally taking place along the Po River and the terminal sectors of its
major tributaries from 1954 to 1998 and 1998 to 2020. Changes
were calculated as numerical values of, and as percentages.

4 | RESULTS
4.1 | Historical changes in the index of coarse bed
material load

From 1954 to 1998, most of the examined reaches along the main
stem of the Po River and the terminal sectors of the tributaries experi-
enced remarkable active channel narrowing (Table2). The mean
narrowing of the tributaries was about 27%, but some rivers charac-
terized by wide active channels experienced greater narrowing
(e.g., 64%, 53% and 37% narrowing in the Trebbia, Taro and Tanaro
Rivers, respectively). Narrowing along the Po River ranged from 1% at
reach |1 to 45% at reaches E1 and F1, with the mean value being
20%. Most of the tributaries (13 out of 21) continued to narrow from
1998 to 2020 (a mean narrowing of 10%), whereas eight rivers regis-
tered stable active channel widths or experienced moderate widening
(a mean widening of 8%). The greater proportion of the Po Rives
main stem continued to moderately narrow (a mean active channel
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narrowing of 7%) over the most recent period, but reaches Al and B3
experienced a widening of 2% and 5%, respectively.

As reflected by the channel narrowing, the I, determined for all
the Po tributaries remarkably decreased from 1954 to 1998
(Figure5a). The examination of all the Alpine tributaries indicated that
the total ly decreased by 21% [i.e., I, Alpine trib™%* = 1.855, I,
Alpine trib'%® = 1.473, I, (Alpine trib)*9®*1%9% = 0.382], and the
analysis of all the Apennine tributaries showed a decrease of 52% [-
i.e., lq Apennine trib*®>* = 0.806, I, Apennine trib**%® = 0.386, |,
)L994-1998 — (5 420] (Figure 5b). Such decreases char-

acterized the tributaries flowing into all the Po River reaches, exclud-

(Apennine trib

ing those flowing into reaches H1 and I1, for which the I was zero in
1954 because of the absence of exposed sediment bars along their
terminal sectors (Figure5c). From 1998 to 2020, the Iy calculated at
all the tributaries changed more slightly, albeit it continued to
decrease at most of the tributaries but at rates lower than those
observed in 1954 to 1998; the Tanaro, Scrivia, Trebbia and Oglio Riv-
ers registered increments inly (Figure 5a). The total |, decreased by
8%, as determined in the exploration of all the Alpine tributaries [i.-
e., lq Alpine trib™%% = 1.473, 14 Alpine trib?°?° = 1.354, |, (Alpine
trib)1998-2020 = (,119], but it registered an increment of 7% in the

analysis of the Apennine tributaries [i.e.,, Iy Apennine

trib1°%8 = 0.386,
trib)1998—2020 -

ly Apennine trib®% = 0.412, I, (Apennine
0.026] (Figure 5b). Grouping the tributaries in terms
of the Po River reach into which they flow revealed that the |, of the
tributaries in 2020 was slightly lower than that determined for
1998 at eight reach groups; moderate increments occurred at four
reach groups (Figure5c).

Comparablelq variations along the Po River main stem were esti-
mated. From 1954 to 1998, all the reaches were affected by the
decrease inlq, with higher variations affecting reaches E1 and F1
[e.g., lq reach E1%%* = 0.798, I, reach E1"°% = 0.478,
El)1954—1998 -
mated at reaches B3, D1, H1, and I1 (i.e., decreases ranging from1%
to  4%) (Figure6). From 1998 to 2020, the Iy along most of the
reaches decreased to rates lower than those determined for the
period 1954 to 1998, but it had a slight increment at reaches Al and
B3 (Figure®6).

lq (reach
0.320; decreased by 40%] and lower changes esti-

4.2 | Validation of the width-based approach

Four simple linear regressions were carried out to determine the rela-
tionship between changes in the I, estimated at a reach of the Po
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TABLE 2 Channel planform configuration (MT: multi-thread channel with bars; STB: single-thread channels with bars; ST: single-thread
channels without exposed bars) and average active channel widthwW) determined at the reach scale for the three dates considered in this work

1954 1998 2020
River Reach Length (km) Morphology W (m) Morphology W (m) Morphology W (m)
Po Al 16.2 — — STB 162 STB 165
A2 15.8 — — STB 254 STB 220
A3 48.2 MT 319 STB 212 STB 202
Bl 274 MT 537 MT 397 MT 359
B2 12.5 MT 559 STB 448 MT 446
B3 30.7 STB 418 STB 395 STB 416
C1 27.2 STB 558 STB 446 STB 437
Cc2 29.3 STB 433 STB 367 STB 337
D1 35.5 STB 409 STB 389 STB 354
El 38.2 MT 769 STB 424 STB 396
F1 53.5 MT 680 MT 375 STB 329
Gl 31.3 MT 513 MT 435 MT 419
H1 64.8 STB 489 STB 461 STB 434
11 40.9 STB 401 STB 396 STB 376
Stura di Lanzo — 17.0 MT 218 MT 163 MT 147
Malone — 10.0 STB 64 STB 56 STB 47
Orco — 10.0 MT 199 MT 143 MT 124
Dora Baltea —_ 10.0 MT 163 MT 125 MT 103
Sesia — 10.0 STB 159 STB 133 STB 118
Tanaro — 11.0 STB 164 STB 103 STB 107
Scrivia — 10.0 STB 34 STB 27 STB 29
Ticino — 21.0 STB 198 STB 161 STB 144
Tidone — 4.0 STB 61 STB 28 STB 20
Lambro —_ 10.0 ST 65 ST 56 ST 53
Trebbia — 11.0 MT 437 MT 159 MT 196
Nure — 5.0 ST 23 ST 19 ST 19
Adda — 10.0 STB 162 STB 127 STB 113
Arda — 10.0 ST 11 ST 10 ST 10
Taro — 29.0 STB 129 STB 60 STB 56
Parma — 10.0 ST 20 ST 16 ST 14
Enza — 10.0 ST 18 ST 12 ST 12
Oglio — 8.0 STB 118 STB 93 STB 97
Mincio — 10.0 ST 45 ST 40 ST 42
Secchia — 10.0 ST 27 ST 16 ST 18
Panaro — 10.0 ST 22 ST 19 ST 18

River main stem over a selected period [e.g., |, (reach E1§%34719%)
and the four independent control variables considered in this work
[i.e., lq (reach C2J954719%8 | (reach D1)}!%%*19%8 | (Trib reach
D1)!9%4719%8 |, (Trib reach E1§°**7'%® when |, (reach
E1)!°%4-19% \yas considered; Figure7]. The coefficient of determina-
tion (R?), p-value and standard error were derived in all the regres-
sions. The results of the four regressions indicated a positive
correlation between the dependent and independent variables. Nev-
ertheless, statistically significant relationships were found only in the
regressions intended to identify the association between the I
(Po) and thely variations in the reach located immediately upstream
of the considered reach during the same period [ I, (PQpst)] and in
the tributaries flowing into the immediately upstream reach [ I

(Tribypsyr)]  (Figure 7b,c). Two anomalous negative residuals
(i.e., residual > 3) between |, variations predicted via the regressions
and those observed in this study were found. In detail, a residual of

6.90 was found in the regression of the association between I
(Po) and Iy (Paypst) for reach E1 of the Po River from 1954 to 1998,
and a residual of 6.47 was discovered in the regression of the asso-
ciation between the Iy (Po) and | (Tribypsyr) for reach F1 of the Po
River from 1954 to 1998.

The other two regressions meant to ascertain the link among I,
(Po), lq (Paypstream-1) and g (Trib) were characterized by relatively
poor statistical metrics (Figure 7a,d). Three reaches (i.e., D1, E1 and
F1 for the period 1954 -1998) were characterized by anomalous posi-
tive (i.e., D1) and negative (i.e., E1 and F1) residuals in the linear
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(a) : - FIGURE 5 Thelq calculated for the Po
0.5 | e TrebbiaR. ---e--- SesiaR. || g5 ) o )
... Dora B. R. Adda R. tributaries in 1954, 1998 and 2020. In (a), eight
—a+— OrcoR. . OglioR. tributaries (‘other tributaries’) characterized by
o s StUTa R, Malone R. extremely low (< 0.01) or null Iy (single-thread
2 0.4+ - Ticino R. SFV'V'a R. 04 channels without bars) are grouped together and
2 1;']2:5 2' represented by a single symbol. In (b) and (c),
(V) . . . .
® O Taro R. tributaries are grouped on the basis of the sources
_E 03+ wmm - Other trib.| [ 03 (i.e., Alpine and Apennine tributaries) and the
2 reach of the Po River where they flow into,
b respectively. (b) The sum of thelg of the
§ 0.2 4 tributaries coming from Alps and Apennines.
G (c) The sum of thel, of the tributaries entering in
o each reach of the Po River
T 0.1
0.0
K]
2 (b) +-0-+ Alltrib. 0.5 (c) 1954
s 301 -6+ - Alpine trib. == 1998
9] 10-. o- - Apennine trib. 0.4 == 2020
[
S
5 204, ol o 0.3
3 i .
© Ol 02
4
8 1.0+
S o 0.1
S 1 g a
x
3 00 —————— 0
< 1960 1980 2000 2020 Al A2 A3 B1 B2 B3 C1 C2 D1 E1 F1 G1H1 11
Year Group of tributaries
(Paupstream-1) (initially characterized by two reaches typified by anoma-
0.8 -
lous residuals: E1 and F1 for the period 1954-1998; Figure 7a)
- remained non-significant (Figure 8a). In conclusion, in addition to
(]
;t 0.6 — uncovering the aforementioned relationships among Iy (Po), Iq
% (Paupstream) and  lq (Tribypsy) (Figure 7), the modified regression
% models showed a significant statistical association between I
g 047 (Po) and I, (Trib) (Figuresd).
8 Multiple regression was directed towards the dependent variable
g 02 [ lg (Po)] and the four independent variables used in this research
° <7 . .
< [ lg (Poypst), g (POupsi-1), g (Trib), lg (Tribypsy)]. A total of
22 reaches (B2 to I11— ten reaches— and A3 to I1 — 12 reaches— for
0.0 . . 0.0 1954 to 1998 and 1998 to 2020, respectively), for which all the vari-

T T T T
1980 2000 2020
Year

FIGURE 6 Thelqcalculated for the reaches of the main stem of
the Po River in 1954, 1998 and 2020. Thel, at reaches Al and A2 for
1954 could not be calculated because 1954 GAI photographs were
unavailable for these reaches

regression model between |y (Po) and Iq (Trib) (Figure7d). These
three reaches are located immediately upstream (i.e., D1) and down-
stream (i.e., E1 and F1) of the Isola Serafini Dam. When these reaches
were excluded from the regression, the statistical metrics of the
model improved (R? = 0.46, p = 0.0013, standard error= 0.25), ren-
lq (Po) and
(Figure 8d). The same procedure was applied to the other simple

dering the relationship between lq (Trib) significant
regressions. When the reaches typified by anomalous residuals
between the predicted and observed |, variations (Figure 7) were
excluded, all the regression models generated improved statistical

metrics (Figure 8). Only the relationships between I, (Po) and |

ables were known, were included in the regression. The obtained
regression model (Figure9a), defined through backward stepwise
regression, is

g @0b ¥-0:059 b 0:359 Iq 8P0ypsy Hp 0:892 I 8Tribypsy P BP

Two of the tested variables were excluded from the model [i.e., Iy
(Paupst-1) and I (Trib)] because theirp-values were > 0.05. Only I
(Poupstr) = 0.0192) and Iq (Tribypst) (@ = 0.0002) were regarded as
significant for defining the dependent variable. The final regression
model had ap = 0.0001, indicating a statistically significant relation-
ship between the variables. TheR? of the model was 0.63, and its
standard error was 0.054. Considering the residual between the I
(Po) predicted by the model and that observed in this study, three
anomalous residuals were found for I, reaches D1
(residual= + 2.96), E1 (residuak 4.20) and F1 (residuak 5.05)
for the period 1954 to 1998 (Figure 9b). The exclusion of reaches typ-
ified by anomalous residuals between the predicted and observedy
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FIGURE 7 Simple linear regressions ol variations estimated at a reach of the Po River main stem over a selected period [l, (Po)] and the
four independent control variables considered in this work. Thel, variations occurring in the reaches located upstream of the considered reach
during the same period [ I (POupsi-1) and  lq (Paypstr)], and in the tributaries flowing into the considered reach [ g (Trib)] and into the

immediately upstream reach [ Iq (Tribyps)] of the Po main stem during the same period are illustrated in (a), (b), (d) and (c), respectively. Tlhet
reaches Al and A2 for 1954 was not available. For this reason, the number of reaches included in each regression was (a) 22 (10 and 12 reaches
for the periods 1954-1998 and 1998-2020, respectively); (b) 24 (11 and 13 reaches for the periods 19541998 and 1998-2020, respectively);

(c) 25 (12 and 13 reaches for the periods 1954-1998 and 1998-2020, respectively); and (d) 26 (12 and 14 reaches for the periods 19541998

and 1998-2020, respectively). Statistical metrics of the linear regressions (represented by the dotted lines) and reaches characterized by
anomalous residuals between observed and expected,, variations are reported

FIGURE 8 Simple linear regressions of Iq
(Po) and the four independent control variables
considered in this work, excluding the reaches
characterized by anomalous residuals between
observed and expectedl, variations based on the
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variations, as did for the simple regressions, was not applied to the
multiple regression because the number of available observations
(i.e., 22) was small to allow the removal of the reaches with anomalous
residuals still maintaining a robust dataset for the statistical analysis.

5 | DISCUSSION

5.1 | Reliability of the width-based approach

We applied our approach to the reach scale, aiming to validate
whether temporal |, variations can be used in real-world case studies
as a proxy for changes in coarse sediment fluxes. The statistical analy-
sis of the results enabled us to evaluate the reliability of the procedure
for estimating historical changes (i.e., at the multi-decade scale) in
coarse sediment fluxes at the reach scale. Statistically significant rela-
tionships were found using simple and multiple regressions (Figure8
and 9) of variations in the |, estimated at a reach of the Po River dur-
ing a specific period [ I, (Po)] in relation to the following:

1. Thelq variations in the reach located immediately upstream of the
examined reach during the same period [ lg (PQpst)]

2. The variations inlg in all the tributaries flowing into the considered
reach during the same period [ |y (Trib)]

3. The variations in I in all the tributaries flowing into the reach
located immediately upstream of the considered reach during the
same period [ lg (Tribypst)]

In these relationships, the temporall, variations were treated as
candidate proxies for changes in coarse sediment transport occurring
over time. A positive correlation was found between the independent
variables and the estimated|, variations along the Po River. Such a
relationship indicates that an increase inlq taking place in an upstream
reach and/or in tributaries flowing into the considered reach or into
an upstream reach is linked to a coherently increase along the main
stem of the Po River at a specific reach. These relationships spatially
and temporally accord with some of the factors identified as crucial
parameters for controlling the coarse sediment availability and trans-
port at a river reach, that is, overall sediment input from longitudinal
transfer and tributaries (Dean et al., 2016; Madej et al., 2009;
Mueller & Pitlick, 2013; Rice,1998; Sear et al.,2010). No significant
lg (Po) and lg (POypst-1)
(Figure 8a), possibly because at the timescale considered in this work

relationships were found between

(i.e., time intervals of the order of 20 to 40 years), changes taking
place tens of kilometres upstream along the river course do not signif-
icantly affect the characteristics and dynamics of a specific reach.

The anomalous residuals found in the regression models
(Figures 7 and 9) were associated with the three reaches of the Po
River located immediately upstream (i.e., D1) and downstream (i.e., E1
and F1) of the Isola Serafini Dam, which represents a major distur-
bance of coarse sediment transfer along the Po River course (Bizzi
et al., 2015; Maselli et al.,2018). The estimated variations in thely at
reaches D1 and EX-F1 from 1954 to 1998 were significantly lower
and higher than those expected via the regression models, respec-
tively (Figures 7 and 9). The derived models disregarded the direct
effects of human interventions, such as the closure of a filtering dam,
on sediment dynamics. Accordingly, the higher-than-expected, varia-
tions observed downstream of the dam at reaches E1 and F1 could be
due to the local perturbation directly induced by the dam; such per-
turbation exacerbated the reduction in longitudinal sediment transfer
to the downstream reaches (e.g., Bizzi et al.,2015; Brenna
etal.,2020; Grant, 2012). Conversely, the lower-than-expectedl, var-
iations observed upstream of the dam at reach D1 could be related to
the local sediment retention induced by the dam (Maselli et al.,2018);
this retention concealed the remarkable reduction in I, observed in
the tributaries flowing into reach D1 from 1954 to 1998 (Figure 5c).
These interpretations justify the exclusion of reaches typified by
anomalous residuals between the predicted and observed, variations
from the regression models (Figure3).

We found statistically significant relationships between the esti-
mated temporal |, variations along the Po River and the historical
changes in three out of the four independent variables that we
selected as candidate proxies for parameters controlling coarse sedi-
ment availability and transport at the river reach scale (i.e., variations
in overall sediment input supplied to a reach). This represents the ini-
tial validation of the proposed width-based approach, advancing the
conclusion that in coarse-bedded and unconfined alluvial channels,
temporal |, variations (directly calculated from variations in the active
channel width) represent a reliable proxy for changes in coarse bed
material fluxes occurring at the reach scale over time. Differently from
the ‘normalized channel width' (Bertrand & Liébault, 2019; Piégay
et al., 2009) that is a proxy of sediment supply by a catchment to a
river sector, |, index was developed to be used in a multi-temporal
perspective to estimating historical changes in local sediment fluxes.

Additionally, a positive correlation between changes in coarse
sediment transport and active channel width is fully realistic from
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FIGURE 10 Portions of reach B3 of the Po @ e

River in (a) 1998 and (b) 2020 and reach B1 of the Active channel 1998

Po River on the same years (c and d, respectively). TTTTN

Widening occurred at reach B3 from 1998 to ot Tl . Active channel 2020
2020 (Table 2). Accordingly, extended areas that .- . et e

were outside the active channel in (a) 1998 were ,,‘ e -7 o T No active channel 1998 -
included in the active channel in (b) 2020. R i RSN . Active channel 2020
Conversely, narrowing occurred at reach B1 from -7 ," Tt 7T

1998 to 2020 (Table 2). Correspondingly, some ’,»" Active channel 1998 -
secondary channels and bars incorporated into the ~ “~~ No active channel 2020
active channel in (c) 1998 evolved into floodplains 0 000 m

(i.e., surfaces outside the active channel) in

(d) 2020 [Color figure can be viewed at (b)

wileyonlinelibrary.com]

0 1000 m
e — —

physical and process perspectives. In accordance with the theory put
forward by Popovic et al. 2021) (after Parker,1978), which they vali-
dated in laboratory river experiments, ‘a river has to widen to accom-
modate a larger sediment dischargé to overcome the transport
limitations induced by saturation in sediment flux [i.e., sediment dis-
charge per unit width, in Popovic et al’s 2021) work]. In real rivers,
this condition likely produces wider active channels with large low-
flow channels and/or extended sediment bars affected by bed mate-
rial load (e.g., reach B3 of the Po River from 1998 to 2020;
Figure 10a,b). Conversely,'when the sediment discharge is small, the
sediment flux concentrates about the centre of the river and does not
significantly alter its shape (Popovic et al., 2021). In actual rivers, at
an adequate timescale (e.g., a certain number of years to a few
decades, as was the case in the present work), a persistent concentra-
tion of sediment transport in the central part of the active channel
would likely promote a deactivation of the lateral portions (e.g., point
bars, secondary channels) that are rarely affected by the transport of
coarse bed material. This condition would advance vegetation
encroachment (e.g., Comiti et al.,2011; Hicks et al., 2007; Lallias-
Tacon et al.,2017) possibly associated with finer sediment deposition
that induces a transformation of these areas into, for instance,

~ 0 1000 m

floodplains or islands (i.e., surfaces beyond an active channel) and,
thus, a progressive narrowing of the active channel (e.g., reach B1 of
the Po River from 1998 to 2020; Figure 10c,d). According to
Buffington (2012), other responses of fluvial systems to changes in
sediment flux can occur before (i.e., grain size of the streambed), con-
currently (i.e., bed level) and later (i.e., slope of the channel) the modi-
fication of active channel width. These modifications are not directly
considered in this work, but contribute to the overall morphodynamic
response of a river to human disturbances affecting bed material avail-
ability and transport.

The anomalous residuals found between the observed and
predicted |y variations close to the Isola Serafini Dam (Figure§ and 9)
highlighted some limitations but also the overall reliability of the pro-
posed approach. The reaches characterized by lower consistency
between temporal variations in sediment input and in coarse sediment
fluxes (i.e., reaches D1, E1 and F1) were those located in the immedi-
ate vicinity of the dam. These reaches were likely affected during the
period 1954-1998 by a disequilibrium due to the local perturbation
induced by the filtering dam on the coarse sediment flux and water
discharge, which are not directly taken into account in the approach;
it chiefly considers the principle of longitudinal sediment transfer
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along a river course. No anomalous residual arose for these reaches
for the period 1998 —2020, possibly because four decades after the
dam construction the Po River sector adjacent to the dam has reached
a new ‘post-impacts quasi-equilibrium state (Curtis et al., 2010).
Moreover, the residuals characterizing thely variations observed and
predicted for the period 1954 —1998 were typically higher than those
for the period 1998 —2020 (Figure 9). This relatively lower statistical
performance of the approach for the oldest period could be attributed
to the higher disequilibrium characterizing the sediment transfer along
the river network induced by the intense in-channel mining during
those decades (Parrinello et al.2021).

5.2 | Applicability, limitations and future
perspectives regarding the width-based approach

The width-based approach does not enable identifying a direct rela-
tionship between I, and the absolute value of sediment fluxes occur-
ring at a river reach. It is reasonable to expect that the same value of
Iq calculated at river sectors with different characteristics (e.g., an STB
sand-bedded channel vs. an MT gravel-bedded channel) corresponds
to different values of coarse sediment transport. For this reason, the
lq value determined at the reach scale on a specific date cannot be
used to determine sediment transport budgets at the river network
scale. Notwithstanding this limitation, the validation of the temporal I
variations as a reliable proxy for bed material load changes occurring
at a river reach over time provides us with a powerful tool for
reconstructing historical alterations in sediment fluxes transpiring
within a river network. In detail, this tool translates to a valuable con-
tribution to linking channel morphological evolution, coarse sediment
transport modifications and their relationships with human distur-
bances to sediment availability and dynamics (e.g., Syvitski &
Kettner, 2011), possibly improving also the development of predictive
models of morphological trajectories at the river network scale
(e.g., Alcayaga et al.2018). Emerging models of network-scale sedi-
ment connectivity (Czuba & Foufoula-Georgiou, 2014; Gilbert &
Wilcox, 2020; Schmitt et al., 2019) would tremendously benefit such
analyses, thereby clearing the way for integrating and further validat-
ing simulations and appropriately predicting future changes in sedi-
ment transfers and associated morphological adjustments (Bizzi
et al., 2021). Furthermore, as observed, for instance, in the reaches of
the Po River located close to the Isola Serafini Dam, the method could
provide additional information about the perturbations affecting the
equilibrium of sediment transfer along the river course; an example is
the closure of filtering transverse structures and/or localized/intense
sediment removal.

Thus, Iy derives directly from the active channel width, which is a
geometric parameter easily determinable for most river networks
worldwide using effortlessly available data (e.g., maps and aerial pho-
tographs) that span historical periods (e.g., the last 100 years). For this
reason, its applicability to historical reconstructions of sediment flux
changes is potentially very broad. Some recent studies have
highlighted the potential of remote sensing technigues, such as satel-
lite imaging for the high-resolution quantification of fluvial landform
changes over the last decades at river network or global scales
(e.g., Pekel et al.2016; Piégay et al.,2020). These techniques and
data would represent an incredible opportunity to apply the approach

developed in the current research at a very large scale, possibly glob-
ally (Allen & Pavelsky,2018), thus facilitating the easy estimation of

sediment flux changes and relative morphodynamic modifications in
most medium and large rivers during the recent past, as well as the
monitoring of current trends.

It is worth noting that our width-based approach was developed
for coarse-bedded and unconfined alluvial channels, in which the
gravel, sand and, eventually, cobbles forming the streambed are pri-
marily mobilized as bedload or mixed load. The approach cannot be
applied to confined or channelized channels, where the width of the
active channel can be in disequilibrium with local sediment fluxes
(e.g., Scorpio et al.,2018); to high-slope streams characterized by
peculiar transport mechanisms (Brenna et al.2021) and relationships
between sediment supply and transport capacity (Recking2012); and
to low-energy rivers dominated by fine streambed sediments mobi-
lized primarily in suspension. Another applicability constraint concerns
the spatial and temporal scales at which the approach was tested. We
obtained good results in examining river reaches spanning about 10 to
50 km and time intervals of some decades (i.e., 2244 years). Addi-
tional research efforts are required to analyse the applicability of the
method at different spatial and temporal scales, in consideration, for
example, of shorter river sectors (e.g., a few kilometres) and smaller
time intervals (e.g., a few years).

5.3 | The Po catchment case study: Comparisons
with previous studies and results

Several studies highlighted that most of the human interventions lim-
iting sediment availability and transfer along the rivers of the Po
catchment (e.g., dam construction and in-channel mining) occurred
during the second half of the 20th century, with these developments
taking place at maximum rates from the 1950s to the 1980s
(Marchetti, 2002; Parrinello et al., 2021; Surian & Rinaldi, 2003,
2004). Available scattered evidence suggests that during such period,
the volume of sediment mined yearly from the Po River was between
one and two orders of magnitude higher than the supposed bed mate-
rial load in the site (Dal Cin & Simeoni,1990; Parrinello et al.,2021).
Over the last three decades, the human pressures on several Italian
rivers have slightly decreased, likely increasing sediment availability in
these streams (Bollati et al.,2014; Brenna et al., 2021; Gurnell
et al.,2009; Mandarino et al.,2020; Surian, Rinaldi, et al.2009).

The obtained results with respect to active channel narrowing
and, consequently, the decrease in thelg characterizing almost all the
investigated rivers from 1954 to 1998 (Figures 5 and 6) are satisfacto-
rily temporally related to documented information on human pres-
sures limiting sediment availability in the Po catchment rivers. In light
of the width-based approach validation discussed in the previous sec-
tions, we can consider the temporal variations inly as representative
of changes in bed material load occurring at the reach scale along the
analysed river network during two periods. Specifically, historical
changes in coarse sediment fluxes obtained through the width-based
approach suggest that, considering the relativel, variations, the bed
material load along the main stem of the Po River and the terminal
sectors of its tributaries decreased from the 1950s to the 1990s by

19% and 30%, respectively. The average decrease of approxi-
mately 20% derived for the Po main stem accords with limited
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available data on the Po delta, suggesting a decrement of 24% in the
total sediment load from the 1940s to the 1980s (Dal Cin, 1983). In
the most recent period (i.e., 1998-2020), the I, continued to decrease

( 4% and 5% in the Po River and tributaries, respectively; Figure$
and 6) but at lower rates than those observed in the previous period.
Note that some tributaries, particularly those draining from the Apen-
nines (e.g., the Tanaro and Scrivia Rivers and, most notably, the Treb-
bia River), exhibited some recovery of bed material load. This
recovery is not generalized; consider, as well, that in the main stem of
the Po River it is limited to two reaches of the upper Po course
(i.e., reaches Al and B3). Overall, these data imply that the cessation
of intense sediment mining in the 1980s was a key driver of some
sediment flux recovery. At the same time, however, they also suggest
that other factors (e.g., dams, increased forest cover) are affecting cur-
rent sediment fluxes at the network scale. Interestingly, regression
lq (Tribypsyr) has a
lq (Po) than Iy (Paypsyr), revealing that sediment

coefficients of Equation (2) demonstrate that
higher impact on
fluxes of the Po main stem are strongly connected with modifications
affecting its tributaries and, in general terms, its catchment.

6 | CONCLUSION
Several limitations affected our ability to estimate bed material trans-
port in large gravel- or sand-bedded rivers (Church, 2006;
Ferguson, 2007; Gomez & Church,1989; Lopez et al.,2014; Vericat
et al., 2006). This constrained the knowledge derived as to the histori-
cal changes characterizing the coarse sediment fluxes in the majority
of the river networks worldwide and, consequently, the relationships
between human or natural factors altering sediment fluxes and mor-
phodynamic river responses.

On the basis of experiments conducted in a laboratory, Popovt
et al. 2021) hypothesized that the shape of a river can serve as a
proxy for sediment discharge, and Peirce et al.Z018) demonstrated
that variations in the active channel width and changes in coarse sedi-
ment transport are correlated. In this work, we developed a dimen-
sionless index, l;, which is easily achievable for a river reach by
considering its average active channel width. This index was calcu-
lated for the Po River network (i.e., the Po River and its major tribu-
taries) at three periods (i.e., 1954, 1998 and 2020). We delved into
whether significant relationships exist between the temporal I
changes observed in a specific reach and those occurring at key loca-
tions along the channel network (i.e., upstream reaches, tributaries)
that are strongly linked in terms of sediment flux. The statistically sig-
nificant relationships found through this procedure were considered a
validation of the developed approach for coarse-bedded and uncon-
fined alluvial channels, leading us to conclude that temporaly varia-
tions represent a reliable proxy for changes in coarse bed material
fluxes occurring at the reach scale over time. A positive correlation
between changes in coarse sediment transport and active channel
width is fully realistic from a physical point of view, as demonstrated
by Popovic et al. 2021). The multitemporal measurement of the
reach-averaged active channel width turned out to be a valuable and
easily applicable approach to estimating temporal changes in the bed
material load of coarse material over an historical period. The
approach represents a valuable contribution to filling the current gap
in knowledge of the factors determining sediment availability in a

fluvial system (in particular, human disturbances decreasing sediment
availability in several rivers during the Anthropocene; Syvitski &
Kettner, 2011; Downs & Piégay, 2019; Macklin & Lewin, 20109;
Wohl, 2020; Surian,2022) and its morphodynamic response in terms
of sediment fluxes and, consequently, morphological changes. Finally,
this knowledge improvement proceeds in the direction indicated by
Popovic et al. 2021), that is, the use of river morphology as a proxy
for sediment discharge:‘a quantity notoriously difficult to measure in
the field’.

Our results underscored that the anthropic pressures affecting
the Po catchment, with the maximum rates occurring from the 1950s
to the 1980s (Parrinello et al., 2021), induced average decreases of

19% and 30% in coarse sediment fluxes along the Po River and
the terminal sectors of its tributaries, respectively, over the period
1954-1998. This decrease in bed material load, as stated by
Church (2006), can be regarded as the main driver of the morphologi-
cal changes described in detail by several authors (e.g., Brenna
et al., 2021; Clerici et al., 2015; Gumiero et al., 2015; Mandarino
et al., 2019; Surian & Rinaldi,2003) for a number of rivers of the Po
catchment. The lower reduction in coarse sediment fluxes estimated
for the last two decades (i.e., 1998-2020) is consistent with the
decrease in human pressures on the Po River network in recent years,
suggesting that some portions of the system are still responding to
human disturbances, whereas others are undergoing a degree of mor-
phodynamic recovery. Our findings suggest that a profound change in
sediment dynamics and fluxes has occurred, and is likely ongoing, in
this fluvial system, despite the cessation of intense in-channel sedi-
ment mining that was likely the core factor for river alteration during
the second half of the 20th century.
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