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A B S T R A C T

The ability of a river to respond to sedimentary perturbations relates to the typology and degree of con�nement, 
which dictates its potential for lateral migration. Over the past century, large rivers worldwide have become 
increasingly con�ned by rigid anthropogenic structures as a result of land reclamation and urbanization. 
However, owing to limited quantitative characterization of anthropogenic con�nement, the inherent effects on 
�uvial adjustment have remained poorly constrained. In the Po River, Italy, historical anthropogenic changes are 
responsible for profound simpli�cation of channel typology. These changes have left a �uvial mainstem domi-
nantly bounded by levees, groins and similar structures that limit channel migration, thus lateral sediment 
supply. The planimetric evolution of the Po River mainstem is examined through multi-temporal (1954–2021) 
mapping of the active channel bed including the secondary channels. These variates are analyzed with respect to 
the concurrent degree of anthropogenic con�nement across six valley segments. To quantify anthropogenic 
con�nement, we map the active channel bed on six sequential airphoto sets and historical topographic maps, and 
then classify the relevant margins into natural (i.e., mobile) and arti�cial (i.e., immobile/con�ning) ones. This 
analysis reveals that: (i) anthropogenic con�nement has increased across segments by a varying degree that 
ranges between 10 % and 21 %; (ii) that the current con�nement increases downstream from 20 % to 61 %; and 
(iii) that a complex pattern of historical adjustment exists and is primarily controlled by con�nement. Following 
mining collapse in the 1980 s, proximal segments S1-S3 with con�nement < 33 % were able to adjust through 
widening (i.e., rebounding) and reactivation of secondary channels to conditions of increased sediment supply 
originating upstream and along the adjoining tributaries. Conversely, distal segments S4-S6 with con�nement 
approaching a threshold of 45 % (and greater) have remained insensitive to such changes and continued to 
narrow, despite concurrent severe hydrological forcing. More locally, this lack of sensitivity is enhanced by the 
hydroelectric Isola Sera�ni complex, which today still forces some downstream bed degradation over about 40 
km. At the (�ner) reach scale, representing the rebound ratio (RR) – a dimensionless metric of planimetric re-
covery past the 1980 s historical low – as a function of con�nement affords de�nition of a more robust threshold, 
which drops slightly to about 40 %, and enables to illuminate con�uence and barrier effects. This work highlights 
the value of quantifying anthropogenic con�nement, to complement current awareness on river fragmentation 
and barrier removal towards improved management solutions in the Anthropocene.

1. Introduction

Alluvial channels can respond to changes in sediment supply through 
gradation, that is, by adjusting their local characteristics – including 
gradient, geometry, morphology, or bed surface texture – at no excess 
capacity (e.g., Gilbert, 1914; Mackin, 1948; Leopold and Bull, 1979; 
Lisle, 1982; Madej, 2001; Cook et al., 2020). Beyond gradation, �uvial 
adjustment can involve signi�cant change in alluvial storage associated 

with the vertical and lateral mobility of the bed (e.g., Hassan et al., 2007, 
2024; Pryor et al., 2011; Luzi et al., 2021). In turn, the ability of an 
alluvial channel to adjust to sedimentary imbalance is conditioned, 
among other variables, by the typology and degree of con�nement (e.g., 
Schumm, 1985; Kellerhals and Church, 1989; Fryirs et al., 2016), which 
dictates its potential to migrate sideways and to exchange (i.e., recruit or 
deposit) sediment with the adjacent �oodplain (e.g., Dunne et al., 1998).

Over the last century – particularly after World War II – rivers across 
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Europe have experienced widespread anthropogenic disturbance. On 
the one hand, �uvial corridors have served as sources of readily avail-
able raw material for construction works and consequently have un-
dergone dramatic depletion in sediment storage (e.g., Belletti et al., 
2016; Rascher et al., 2018; Parrinello et al., 2021). On the other hand, 
the implementation of engineering structures for �ood protection, 
navigation, or hydropower production, have largely disconnected nat-
ural source-to-sink pathways, inducing sedimentary disequilibrium, as 
exempli�ed by channel pattern simpli�cation, drastic active channel 
narrowing and widespread incision (e.g., Liébault and Piégay, 
2001,2002; Surian and Rinaldi, 2003; Keesstra et al., 2005; Surian et al., 
2009; Ollero, 2010; Comiti, 2012; Magdaleno et al., 2012; Latapie et al., 
2014; Provansal et al., 2014; David et al., 2016; Mandarino et al., 2019; 
Ylla Arbós et al., 2021; Llena et al., 2024).

Concurrently, the geomorphic effects of similar human pressures 
have been masked by transient land cover conditions in upland tributary 

basins associated with farmland abandonment and natural reforestation, 
thus adding further complexity to the dynamics of sediment production 
on the slopes (e.g., Persichillo et al., 2017; Pittau et al., 2024), sediment 
delivery to streams (e.g., Persichillo et al., 2018), and in-channel routing 
(e.g., Liébault and Piégay, 2001; Scorpio and Piégay, 2021). As a result, 
causal linkages between speci�c sources of anthropogenic disturbance 
and the style and magnitude of �uvial adjustment remain largely elusive 
(Scorpio et al., 2024).

In this context of widespread and prolonged anthropogenic forcing, 
the Po River, the largest �uvial system of Italy, is no exception. Prior 
studies conducted on uncon�ned and partly con�ned reaches of its main 
tributaries, have constrained a three-phase conceptual model of plani-
metric adjustment involving: (i) moderate narrowing between the mid- 
19th century and the 1950 s; (ii) further and more intense narrowing 
between the 1950 s and the late 1980 s (or early 1990 s); and (iii) post- 
1990 s stability, or partial regain in active channel width, followed by 

Fig. 1. (a) Historical planimetric adjustment in active channel width across selected tributaries of the Po River. See main text for explanation of the three phases of 
adjustment. (b) Simpli�ed map of the Po River basin, including the main tributaries and the mainstem subdivided into six segments between the con�uence with 
Stura di Lanzo River and the Po delta apex. Data shown refer to uncon�ned reaches in the main alluvial plain of: Stura di Lanzo River (reach length = 10.5 km) and 
Orco (reach length = 31 km) (from Pellegrini et al., 2008); Scrivia River (reach length = 40 km; from Mandarino et al., 2019); Trebbia River (reach length = 31 km; 
from Bollati et al., 2014); Taro River (reach length = 54 km; Clerici et al. 2015); Panaro River (reach length = 38 km; Rinaldi et al. 2010) (see Suppl. Table 1 for 
information on tributary basin size). In panel a, �lled and empty symbols indicate tributaries originating respectively from the Alps and the Apennines.
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second-order decadal �uctuations (Fig. 1a) (Surian and Rinaldi, 2003; 
Pellegrini et al., 2008; Surian et al., 2009; Rinaldi et al., 2010; Bollati 
et al., 2014; Clerici et al., 2015; Mandarino et al., 2019; Scorpio et al., 
2024). These phases of narrowing, generally interpretated as a 
morphological response to decreased sediment supply and in-channel 
sediment storage, witnessed concurrent simpli�cation in channel 
pattern (e.g., deactivation of secondary channels and reduction of sin-
uosity), as well as bed incision at reference channel cross sections.

By comparison, the historical adjustment of the entire Po River 
mainstem has received less attention, and consequently, it is unclear 
whether the same conceptual model of evolution constrained for the 
tributaries applies to a much larger and complex �uvial system. In this 
respect, the lack of a systematic characterization of con�ning arti�cial 
structures (such as levees and groins) has prevented the quantitative 
assessment of anthropogenic con�nement. Equally important, existing 
quantitative studies on �uvial adjustment have focused either on 
selected uncon�ned reaches (e.g., Rinaldi, 2021; Nones et al., 2024) – to 
avoid possible confounding associated with varying degree of (natural 
or anthropogenic) con�nement – or on heavily regulated counterparts, 
such as the channel reaches located upstream or downstream of the Isola 
Sera�ni Dam (e.g., Maselli et al., 2018; Brenna et al., 2024). Therefore, a 
comprehensive evaluation of channel adjustment at the mainstem scale 
in response to anthropogenic forcing, and arti�cial con�nement in 
particular, is missing. This is a critical shortcoming that limits our un-
derstanding of perturbed �uvial systems, and most importantly hampers 
the implementation of ef�cient management strategies for recovering 
sedimentary balance and restoring the riverine ecological services of the 
Po River.

To address this gap, while wishing to disentangle (or rule out) the 
effects of multiple anthropogenic disturbances, this work addresses post- 
1950 channel adjustment of the Po River from its con�uence with Stura 
di Lanzo River in Torino, down to the apex of the delta near Ferrara 
(Fig. 1b). Within these temporal and spatial boundaries, the speci�c 
objectives of this work aim: (i) to characterize the historical trend of 
anthropogenic con�nement along the Po River mainstem; and therein 
(ii) to constrain possible causal linkages between the degree of anthro-
pogenic con�nement, including the location of major arti�cial barriers, 
and the historical trend of channel adjustment. Operationally, to pursue 
these objectives we subdivide the Po River into six morphological valley 
segments, map the relevant active channel bed over six sequential aerial 
photo sets (i.e., 1954–55; 1975–78; 1988–89; 1998–99; 2004–05; and 
2021), classify the active channel margins into arti�cial and natural 
ones, and �nally quantify the degree of anthropogenic con�nement. In 
particular, exploiting a well-constrained, historical �uctuation in sedi-
ment supply associated with a one-order of magnitude rise and fall of in- 
channel mining (i.e., from the early 1970 s through the early 1980 s), 
and the occurrence of three of the largest channel-forming �oods since 
1950 (i.e., between 1994 and 2002; see Section 2), we examine the Po 
River mainstem planimetric adjustment to “post-mining conditions” as a 
function of anthropogenic con�nement (Sections 3 and 4), and evaluate 
the effect of spatial resolution (Section 5).

2. Setting

The study area includes the 479.3 km portion of the Po River (basin 
area ~ 74,300 km2), from the con�uence with Stura di Lanzo River (200 
m above sea level [asl]), in Torino, down to the apex of the river delta 
(−11 m asl) (Fig. 1b). The river originates from Mount Monviso (3841 m 
asl) and �ows east for ~650 km before entering the Adriatic Sea, at the 
border between the Veneto and Emilia-Romagna regions of Italy. The 
northern and eastern divides are de�ned by the Central and Southern 
Alps, with tributaries draining mainly carbonate (limestone and dolo-
stone), plutonic-volcanic and metamorphic rocks. The southern divides 
are constrained by the Ligurian Alps and Northern Apennines. The 
former are dominated by ophiolites, metasediments and �ysch, and the 
latter are mainly underlain by sandstones, limestones, and mudstones.

Given its size, the climate across the Po River basin exhibits high 
spatial variability, from sub-continental (Alpine and Boreal) to Medi-
terranean (Warm Temperate) (Diodato et al., 2020). Along the river 
mainstem, mean annual precipitation varies from 881 mm in Torino 
(1954–2021, Arpa Piemonte, 2024) to 820 mm in Cremona (1954–2005, 
2007–2021, Arpa Lombardia, 2024) and 635 mm in Ferrara (Arpae 
Emilia-Romagna, 2017; 2023). The annual �ow regime is characterized 
by two low-water periods in winter and summer, and high �ows in the 
late fall and the spring (Cattaneo et al., 2003). In this context, Alpine 
tributaries contribute maximum water �ow during the snowmelt freshet 
in late spring (May–June), whereas water supply from the Apennines 
derive mostly from rainstorms of Atlantic origin in the spring (March- 
May) and the fall (October-November). Mean daily discharge 
(1954–2021) at Pontelagoscuro, near Ferrara, is approximately 1,400 
m3/s (Arpae Emilia-Romagna, 2021; 2023), with an estimated 10-year 
peak �ow (T10) of about 8,000 m3/s (Marchi et al., 1995) (Fig. 2a).

Following the largest recorded drought experienced by the Po River 
in 2022, Montanari et al. (2023) identi�ed a long-term declining trend 
in daily summer (i.e., June-July) discharge at Pontelagoscuro station. 
This seasonal decline, which appears to have become stronger and 
stronger in more recent decades, has been associated to local changes in 
hydrologic seasonality and water use, superimposed to the global trend 
of climate change. By contrast, when considering all seasons, although a 
general increase in daily stream�ow statistics has been reported in the 
recent decades – chie�y attributed to the embankment works conducted 
along the Po River mainstem – no signi�cant historical trend could be 
constrained (Zanchettin et al., 2008; Montanari, 2012; Domeneghetti 
et al., 2015). In particular, Domeneghetti et al. (2015) concluded that 
the likelihood of extreme �ood events has not signi�cantly changed over 
the past half a century.

Consistent with these �ndings, the 1954–2021 historical record of 
peak annual values of daily �ows at Pontelagoscuro (Fig. 2a), as well as 
the mean (Suppl. Fig. 2a), and minimum counterparts (Suppl. Fig. 2b) 
show no statistically signi�cant trend (i.e., Mann-Kendall (M−K) 
ρ-values at 0.05 con�dence level), neither when considering separately 
the photographic time intervals used in this study (Suppl. Table 2). More 
qualitatively, the 1976–1979 and 1994–2002 period stand out for 
hosting large historical �oods. The former is characterized by three of 
the top ten �oods; the latter hosts three of the largest four �oods 
occurred in the study period (i.e., 1994, 2000, and 2002). Between these 
two clusters, peak �ows hardly exceed 6,000 m3/s within a period of 
relatively consistent �ows (Fig. 2a).

The alluvial plain of the Po River represents the foreland basin of the 
Alps and the Apennines linked to the collision of the Eurasian and Af-
rican tectonic plates (Coward et al., 1989; Doglioni, 1993, Fantoni and 
Franciosi, 2010; Carminati and Doglioni, 2012). After the end of the 
Miocene Messinian salinity crisis, the Pliocene Po basin was a marine 
gulf separating the Alps from the Apennines. Since the Early Pleistocene, 
transition from marine to deltaic and �nally �uvial sedimentation was 
progressively recorded from west to east. Especially, the onset of major 
glaciations (Muttoni et al., 2003) and the consequent increase in alluvial 
sediment supply led to a rapid progradation of the alluvial fans and the 
eastward advancement of deltaic systems (Garzanti et al., 2011; Scardia 
et al., 2012; Amadori et al., 2019).

Because of asymmetric distribution of subsidence and erosion rates 
(Livani et al., 2023) the Po plain can be subdivided into two sectors. A 
northern sector, where the subsurface sedimentary units fed from Alpine 
rivers are laterally extensive, tabular, and dominated by sand and 
gravel. A southern sector, where alluvial fans fed from the Apennines are 
embedded in clays and elongated in shape, re�ecting abundance of 
mudrocks in the source areas, and greater rates of subsidence (Ori, 1993; 
Amorosi and Milli, 2001).

Today, the whole Pliocene – Quaternary sedimentary succession 
preserved in the basin is up to 8 km thick (Pieri and Groppi, 1981; 
Ghielmi et al., 2013) but the overall source-to-sink sediment cascade has 
been altered (and disconnected in places) by mining activity and by the 

M.V. de Sordi et al.                                                                                                                                                                                                                            Catena 254 (2025) 108908 

3 



emplacement of dams, (primary and secondary) levees, and bank sta-
bilization works (e.g., Marchetti, 2002; Parrinello et al., 2021).

Although a comprehensive and quantitative historical picture de-
tailing the spatial distribution of such engineering structures is missing, 
we know that most of the river training for navigation in the mid-to- 
distal portions of the mainstem i.e., between Cremona and the Secchia 
River con�uence (Fig. 1b), entailing the installation of groins, was 
conducted in the 1930 s and 1940 s (Gorio, 1954). However, the entire 
training plan continued after World War II until the 1960 s, during 
which deactivation/regulation of secondary channels occurred (Galvani 
and Pellegrini, 2009). In this context, the Isola Sera�ni Dam (near 
Cremona) became operational in 1963 (AdBPo 2008a). The construction 
of this hydroelectric power plant – including the annexed navigation 
bypass – that diverts water past the turbines and across a 12-km 
meander, has drastically impacted river morpho-dynamics upstream. 
Through �eld observations and numerical modelling Maselli et al., 
(2018) concluded that river damming, by setting a higher baselevel and 
hampering sediment transfer, forced backwater �ow dynamics, channel 
bar drowning and reduced lateral migration, particularly in the 30 kms 
located upstream of the dam.

After World War II, the Po River underwent additional anthropo-
genic disturbance due to intense and prolonged sand and gravel mining. 
Conservative estimates, based on of�cial concessions, report that be-
tween 1958 and 1981 ~53⋅106 m3 and 131⋅106 m3 of alluvium was 
extracted respectively from the bed of the study mainstem and over the 
entire river basin (IDROSER, 1981). Through time, concessions along 
the mainstem grew slowly from about 0.5⋅106 m3 in the late 1950 s to 
about 1⋅106 m3 in 1972, for then rising steeply until 1981 up to 6⋅106 m3 

(Fig. 2b). This historical pattern is mimicked by basin-wide concessions, 
as well as by those restricted to the riverbed located within the provinces 
of Rovigo and Ferrara (Suppl. Fig. 1). The latter data, which cover the 

distalmost 90 km of the river, are useful in that extend the historical 
record, attesting that concessions were relatively low since the 1920 s 
and remained low throughout the 1950 s (Fig. 2b) (IDROSER, 1981). 
From 1982 to 2005, annual rates of in-channel mining allowance were 
reduced, on average, by an order of magnitude (Fig. 2b), down to about 
0.7 106 m3 (AdBPo, 2008a).

This order of magnitude �uctuation in in-channel mining (i.e., from 
the early 1970 s to the early 1980 s), followed by three of the largest four 
�oods (i.e., 1994, 2000 and 2002) recorded within the 1954–2021 study 
period, offers the opportunity to evaluate the sensitivity of the Po River 
mainstem to a well-constrained change in sediment supply across valley 
segments characterized by contrasting degrees of anthropogenic 
con�nement.

3. Methods

The main objects of interest are the active channel bed, its width and 
the relevant degree of anthropogenic con�nement. The active channel is 
the portion of a river comprised between the main margins (i.e., the 
banks) that includes the low-�ow channel bed, as well as unvegetated to 
sparsely vegetated bars/islands and excludes vegetated bars/islands 
characterized by homogeneous forest (and/or shrub) cover (e.g., Leo-
pold et al., 1964; Liébault and Piégay, 2002; Surian et al., 2009). In this 
work, we use the active channel width as a proxy of transport capacity in 
relation to in-channel sediment storage, as well as upstream and lateral 
sediment supply from the banks and the tributaries (e.g., Church, 2006; 
Bertrand and Liébault, 2019). Additionally, because wide channels 
generally evolve where there is a lot of lateral motion due to active bar 
deposition, we use the active channel width as a qualitative indicator of 
local sediment deposition (or the divergence of the sediment �ux) (e.g., 
Llena et al., 2024).

Fig. 2. (a) Maximum annual values of daily �ow recorded at Pontelagoscuro (8 m asl) between 1 January 1954 and 31 December 2021. T10 (red line) refers to the 10- 
year recurrence discharge (i.e., 8,000 m3/s) calculated for the 1918–1994 period (Marchi et al., 1995). Numbers 1 through 10 mark the ten highest peak �ows, 
ranked from the largest (i.e., 1) in decreasing order, recorded in the 1954–2021 period. To ease visual interpretation, the relevant 5-year moving average is reported 
(i.e., red solid linework). The vertical dashed lines mark the photographic years used in this study. Note that the 1954–2021 trend of maximum daily discharges 
tested not signi�cant to Mann-Kendall analysis at 0.05 level (Suppl. Table 2). (b) Volumetric sediment mining concessions allowed within the Po River basin (i.e., the 
mainstem and the tributaries) (1958–1981), and at in-channel sites along the Po River mainstem (1958–1981) and restricted to the channel reaches of the Rovigo and 
Ferrara provinces (1924–1981). The Rovigo and Ferrara provinces include the distalmost 90 km of the river mainstem, down to the apex of the Po delta (Suppl. 
Fig. 1). Mining concessions data sources: IDROSER (1981) and AdBPo (2008a).
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3.1. Manual delineation and classi&cation of the active channel margins

The multi-temporal mapping and characterization of the active 
channel bed is conducted primarily through visual inspection of six sets 
of sequential orthophoto mosaics (i.e., 1955, 1978, 1989, 1999, 2005 
and 2021) (Table 1), and LIDAR-derived high resolution DTMs (i.e., 
2004, 2005 and 2021) (Table 2), while drawing spatial information on 
�uvial terraces, alluvial fans, degree of channel incision and recent rates 
of bank retreat from the Geomorphological Atlas of the Po River (AdBPo, 
2008b). Where available, the LiDAR DTMs are fused with underwater 
multibeam surveys. At complex sites, to improve appraisal of three- 
dimensional channel con�guration and reduce mapping uncertainty, 
supplementary interpretation is conducted on channel cross sections 
extracted from the LiDAR-multibeam DTMs, and where available, from 
historical channel cross sections. Overall, mapped geomorphic elements 
include the two polylines of the active channel margins (i.e., one per 
each channel side), a corresponding polygon that encloses the active 
channel surface bounded by the two margins, and the relevant center-
line (Fig. 3). Both the margin polylines and the active channel bed 
polygon are cut at right angles with the centerline using a regular 
spacing of 500 m.

Once the margins of the active channel are delineated, the degree of 
anthropogenic con�nement for a given channel stretch is evaluated 
based on the topological intersection between the polygon of the active 
channel and the polylines of the possible con�ning structures (Fryirs 
et al., 2016; O’Brien et al., 2019). Speci�cally, the geomorphic elements 
needed for the evaluation of anthropogenic con�nement in a given 
photo year include: (1) the polygons enclosing the extent of the active 
channel bed; and (2) the polylines associated with potentially con�ning 
features, such as the relevant man-made structures on the banks. To this 
end, the polylines forming the active channel margins are partitioned 
and classi�ed into natural and arti�cial stretches, the latter being 
associated with man-made structures, including groins, longitudinal 
defense works (i.e., defense works for simplicity), and dikes. In the 
computation of the natural margins, the perimeter of the vegetated 
islands is not considered.

Basic, spatially distributed information on man-made structures 
con�ning the active channel is drawn from an existing vector database 
that includes historical data up to 2005 (AdBPo, 2006, 2008b, 2008c, 
2008d). Owing to missing information on the year of construction and 
wishing to integrate multi-temporal information of planimetric channel 
geometry and man-made structure emplacement, we assign to each 
structure a minimum age, based on their �rst appearance on the his-
torical topographic maps (i.e., 1954, 1979, 1990, 1995, and 1996) 
closest to the photo year of interest (Table 3) and on the orthophoto 

mosaics, and based on cartographic information contained in the Po 
River Geomorphological Map (NIER/CER, 1982) (i.e., it reports the 
structures built before 1982). During this procedure, missing structures 
in the existing database are manually digitized and added to the vector 
layer of the relevant photo year. For photo year 2021 (i.e., beyond the 
time span of the existing database) the updating of the arti�cial margins 
is conducted through manual mapping of new structures reported on 
2021 topographic maps. This activity is complemented by visual ex-
amination of the 2021 orthophoto mosaic and the topographic cross 
sections extracted from the 2021 LiDAR DTM.

The spatial distribution of natural and arti�cial margins through 
time is further consolidated based on the stability (or the planimetric 
channel changes) observed in the geometry of the mapped active 
channel bed between sequential photo years (Table 1). Given that the 
integrity of in-channel structures varies over time depending on their 
age, the level of maintenance and the history of hydrological forcing, the 
structures mapped and classi�ed on the previous photographic year are 
retained only when the geometry of the arti�cial margins remains un-
changed; vice versa, they are reclassi�ed as natural. Overall, the com-
bined database contains six layers (i.e., one per each photo year) in 
which the active channel margins are classi�ed into natural and arti�-
cial, and each arti�cial stretch is further classi�ed by structure type (i.e., 
groins, defense works and dikes).

Operationally, in this work the degree of con�nement (C, expressed 
as percentage) for a given channel stretch s, is calculated according to 
Eq. (1), that is, as the ratio between the sum of the length of the arti�cial 
margins (∑ Lam) and the total length of the margins (∑ Ls): 

Cs =
(

∑

Lam/
∑

Ls
)

* 100 (1) 

Based on this formulation, an uncon�ned channel stretch characterized 
by natural margins (green linework in Fig. 3a), following urban and/or 
agricultural development may become increasingly con�ned due to the 
implementation of bank protection works (red linework), including the 
deactivation of secondary channels (Fig. 3b). Subsequently, this trend of 
increasing historical con�nement may be reversed by progressive 
structural deterioration and/or sudden channel changes induced by a 
large �ood. Similar dynamics may lead to the reactivation of natural 
secondary channels and/or the increase in planform sinuosity, which in 
both instances would imply a decrease in arti�cial con�nement (Fig. 3c).

As schematically shown in Fig. 3, anthropogenic con�nement can 
increase or decrease through time for multiple reasons. Here we provide 
a set of practical examples drawn from the Po River (Suppl. Fig. 3). An 
increase in con�nement may derive from: (i) the construction of new 
longitudinal defense works, groins or dikes (Suppl. Fig. 13); (ii) the 
deactivation of secondary channels, with associated increase in plan-
form sinuosity of the outer channel margins (Suppl. Fig. 1a and 1b); (iii) 
lateral migration through erosion of natural margins up to the base of 
existing levees, which become the “new” arti�cial margins (Suppl. 
Fig. 1c and 1d); (iv) the recti�cation of natural margins, resulting in 
sinuosity reduction, and thus leading to a decrease in the combined 
length of natural margins.

By contrast, a reduction in anthropogenic con�nement may stem 
from: (i) the increase of planform sinuosity due to lateral migration, 
leading to an increase of the combined length of natural margins (Suppl. 
Fig. 3e and 3f); (ii) the dislocation or failure of defense works, groins or 
dikes due to migration dynamics leading to structural undercutting 
(Suppl. Fig. 3g and 3h); (iii) the reactivation of old secondary channels, 
or the formation of new ones with associated increase in planform sin-
uosity of the outer channel margins.

3.2. Active channel width and secondary channels

The active channel width for a given 500-m stretch “s” (Ws) is 
calculated according to Eq. (2), that is, by dividing the area of the active 
channel polygon (As) – from which vegetated bars/islands are excluded 

Table 1 
Historical optical imagery used for the multi-temporal delineation and classi�-
cation of the active channel bed and the relevant margins.

Photo 
Year

Nominal scale Pixel size 
(m)

Bands Source

1954–55 1:33.000 0.7 – 1.4 BW RPa, WMS LBb, WMS 
E-Rc

1975–78 1:5.000 – 

1:15.000
0.3 – 1.4 BW, 

RGB
RPa, WMS LBb, WMS 
E-Rc

1988–89 1:10.000 1 BW WMS GNd

1998–99 1:10.000 1 RGB WMS GNd

2004 1:2.000 0.2 RGB AdBPoe

2005 1:2.000 0.2 RGB AdBPoe

2021 1:2.000 0.15 RGB AdBPoe

a Regione Piemonte.
b Geoportale Regione Lombardia https://www.geoportale.regione.lombardia. 

it.
c Geoportale Regione Emilia-Romagna: https://geoportale.regione.emilia-r 

omagna.it.
d Geoportale Nazionale: https://www.pcn.minambiente.it.
e AdBPo – Autorità distrettuale di Bacino del Fiume Po.
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– by the length of the relevant centerline (LCs) (Fig. 3b): 
Ws = As/Lcs (2) 

Besides cutting the Po River main stem into 500-m stretches, to control 
for the effects of local anomalies associated with discrete water and 
sediment inputs (e.g., tributary con�uences) and barriers (e.g., dams) 
that may confound underlying spatial patterns of channel adjustment, 
we subdivide the Po River into six segments (Frissell et al., 1986; 

Montgomery e Buf�ngton, 1997). This segmentation is based on the 
location of main con�uences, dominant channel bed texture (gravel or 
sand), channel width, slope, degree of anthropogenic con�nement as 
evaluated in photo year 2021, and presence/typology of secondary 
channels. In particular, the segments’ upper ends were set: (1) upstream 
of major tributary con�uences (i.e., Stura di Lanzo in segment S1, Dora 
Baltea in S2, Sesia in S3, Ticino in S4 and Oglio in S6); (2) at major dams 
(i.e., Isola Sera�ni in S5) (Fig. 1b). The lower end of segment 6, i.e., the 
downstream limit of the study area is de�ned at the Po River delta. This 
morphological approach seeks to reduce in-segment heterogeneity while 
maximizing between-segment differences, so that channel adjustment 
may be evaluated in relation to different channel typology (Church, 
2006; Llena et al., 2024). In this work, subdivision into six segments 
wishes also to simplify graphical representation of the Po River evolu-
tion in time and space, while characterizing within-segment variability 
through statistical analysis of the 500-m channel stretches.

To evaluate the extent to which anthropogenic con�nement can 
hamper the ability of a channel segment to respond to the order of 
magnitude increase in sediment supply (i.e., associated with the drastic 
reduction of in-channel mining concessions since 1981) through plani-
metric widening, we represent the so-called “rebound ratio” (RR) – the 
ratio between the active channel width at the peak of planimetric re- 
widening (ACWRE; i.e., post-mining phase of recovery) (e.g., 2005) 
and the antecedent minimum active channel width (ACWSC; i.e., 
culmination of sediment starved conditions)(e.g., 1989) (Eq. (3) – as a 
function of anthropogenic con�nement in 1975–78, when mining was 
about to collapse: 

Table 2 
Gridded subaerial and submerged digital topography used in this study.

Year Survey type Grid size (m) Vertical error (m) Topography Spatial coverage Source
2004 LiDAR 2 0.2 subaerial Pellice R. to Ticino R. AdBPoa

2005 LiDAR & Multibeam 2 0.2 & 0.5 subaerial & submerged Ticino R. to Po delta AdBPoa

2021 LiDAR 1 0.08 subaerial S. di Lanzo R. to Po delta AdBPo
2021 Multibeam 1 0.5 submerged Isola Sera�ni to Mincio R. AdBPo
a https://www.adbpo.it/download/dtm_po_2004_2005/.

Fig. 3. Schematic evolution of a natural channel stretch undergoing increasing anthropogenic con�nement, followed by deterioration of protection works: (a) initial 
planform con�guration with natural margins; (b) margins become increasingly arti�cial through installation of protection and/or navigation works with concurrent 
deactivation of a secondary channel and the overall simpli�cation of the channel pattern, including the reduction in planform sinuosity; and (c) with time, or owing 
to an exceptional �ood, some protection structures become obliterated, and planform con�guration regains complexity through formation of secondary channels and 
increase of sinuosity following lateral migration. Note that the margins of vegetated islands are not considered in the evaluation of con�nement. MC = main channel; 
SC = secondary channel; CL = centerline; VI = vegetated island.

Table 3 
Reference cartographic information used to build the database of anthropogenic 
structures in each photo year.

Photo 
year

Reference 
topographic 
map (WMS)

Nominal 
scale

Reference a
orthophoto

Additional 
references

1955 1954–55 1:10,000 1954–55 MagisPo, 1954
1978 1979 1:10,000 1975–1978 MagisPo, 1979
1989 1990 1:10,000 1988–89 NIER/CER, 1982
1999 1995 1:10,000 1998–99 Topographic map 

1996: 1:50,000 
WMS

2005 − − 2004–05 DTM 2004–05 
AdBPo vector 
database (2006, 
2008b,c,d)

2021 2021 1:10,000 2021 DTM 2021
bNIER/CER, 1982. Indagine fotointerpretativa dell’alveo del Fiume Po dalla 
con�uenza del Tanaro a Pontelagoscuro. Studio Geologico GEOMAP di Firenze.

a See Table 1 for details.
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RR = median ACWRE/median ACWSC (3) 

Accordingly, RR > 1.1 indicates a regain in active channel width > 10 %, 
whereas RR < 1 indicates no rebound to a larger channel con�guration, 
but a tendency to planimetric narrowing.

To better constrain the sources of planform channel adjustment in 
relation to varying degree of anthropogenic conditioning beyond lateral 
con�nement, we subdivide the active channel bed into main and sec-
ondary channel polygons, with the latter further classi�ed into natural 
and regulated secondary channels. In this context, a decline in the 
number and area of natural secondary channels – in favor of regulated 
counterparts – would be regarded as a sign of decreasing in-channel 
sediment supply (or alluvial sediment storage) and concurrent loss of 
natural conditions (i.e., transition from wandering to single-thread 
channel pattern). In our historical analysis, to account for varying 
segment length and segment footprint area, the number and area of 
secondary channels are standardized respectively by segment length 
(#/km) and segment active channel area (ha/km2).

3.3. Channel bed texture

Characterization of channel bed texture along the river mainstem 
relies on �eld sampling and lab sieving conducted between 2005 and 
2006 (AdBPo, 2006; 2008c; 2008d). Data collection involved the bulk 
sampling of sand (about 2 kg each) and gravel (about 16 kg each) sed-
iments at 173 sites from active �uvial bars. Selection of the sampling 
sites was dictated by ease of logistical access, as well as considering the 
occurrence of barriers (i.e., dams) and potential main sediment sources, 
such as tributary con�uences. On the �uvial bars, a square frame with 
sides of 15 cm for sandy samples and 30 cm for gravel samples was 
positioned on a sedimentary homogeneous area. Sampling was con-
ducted after manual removal of the sur�cial layer (i.e., 5-cm and 10-cm 
thick for sand and gravel surfaces, respectively) utilizing a spatula or a 
shovel. The samples were then subjected to granulometric analysis 
through mechanical sieving using also rif�e box and splitter. Pebbles 
larger than 25 mm were measured individually using a digital reading 
caliper.

4. Results

To pursue the paper’s objectives, we begin by introducing the six 
channel segments’ characteristics in 2004–05 (Section 4.1). This snap-
shot was selected as it relies on the most complete set of topographic and 
photographic data, information on channel bed texture, as well as on 
original, vector-based, spatially distributed information of 

anthropogenic structures around the active channel. Subsequently, we 
track between 1955 and 2021 the historical evolution of the anthropo-
genic con�nement, the number and area of secondary channels, and the 
active channel width. Speci�cally, we �rst illustrate these historical 
changes at the combined scale of the entire Po River mainstem (Section 
4.2), and then across the single channel segments (Section 4.3). Further, 
we increase the spatial resolution of investigation by reporting local 
morphological examples to illustrate characteristic styles of morpho-
logical adjustment and bed level changes at reference channel cross 
sections (Section 4.4). Finally, to try explaining the anomalous plani-
metric adjustment in segment S5, exploiting existing repeat high- 
resolution topographic surveys, we examine the 2005–2021 sediment 
budget across selected reaches downstream of the Isola Sera�ni navi-
gation bypass (Section 4.5).

4.1. Characteristics of the channel segments in 2004–05

The Po River mainstem shows a channel typology that varies from 
transitional (“Trans” for brevity in Table 4) across the three headmost 
segments, to dominantly single-thread further downstream. Travelling 
in the downstream direction, median slope gradient decreases from 0.3 
m/km (S1) to 0.1 m/km (S6). As slope decreases and drainage area in-
creases, channel bed texture becomes �ner. Indeed, dominant bed 
texture varies from gravel (as coarse as coarse pebble) to sand and very 
�ne sand, with channel bar median D50 dropping from 15 mm in 
segment S1 to 0.35 mm in segment S6 (Table 4). Interestingly, a major 
gravel-sand transition is found near the Ticino River con�uence, as 
testi�ed by the abrupt drop in the median D50 between segments S3 and 
S4 (Fig. 4). The transitional nature in channel bed texture of these two 
segments is also supported by the high spread of the D50 interquartile 
range that characterizes both S3 and S4. Further downstream, channel 
bed texture in S5 and S6 becomes increasingly enriched in �ner 
fractions.

The downstream pattern of the active channel width is more com-
plex. Median segment width increases from about 221 m in S1 and 228 
m in S2 to 423 m in S3, but then declines progressively to 388 m in S4 
and 353 m in S5, and �nally peaks to 439 m in S6 (Table 4). As will be 
discussed later, this complexity may have to do with the varying degree 
of anthropogenic con�nement, which exhibits a high degree of down-
stream variability. Accordingly, con�nement is lowest in S1 (31 %) and 
S3 (37 %), increases to about 50 % in S2 and S4, and grows highest in S5 
(58 %) and S6 (61 %).

Proximal segments S2 and S3 are also characterized by a natural 
component of con�nement exerted by hillslopes. In S2, the total length 
of natural channel margins con�ned by hillslopes is 5.5 km and impart 

Table 4 
Summary characteristics of the study segments in year 2005. D50 values refer to sampling conducted on channel bars by AdBPo between 2005 and 2006 (AdBPo, 2006; 
2008c; 2008d).

Length 
(km)

Drain Area 
(km2)

Bed material 
(bar D50; n) a

Channel type Median width 
(m)

Median slope 
(m/km)

AnCf 
(%) b

Groins c
(m/km)

Secondary ch. d
No. Area (ha)

S1 32.2 9182 Gravel 
(15 mm; 9)

Single-thread 228 1.3 31 3 2 
(1)

30 
(11)

S2 48.7 13,718 Gravel 
(17 mm; 9)

Trans 221 1.1 52 0 6 
(0)

58 
(0)

S3 69.3 31,080 Gravel 
(10 mm; 26)

Trans 423 0.4 37 10 11 
(0)

60 
(0)

S4 87.0 42,708 Sand 
(0.60 mm; 21)

Single-thread 388 0.2 53 21 5 
(6)

60 
(30)

S5 103.7 56,780 Sand & �ner 
(0.47 mm; 66)

Trans 351 0.2 58 439 2 
(22)

26 
(531)

S6 138.4 71,526 Sand & �ner 
(0.35 mm; 42)

Single-thread 439 0.1 61 129 7 
(10)

48 
(209)

a Median D50; n = number of samples.
b Anthropogenic con�nement.
c Linear meters of groins per kilometer of active channel.
d Number and combined area of natural and regulated (values in brackets) secondary channels.
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an increase of 5.4 % to the segment’s overall degree of con�nement. In 
S3, naturally con�ned margins amount to 1.0 km only, which accounts 
for just an extra 0.5 % of con�nement. Both regulated secondary 
channels and groins, indicators of arti�cial conditioning per se, are 
especially densely distributed within segment S5 and secondarily in S6 
(Table 4).

4.2. Mainstem-scale anthropogenic con&nement and planimetric channel 
adjustment

The combined length of the arti�cial margins around the active 
channel bed increases consistently through time, from 382 km in 1955 
to 543 km in 1999 (Fig. 4b), for a total gain of 161 km. Subsequently, a 
sharp temporary drop in 2005 – likely associated with the largest peak 
�ow recorded since 1950 (Fig. 2b), which brought about widespread 
bank erosion and structural damage – is followed by a partial regain 
until 2021. This historical trend is mirrored by a concurrent decline of 

Fig. 4. (a) Long pro�le of the Po River mainstem between the Stura di Lanzo River con�uence (upstream end of segment S1) and the apex of the Delta (downstream 
end of segment S6). Box plots report the distributions of the D50 from samples taken on the bars within each segment. Horizontal lines within the boxes indicate 
median D50 values, boxes enclose interquartile ranges (25–75%), whiskers indicate 10th and 90th percentiles. Note approximate location of the gravel-sand tran-
sition. Data source of grain size distributions: AdBPo (2006, 2008c, 2008d). (b) Mainstem-wide historical evolution of the length of arti�cial (red) and natural 
margins (green), and the relevant degree of anthropogenic con�nement (black dashed line). Historical evolution (1954–2021) across the six Po River study segments 
of: (c) the length of the arti�cial margins; (d) the length of the natural margins; and (e) the degree of anthropogenic con�nement.
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the natural margins’ combined length, which drops by 234 km between 
1955 and 2005 (i.e., from 714 km to 480 km), and then rebounds 
slightly in 2021 (Fig. 4b). The foregoing historical variability in the 
combined length of natural and arti�cial margins leads to a degree of 
anthropogenic con�nement that increases progressively from 35 % in 
1954 to 52 % in 1999, and then remains substantially constant. The 
median active channel width (ACW) decreases progressively by more 
than 100 m, from 477 m in 1955 to 370 m in 2021, except for the 
1999–2005 period, during which it stays stable (Fig. 4b).

In agreement with an historical increase in anthropogenic con�ne-
ment, the number and the combined area of natural channels decline 
between 1955 and 1989, whereas regulated counterparts increase 
(Suppl. Fig. 4). Natural secondary channels, here regarded as morpho-
logical indicators of �uvial wellbeing, hit an historical low (both in 
number and area) about a decade earlier than the peak previously 
observed in the combined length of the arti�cial margins. After 1989, 

their number increases, whereas the combined area remains about the 
same. The historical trend of regulated secondary channels differs, in 
that their number and combined area declines progressively through 
2021 (Suppl. Fig. 4).

4.3. Variability across the channel segments

4.3.1. Anthropogenic con&nement and planimetric adjustment
Subdivision of the Po River mainstem into six channel segments al-

lows depicting a composite downstream pattern of historical changes 
with respect to the length of arti�cial and natural margins, the resulting 
degree of anthropogenic con�nement (Fig. 4c–e), and the (median) 
active channel width (Fig. 5).

The historical evolution of the arti�cial margins across segments 
reveals that their length in 1955, and their growth through time, in-
crease as one moves downstream (Fig. 4c). This increase, in absolute 

Fig. 5. Boxplots showing the historical (1955–2021) frequency distribution of the active channel width (ACW) measured across 500-m channel stretches: (a) S1; (b) 
S2; (c) S3; (d) S4; (e) S5; and (f) S6. Horizontal lines indicate median values, boxes enclose interquartile ranges, and whisker indicate 10th and 90th percentiles.
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terms, is lowest in S1 (from 14 km to 21 km), and greatest in S5 (from 99 
km to 139 km) and S6 (from 134 km to 173 km). In this context, the 
abrupt drop observed in 2005 is interpreted as the effect of the highest 
peak �ow occurred in year 2000, which caused widespread damage to 
man-made structures in S5 and S6 (Fig. 4c). As expected, the historical 
growth in arti�cial margins is paralleled by a decrease of the natural 
counterparts. This decline, however, manifests as a set of more complex 
trends across the different segments (Fig. 4d), suggesting that what we 
are seeing may not be the effect of just a mere natural-to-arti�cial 
margin replacement. Overall, the historical shrinkage of the natural 
margins is lowest in S1 (10 km) and largest in S5 (70 km).

In broad agreement with the historical trend of the arti�cial margins, 
tracking anthropogenic con�nement across the channel segments shows 
generalized increase between 1955 and 1999, followed by substantial 
stability – except in S2, where a decline occurs between 2005 and 2021 
(Fig. 4e). This increase ranges from as little as 10 % in S4 (from 42 % in 
1955 to 52 % in 2021) up to a maximum of 23 % in S2 (from 27 % to 50 
% in 2021). Collectively, the historical changes in margin typology 
across the six study segments led to a spatial distribution of con�nement 
in 2021 that increases progressively downstream: from 30 % in S1 to 61 
% in S6.

Similarly to the anthropogenic con�nement, the historical trend in 
active channel width (ACW) displays high variability across segments 
(Fig. 5). This is not surprising, considering that margin typology affects 
alluvial sediment supply (from the banks) and lateral mobility potential.

After a common 1955–1978 narrowing trend, albeit characterized by 
different magnitudes, historical ACW adjustment differ among seg-
ments. Proceeding in the downstream direction, gravel-bed segments S1 
and S2, which score lowest and third lowest in 1955–89 anthropogenic 
con�nement, continue to narrow until 1989 (i.e., median ACW drops 
from 339 m to 173 m in S1 and from 259 to 191 in S2), recover to partly 
wider con�gurations (at least) until 2005, and remain about stable 
thereafter (Fig. 5a and b).

ACW adjustment in gravel-bed segment S3 differs from S1 and S2 in 
that, median width reduction across the 1955–89 period is followed by 
over two decades of substantial stability, until a rewidening is observed 
between 2005 and 2021. Interestingly, the ACW frequency distributions 
in 1978 and 2021 are very similar, suggesting that some degree of re-
covery was achieved, at least in planimetric terms (Fig. 5c).

Segments S6 and S4, which score respectively highest and third 
highest in anthropogenic con�nement, exhibit post-1978 planimetric 
adjustments characterized by stability and subtle narrowing, with no 
hint of width recovery. In S4, median ACW declines from 410 m in 1978 
to 385 m in 2021 (Fig. 5d). In S6, the reduction is even lower: from 455 
m in 1955 to 430 m in 2021 (Fig. 5f).

In contrast with the two adjacent segments, S5, which starts at Isola 
Sera�ni Dam, is characterized by a continuous and intense narrowing 
trend. Narrowing is particularly strong until 2005 (i.e., median ACW 
drops from 713 m to 351 m) and continues at slower pace thereafter 
(Fig. 5e).

Wishing to look for a possible underlying dependence of planimetric 
adjustment on con�nement, we ran the (nonparametric) Spearman’s 
rank correlation testing between median active channel width – stan-
dardized by drainage area to remove the systematic bias associated with 
the location of the different study segments along the Po River mainstem 
– and the contingent degree of con�nement. Results show that indeed a 
strong inverse relation exists between these two variates (i.e., n = 34; 
coef�cient = -0.89; p-value < 0.001).

With respect to the rebound ratio (RR) (see Section 3.2), this metric 
scores highest in S1 (1.32), intermediate in S2 (1.16), and lowest in S3 
(1.09), whereas the highly con�ned S4 (0.97), S5 (0.79) and S6 (0.99) 
do not exhibit any recovery to wider channel con�guration. Although 
not signi�cant at the 0.05 level, given the limited number of observa-
tions, Spearman’s rank correlation con�rms that RR and con�nement 
across the six study segments are inversely related (i.e., n = 6; coef�-
cient = -0.771; p-value = 0.072).

4.3.2. Secondary channels
Conceptually, information on natural secondary channels should 

complement and corroborate prior evidence gathered from the historical 
adjustment of active channel width. For example, as much as a 
decreasing ACW through time is expected to re�ect sediment starved 
conditions, a decline in natural secondary channels implies a transition 
from multi- to single-thread channel types, which in turn indicates a 
reduction in sediment supply and/or in-channel storage (Schumm, 
1977; Church, 2006).

The number and combined area of natural secondary channels 
through time, standardized respectively by the relevant segment length 
and active channel footprint, vary substantially across the six study 
segments (Fig. 6). Between 1955 and 1978, a reduction in the number of 
natural secondary channels is observed, except in S4, which displays 
small historical �uctuations for the entire study period (Fig. 6a). Sub-
sequently, diverging trends are apparent. In S1, the drop in natural 
secondary channels continues until 1998, after which, a signi�cant 
regain in number occurs by 2021. In S2, the minimum value reached in 
1998 remains about the same until 2021. In S3, a sharp rebound be-
tween 1998 and 2005 leads to natural secondary channels count com-
parable with the pre-1989 con�guration. Although to a lesser extent, a 
symmetrical rebound in the number of natural secondary channels 
characterizes also segment S6, following the historical low reached in 
1989. Segment S5, which incidentally experienced the highest increase 
in con�nement and the most severe narrowing through time, stands out 
in that all natural secondary channels have disappeared by 2021 
(Fig. 6a).

The historical decline in terms of natural secondary channels’ com-
bined area is even more evident (i.e., less noisy) and occurs mostly be-
tween 1955 and 1989 (Fig. 6b). Subsequently, the combined area 
remains consistently well below 0.1 ha/km2, although some areal regain 
is observed in S1, S3 and S6 – coherently with observations made in 
terms of natural channel count (Fig. 6b).

The spatial and temporal evolution of regulated secondary channels 
is comparably much simpler. Their signi�cance is very limited in space 
and time across segments S1, S2 and S3. Indeed, regulated channels 
cluster in segment S5 (downstream of the Isola Sera�ni Dam), and to a 
lesser extent in S6 (Fig. 6c and d). In S5, their number peaks in 1989 and 
then declines progressively until a minimum < 0.2 #/km is observed in 
2021. By contrast, both S4 and S6 witness a moderate growth in regu-
lated, with peaks reached respectively in 2005 and in 1998 throughout 
2021 (Fig. 6b). The combined area per unit segment footprint con�rms 
the signi�cance of regulated secondary channels in segment S5, and 
secondarily in S6, with historical trends mimicking closely those just 
described in terms of count (Fig. 6d).

In this context, Spearman’s rank correlation supports that the stan-
dardized number of natural and regulated secondary channel is 
inversely (i.e., n = 36; coef�cient = -0.73; p-value < 0.001) and directly 
related with anthropogenic con�nement (i.e., n = 36; coef�cient = 0.59; 
p-value < 0.001). When considering the standardized area, the forego-
ing inverse (i.e., n = 36; coef�cient = -0.68; p-value < 0.001), and direct 
(i.e., n = 36; coef�cient = 0.57; p-value < 0.001) remain signi�cant at 
the 0.01 level.

4.4. Local examples of historical adjustment and bed-level change

Downscaling the analysis of historical adjustment to 5-km channel 
stretches allows improving our understanding of the segment-wide 
planimetric tendencies shown above. On the one hand, this approach 
enables us to use information on bed-level changes (i.e., 1955/ 
1975–2004/2021) at reference channel cross sections, and therefore to 
link planimetric and vertical channel changes. On the other hand, it 
permits to illustrate at a more meaningful geomorphic spatial resolution 
the effects of varying anthropogenic con�nement on morphological 
adjustment, and therefore – since the abundance of (vegetated and 
unvegetated) bars, the degree of sinuosity and the presence of (natural 
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and regulated) secondary channels hold information on in-channel 
sediment storage – on the evolving (im)balance between sediment 
supply and transport capacity (Schumm, 1977; Church, 2006). In this 
section, we present �ve case studies, characterized by varying degree of 
con�nement, drawn from segments S2 to S6.

Proceeding in the downstream direction, the �rst case study in 
gravel-bed segment S2 (Fig. 7) represents a channel stretch initially 
characterized by transitional (or wandering) morphological pattern, 
high sinuosity, and largely natural margins (i.e., arti�cial con�nement 
in 1954 is 22 %), with an additional 4 % of con�nement imparted by 
natural hillslopes (see green linework in Fig. 7a–f). Across the 1970 s 
and 80 s sinuosity decreases because of point bar revegetation (see photo 
year 1975 in Fig. 7b) and subsequent meander abandonment (see photo 
year 1988 in Fig. 7c). Later, channel pattern con�guration remains 
about the same until 2021 (Fig. 7d–f) at substantially constant anthro-
pogenic con�nement. In terms of active channel width, major narrowing 
between 1975 and 1988 (from 519 m to 314 m) is followed by a sym-
metrical rebound achieved in photo year 2021 (i.e., ACW = 518 m) 
(Fig. 7h). A similar historical trend, as also testi�ed by the widespread 
occurrence of dynamic (vegetated and unvegetated) bars, suggests that 
alluvial sediment supply has not been a limiting factor across the entire 
study period, despite the increase in arti�cial con�nement (from 39 % in 
1979 to 64 % in 2021). This interpretation is further supported by the 
evolution of reference cross section A-A’ (Fig. 7g and h), where on 
average, the foregoing trend of planimetric adjustment corresponds to 
substantial vertical equilibrium i.e., the bed aggrades cumulatively by 
0.6 m between 1979 and 2005 and degrades by 0.8 m in 2021 (Fig. 7h).

The second case exempli�es the evolution of a channel stretch in 
gravel-bed segment S3, which in 1954 is characterized by a single- 
thread meandering pattern and largely natural margins (i.e., anthropo-
genic con�nement equals 24 % in Fig. 8a). Between 1954 and 1975 
channel sinuosity decreases substantially (Fig. 8b), and then retains 
about the same planimetric con�guration until 1999 (Fig. 8c and 8d) at 
virtually unchanged con�nement conditions. By 2005, we observe the 
growth of large alternating bars, which induce �ow diversion and bank 
erosion on the opposite banks, leading to active channel widening 
(Fig. 8e). This tendency, which suggests a local increase in sediment 
supply (with respect to local transport capacity), continues until 2021, 
when, through the development of meanders, secondary channels and 
cutoffs, planform channel typology becomes transitional (or wandering) 
and major widening occurs (i.e., from 430 m in 2005 to 705 m in 2021; 
Fig. 8f). On average, this planimetric trend of adjustment is paralleled at 
reference cross section B-B’ by more than 2 m of incision between 1969 
and 1991, followed by sub-metric �uctuations until 2005 (Fig. 8g and 

h). Available cross-sectional data – note missing topography in 1955 – 

suggest that at this dynamic location correlation between planimetric 
and vertical channel changes is complex, beyond a straightforward 
narrowing-incision (or widening-aggradation) correspondence (Fig. 8h).

The third case study in sand-bed segment S4 differs from the former 
two in that, although characterized by comparable conditions of low 
anthropogenic con�nement (i.e., 21 %), is far less dynamic (Suppl. 
Fig. 5). Indeed, at this site the channel pattern retains across the entire 
study period a simple, single-thread con�guration, the main change 
being the obliteration of a vegetated island that imparts local narrowing 
following the installation of bank protections between 1954 and 1975. 
Interestingly, limited stretch-scale widening (i.e., from 425 m in 1954 to 
499 m in 2021) is matched by concurrent average cross-sectional inci-
sion i.e., about 2.5 m at reference cross section C-C’ (Suppl. Fig. 5h) and 
limited thalweg mobility after 1979 (Suppl. Fig. 5g). These observations, 
despite low anthropogenic con�nement that should allow for lateral 
migration, point to sediment supply-limited conditions, as also sup-
ported by the limited extent of (vegetated and unvegetated) bars (Suppl. 
Fig. 5a–f).

The fourth example, located 30 km downstream of Isola Sera�ni Dam 
within sand-bed segment S5, represents a striking case of multi-thread, 
channel pattern transformation under conditions of increasing anthro-
pogenic con�nement (from 38 % to 50 % in Fig. 9a–f). Indeed, the entire 
hosting segment underwent major anthropogenic conditioning associ-
ated with the construction of the Isola Sera�ni Dam at the segment head 
(completed in 1958), and the massive emplacement of groins for 
ensuring navigation – part of the “Sistemazione a corrente libera del Po” 

project, which lasted from the 1930 s to the early 1960 s (Galvani and 
Pellegrini, 2009) (see Section 2 and the historical trend of the arti�cial 
margins in segment S5 i.e., orange linework in Fig. 4c). Accordingly, at 
this site characterized in 1954 by a transitional, multi-thread channel 
pattern, two major groins and widespread protection structures on the 
right bank stand out (Fig. 9a). Over time, as intense deposition is pro-
moted behind the groins and the extent of lateral protection structures 
increases – thus preventing lateral migration and sediment recruitment 
from the banks – channel pattern evolves into a much narrower, single- 
thread meandering con�guration (Fig. 9b and c). From 1988 onward, 
the planimetric con�guration remains essentially on check, with further, 
less intense narrowing still occurring until 2005, as testi�ed by the 
incorporation of the vegetated island into the adjacent alluvial plain 
(Fig. 9d and g). Strikingly, as the active channel narrowed by more than 
500 m (i.e., from 813 m in 1954 to 318 m in 2021) (Fig. 9h), the riverbed 
average elevation dropped by 5.1 m (between 1954 and 2021) at 
reference cross section D-D’ (Fig. 9g and h), pointing to persistent 

Fig. 6. Historical changes (1954–2021) along the six study segments of the Po River mainstem in terms of: (a) the number of natural secondary channels per unit 
segment length (#/km); (b) the combined area of natural secondary channels per unit segment active channel area (ha/km2); (c) the number of regulated secondary 
channels per unit segment length (#/km); and (d) the combined area of regulated secondary channels per unit segment active channel area (ha/km2).
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sediment starvation conditions through time. Overall, this local example 
re�ects the segment-wide trend of historical adjustment characterized 
by sustained historical narrowing from 1954 until 2005 (cf., blue line-
work in Fig. 9h and Fig. 5e).

The last case study, located within segment S6, illustrates the effects 
of consistent high con�nement conditions (i.e., 73 %). At this site, in 
which the active channel is bound by levees that were built in the 1930 s, 
apart from the varying level of submergence in the six photographic 
years, we observe no planimetric channel adjustment between 1954 and 
2021 (Fig. 10a–f). In this context, substantial stability in ACW (Fig. 10h) 
is matched at reference cross section E-E’ by vertical stability, after 

thalweg migration occurred between 1954 and 1978 (Fig. 10g). When 
averaging bed-level cross-sectional changes, a maximum incision of 
slightly over 1 m is observed (Fig. 10h). Overall, owing to the high levels 
of submergence and planform stability since 1978, this highly con�ned 
stretch resembles closely the morpho-dynamics of a graded canal.

4.5. Geomorphic changes downstream of the Isola Sera&ni complex

To investigate the anomalous narrowing trend of segment S5 further 
(Fig. 5e), also in light of the drastic bed incision observed locally (Fig. 9), 
we illustrate the historical evolution (1889–2005) of this river portion 

Fig. 7. Sample channel stretch, characterized by high anthropogenic con�nement (i.e., 70 %, 2004), located at km 36 within segment S2, near the town of Cres-
centino (Vercelli). Planimetric evolution of the active channel across photographic years: (a) 1954; (b) 1975; (c) 1988; (d) 1999; (e) 2004; and (f) 2021. (g) Cross- 
sectional channel changes measured at A-A’ in 1979, 1991, 2000, 2005 and 2021. (h) Historical trend in mean active channel bed elevation (red linework) and width 
(ACW) at the A-A’ channel cross section (CS; green linework), and ACW across the entire river stretch (blue linework). In panels a through f, the white arrow denotes 
�ow direction, and the yellow line marks the footprint of reference channel cross section A-A’. VI = vegetated island; MC = main channel; ML = main levee.
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before and after the construction of the Isola Sera�ni complex (i.e., the 
hydropower dam and the adjoining navigation bypass). Subsequently, to 
ascertain the extent to which the reduced rates of planimetric narrowing 
in 2005–2021 may underlie a possible regain of (nearly) equilibrium 
dynamics, we exploit two sets of repeat high-resolution (bathymetric 
and subaerial) topographic surveys (Table 2), and constrain the 
2005–2021 sediment budget via thresholded DoD (DEM of Difference) 
analysis (Wheaton et al., 2010) (Fig. 11a).

The dam, which was built following the 1951 meander cutoff at Isola 
Mezzadra (Fig. 11b), on one hand prevented headward bed incision 
upstream of the cutoff – a response that typically follows such an abrupt 
morphological change due to the higher slope and lesser sinuosity of the 
newly formed channel; on the other hand, it halted downstream 

sediment continuity. The combined effects of the dam and the naviga-
tion bypass – a highly con�ned canal dug along the southern branch of 
the paleo meander (see Fig. 11b and Suppl. Fig. 6) – resulted in metric 
decadal (1954–2005) rates of incision between the dam and the 
con�uence with the Taro River, as shown by the control section near 
Cremona (Suppl. Fig. 6c; AdBPo, 2008a) and by the sample channel 
stretch located 18 km further downstream (Figs. 9 and 11). These inci-
sion rates are consistent with the concurrent active channel narrowing 
(Fig. 5e), and therefore support that in 1954–2005 segment S5 under-
went major degradation dynamics.

In this context, the 2005–2021 DoD analysis clari�es that the sudden 
concurrent decline in planimetric narrowing at S5 (Fig. 5e) re�ects 
weakly degrading dynamics approaching at the segment scale a quasi- 

Fig. 8. Sample channel stretch, characterized by low anthropogenic con�nement (i.e., 24 % in 2004), located at km 130 within segment S3, near the town of 
Voghera. Planimetric evolution of the active channel across photographic years: (a) 1954; (b) 1975; (c) 1988; (d) 1999; (e) 2004; and (f) 2021. (g) Cross-sectional 
channel changes measured at B-B’ in 1969, 1979, 1991, 2000, 2005 and 2021–2022. (h) Historical trend in mean active channel bed elevation (red linework) and 
width (ACW) at the B-B’ channel cross section (CS; green linework), and ACW across the entire river stretch (blue linework). In panels a through f, the white arrow 
denotes �ow direction, and the yellow line marks the footprint of reference channel cross section B-B’. VI = vegetated island; MC = main channel; ML = main levee. 
Note high �ow conditions in 1975.
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equilibrium state (Fig. 11c). Speci�cally, it depicts systematic reach- 
scale departures from sedimentary balance, with volumetric net 
change shifting progressively from degradation to aggradation as one 
moves away from the navigation bypass (Table 5 and Fig. 11c).

5. Discussion

5.1. Historical narrowing of large rivers and quantitative information on 
con&nement

Over the last two centuries, much alike for the Po River mainstem, 
large rivers across France and Spain have experienced major channel 
planform and bed-level changes following extensive human 

interventions. Interestingly, as will become clear, none of these �uvial 
systems appeared to display a post-disturbance phase of recovery in the 
1990 s and later, in contrast with the historical adjustment documented 
in the Po River’s main tributaries (Fig. 1a) and in the more con�ned 
segments S4, S5, and S6 (Fig. 5).

Accordingly, in the Garonne River, anthropogenic pressures of some 
intensity commenced in the 19th century in the upstream and middle 
portions and progressively extended downstream after the 1940 s. David 
et al. (2016) document that the cumulative length of protected banks in 
the Mid Garonne River increased from none in 1955 to over 30 km in 
1985 and remained substantially unchanged until at least 2010. Levees 
in the urban sectors of Toulouse rose in length from ~ 4 km in 1950 to 
12 km in 1970 and up to 15 km by 2010. In addition, gravel mining, 

Fig. 9. Sample channel stretch, characterized by a degree of anthropogenic con�nement that increases from 38 % (1955) to 50 % (2021), located 18 km downstream 
of the Isola Sera�ni navigation bypass in segment S5. Planimetric evolution of the active channel across photographic years: (a) 1954; (b) 1975; (c) 1988; (d) 1999; 
(e) 2004; and (f) 2021. (g) Cross-sectional channel changes measured at D-D’ in 1954, 1969, 1979, 1984, 1991, 2000, 2005 and 2021. (h) Historical trend in mean 
active channel bed elevation (red linework) and width (ACW) at the D-D’ channel cross section (CS; green linework), and ACW across the entire river stretch (blue 
linework). In panels a through f, the white arrow denotes �ow direction, and the yellow line marks the footprint of reference channel cross section D-D’. VI =
vegetated island; MC = main channel; ML = main levee.
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particularly between the 1960 s and 1990 s, is considered to have further 
impacted this river portion, which overall narrowed by ~ 40 % between 
1868 and the early 2000 s without showing any hint of planimetric 
rebound.

Differently from what observed in large tributaries of the Po River 
(Fig. 1a), the Middle Loire River experienced consistent narrowing in 
1955–1984 (i.e., 0.5 m/yr), a trend that was found to persist and that 
accelerated up to 1.7 m/yr in 2002–2010 (Latapie et al., 2014). This 
style of adjustment was interpreted to re�ect the cumulative impacts of 
channel embankments (13th–18th centuries), groins (19th century), 
hydroelectric dams and large-scale mining operations from the 1950 s to 
the early 1990 s. Concurrently to narrowing, a high degree of con�ne-
ment – although this could not be constrained quantitatively – is thought 
to have imparted planform stability, while the mainstem continued to 

incise, vegetated islands degraded, and secondary channel underwent 
generalized disconnection. These latter dynamics of channel pattern 
simpli�cation resemble what documented in sections 4.3 and 4.4 along 
the Po River.

In the Lower Rhône, comparable interventions – construction of 
defense works and groins (1870–1920 s), dams (1950 s–1970 s), and 
intensive sediment mining (1970 s–1990 s) – transformed the channel 
pattern from braided to a sinuous, single-thread one. Between 1860 and 
2006 channel narrowing ranged from 25 % to ~ 45 % – percentages that 
are in line with those documented in the Po River’s highly con�ned 
segments S4, S5 and S6 (Fig. 5 and Suppl. Fig. 7) – with no glimpse of 
planimetric re-widening observed (Provansal et al., 2014).

In Spain, the Ebro River underwent rapid arti�cialization associated 
with the installation of defense works between the 1960 s and 1980 s. 

Fig. 10. Sample channel stretch, characterized by high anthropogenic con�nement (73 %), located at km 443 within segment S6, near the town of Ferrara. 
Planimetric evolution of the active channel across photographic years: (a) 1954; (b) 1975; (c) 1988; (d) 1999; (e) 2004; and (f) 2021. (g) Cross-sectional channel 
changes measured at E-E’ in 1954, 1979, 1984, 1991, 2000, 2005 and 2021–2022. (h) Historical trend in mean active channel bed elevation (red linework) and width 
(ACW) at the E-E’ channel cross section (CS; green linework), and ACW across the entire river stretch (blue linework). In panels a through f, the white arrow denotes 
�ow direction, and the yellow line marks the footprint of reference channel cross section E-E’. VI = vegetated island; MC = main channel; ML = main levee.
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Speci�cally, the linear extent of levees rose from ~ 75 km in 1955 to 
over 375 km in 1985, and that of other lateral defenses peaked from ~ 
25 km to ~ 125 km (Ollero, 2010). These structures are regarded 
responsible for the drastic reduction in sinuosity and active channel 
width, which ultimately led to near-complete stabilization by the mid- 
1980 s (Ollero, 2010; Magdaleno et al., 2012). Overall, two studies 
concur that the Ebro River narrowed by 50-to-60 % (1927–2007) 
(Ollero, 2010) and ~ 50 % (1927–2003) (Magdaleno et al., 2012). 

Similar percentages of width shrinkage are comparable with that re-
ported for tightly con�ned segment S5, downstream of Isola Sera�ni 
Dam (Fig. 5e and Suppl. Fig. 7e). Finally, in the Upper Cinca River, a 
Pyrenean tributary of the Ebro River, Llena et al. (2020) reports a lower 
combined historical narrowing (i.e., ~33 % in 1927–2015), with the 
most pronounced shrinkage (i.e., 15 %) recorded between 1984 and 
1997. Also in this case, narrowing was interpreted as the result of post- 
1920 s afforestation, combined with extensive gravel mining conducted 

Fig. 11. Plan view of the: (a) 2005–2021 DoD extent (blue area) within the study mainstem (grey area); and (b) historical evolution of the Isola Sera�ni area before 
and after the construction of the hydroelectric dam and the navigation bypass (the historical mapping in 1889 and 1931 are provided by AdBPo). (c) Volume change 
associated with bed degradation (red bars), aggradation (blue bars), and the resulting (net) change in alluvial storage (dashed gray line) across 88 km in segment S5 
and 36 km in segment S6. Intra-segment subdivisions correspond to the morphologically homogeneous reaches proposed by Brenna et al. (2024). Note that the DoD 
starts at reach A, downstream of the junction with the navigation bypass, and ends at reach J, about 10 km downstream of the Secchia River con�uence. In reach H, a 
5-km bathymetric data gap exists. In panel a, the dashed black line indicates anthropogenic con�nement at the reach scale in year 2005. For a photographic plan view 
of the historical evolution (1954–2021) around Isola Sera�ni please see Suppl. Fig. 6 Error bars refer to values below the minLoD (minimum level of detection), 
calculated through the propagation of the DTM errors using a 95 % con�dence interval.

M.V. de Sordi et al.                                                                                                                                                                                                                            Catena 254 (2025) 108908 

16 



in the mid-1970 s and embankments installed in the mid-1980 s.
While the behavior of the foregoing case studies shares consistent 

historical narrowing, the role played by bank protections and levees 
over time – and therefore the likely reason for the lack of partial re-
covery to larger channel widths – is dif�cult to guess. This is because in 
two instances only the temporal evolution of bank protections and le-
vees (i.e., rigid arti�cial margins) could be documented, and in none of 
them the evolving percentage of anthropogenic con�nement was 
quanti�ed.

5.2. Con&ning threshold to planimetric adjustment

Quantitative information on con�nement across decades improves 
our ability to infer possible controls exerted by this type of anthropo-
genic forcing on the relevant geomorphic response of large rivers. Based 
on the historical trend of planimetric adjustment, the Po River may be 
broadly subdivided into two halves: a proximal one encompassing the 
dominantly gravel-bed segments S1, S2 and S3, and a distal counterpart 
encompassing the sand-to-�ner bed segments S4, S5 and S6. The former 
set, characterized by initial anthropogenic con�nement < 28 % (i.e., 
between 18 % and 27 %) (Fig. 11b), shares a trend of generalized 
channel narrowing (1955–1989), followed by partial recovery to wider, 
transitional channel patterns (1989–2021), as shown at sample channel 
stretches within segments S2 (Fig. 7) and S3 (Fig. 8). This behavior 
broadly agrees with prior �ndings and conceptualizations about the 
recent adjustment of selected uncon�ned reaches from European rivers 
(e.g., Liébault and Piégay, 2001, 2002; Surian and Rinaldi, 2003; Surian 
et al., 2009; Comiti, 2012; Bollati et al., 2014; Scorpio et al., 2024), and 
the Po River tributaries in particular (Fig. 1a). By contrast, the latter set 
of segments, where initial anthropogenic con�nement is higher (i.e., 
between 37 % and 46 %), displays continuous historical narrowing, 
adjacent segments S6 and S5 stand out respectively for the least (6 %, or 
26 m) and the largest (53 %, or 367 m) median width reduction since 
1954 (Fig. 6 and Suppl. Fig. 7). This second style of adjustment mimics 
the one just described across large rivers in France and Spain, which 
share comparable multidecadal ranges of percent active channel nar-
rowing (e.g., Ollero, 2010; Magdaleno et al., 2012; Latapie et al., 2014; 
Provansal et al., 2014; David et al., 2016).

With respect to the possible causal linkages between channel nar-
rowing and in-channel mining, the one-order of magnitude reduction of 

in-channel mining concessions – legally imposed since the early 1980 s 
(i.e., since 1982 within rivers of the Emilia-Romagna region) – appears 
to have fostered a signi�cant rebound in active channel width along the 
three proximal mildly con�ned segments. This rebound, which is 
indicative of increased in-channel sediment availability, re�ects a 
similar trend documented further upstream along uncon�ned reaches of 
the adjoining main tributaries i.e., Stura di Lanzo, Orco and Scrivia 
(Pellegrini et al., 2008; Surian et al., 2009; Mandarino et al., 2019) 
(Fig. 1a). In contrast, the three distal, strongly con�ned segments have 
remained insensitive, as they continued narrowing between 1978 and 
1989 at unchanged rates (Fig. 11c), despite the post-1990 s rewidening 
observed further upstream in segments S1, S2 and S3, and along un-
con�ned reaches of the adjoining tributaries i.e., Trebbia, Taro and 
Panaro (Rinaldi et al., 2008; 2010; Bollati et al., 2014; Clerici et al., 
2015) (Fig. 1a). In other words, the planimetric signal of adjustment 
observed along the main tributaries and in the proximal gravel-bed 
segments did not propagate down to S4, S5 and S6.

Besides the possible contribution to resistance of higher bank cohe-
sion in segments S5 and S6 (given the higher amount of �ner fractions) 
(Table 4 and Fig. 4a), we propose that this dichotomic behavior between 
the proximal and the distal segments has to do chie�y with the con-
trasting degrees of anthropogenic con�nement when mining activity 
was at its historical peak and about to collapse (i.e., photographic years 
1975–78): respectively < 33 % in S1-S3 and > 45 % in S4-S6 (Fig. 12b). 
Following this logic, the relative increase in alluvial sediment supply 
associated with in-channel mining collapse, both in the Po mainstem and 
along its main tributaries (Fig. 2b), would not have imparted a detect-
able change to the ACW trajectory in S4, S5 and S6 because of their 
reduced potential for lateral migration against dominantly �xed and 
rigid arti�cial channel margins. Apparently, a similar barrier to change 
(sensu Brunsden, 1993) was able to hold independently of hydro- 
meteorological forcing, since the two clusters of large historical �oods 
occurred in 1976–79 and 1994–2002 (Fig. 2a) likely fostered the 
rebound in S1, S2 and S3, but did not alter the long-term narrowing 
trend in S4, S5 and S6. At least in planimetric terms, an anthropogenic 
con�nement approaching or > 45 % may be viewed as an effective 
threshold beyond which the study segments have become insensitive to 
geomorphic perturbations travelling down the �uvial system (Brunsden 
and Thornes, 1979; Schumm, 1985).

This con�ning threshold appears to apply to natural secondary 
channel area (per unit segment active channel area), as the relevant 
trends of the proximal (less con�ned) segments S1, S2 and S3 are well 
discriminated from the distal (more con�ned) counterparts, which 
display distinctively lower values and do not show signi�cant rebounds 
in the 1990 s (Fig. 12d). As a possible complement to active channel 
width, this variable, which could be extracted (semi)automatically by 
means of CNN-based classi�cation approaches (e.g., Carbonneau et al., 
2020; Wieland et al., 2023), appears to be suitable for tracking changes 
in channel pattern, and therefore, indirectly, for the rapid evaluation of 
alluvial sediment storage depletion and recovery through time.

The resisting effect of anthropogenic con�nement against lateral 
migration potential – that is, the ability to accommodate increased 
sediment supply through active channel widening – may be inferred 
from comparing gravel-bed segments S1 and S2. Accordingly, the 
consistently higher degree of historical con�nement in S2 (Fig. 12b), 
compared to S1, would explain: (i) S2′s smaller decadal �uctuations in 
median ACW; and (ii) very similar (and sometimes even smaller) median 
ACW values (Fig. 12c), and interquartile ACW percent changes since 
1955 (Suppl. Fig. 7a and 7b), despite S2 greater contributing area 
(Table 4), and therefore against principles of downstream hydraulic 
geometry along channels with comparable bed texture (Table 4 and 
Fig. 4a) (Leopold and Maddock, 1953; Ferguson, 1986). It should be 
noted that, in part, the reduced and more stable median ACW values in 
S2, may have to do with the Lanza Dam (built in 1874) (Fig. 12a).

Among the highly con�ned sand-to-�ner bed segments, comparison 
of the historical trend in median ACW between S4 and S6 suggests that 

Table 5 
2005–2021 volume change associated with bed aggradation, degradation, and 
the resulting net change (i.e., change in alluvial sediment storage) across 10 
homogeneous channel reaches within segments S5 and S6, downstream of the 
Isola Sera�ni navigation bypass.

Reach Anthropogenic 
con4nement (%)

Volume change (106 m3)
Degradation Aggradation Net 

change
A 63.6 0.97 ± 0.23 0.59 ± 0.11 −0.38 ±

0.25
B 55.6 1.23 ± 0.33 0.34 ± 0.06 −0.89 ±

0.33
C 64.6 1.05 ± 0.31 0.49 ± 0.08 −0.56 ±

0.32
D 43.0 1.92 ± 0.57 0.79 ± 0.13 −1.12 ±

0.58
E 60.0 1.29 ± 0.35 1.48 ± 0.35 0.19 ±

0.49
F 59.2 0.94 ± 0.19 1.55 ± 0.35 0.61 ±

0.40
G 61.2 2.13 ± 0.38 2.53 ± 0.59 0.40 ±

0.70
H 68.6 5.99 ± 0.67 5.66 ± 0.92 - 0.33 ±

1.14
I 65.0 1.10 ± 0.24 2.60 ± 0.58 1.50 ±

0.63
J 48.8 5.08 ± 0.57 7.02 ± 1.43 1.94 ±

1.54
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higher con�nement in the latter segment – from 42 % (1955) to 53 % 
(2021) in S4, and from 46 % (1955) to 61 % (2021) in S6 – would ensure 
higher planimetric stability (Suppl. Fig. 7), much alike the intended 
functioning of an arti�cial canal (Fig. 12c). This situation is well 
exempli�ed by the local case study in S6 (Fig. 10), where the main levees 
commonly coincide with the margins of the active channel bed. Alone, 
high con�nement would not justify the anomalous behavior of segment 
S5, which, despite sharing a similar history of anthropogenic 

con�nement (i.e., con�nement rises by about 20 % in 1954–2005; 
Fig. 12b), has evolved very differently from contiguous S4 and S6. In 
principle, the intense narrowing between 1954 and 2005 may be 
ascribed to the installation of navigation groins, whose density is much 
higher in S5 (439 m/km), compared to S6 (129 m/km), and S4 (21 m/ 
km) (Table 4). This explanation, however, would hold for the 1950 s- 
1970 s period only – as shown by Brenna et al. (2024) and here exem-
pli�ed in the relevant case study (Fig. 9).

Fig. 12. (a) Map of the Po River mainstem subdivided into six segments and thirty-three reaches, showing the location of the main tributaries and the main dams 
between the con�uence with Stura di Lanzo River and the Po delta apex. Reaches 20-29 correspond to those labelled as A-J in Table 5 and Fig. 11c. Historical trend 
(1954–2021) of the six study segments with respect to: (b) the degree of anthropogenic con�nement; (c) the median active channel width calculated over 500-m 
channel stretches; and (d) the combined area of natural secondary channels per unit active channel footprint. (e) Schematic view of the rebound ratio (RR) – the 
ratio between active channel width at the peak of planimetric recovery to wider channel con�guration (ACWRE) and the minimum reached at the culmination of 
sediment starved conditions (ACWSC); and (f) Rebound ratio (RR) as a function of anthropogenic con�nement in 1975–78 (i.e., when in-channel mining was at its 
historical peak and about to collapse) across the study segments (black symbols) and reaches (color-coded symbols denote different hosting segments). Circles 
designate reaches hosting con�uences with the main tributaries (i.e., labeled 1 through 8) at the relevant upper ends.
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As previously shown in the DoD analysis, the 2005–21 sediment 
budget suggests that the highly con�ned segment S5 has attained weakly 
degrading sediment dynamics only after 2005 – following at least 50 
years of intense narrowing (Fig. 12c) and bed degradation (Fig. 9h and 
Suppl. Fig. 6c) – and that this imbalance has been dictated in 1954–1988 
by in-channel mining in conjunction with the installation of navigation 
groins (i.e., Fig. 9a–f), and later by the Isola Sera�ni complex. The latter, 
by drastically reducing sediment supply/transfer to segment S5, has 
likely delayed the local pace of adjustment to a new quasi-equilibrium 
state by at least 40 years. The assessment of such time scales of adjust-
ment complements existing knowledge on the upstream effects of the 
dam (i.e., Maselli et al., 2018), and enriches prior accounts according to 
which the Po River would have regained substantial balance since the 
mid-1980 s following a reduction in anthropogenic pressures (e.g., 
Castiglioni et al., 1999; Marchetti, 2002).

Ongoing bed degradation across the 40-km stretch downstream of 
the Isola Sera�ni bypass, suggests considering more sustainable opera-
tional alternatives for this regulated complex, as well as a series of 
nature-based solutions for recovering sedimentary balance. The latter 
measures will involve re-activation of the main sources of sediment 
supply, including the re-opening of regulated secondary channels, and a 
recon�guration of some bank protections to warrant greater room for 
alluvial storage and channel migration.

5.3. From segments to reaches: Threshold consolidation and insights

Grouping the 500-m channel stretches into thirty-three morpholog-
ically homogeneous reaches (see Section 3) offers the opportunity to 
shed light on the intra-segment variability that characterizes planimetric 
adjustment. In particular, we wish to explore the extent to which an 
increase in spatial resolution (i.e., from six segments to thirty-three 
reaches) would allow to better constrain the con�nement threshold 
for planimetric adjustment provisionally identi�ed in section 4.3 and 
discussed above. To this end, we represent the so-called “rebound ratio” 

(RR) – the ratio between active channel width at the peak of planimetric 
recovery to wider channel con�guration (ACWRE) and the minimum 
reached at the culmination of sediment starved conditions (ACWSC) (see 
de�nition in section 3.3; Fig. 12e) – as a function of anthropogenic 
con�nement in 1975–78 (Fig. 12f), when mining was at its historical 
high and about to collapse. Accordingly, RR > 1.1 marks a regain in 
active channel width > 10 %, and RR < 1 indicates no rebound to larger 
channel con�guration, but a tendency to planimetric narrowing.

This reach-based representation, while broadly con�rming the 
segment-based �ndings, allows re�ning previous generalizations while 
gaining further insights. Speci�cally, an abrupt barrier to channel-reach 
rewidening is apparent for con�nement ≥ 40 %, which is about 5 % 
lower than how previously hinted at the segment scale. Beyond this 
threshold, only three reaches in S6 (out of seventeen) exhibit modest 
rewidening (i.e., RR < 1.1), while the rest shows no rebound and con-
tinues to narrow. Conversely, for con�nement < 40 %, a rebound in 
active channel width is observed in all sixteen cases (i.e., up to RR =
1.38) but one in S3, where narrowing continues.

Spearman’s rank correlation analysis conducted at the reach scale 
corroborates the inverse RR-con�nement relation previously suggested 
across segments, which now becomes statistically signi�cant at the 
0.001 level (n = 33; coef�cient = − 0.72; p-value < 0.001).

Reach-based insights include: (i) the stabilizing effect of the Lanza 
Dam in R8, which displays an RR of just 1.07, despite a 22 % of 
con�nement; (ii) the upstream stabilizing effect of the Isola Sera�ni 
Complex in R18 (Maselli et al., 2018), which shows no rebound (RR =
0.99), despite a con�nement of 25 %; (iii) the rebound ampli�cation in 
reaches fed by prominent Alpine tributaries, as exempli�ed by R3 (Orco 
River), R5 (Dora Baltea River), R10 (Sesia River), and R15 (Ticino 
River), respectively characterized by rebound ratios of 1.38, 1.30, 1.23, 
and 1.16, which represent peak values within the hosting segments, with 
the latter possibly buffered by Lake Maggiore; and (iv) the lack of 

con�uence effects in highly con�ned and regulated reaches fed by 
tributaries originating from large Alpine lakes, as shown in R19 (Adda 
River), R27 (Oglio River), and R29 (Mincio River), where no rebound is 
observed (i.e., RR respectively equals 0.86, 0.98, and 0.93).

When opportunely validated and regionally parameterized – for 
example by means of sediment provenance analysis conducted at stra-
tegic tributary junctions (e.g., Garzanti et al., 2012, 2016) – the 
con�ning threshold here constrained could be used as a minimum 
reference target to pursue in river re-naturalization plans that aim to 
provide “strangled” rivers with more room for lateral mobility, while 
reducing �ood risk, affording more �exibility to adapt to changing 
climate, and ultimately preserving (or regaining) relevant ecological 
services (Brierley et al., 2023).

6. Conclusions

In a historical context of increasing anthropogenic con�nement, our 
results portray a more complex picture of adjustment than that 
described for largely uncon�ned reaches across European rivers (e.g., 
Liébault and Piégay, 2001; Surian and Rinaldi, 2003; Scorpio et al., 
2024). By considering the entire Po River mainstem we extend previous 
results, quantify the relevant degree of anthropogenic con�nement over 
time, and characterize �uvial adjustment in relation to varying condi-
tions of con�nement. Speci�cally, despite the relaxation of anthropo-
genic pressures occurred in the last four decades, we �nd that the 
current pace of planimetric and volumetric recovery to be still strongly 
conditioned by the spatial distribution of arti�cial con�ning structures, 
and more locally by the hydroelectric Isola Sera�ni complex.

Exploiting the order of magnitude rise and fall in mining activity (i. 
e., early 1970 s to early 1980 s), which we regard as the major decadal 
perturbation in alluvial sediment supply (or in-channel storage) – 

possibly ampli�ed by the subsequent occurrence of the largest �oods 
since 1950 – we tested the planimetric sensitivity of the Po River seg-
ments in relation to varying anthropogenic con�nement. After four de-
cades of narrowing, the historical adjustment of active channel width 
along the main Po River tributaries underwent a phase of partial re- 
widening from the early 1990 s onward. This phase of recovery to 
wider channel con�gurations is re�ected downstream in the proximal 
segments S1-S3, characterized by contingent anthropogenic con�ne-
ment < 33 %. In contrast, a con�nement threshold approaching 45 % 
was found to prevent planimetric recovery further downstream in seg-
ments S4-S6, where the narrowing trend persisted.

When partitioning segments into thirty-three (�ner) reaches this 
con�ning threshold is re�ned to 40 %, and diverging adjustment styles 
become apparent (i.e., rebound vs. no rebound). In particular, repre-
senting the rebound ratio – a dimensionless metric of planimetric re-
covery since the historical low experienced in the 1980 s – as a function 
of contingent con�nement supports that above threshold conditions: (i) 
dams can greatly depress or completely erase rebound potential; and (ii) 
major tributary con�uences typically amplify the rebound, thus 
enhancing sensitivity to an increase in sediment supply.

Our work underlines the signi�cance of anthropogenic con�nement 
on the contemporary functioning of large rivers. For an improved de�-
nition of effective con�ning thresholds, further work is needed across a 
broader range of physiographic settings. To this end, we believe greater 
emphasis should be placed on anthropogenic con�nement, which could 
complement current awareness on river (longitudinal and lateral) frag-
mentation (e.g., Grant et al., 2017; Mason et al., 2025) and barrier 
removal (e.g., Grant et al., 2012; Belletti et al., 2020) towards more 
ef�cient and sustainable management strategies.
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