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Abstract: Angelone F., D’Onofrio E.G., Russo F., Valente A., Magliulo P., Channel pattern medium-term changes in four rivers of Southern Italy: a sum-
mary. (IT ISSN 0391-9838, 2025). This study proposes a schematic and generally applicable approach in reconstructing medium-term channel pattern
changes at the regional scale, with the aim to provide insights for the definition of a common morphoevolutionary trend. To this aim, the channel pat-
tern changes experienced by four rivers of the Campania Region (Southern Italy), representative of the rivers of a much wider morphoclimatic scenario
(i.e., the Mediterranean area), over a time-span of ~150 years were investigated. The studied rivers were Calore, Sele, Tammaro and Sabato Rivers,
which markedly differ from the standpoints of length, flow discharge and channel mean width. A geomorphological analysis in GIS environment of
historical maps, topographic maps, orthophotos and Google Earth imagery from different dates (1870, 1909, 1955, 1998 and 2023) was carried out, with
amean temporal resolution of ~38 years. The results showed a dominance (45-94% of the river length) of the sinuous channel pattern between the end
of XIX century and the first decades of XX century, which was clearer in the minor rivers (i.e., Tammaro and Sabato). From 1950s to the end of XX
century, sinuous channel pattern remained generally dominant (20-60%), but transitional morphologies (wandering and sinuous with alternated bars)
significantly increased (22-60%). From the end of XX century onwards, sinuous channel pattern returned strikingly dominant in all the investigated
rivers (43-79%). Land-use changes and, later, floods were the main controlling factors of the detected changes in channel pattern. The coherence of the
obtained results was discussed in the framework of the pre-existing literature, also highlighting the central role played by the scale of the used materials
for a correct analysis of channel pattern changes.
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Riassunto: Angelone F., D’Onofrio E.G., Russo F., Valente A., Magliulo P., Variazioni di medio termine della configurazione morfologica in quattro fiumi
dell’ltalia meridionale: una sintesi. (IT ISSN 0391-9838, 2025). Il presente studio propone un approccio schematico e di generale applicabilita finalizzato
alla ricostruzione delle variazioni di configurazione morfologica dei corsi d’acqua su scala regionale, al fine di fornire indicazioni utili alla definizione di
un #rend morfoevolutivo generale. A tal fine, sono state investigate le variazioni del pattern del canale attivo sperimentate, negli ultimi 150 anni circa, da
quattro flumi della Regione Campania (Italia meridionale), rappresentativi di uno scenario morfoclimatico decisamente pitt ampio (I’area Mediterranea).
Sono stati investigati, in particolare, i flumi Calore, Sele, Tammaro e Sabato, tra loro marcatamente differenti in termini di lunghezza, portata liquida e
larghezza media dell’alveo. E stata condotta un’analisi geomorfologica in ambiente GIS di carte storiche, carte topografiche, ortofoto e immagini satel-
litari Google Earth di diversi anni (1870, 1909, 1955, 1998 e 2023), separate tra loro da un intervallo temporale medio di circa 38 anni. I risultati hanno
evidenziato, tra la fine del XIX secolo e i primi decenni del XX secolo, una dominanza (compresa tra il 45% e il 94% delle lunghezze dei tratti analizzati)
della configurazione morfologica sinuosa, particolarmente nei corsi d’acqua minori (Tammaro e Sabato). Dagli anni 50 alla fine del XX secolo, il pattern
sinuoso rimaneva quello generalmente dominante (tra il 20% e il 60% della lunghezza dei tratti analizzati), ma si registrava, al contempo, un aumento dei
pattern transizionali (wandering, sinuoso a barre alternate). Dalla fine del XX secolo in poi, il pattern sinuoso ritornava ad essere marcatamente dominante
in tutti i fiumi investigati, caratterizzando dal 43% al 79% della lunghezza analizzata. Le variazioni di uso del suolo alla scala di bacino e, specialmente
negli ultimi anni, le piene fluviali sono stati riconosciuti essere i principali fattori di controllo delle variazioni di configurazione morfologica osservate. La
coerenza dei risultati ottenuti ¢ stata verificata e discussa nel quadro della letteratura scientifica preesistente, evidenziando, al contempo, il ruolo centrale
svolto dalla corretta scelta della scala dei materiali utilizzati per un’analisi attendibile delle variazioni di configurazione morfologica.

Termini chiave: Variazioni morfologiche degli alvei, Trend morfoevolutivi, Filume Calore, Fiume Sabato, Fiume Sele, Fiume Tammaro
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and Piégay, 2002; Rinaldi, 2003; Hooke, 2006; Surian et
al., 2009; Yao et al., 2012; Magliulo ez al., 2013; Heitmuller,
2014; Scorpio et al., 2015; Mandarino et al., 2020; Mandari-
no, 2022; and references therein).

In many cases, such adjustments led to changes in the
channel pattern, defined as the shape assumed by a river
when viewed from above (Leopold and Wolman, 1957). Ac-
cording to Rinaldi (2003), the analysis of changes in chan-
nel pattern provides useful information on the main vari-
ables controlling channel adjustments (sediment supply,
grain size, bed slope, flow regime, etc.). Over time, several
authors proposed classification schemes to describe and
interpret river channel pattern, developing increasingly ar-
ticulated approaches (Thorne, 1997). These classifications
progressively evolved to support both the understanding of
river behaviour and their practical application in manage-
ment application (Rinaldi et 4/., 2016).

Leopold and Wolman (1957) proposed a quantitative
approach to distinguish the planimetric configurations of
channels — straight, meandering and braided — based on
the relationship between channel slope and bankfull dis-
charge. This initial classification was later extended to in-
clude other configurations such as anastomosing channels
(Brice, 1975; Rust, 1978), wandering channels (Hender-
son, 1963; Osterkamp, 1978; Desloges and Church, 1989;
Knighton and Nanson, 1993; Church, 2002) and, more gen-
erally, anabranching rivers (Nanson and Knighton, 1996;
Makaske, 2001; Nanson, 2013; Fuller ez a/., 2013). Schumm
(1963, 1977) classified alluvial rivers on the basis of whether
their beds were stable, eroding or aggrading and further
differentiated them through the dominance of suspended
load, mixed load or bedload sediment transport (Kondolf,
2016).

The classification proposed by Rosgen (1994) was prob-
ably the most comprehensive morphological classification
of natural watercourses, based on a number of key pa-
rameters such as slope, confinement, section width/depth
ratio, sinuosity and grain size, and also included confined
riverbeds that are usually classified by other criteria. Based
on the concepts of Mollard (1973) and Schumm (1985),
Church (1992, 2006) summarised channel patterns based
on sediment supply, sediment calibre and channel gradi-
ent. In particular, Church (2006) related the morphology
of alluvial channels to sediment transport and deposition
processes, developing a comprehensive classification of al-
luvial channels based on the Shield’s number, clarifying
how channel characteristics and shapes reflected transport
processes (Kondolf, 2016).

More recently, a channel pattern classification scheme
(modified from Rinaldi, 2003) was developed for the as-
sessment of river morphological conditions through the
Morphological Quality Index (MQI), within a broader
methodological framework known as IDRAIM (Stream
Hydromorphological Evaluation, Analysis and Monitoring
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System; Rinaldi ez al., 2016). The classification included
configurations such as Straight, Sinuous, and Meandering
channels (single-thread), Sinuous with Alternate Bars and
Wandering channels (transitional), and Braided and Anas-
tomosed channels (multi-thread). These configurations are
defined based on quantitative parameters such as sinuosi-
ty, braiding and anastomosing index, in some cases com-
plemented by additional qualitative features. Rinaldi et a/.
(2016) highlight that the changes in channel pattern, to-
gether with those in channel width and riverbed elevation,
provide useful data to reconstruct the morphoevolutionary
trajectory of a given river. The latter, in turn, represent a
key starting point to assess the morphological quality of
the river, which can be efficiently used to plan river man-
agement measures.

In this framework, the relevance of the river channel
patterns and its variations over time in the analysis of me-
dium-term channel adjustments is evident. Although sci-
entific literature extensively addresses channel adjustments
in various rivers (Rinaldi, 2003; Surian and Rinaldi, 2003;
Scorpio et al., 2015), it has never specifically focused on
channel patterns variations alone.

This study aims introducing a relatively simple, sche-
matic and rapid approach based on the analysis of maps
and orthophotographs within a Geographic Information
System (GIS) environment for identifying potential mor-
pho-evolutionary trends among rivers at a regional scale.
To date, no other study has exclusively and systematical-
ly compared medium-term changes in channel patterns
across multiple river systems, interpreting these changes in
light of current scientific knowledge. Focusing exclusive-
ly on morphological configuration meets a methodolog-
ical need for synthesis and comparability. This approach
enables essential, spatially coherent information to be ex-
tracted across different river reaches, facilitating a synoptic
understanding of the observed changes.

Specifically, the study focused on four rivers in the
Campania Region (Southern Ttaly) which differ in length,
discharge and mean channel width (i.e., Calore, Sele,
Tammaro and Sabato) over a period of ~150 years. The
selected rivers are representative of the those of a much
wider morphoclimatic scenario, i.e. the Mediterranean
area, as confirmed by a vast pre-existing literature (i.e.
Hooke, 2006; Scorpio and Rosskopf, 2016; and references
therein). Thus, the obtained data represent a useful sup-
port to reconstruct and interpret the morphoevolutionary
phases of other rivers of the Mediterranean area, and to
the understanding of the role played by the controlling
factors.

This study, in addition to enhance the understanding
of river morpho-evolutionary phases, also pursues a signif-
icant operational objective, as the data produced will be a
key starting point for future researches aimed at support-
ing management applications. In fact, many papers (e.g.,



Figure 1 - (a) Location map of the investigated rivers (thick, continuous lines) and basins (hatched, thin lines) in the framework of the Campania Region.
(b-d) Subdivisions into reaches of the investigated rivers, according to Rinaldi ez a/. (2015; 2016): b) Sele R.; ¢) Calore R.; d) Tammaro R.; e) Sabato R.

Table 1 - Main features of the investigated rivers. ARL: analysed river length.

River Range of last 150 years channel mean width (m) ~ Current mean annual flow discharge (m?/s)  Current length (km) ARL (%)
Sele 173-59 69.4 68 89
Calore 158-33 30.0 110 74
Tammaro 75-24 5.0 68 59
Sabato 59-16 4.2 61 43

Sear et al., 1995; Gilvear, 1999; Kondolf et /., 2003; Downs
& Gregory, 2004; Brietley & Fryirs, 2005, 2008; Meitzen et
al., 2013; Tadaki ez al., 2014) demonstrated that the recon-
struction of channel pattern changes, together with chan-
nel width and riverbed elevation changes, are fundamental
in reconstructing rivers morphoevolutionary trajectories.
These latter, in turn, are a key starting point to assess the
hydromorphological state of a river and to correctly plan
proper river management measures.

STUDY AREA

This study focused on the Calore, Sele, Tammaro and
Sabato Rivers, all of them located in the Campania region
(fig. 1). Table 1 shows the main characteristics of the stud-
ied rivers.

The Campania region is located in the north-western
sector of Southern Italy, between 40.0° N and 41.5° N and
13.5° E and 16.0° E and has an area of ~14,000 km?. The
area has a complex orography and can be subdivided into
three main physiographic units (sensu Rinaldi ez /., 2015),
namely: (i) the Apennine mountain range, with altitudes
ranging between ~1000 m and over 2000 m a.s.l. accounting
for 30% of the total area; (ii) low-altitude hills and alluvial
valleys for a further 52%; and (iii) coastal plains account-
ing for the remaining 18% (De Vita et al., 2012). The cli-
mate of the Campania region is of a Mediterranean type,
with hot and dry summers and moderately cool and rainy
winters (Diodato, 2005; Diodato et al., 2011). Average an-
nual temperatures in the area vary between 10°C and 12°C
in the inner areas and between 13°C and 15°C along the
coast (Diodato, 2005). The rainfall regime is characterised
by a marked seasonal variability, with a principal maximum
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during the autumn—winter months and a minimum in sum-
mer. Precipitation ranges from approximately 700-900 mm
along the coast during the dry summer period to 1700-2000
mm in the central Apennine ridge during the wet season
(Bandini, 1931). Historical rainfall trends and their seasonal
variability were described by Longobardi and Villani (2010)
and Longobardi ez al. (2016). During the period 1818-1999,
the area experienced a moderately negative rainfall trend,
especially in the north-east and south-west areas, where the
rivers investigated in this study flow. The main wet peri-
ods occurred between the mid-1930s and mid-1940s and
between the early 1960s and late 1970s, while the main dry
periods occurred between the mid-1940s and early 1960s
and between the late 1970s and the first decade of the XXI
century (Longobardi and Villani, 2010; De Vita ez al., 2012).
At the same time, the seasonal variability also appeared to
be characterised by a negative trend, with a transition of the
rainfall regime from seasonal to more uniform. The rivers
investigated flow into two main basins (i.e., Calore River
and Sele River), as the Tammaro and Sabato Rivers are the
main tributaries of the Calore River. The main characteris-
tics of the studied basins are shown in table 2. The Sele R.
flows through all the above mentioned physiographic units
(i.e., Apennine mountains range, hills/alluvial plains and
coastal plain) and finally flows into the Tyrrhenian Sea. The
Calore R. basin, on the other hand, is an inner basin, being
the Calore R. the main left tributary of the Volturno R. It
is different from the Sele basin, in that it only crosses the
physiographic units of the mountain range and hills/alluvial
plains without reaching the coastal plain.

From a geological-structural standpoint, the investi-
gated rivers flow within intra-Apennine morphostructur-
al depressions presenting terraced Quaternary deposits of
mainly alluvial and volcanic origin (Brancaccio et a/., 1987;
Magliulo ez al., 2007; Cartojan et al., 2014). In some areas
(e.g. the lower Sele R. valley and the middle-lower Calore
R. valley), Quaternary alluvial deposits form very thick sed-
imentary successions (Cinque et al., 1988; Magliulo, 2005).
The Quaternary deposits, in turn, unconformably rest on
both terrigenous deposits of Mio-Pliocene age, which form
predominantly hilly reliefs subject to intense erosive phe-
nomena, and on carbonate deposits, often karstified, of
Mesozoic age that form the substrate of the main mountain
massifs (Mostardini and Merlini, 1986).

From a geomorphological point of view, steep slopes,
locally deeply dissected by gorges, characterize the sectors
of the basins shaped in limestone deposits. At the top of
these slopes, there are karstified remnants of ancient ero-
sive landscapes (paleosurfaces or Paleosuperfici Auct.)
(Brancaccio et al., 1987; Magliulo et al., 2005). In contrast,
hills shaped into terrigenous deposits present gently-rolling
morphologies and low-angle slopes, and are subject to in-
tense water erosion and mass movements. Thick sequences
of alluvial and scree-talus deposits connect the slopes to the
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floodplains. These deposits often form coalescent or tele-
scopically-arranged alluvial fans. In turn, the alluvial fans
deposits are in heteropic contact, downslope, with fluvial
or fluvio-lacustrine deposits that are arranged into several
orders of river terraces. Locally, structural terraces devel-
oped on pyroclastic deposits (e.g., Campanian Ignimbrite)
and travertines are also present (Magliulo, 2005; Cartojan
et al., 2014; Magliulo et al., 2021b Martucci et al., 2025).

In terms of land use, the Campania Region has under-
gone significant changes over the last 150 years. Between
the mid-1800s and the 1930s, deforestation was widespread,
with peaks between 1870-1890 and 1900-1930 (Ellis et 4/,
2010; Scorpio and Piégay, 2021). On the contrary, since the
1930s, Southern Ttaly has experienced forest expansion due
to both natural reforestation and reforestation measures im-
plemented from the 1950s onwards (Tichy, 1962; D’ Ippolito
et al., 2013; Scorpio et al., 2015). According to Bevilacqua
(2005), this process also reflects the natural re-expansion of
forests following agricultural abandonment and the shift of
agricultural activities to valley bottoms and alluvial coastal
plains (Mazzoleni et al., 2004; Migliozzi et al., 2010). In par-
ticular, in the Sele R. basin, forest cover increased, at the
basin scale, by 18% between 1960 and 1990 and by 14%
from 1990 to 2012 (Magliulo e al., 2021b), while in the Ca-
lore R. basin (which includes the F. Sabato and F. Tammaro
basins), forest cover increased by 12% between 1960 and
1990 and remained almost unchanged in the following 30
years (Magliulo ez al., 2022). Most of the human interven-
tions along the river channels occurred mainly between the
1960s and the 1990s, a period in which in-channel sediment
mining, now prohibited by law, was particularly intense
(Scorpio et al., 2015; Magliulo et al., 2021a).

Finally, the Sele and Tammaro are dammed rivers. In
particular, the Sele R. was dammed by the Persano Dam,
which was closed in 1934. Such dam is open for ten months
out-of-twelve in a year. Differently, the Tammaro R. is
dammed by the Campolattaro Dam, which was closed in
2006, forming the Campolattaro Reservoir. Generally
speaking, dams reduce both sediment and flow discharge
downstream, and contribute significantly to channel ad-
justments (Grant, 2012). Unfortunately, no sediment dis-
charge data were available for the Persano and Campolat-
taro Dams.

MATERIALS AND METHODS

The multi-temporal analysis of channel pattern changes
along the Sele, Calore, Tammaro, and Sabato Rivers was con-
ducted within a GIS-based framework, using QGIS (version
3.34; QGIS Development Team, 2023) and ArcGIS Desktop
(version 10.3; ESRI, 2014). The analysis was based on carto-
graphic sources and orthorectified aerial imagery from five
reference years (i.e., 1870, 1909, 1955, 1998, and 2023).



All data were georeferenced using the UTM-WGS84
coordinate system (EPSG:32633). A first order and second
order polynomial transformation were used for georefer-
entiation of historical topographic maps and more recent
topographic maps, respectively.

Historical topographic maps provided by the Italian
Geographical Military Institute (IGMI) dated back to 1870
and 1909, both at 1: 50,000 scale, were scanned at 300 and
600 dpi resolution, imported into ArcGIS® 10.3 and geo-
referenced. Large scale (i.e., 1:5000) topographic maps (i.e.
Carta Tecnica Regionale, provided by the Regione Cam-
pania Authority) were used as the basis for georeferencing
and approximately 30 ground control points (GCPs) were
selected, generally located near the active channel. The
analysis was also carried out on IGMI 1:25,000 scale topo-
graphic maps from 1955, scanned at 1200 dpi and already
georeferenced by the map producer.

For 1998, 1: 13,000 scale colour orthophotos provided
by the Campania Region and already georeferenced by the
data provider were used. For 2023, the images were ac-
quired from Google Earth, which provides georeferenced
data compatible with the adopted coordinate system. The
main characteristics of the materials used are summarised
in table 3.

For each year considered, the active river channels
were manually digitised in a GIS environment. We con-
sidered as part of the “active channel”, according to
IDRAIM manual (Rinaldi ez al., 2016), both the fluvial
bars and the low-flow channel (or channels, in case of

multi-thread channel patterns). Stable vegetated islands
were excluded. The boundaries of the active channel were
defined based on the modern floodplain or, if absent, on
the lowest terrace in contact with the channel. On the
topographic maps, the active channels were identified
on the basis of distinctive morphological elements repre-
sented by proper cartographic symbols. On orthophotos
and satellite images, the channels were identified visually.
Digitisation was carried out at a working scale of 1:4000
or greater to ensure an adequate level of detail. Only
river segments with sufficient width and/or visibility to
provide reliable results were analysed, while channel seg-
ments that were too narrow and/or hidden by overhang-
ing riparian arboreal vegetation were excluded from the
analysis, as it was not possible to digitise them correctly.
The analysed river length will be hereinafter referred to
as ARL. Detailed geomorphological field surveys were
carried to verify, where possible, the accuracy of the data
obtained from the topographic map analysis and to look
for geomorphological evidence of abandoned riverbeds
and embankments. The riverbed centerline was derived
from the active channel polygon through a semi-auto-
mated GIS-based procedure involving Voronoi polygons.
The active channel polygon was first converted into lines
and then into points distributed at regular intervals along
both riverbanks. Using the “v.voronoi.skeleton” function
within the GRASS environment, Voronoi polygons were
generated. The internal edges of these polygons, which
represent lines equidistant from the banks, were extract-

Table 2 - Main features of the investigated rivers basins. Latitude and longitude refer to the extreme North-Western and South-Eastern vertexes of the
rectangle that enclose the basin. Data about percent of forests are from Magliulo ez al. (2021a, b; 2022).

Area Minimum altitude

Maximum altitude

Mean annual rainfall % of forests

Basin Latitude  Longitude (km?) (m as.) (m as.l) (mm) Main land use (2012)
40°5’ N 14°56' E
Sele 3245 0 1886 1071 Forests 52.6
40°09N  15°50'E
41°30° N 14°27°E
Calore 3037 35 1810 1100 Arable 221
4046 N 15°20'E lands
41°30N  14°34°EF
Tammaro 671 127 1468 1015 Arable 18.0
41°0° N 14°59'E lands
41°08 N 1441'E
Sabato 401 112 1801 1193 Forests 39.6
4046 N 15°00'E

Table 3 - Main characteristics of the used materials. Legend — HM: historical topographic maps; RM: more recent topographic map; O: orthophoto;
IGMI: Italian Geographic Military Institute; GE: Google Earth; CRA: Campania Region Authority. The scale values marked with * indicate the scale
range of data visualization. Positional errors were calculated according to Slama et a/. (1980) and Taylor (1982).

Year Type Producer Scale Scanning Resolution (dpi) Positional Error (m)
1870 HM IGMI 1:50,000 300 33

1909 HM IGMI 1:50,000 600 29

1955 RM IGMI 1:25,000 1200 15

1998 O CRA 1:13,000 2

2023 O GE 1:1000-1:2500*
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ed to obtain the channel centerline for each active chan-
nel considered.

The subdivision of the studied rivers into homogeneous
reaches (fig. 1b-e) was carried out according to the meth-
od proposed by Rinaldi ez al. (2015, 2016), which considers
not only channel pattern, but also confinement conditions
(both longitudinal and transversal), the presence of anthro-
pogenic infrastructures, and hydrological discontinuities,
such as confluences with the main tributaries and dams.
This reach-scale segmentation allowed us to better analyse
the spatial variations in channel pattern over the investigated
time span.

Channel pattern were determined based on the crite-
ria and thresholds listed by Rinaldi ez a/. (2015, 2016). The
following channel pattern were observed: straight, sinuous,
meandering, sinuous with alternated bars, wandering, braid-
ed. The classification was based on quantitative parameters
such as the sinuosity index (for single-tread channels) and the
braiding index (for multi-thread channels). Straight channels
were identified by a braiding index of approximately 1 and
a sinuosity index of less than 1.05 (Brice, 1975; Malavoi and
Bravard, 2010). To distinguish between sinuous and mean-
dering channels, a sinuosity index threshold of 1.5 was used
(Leopold & Wolman, 1957), considering sinuous channels
those with sinuosity < 1.5 and meandering channels those
with sinuosity > 1.5. We considered braided patterns those
displaying a braiding index higher than 1.5.

For transitional morphologies, such as sinuous with al-
ternated bars and wandering, it was not possible to define
univocal numerical thresholds (ISPRA, 2016); in these cas-
es, classification was based on qualitative observations and
the length of lateral bars, generally exceeding 80% of the
channel reach.

In multitemporal analysis, the changes in channel pat-
tern in each considered reach were classified, according to
Rinaldi ez al. (2016), into three classes, i.e. (i) no changes in
channel morphology, (ii) changes to a similar morphology,
and (iii) changes to a markedly different morphology. By
calculating the percent of each reach length compared to
the total ARL, the percent of ARL with changes in channel
morphology belonging to the three above listed classes of
channel morphology changes was calculated for each river
at all the considered dates.

RESULTS

Channel pattern analysis at the river scale

The subdivision of the analysed river centrelines ac-
cording to channel pattern is shown in fig. 2, which re-
ports the spatial distribution of the identified patterns, and
is quantified in fig. 3. Fig. 4 shows some selected cases of
channel pattern changes in reaches representative of the
general trend of the whole river.
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Fig. 3 clearly shows that in all the investigated rivers,
the sinuous pattern was dominant, with the only exception
of the Calore R. in 1955, in which transitional morpholo-
gies (i.e., wandering and sinuous with alternated bars) pre-
vailed, accounting for 31% and 29% of the ARL, respec-
tively (figs 3b; 4f). Sinuous pattern ranged from 94% of the
ARL in the Sabato R. in 1870 (figs 3d; 40) to 20% in the
Calore R. in 1955 (fig. 3b).

Fig. 3 also shows that between 1909 and 1955, transi-
tional morphologies became more frequent in all the in-
vestigated rivers (figs 4i-1; 40-p). Such increase was partic-
ularly clear in the Calore R., in which such morphologies
increased from 32% to 60% of the ARL (fig. 3b). It can also
be observed that, in the same time-span, among transition-
al morphologies, wandering pattern prevailed over sinuous
with alternated bars pattern in the major rivers (i.e., Sele
and Calore), while the opposite occurred in the minor ones
(i.e. Sabato and Tammaro). Conversely, transitional mor-
phologies drastically decreased in the following time-span,
ie. 1955-1998, in all the analysed rivers (fig. 3). Finally, a
new slight increase of transitional morphologies was noted
from 1998 to 2023 in three rivers out-of-four (i.e., Sele and,
subordinately, Calore, and Sabato), while a further decrease
of such morphologies characterized the Tammaro R., only.

Braided morphologies were observed in the Sele R. only
(figs 3a; 4a) and decreased with time, ranging from 17%
of the ARL in 1870 to 2% in 2023 (fig. 3a). Differently,
straight morphologies were detected in all the considered
rivers in almost all the considered years, but the percent of
the ARL was generally low (i.e., from 2% in the Calore R.
in 1870 to 12% in the Sabato R. in 2023).

Finally, meandering morphologies were observed in all
the investigated rivers at all the considered dates (fig. 3).
Such pattern was more frequent in the two major rivers, i.e.
Calore and Sele, accounting for a percent of the ARL rang-
ing from 15% to 21% (fig. 3a-b). Differently, such percent
was lower, ranging from 2% to 13%, in the minor rivers
(i.e., Sabato and Tammaro; fig. 3c-d). For each river, the
percent of ARL that showed meandering pattern did not
undergo significant changes throughout the entire consid-
ered period, except for the Sabato R. This is coherent with
what is shown by fig. 2, in which the spatial distribution of
the detected morphologies for each river is reported. Fig. 2,
in fact, shows that locations of reaches displaying mean-
dering morphologies remained substantially unchanged
through time. Fig. 2 also highlights an increase in spatial
variability of the channel pattern between 1909 and 1955
for all the considered rivers. Such an increase is marked by
the major fragmentation into segments of different colour
in fig. 2. Conversely, fig. 2 highlights a significant homog-
enization of the channel pattern between 1955 and 1998
towards a dominant sinuous pattern, which was coherent
with fig. 3, and lasted until 2023, except for the Sele R.
(fig. 3a)



Figure 2 - Spatial distribution of the detected channel morphologies in the investigated rivers from 1870 to 2023. A) Sele
R.; B) Calore R.; C) Tammaro R.; D) Sabato R.
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Figure 3 - Channel morphologies, expressed as percent of the ARL, of
the investigated rivers at the considered dates. A) Sele R.; B) Calore R;;
C) Tammaro R.; D) Sabato R.
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Channel pattern analysis at the reach scale

For each reach, the dominant pattern was assessed and
the results are reported in tables 4, 5, 6 and 7. The tables
substantially confirmed what was reported in the previous
sub-section, i.e. a dominance of sinuous morphologies and
an increase in spatial variability between 1909 and 1955,
followed by a decrease in such variability in the following
years.

According to Rinaldi ez a/. (2016), the detected channel
morphology changes in the obtained reaches were subdi-
vided into three classes: (i) no changes in channel morphol-
ogy; (ii) changes to a similar morphology (Class B); and (iii)
changes to a markedly different morphology (Class C). The
results were reported in fig. 5.

For the period 1870-1909, a difference is evident be-
tween the major (i.e., Sele and Calore) and minor rivers
(i.e., Sabato and Tammaro). The reaches of the minor rivers
seemed not experiencing any changes in channel pattern in
this time-span, as confirmed by table 6 and table 7. Differ-
ently, the major rivers experienced morphological changes
in a percent of their ARL ranging from 14% (for the Ca-
lore) to 26% (for the Sele). In particular, Class C changes
were more frequent in the Sele R., accounting for 14% of
the ARL, compared with 5% of the Calore R.

Most of the morphological changes detected at the reach
scale occurred between 1909 and 1998 in all the investigat-
ed rivers (figs 4a-b-c; 4e-f-g; 4i-l-m; 40-p-q; 5). In the minor
rivers (i.e., Tammaro and Sabato), they mainly occurred be-
tween 1909 and 1955 (figs 4i-1; 40-p), affecting percentag-
es of the ARL ranging between 20% (Sabato R.) and 31%
(Tammaro R.; fig. 5c-d). Among the minor rivers, while the
Sabato R. reaches did not experience changes to markedly
different morphologies (Class C) in this time-span (fig. 5d),
Class C changes were dominant over those of Class B in the
Tammaro R. (figs 4i-1; 5¢). Conversely, in the major rivers
(Calore and Sele), changes in channel pattern mainly oc-
curred between 1955 and 1998 (fig. 4f-g) and were more se-
vere, affecting percentages of the ARL ranging from 33%
in the Sele R. to 63% in the Calore R. (fig. 5a-b). In these
rivers, changes to markedly different morphologies domi-
nated over those to similar morphologies, as they affected
24% of the ARL in the Sele R. and 38% in the Calore R.
(fig. 5a-b). Channel pattern changes were detected, in these
time-span, also in the smallest rivers (figs 41-m; 4p-q; 5c-d),
as they affected 18% of the Tammaro R. and 26% of the
Sabato ARL, even if, similarly to the previous period, Saba-
to R. reaches never experienced changes between marked-
ly different morphologies (Class C).

In the last investigated time-span (i.e., 1998-2023), the
percent of the ARL affected by channel changes decreased
compared with the previous period (1955-1998), as it ranged
from 29% in the case of the Sele R. to 6% in the Calore
R. (fig. 5). Tt is interesting to note that the Calore R. was
the one affected by the more severe channel changes in the



Figure 4 - Geomorphological sketches of some selected river reaches representative of the main trends in channel pattern
evolution of the investigated rivers. a-d) Sele R.; e-h) Calore R.; i-n) Tammaro R.; o-r) Sabato R.
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Figure 5 - Amount and type of channel morphology changes, accord-
ing to Rinaldi ez a/. (2015; 2016), in the investigated rivers, expressed
as percent of ARL, at the considered dates. A) Sele R.; B) Calore R;;
C) Tammaro R.; D) Sabato R.
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previous period (i.e. 63% of the ARL) and that no changes
of Class C were observed in the same river between 1998
and 2023 (figs 4g-h; 5b). On the contrary, Class C changes
were dominant in the Sele R., affecting 26% of the ARL,
thus highlighting a different behaviour between the two
largest rivers in this time-span (fig. 5a).

DISCUSSION

The analysis of the changes in channel pattern in the
last 150 years highlighted some regional trends and some
differences between major and minor rivers.

As it can be seen in fig. 3, the investigated rivers main-
ly showed a dominant single-thread channel pattern, es-
pecially in minor rivers (i.e. Sabato and Tammaro). This
is in contrast with was observed in literature (Surian and
Rinaldi, 2003; Scorpio et al., 2015; and references therein),
which found a dominant multi-thread channel pattern for
Ttalian rivers between the last decades of XIX century and
1950s. According to Rinaldi (2003), this contrast could be
explained by minor sediment supply from the slopes to the
investigated rivers, even if accurate data about the causes
of such difference are unfortunately not available and fur-
ther researches are needed. Between the last decades of
XIX and the beginning of XX century, changes in channel
pattern were negligible in major rivers (i.e., Sele and Ca-
lore; fig. 5a-b), where more than 75% of the ARL remained
unchanged, or even totally absent in minor rivers (Tam-
maro and Sabato; fig. 5¢-d). This would be coherent with
the findings by Scorpio and Piégay (2021), which reports
changes in channel width but not in channel morpholo-
gies between the XIX century and 1950s. However, in our
opinion, some considerations about these results should be
made. In fact, several papers (Brunetti ez al., 2004; Dio-
dato, 2007; Scorpio and Piégay, 2021) report, at least until
1930s, a humid climate with extreme rainfall events and
an increase in frequency of floods. Humid climatic con-
ditions, in turn, increased both the landslides triggering
and erosion by water on slopes, which were also favoured
by a diffuse deforestation (Scorpio ez al., 2015). All these
conditions were coherent with an increase in sediment sup-
ply to the rivers. In this framework of increased sediment
supply at the regional scale, the development of channel
morphologies of transitional or even braided type was ex-
pected (Rinaldi, 2003). Thus, their almost total absence in
minor rivers of the Campania region (fig. 3c-d) was quite
surprising, also because such morphologies (especially the
transitional ones) were quite widespread in the same rivers
(i.e., about 30% of the ARL) in 1955 (fig. 3¢-d) when, as we
will clarify below, environmental conditions were coherent
with a reduced sediment supply compared with the previ-
ous phase. Our suspect is that transitional morphologies
in the minor rivers were more widespread than what was



Table 4 - Dominant channel pattern of the Sele R. reaches in the analyzed
time-span. Legend - B: braided; W: wandering; Sab: sinuous with alter-
nated bars; S: sinuous; M: meandering; St: straight.

Table 5 - Dominant channel pattern of the Calore R. reaches in the ana-
lyzed time-span. Legend - B: braided; W: wandering; Sab: sinuous with
alternated bars; S: sinuous; M: meandering.

Dominant channel morphology

Dominant channel morphology

REACH REACH
1870 1909 1957 1998 2023 1870 1909 1957 1998 2023
SE 01 B B S S S CAO01 W \4 B S Sab
SE 02 S S S S S CA02 Y Sab S S S
SE 03 S S S S S CA03 S S S S S
SE 04 B B Sab Sab N\ CA04 S S W S S
SE 05 W W W S S CA 05 M M Sab S M
SE 06 S S S S S CA 06 S S S S S
SE 07 S S S S S CA 07 S S S S S
SE 08 S S W S S CA 08 S S Sab S S
SE 09 S S S S S CA09 W N4 Sab S S
SE 10 S S S S S CA 10 W N W S S
SE 11 v S S S S CA1l W N W S S
SE 12 B B \4 S \4 CA 12 M M M M M
SE 13 S S B S S CA13 M M M M M
SE 14 W W W S W CA 14 W M W S S
SE 15 S Sab Sab S W CA 15 S S \4 S S
SE 16 S S St St St CA 16 S S Sab S S
SE 17 Sab S S S W CA 17 S S Sab S S
SE 18 W S S S S CA 18 S S S S S
SE 19 M M M M M CA 19 S S Sab S S
CA 20 S R S S S
reported on 1870 and 1909 topographic maps and, simply, CA21 S S S S S
not adequately mapped due to the map scale (1: 50,000) CA22 S S Sab S S
and the relatively small dimensions of the Tammaro and CA 23 M S M M M
Sabato Rs. (table 1). Such hypothesis would also explain CA 24 S S M M M
the highest frequency, in these two rivers, of transitional
channel morphologies on the topographic maps from 1955 CA2 v W M M M
(fig. 3¢-d), which were more detailed (i.e., 1:25,000-scaled) CA26 w w w S S
than the historical maps from 1870 and 1909. In this frame- CA27 S S S S S
work, also the percentages of braided and transitional mor- CA 28 S S W S S
phologies in the major rivers (Sele and Calore; fig. 3a-b) are CA 29 W NG W S S
probably underestimated, strongly suggesting the use of CA 30 W W W s s

maps of adequate scale in multitemporal analysis of chan-
nel pattern changes.

For the same reasons reported above, also the changes
in channel pattern in the period 1909-1955 (fig. 5) should
be interpreted cautiously. Apparently, all the investigat-
ed rivers evolved towards an increase of transitional and,
subordinately, braided morphologies (fig. 3). Such changes
affected percentages of the ARL ranging from ~20% to
~60% (fig. 5). These results look coherent with conditions
of increased sediment supply to the rivers (Rinaldi, 2003).
Unfortunately, also in this case the results are not fully co-
herent by literature data. In fact, Brunetti et a/. (2000) re-
port, for the Campania region, a drier climate at least since
1930s, with associated extreme rivers low-flows between

July and October. In the same period, deforestation de-
creased and forest expansion occurred, due to natural re-
forestation and reforestation measures, reducing both ero-
sion on slopes and sediment supply to the rivers (Scorpio ez
al., 2015). These discrepancies suggest that the inadequate
scale of the maps from 1909 could have affected the full
reliability of the results for the period 1909-1955, at least for
minor rivers. Difference in scale of the topographic maps
could also partly explain the increase in spatial variability
of channel morphologies in this period (fig. 2). However,
because such increase is also evident for major rivers (Ca-
lore and Sele in fig. 2), for which the difference in scale of
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Table 6 - Dominant channel pattern of the Tammaro R. reaches in the
analyzed time-span. Legend - S: sinuous; W: wandering; Sab: sinuous
with alternated bars.

Table 7 - Dominant channel pattern of the Sabato R. reaches in the an-
alyzed time-span. Legend - S: sinuous; W: wandering; Sab: sinuous with
alternated bars.

Dominant channel morphology

Dominant channel morphology

REACH REACH

1870 1909 1957 1998 2023 1870 1909 1955 1998 2023
TA1 S S W A\ A\ SA 01 S S S S S
TA2 S S W Sab Sab SA 02 S S S S S
TA3 S S S S S SA 03 S S S S S
TA 4 S S W S S SA 04 S S S S S
TAS S S S S S SA 05 S S S S S
TA 6 S S S S S SA 06 S S S S S
TA7 S S S S S SA 07 S S S S S
TA 8 S S S S S SA 08 S S S S S
TA9 S S S S S SA 09 S S S S S
TA 10 S S S S S SA10 S S S S S
TA 11 S S S S S SA11 S S S S A\
TA 12 S S A\ S S SA 12 S S Sab S S
TA 13 S S S S S SA 13 S S Sab S S
TA 14 S S Sab W S SA 14 S S Sab S S
TA 15 S S Sab Sab S SA 15 S S S S Sab
TA 16 S S S S S
TA 17 S S S S S

topographic maps likely played a more negligible role, it is
possible that, between 1910s and 1950s, channel morphol-
ogies actually underwent an increase in spatial variability
along the active channels induced by local factors. Among
these latter, because in-channel human interventions were
negligible at that time (Scorpio e# al., 2015) and the climate
was quite uniform at a regional scale, a possible role could
have been played by different rates of reforestation in the
tributary sub-basins, which, in turn, affected the rates of
erosion and sediment supply to the main rivers (Scorpio ez
al., 2015; Scorpio and Rosskopf, 2016).

The data from 1955 onward looks much more robust
due to the adequate scale of topographic maps and aerial
photos for the analysis of channel pattern of both major
and minor rivers. Interpretations are corroborated by the
major availability and detail of literature data.

The period 1955-1998 was characterized by a common
morphoevolutionary trend for both minor and major riv-
ers, consisting in an increase of sinuous channel morphol-
ogies at the expense of transitional morphologies (fig. 3;
figs 4b-c; 4f-g; 41-m; 4p-q). The changes were sharper and
more diffuse in the major rivers (fig. 5a-b) than in minor
rivers (fig. 5c-d). The evolutionary trend towards sinuous
morphologies at the expense of transitional ones suggests a
decrease in sediment supply to the rivers. This is fully co-
herent with literature data. In particular, afforestation was
particularly intense in both the Calore R. basin (which in-
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cludes also the Tammaro R. and Sabato R. sub-basins) and
Sele R. basin. In the Calore R. basin, the forested area in the
period 1960-1990 increased by 110%, i.e. from the 10.4% to
22.5% of the river basin (Magliulo ez a/., 2022). Similarly, in
the Sele R. basin, forested areas increased by 146%, and the
forested portions of the basin increased from 21% to 53%
(Magliulo ez al., 2021b). Besides, several papers converge
in indicating a reduction in rainfall from 1950s onwards,
with a peak at the end of XX century (Brunetti ez a/., 2004;
Polemio and Casarano, 2004, 2008; Diodato, 2007). Finally,
because in the first part of such dry climatic period (.e.,
1960s), isolated extreme rainfall events were still relatively
frequent, human interventions were carried out on slopes
to further reduce the rates of erosion and landsliding. Giv-
en the above described environmental conditions, a reduc-
tion of erosion on slopes and sediment supply to the rivers
was extremely probable. The latter, in turn, is in very good
accordance with the reduction of channel patterns indicat-
ing high sediment supply (i.e., wandering and sinuous with
alternated bars) and increase in sinuous patterns that we
detected in all the investigated rivers (fig. 3). Such reduc-
tion may also be explained, at the local scale, by sediment
extraction from the riverbed, which peaked between the
1960s and late 1980s and was progressively forbidden by
the early 1990s (Scorpio et al., 2015). Sediment extraction
sites (hereinafter, SES) were identified along all the studied
rivers, particularly the Calore River (thirteen SES; Magli-
ulo et al., 2013), and, to a lesser extent, along the Tammaro
(three SES; Magliulo et al., 2021a), Sabato (three SES; Mar-
tucci et al., 2025), and Sele (three SES). Unfortunately, no



reliable data were found regarding the extracted volumes.

From 1998 to 2023, channel morphologies remained
substantially unchanged in more than 70% of the ARL in
all the investigated rivers (figs 3; 4c-d; 4g-h; 4m-n; 4q-1; 5).
This is coherent with the fact that, at least in the Calore,
Sabato and Tammaro basins, the forested area remained al-
most unchanged (Magliulo et 4/., 2022). Similarly, also the
annual rainfall did not undergo remarkable changes, even
if a slight increase was recorded compared to the previous
period (Alilla ef al., 2024). Thus, no significant changes in
sediment supply to the rivers probably occurred and this
could explain the negligible modifications in channel pat-
tern we detected (figs 3; 5). Generally speaking, artificial
channelization is another possible controlling factor of
channel pattern stability. However, among the four ana-
lysed rivers, only the Sabato R. experienced a significant
increase in artificial confinement in the investigated time-
span. Along this river, the total length of bank protections
increased from less than 1 km in 1955 to approximately 20
km in 1998, then to ~27 km in 2004 and, finally, ~29 km in
2014 (Martucci et al., 2025). Nevertheless, this factor alone
is unlikely to account for the recent phase of channel stabil-
ity observed across all rivers. In fact, the Sele, Calore and
Tammaro Rs., even if displaying channel pattern stability,
showed no significant channelization.

In this phase, only the Sele R. displayed a quite differ-
ent behaviour, with an increase of wandering morphologies
at the expense of sinuous morphologies (fig. 3a). Further-
more, changes to markedly different channel morphologies
affected about 25% of the Sele R. ARL (fig. 5a). In this
sense, it is worthy to note that the Sele R., which is nor-
mally characterized by a flow discharge higher than those
of the other investigated rivers (table 1), was affected by an
extreme flood on 8, 9 and 10 October 2010. Several papers
converge in indicating that extreme floods were probably
the main controlling factor of channel adjustments from
1990s onward (de Musso et al., 2020; Mandarino et a/.,
2020; Mandarino, 2022). In particular, they erode, trans-
port and deposit large amounts of sediments, leading to the
development of transitional or even braided channel mor-
phologies and channel widening (Nardi and Rinaldi, 2015;
Surian et al., 2016; Righini et al., 2017). Thus, the Sele R.
reaches displaying transitional (mainly wandering) channel
morphologies are likely to be interpreted as the “remnants”
of the morphological effects of the 2010 extreme flood.

Finally, it was noted that almost all the rivers were char-
acterized by reaches displaying a straight channel pattern,
even if the latter generally represented a negligible part of
the ARL. Generally speaking, straight pattern is relatively
rare. However, all the studied rivers are located in a tectoni-
cally active area, i.e. Southern Apennines. Thus, the straight
pattern could characterize subsequent river reaches, i.e.
flowing on tectonic discontinuities (Cartojan et al., 2014).

CONCLUSIONS

This study provided a schematic, relatively simple and
rapid approach to identify potential morpho-evolutionary
trends at a regional scale that can be easily applied also to
rivers located outside Italy. The selected rivers are repre-
sentative of those of a much wider morphoclimatic scenar-
io, i.e. the Mediterranean area. The main findings of the
present study can be summarized as follows:

— Differently from other rivers in Ttaly (and in the whole
Mediterranean area), between the last decades of XIX
century and the 1950s the investigated rivers were char-
acterized by a dominant single-thread pattern, while
multi-thread patterns characterized only limited por-
tions of the major rivers (i.e., Sele and Calore).

— Some regional trends in channel pattern evolution were
recognized, at least from 1950s onwards. They consist-
ed, both in major and minor rivers, in a progressive
increase in sinuous channel patterns at the expense of
transitional ones. Such changes were likely related to a
decrease in sediment supply to the rivers, mainly con-
trolled by LULC changes (mainly afforestation/defor-
estation) and changes in rainfall regimes and amounts,
while sediment extractions from the riverbed and chan-
nelization played a minor role. The channel patterns
remained substantially unchanged from 1990s onward.
Any case, further analyses are needed to investigate in
detail the effect of controlling factors on channel pat-
tern change or stability.

— The study highlighted the paramount importance of
using materials of adequate scale in channel pattern
analysis to avoid erroneous interpretations, especially
for minor rivers. Maps at least at 1:25,000 scale or more
detailed should be used for minor rivers and results
should be always carefully compared with literature
data.

— The research highlighted some open and critical prob-
lems about the definition and the discussion of the oldest
morphoevolutionary phases (i.e., from the end of XIX
century to 1950s) that are, however, difficult to solve due
to the lack of data, i.e. detailed topographic materials,
LULC data and hydrometric data. Any case, the channel
pattern analysis and evolution of other uninvestigated
rivers of Southern Ttaly is planned, with the aim of bet-
ter define a regional trend in future researches.

— The classification and morphological characterization
of rivers, particularly in terms of channel planform,
are increasingly acknowledged as fundamental compo-
nents in interdisciplinary approaches aimed at under-
standing fluvial processes and informing effective and
sustainable river management strategies. This perspec-
tive aligns with recent European frameworks, such as
the Water Framework Directive and the Floods Direc-
tive, which promote an integrated approach to river as-
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sessment and management based on geomorphological,
ecological, and hydrological processes. Within this con-
text, historical analyses of channel patterns and, more
generally, planform dynamics, such as those developed
in this study, provide critical insights into the mor-
phological trajectories of river systems and serve as a
valuable support for designing process-based and con-
text-specific river restoration and management actions.
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