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Abstract

Short-term channel adjustments are a research topic of great relevance in the framework of
fluvial geomorphology, but studies on this topic have been quite scarce in Southern Italy, at
least since the 2010s, notwithstanding the fact that this area is strongly representative of a
much wider morphoclimatic context, i.e., the Mediterranean area, which particularly suffers
from the effects of current climate change. Currently, different interpretations still exist
about the type and role of controlling factors, and a common morphoevolutionary trend is
quite far from being defined; so, new case studies are needed. In this paper, the geomorpho-
logical changes experienced by the Sabato R. (Southern Italy) over a period of ~150 years
were investigated. A reach-scale geomorphological analysis in a GIS environment of raster
data, consisting of four topographic maps (from 1870, 1909, 1941 and 1955) and five sets
of orthophotos (from 1998, 2004, 2008, 2011 and 2014), was carried out, integrated with
field-surveyed data. Land-use changes, in-channel anthropic disturbances, floods and
rainfall variations were selected as possible controlling factors. The study highlighted four
morphoevolutionary phases of the studied river. Phase 1 (1870s–1910s) was characterized
by a relative channel stability in terms of both mean width and pattern, while channel
widening dominated during Phase 2 (1910s–1940s). In contrast, Phase 3 (1940s–1990s)
was characterized by intense and diffuse narrowing. Finally, during Phase 4 (from the
1990s onward), an alternation in channel narrowing and flood-induced widening was
detected. During all phases, changes in both channel pattern and riverbed elevation were
less evident than those in channel width. Land-use changes and, later, floods, in addition
to in-channel human disturbances at a local scale, were the main controlling factors. The
obtained results have profound implications for rivers located outside Italy as well, as
they provide new insights into the role played by the considered controlling factors in the
geomorphological evolution of a typical Mediterranean river. Understanding this role is
fundamental in regional-scale river management, hazard mitigation and environmental
planning, as proved by the vast pre-existing scientific literature.

Keywords: river geomorphological changes; reach-scale analysis; controlling factors;
morphoevolutionary trajectories; floods; land-use changes; human disturbances; GIS;
Campania region

1. Introduction
In recent decades, rivers have experienced intense geomorphological changes that

have been investigated worldwide [1–6]. In particular, a large number of papers focused
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on Italian rivers [7–9]. Unfortunately, rivers in Southern Italy have been less investigated
compared with those in Northern and Central Italy, notwithstanding the fact that they are
representative of a much wider morphoclimatic scenario, i.e., the Mediterranean area [3]
and the literature is still relatively scarce [10–15]. Previous papers generally show that
Italian rivers, at least from the 1950s onwards, underwent significant narrowing (i.e., a
reduction in the planform distance between the riverbanks) and bed-level lowering (i.e.,
a decrease in the channel bottom altitude). In the 1990s, some channels have started to
widen, i.e., to experience an increase in the planform distance between the riverbanks,
and partially recovered their bed elevation, but this has not compensated for the effects of
previous alterations.

The controlling factors of such adjustments are still widely debated. Some researchers
think that the dominant factor is climate change [16–19]. Floods and, in particular, ex-
treme floods change the morphological parameters of rivers in a remarkable way and in
a very short time [20–23]. Floods induce widening of the active channel, aggradation of
the riverbed and changes towards multi-thread or transitional channel patterns. Other
researchers attribute the short-term variations mainly to anthropic disturbances, such as
land-use changes at the basin scale, channelization, damming and/or extraction of sedi-
ments from the riverbed [24–28]. Land-use changes affect the rates of soil erosion on slopes
and, consequently, the sediment supplied to the river. The latter, in turn, affects river
sediment discharge, which is one of the key variables that control channel adjustments.
Among the different land-use changes, afforestation and deforestation are of paramount
importance, as the first reduces erosion on slopes and associated sediment supply to the
river, while the second increases such supply [29]. Channelization reduces fluvial erosion
of the riverbanks, riverbed or both, thus reducing sediment discharge. Furthermore, chan-
nelization prevents free lateral shifting of the active channel, which can affect both channel
width and pattern [26]. River damming traps most of the sediment upstream from the dam,
thus reducing sediment discharge downstream. This often induces riverbed degradation
and active channel narrowing downstream from the dam [11,14,30]. Finally, extraction of
sediments from the riverbed reduces sediment availability to the river and creates localized
increases in riverbed slope gradient, which in turn increases flow velocity and erosion. As
a result, riverbed degradation moves both upstream and downstream from the sediment
extraction site [4,24,31].

This study is focused on the geomorphological changes experienced by a small river,
i.e., the Sabato River, located in Southern Italy (Figure 1). We have carried out a reach-scale
analysis aimed at investigating the geomorphological changes of the studied river over the
last 150 years, with a final aim of understanding both its morphoevolutionary trajectory and
the controlling factors. The obtained results will have broad-scale implications for future
studies. In fact, many papers [10,32–35] have demonstrated that analyses of both the short-
term channel adjustments and morphoevolutionary trajectory of a river provide useful
insights into degradational and recovery phases, allowing for management actions at the
regional scale to align with channel adjustment trends in efforts to sustain channel recovery,
hazard mitigation and environmental planning, thus achieving the best possible conditions.
In any case, the Sabato R. is a previously uninvestigated case study, and this study aims to
provide new insights to define a morphoevolutionary trend at the regional scale.
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Figure 1. (a) Location map of the Sabato River basin; (b) location of the river reaches. Values in
(b) indicate the labels of the river reaches in which the Sabato R. was subdivided for the following
geomorphological analysis (See Sections 2 and 3 for details). N.A.: not analyzed.

2. Materials and Methods
2.1. Study Area

The Sabato R. basin is located in Southern Italy, more precisely in the Campania region,
flowing through the Avellino and Benevento provinces. The Sabato R. is the main left
tributary of the Calore R. The basin has an area of 401.54 km2 and is located between
latitudes 40◦46′ N and 41◦08′ N and longitudes 14◦45′ E and 14◦59′ E. The river rises at
Accellica Mt. and ends at the confluence into the Calore R. near Benevento (Figure 1a).

The climate in the study area is sub-continental, with temperate–humid winters and
dry summers. The average annual temperature ranges between 14 ◦C and 17 ◦C. Annual
rainfall ranges between 956 mm and 1340 mm, with a major intensity in the months of
November and December and a minor intensity in June, July and August.

The geological substratum consists of Upper Cretaceous-aged limestone deposits that
mainly outcrop in the upper river basin, on which Miocene- and Pliocene-aged terrigenous
deposits (Tufo-Altavilla Units) are tectonically superimposed. On this pre-Quaternary and
tectonically deformed substratum, Quaternary-aged deposits of volcanic and alluvial origin
unconformably overlie [36–38].

2.2. Data Source and Methodology

For the geomorphological analysis, the following materials were used (Table 1):
(i) 1:50,000-scale historical topographic maps from 1870, 1909 and 1941, provided by IGMI
(Italian Geographic Military Institute), which were scanned in *.tif format; (ii) 1:25,000-scale
topographic maps, “serie 25” from 1955, provided by IGMI in *.ecw format; and, finally,
(iii) digital orthophotos from 1998, 2004, 2008, 2011 and 2014, provided by Campania
Region authority in *.tif format, at a scale ranging from 1:13,000 (1998) to 1:5000. All the
materials were geo-referenced, by using Global Mapper 7.1 software, in UTM WGS84
coordinate system, Fuse 33N.
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Table 1. Main features of the used materials. Legend: R: raster; HM: historical topographic map;
TM: more recent topographic map; O: orthophotos; IGMI: Italian Geographic Military Institute; CRA:
Campania Region Authority. Positional errors were calculated according to Slama et al. [39] and
Taylor [40].

Data Format Year Type Provider Scale Pixel Size (m) Positional
Error (m)

R 1870 HM IGMI 1:50,000 5.4 33
R 1909 HM IGMI 1:50,000 4.2 30
R 1941 HM IGMI 1:50,000 4.0 29
R 1955 TM IGMI 1:25,000 2.3 15
R 1998 O CRA 1:13,000 2.0 2
R 2004 O CRA 1:5000 0.2 -
R 2008 O CRA 1:5000 0.5 -
R 2011 O CRA 1:5000 0.2 -
R 2014 O CRA 1:5000 0.2 -

Errors associated with channel width measurement were calculated by summing two
independent errors. The first one is associated with bank-line digitization. It depends
on map scale and orthophoto pixel dimensions. It was calculated by multiplying pixel
resolution by the mean of the maximum number between repeat left and right bank-line
delineations. The second error is related to distortions of orthophotos. ArcGIS 10.3 software
provided root mean square errors (RMSEs). The results are reported in Table 1.

The following step was digitizing the Sabato R. active channels at different dates by
using QGIS 3.34.8 software. The active channels were then subdivided into analyzed and
not-analyzed reaches (Figure 1b). In particular, not-analyzed reaches were excluded from
the analysis, due to the impossibility of a correct digitation, for one or more of the following
causes: (i) they were too narrow to be reliably represented on topographic maps; (ii) on
the orthophotos, the riverbanks were largely or totally hidden by a dense arboreal riparian
vegetation; (iii) they flowed directly on bedrock; (iv) they were artificially channelized.

The analyzed Sabato R. reaches were then further subdivided according to the IDRAIM
method [41], which allows identifying reaches that are homogeneous from both confine-
ment and morphological conditions, also taking into account the presence of hydrological
discontinuities (i.e., confluences and dams). In particular, 15 reaches were defined and
analyzed (Figure 1b). For each analyzed reach at different dates, the centerline, valley axis
and fluvial bars were digitized in a GIS environment.

As controlling factors, hydrological data (i.e., rainfall and hydrometric data), land-use
data and human disturbances were considered and analyzed.

Mean channel width was calculated, according to Surian et al. [42], by dividing
the active channel area by the centerline length of each reach. Sinuosity was calculated
according to Schumm [43] by dividing the centerline length by the valley axis length.
Channel pattern was classified according to Rinaldi [44]. The channel pattern was assessed
at both the river and reach scales. In the first case, the spatial distribution along the Sabato
R. of the detected channel patterns was expressed as a percentage of the total river length
characterized by a given channel pattern. In the second case, the dominant channel pattern
within each reach was assessed.

Hydrological data were provided by Ministero LL.PP. [45] and Centro Funzionale
Multirischi della Protezione Civile, Regione Campania [46]. For hydrometric data, due to
some discrepancies between the data sources, some hydrometric data were analyzed and
presented separately. In particular, according to Magliulo et al. [30], the minimum annual
hydrometric heights were used for assessing changes in riverbed height. In particular,
Magliulo et al. [30] have demonstrated that in rivers similar to the Sabato R., which are
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characterized by an almost total absence of flowing water during the dry season, the
minimum annual hydrometric height is a good proxy of the riverbed elevation, with an
error of few decimeters that, in any case, marginally affects the general trend. Thus, the
latter can be usefully reconstructed and analyzed. To this end, in this study, the variation
in the minimum annual hydrometric height measured at the Chianche stream gauge
(Figure 1a) was used to infer variation trends in riverbed elevation. Similarly, maximum
annual hydrometric height data were used to assess both the frequency and intensity of
floods. Finally, with the aim of investigating variations in rainfall, the most complete
rainfall data series were selected. They were collected at the Avellino, Benevento, Serino
and Altavilla Irpina rain-gauge stations [45,46]. Mean annual rainfall was calculated for
each station and the whole Sabato R. basin.

To assess land-use changes at the basin scale, three land-use maps were produced in a
GIS environment. The first map, from 1960, was digitized in a GIS environment from the
Map of the Agricultural Use of Soils at 1:200,000 scale, produced by the National Research
Council and published by Touring Club [47]. The second and the third maps, from 1990
and 2012, respectively, were produced from Corine Land Cover data at a 1:100,000 nominal
scale [48,49].

Finally, human disturbances such as sediment extraction sites, weirs, bridges and
riverbank protections were mapped and dated through topographic maps and aerial
photo interpretations.

3. Results
In this section, all the results we obtained from the work performed in order to

investigate the short-term geomorphological changes of the Sabato R. from 1870 to 2014
will be presented. Namely, we analyzed confinement conditions; changes in mean active
channel width; channel morphology; and, as controlling factors, changes in land-use at the
basin scale, in-channel human disturbances, variations in rainfall and floods.

3.1. Geomorphological Analysis of the Sabato R. Channel
3.1.1. Confinement

The total length of the Sabato R. is about 50 km, and the analyzed reaches accounted for
~50% of the total river length. The subdivision of the Sabato R. into reaches was primarily
based on the different confinement conditions, which were determined according to the
IDRAIM method [41]. More precisely, the confinement conditions of a river reach were
determined based on two parameters, i.e., Confinement Degree and Confinement Index,
which allow determining the Confinement Class of the reach. The results are reported
in Table 2. The analyzed channel of the Sabato R. fell within the “unconfined” or “partly
confined” confinement classes. In particular, the river is partly confined in 52% of the
analyzed length and unconfined in the remaining 48%.

Table 2. Confinement conditions of the analyzed reaches of the Sabato R. Legend: CD: Confinement
Degree; CI: Confinement Index; CC: Confinement Class.

Reach Length (m) CD (%) CI CC

5.1 1255 8.5 23.9 Unconfined
5.2 1391 15.0 8.1 Partly confined
5.3 1040 - 26.0 Unconfined
5.4 1106 49.9 13.1 Partly confined
7.1 1314 - 20.2 Unconfined
7.2 1489 4.1 15.5 Unconfined
7.3 1817 50.0 6.0 Partly confined
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Table 2. Cont.

Reach Length (m) CD (%) CI CC

7.4 1665 27.7 9.8 Partly confined
7.5 1296 32.9 6.5 Partly confined
8.2 1796 46.6 4.7 Partly confined
9.1 1752 27.4 7.1 Partly confined
9.2 1897 - 16.6 Unconfined
9.3 2841 - 22.2 Unconfined
9.4 3248 - 37.9 Unconfined
9.6 2037 46.5 17.5 Partly confined

3.1.2. Changes in Mean Active Channel Width

Figure 2 shows the main trends in mean active channel width variations. Four main
phases can be observed and recognized.

Figure 2. (a) Trends in mean active channel width changes of the Sabato R. in the investigated period.
For the sake of readability, the trends in the period 1998–2014 (Phase 4 in Figure 2a) are reported in (b).

Between 1870 and 1909, the river showed a dominant stability. When the length of
each reach is expressed as a percentage of the total analyzed length, it can be observed
that ~70% of the analyzed Sabato R. remained stable, while ~25% experienced narrowing
(Figure 3). Table 3 shows that the latter was negligible, ranging from 0.02 and −0.14 m/year,
with a mean value of −0.07 m/year. Examples of the detected channel width changes that
have occurred during this phase are reported in Figure 4a,e. Hereinafter, we will refer to
this phase as Phase 1.

Table 3. Mean annual variations in mean channel width of the Sabato R. in the considered periods. In
brackets, the number of the reach is reported.

Mean Annual Narrowing (m/year)

1870–1909 1909–1941 1941–1955 1955–1998 1998–2004 2004–2008 2008–2011 2011–2014
Mean −0.07 - −1.78 −0.50 −0.84 −1.24 - −0.76
Max −0.14 (7.1) - −2.95 (7.1) −1.87 (9.2) −1.62 (9.6) −2.80 (9.4) - −1.25 (9.3)
Min −0.02 (9.3) - −0.73 (5.4) −0.07 (7.1) −0.13 (9.4) −0.25 (5.1) - −0.20 (5.3)

Mean Annual Widening (m/year)

Mean 0.05 0.17 0.92 - 0.84 0.48 1.40 0.14
Max 0.21 (9.1) 0.33 (5.1) 1.30 (9.2) - 1.57 (7.5) 0.48 (7.1) 2.19 (7.2) 0.14 (5.1)
Min 0.001 (9.4) 0.02 (7.2) 0.54 (9.4) - 0.01 (7.1) 0.48 (7.1) 0.79 (5.1) 0.14 (5.1)
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Figure 3. Percentage of the Sabato R. analyzed length affected by narrowing, stability and widening
in the investigated periods.

Figure 4. Geomorphological sketches of some selected Sabato R. reaches representative of the entire
river trend, showing changes in mean active channel width during the four detected morphoevolu-
tionary phases. (a) Reach 5.1, comparisons between active channels from 1870 and 1909; (b) Reach 5.1,
comparisons between active channels from 1909 and 1955; (c) Reach 5.1, comparisons between active
channels from 1955 and 1998; (d) Reach 5.1, comparisons between active channels from 1998 and 2014;
(e) Reach 9.3, comparisons between active channels from 1870 and 1909; (f) Reach 9.3, comparisons
between active channels from 1909 and 1955; (g) Reach 9.3, comparisons between active channels
from 1955 and 1998; (h) Reach 9.3, comparisons between active channels from 1998 and 2014.

Between 1909 and 1941, channel widening was the dominant process (Figures 2 and 4b,f),
affecting ~75% of the analyzed river length (Figure 3), even if the mean annual rates were
quite low (i.e., 0.17 m/year), ranging from 0.02 m/year to 0.33 m/year (Table 3). Narrowing
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was absent, while ~25% of the analyzed river remained stable from the standpoint of
channel width (Figure 3). This phase will be hereinafter referred to as Phase 2.

In the period 1941–1998, narrowing was clearly the dominant process (Figures 2 and 4c,g).
This phase will hereinafter be referred to as Phase 3. Based on the results reported in
Figure 3 and Table 3, it is possible to further subdivide this phase into two sub-phases.
Sub-phase 3A occurred between 1941 and 1955. During this sub-phase, notwithstanding
the large dominance of narrowing, which affected ~80% of the analyzed river (Figure 3) at
very high rates (−1.78 m/year, with a peak of −2.95 m/year; Table 3), widening was still
present in some reaches (Figure 3) at significant rates (i.e., 0.92 m/year; Table 3). Differently,
during Sub-phase 3B, widening totally disappeared (Figure 3). Narrowing affected the
whole analyzed portion of the Sabato R. (Figure 3), even if at lower rates compared with
Sub-phase 3A (i.e., 0.5 m/year, with a peak of 1.87 m/year; Table 3).

The last phase, hereinafter defined as Phase 4, occurred approximately from 1998
onwards (Figure 2). This phase can be described as a phase of great instability in mean
channel width, consisting of short periods of dominant narrowing interrupted by short
periods of dominant or total widening (Figure 3). Both narrowing and widening were
quite intense. In particular, narrowing ranged from −0.76 and −1.24 m/year, with a
peak of −2.80 m/year, while widening ranged from 0.14 and 1.40 m/year, with a peak of
2.19 m/year (Table 3). In general, however, the changes in mean active channel width were
quite negligible (Figure 4d,h).

3.1.3. Channel Pattern

The distribution of the different channel patterns, defined according to Rinaldi [44],
in the entire Sabato R. in the investigated time span is shown in Figure 5. The Sabato R.
always showed a strikingly dominant sinuous channel pattern in all the investigated years
(Figure 5). Subordinately, sinuous with alternate bars pattern was also present, especially in
1955, when it characterized ~25% of the total river length. All the other patterns accounted
for negligible percentages of the total river length. In particular, the straight pattern was
constantly present in all the considered years, except in 1870. Wandering morphology
totally disappeared from 2011 onwards.

Figure 5. Distribution of the different channel patterns in the entire Sabato R. in the investigated period.

Table 4 shows that, at the reach scale, all the occurring channel patterns were constantly
subordinate to the sinuous pattern, occupying negligible portions of each reach. The few
exceptions were Reach 5.2 in 1870 and Reaches 7.5, 9.2 and 9.3 in 1955, in which the sinuous
with alternate bars pattern was dominant, and Reach 9.4 in 1955, in which the wandering
pattern prevailed.
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Table 4. Dominant channel patterns in the Sabato R. reaches in the investigated period. Legend:
S: sinuous; St: straight; Sab: sinuous with alternate bars; W: wandering.

Reach
Year

1870 1909 1941 1955 1998 2004 2008 2011 2014

5.1 S S S S S S S S S
5.2 Sab S S S S S S S S
5.3 S S S S S S S S S
5.4 S St S S S S S S S
7.1 S S S S S S S S S
7.2 S S S S S S S S S
7.3 S S S S S S S S S
7.4 S S S S S S S S S
7.5 S S S Sab S S S S S
8.2 S S S S S S S S S
9.1 S S S S S S S S S
9.2 S S S Sab S S S S S
9.3 S S S Sab S S S S S
9.4 S S S W S S S S S
9.5 S S S S S S S S S

Some of the detected changes in channel pattern in some selected reaches, representa-
tive of the entire Sabato River, are graphically reported in Figure 6.

3.1.4. Riverbed Elevation Changes

Field-surveyed topographic data are unquestionably the most reliable tool for detect-
ing and measuring past processes of river incision. Unfortunately, such data were not
available for this study. However, as reported in detail in Section 2.2, Magliulo et al. [30]
have demonstrated that, in rivers similar to the Sabato R., the minimum annual hydro-
metric height is a good proxy of the riverbed elevation. In this study, the variation in the
minimum annual hydrometric height measured at the Chianche stream gauge was used
to infer variation trends in riverbed elevation. Results are reported in Figure 7. As we
have stated in Section 2.2, due to some uncertainties in the elevation of the hydrometric
zero, we preferred to maintain the data provided by Ministero LL.PP. [45], discontinuously
covering the period 1967–1994 (Figure 7a), separate from those provided by Centro Fun-
zionale Multirischi della Protezione Civile [46], continuously covering the period 2000–2014
(Figure 7b).

In the period 1967–1994, which entirely falls within Sub-phase 3B (see Section 3.1.2),
a clear albeit limited riverbed lowering of ~50 cm seemed to emerge. This incision was
interrupted by several aggradation episodes, after which riverbed incision often sharply
reoccurred (e.g., in the period 1984–1994; Figure 7a).

In the period 2000–2014, which entirely falls within Phase 4 (Section 3.1.2), riverbed
elevation underwent fluctuations (Figure 7b), describing a trend very similar to that of
mean channel width (Section 3.1.2).

The detected phases of riverbed degradation were confirmed by abundant field evi-
dence, such as remnants of terraced recent floodplains (Figure 8a) and exhumation of check
dams, currently damaged by undermining processes (Figure 8b).
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Figure 6. Geomorphological sketches showing the channel pattern changes in two selected Sabato R.
reaches, representative of the entire river, in the detected morphoevolutionary phases. (a) Channel
pattern of Reach 7.5 in 1870; (b) channel pattern of Reach 7.5 in 1909; (c) channel pattern of Reach 7.5
in 1955; (d) channel pattern of Reach 7.5 in 1998; (e) channel pattern of Reach 7.5 in 2014; (f) channel
pattern of Reach 9.4 in 1870; (g) channel pattern of Reach 9.4 in 1909; (h) channel pattern of Reach 9.4
in 1955; (i) channel pattern of Reach 9.4 in 1998; (l) channel pattern of Reach 9.4 in 2014.
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Figure 7. Trends in minimum annual hydrometric heights. (a) Period 1967–1994 (source: Ministero
LL.PP. [45]); (b) period 2000–2014 (source: Centro Funzionale Multirischi della Protezione Civile,
Regione Campania [46]).

 

Figure 8. Field evidence of riverbed degradation. (a) remnant of recent terraced floodplain, bordered
downslope by a steep fluvial erosional scarp; (b) exhumed weir, damaged by undermining processes.

3.2. Controlling Factors
3.2.1. Land-Use Changes at the Basin Scale

It is widely accepted that land-use changes at the basin scale affect the type and
intensity of erosion processes occurring on the slopes; these processes influence the amount
of sediment delivered to the rivers, increasing or decreasing the sediment supply that, along
with the liquid discharge, controls the morphological features of a channel and affects its
changes over time [3,14,28–30].

To assess the role played by land-use changes on the channel adjustments experienced
by the Sabato R., both an analysis of the pre-existing literature and the production of
land-use maps were carried out.

Prior to the 1960s, no literature data specifically dealing with land-use changes in
the Sabato R. basin existed. However, several papers report that, at the regional scale,
diffuse and intense deforestation occurred in Southern Italy from the last decades of the
19th century to the 1930s [11,29]. Deforestation gradually decreased from the 1930s to the
1950s, and forest expansion, due to natural reforestation and reforestation measures, started
to occur locally [11].

For the period from the 1960s to the 2010s, we produced three specific land-use maps
for the Sabato R. basin by analyzing and processing data from CNR-TC 1960 Map [47] and
the CLC data from 1990 and 2012 [48,49]. The results are reported in Figure 9. In particular,
Figure 9d shows that woods and chestnut groves sharply increased from 1960 to 2012 (from
~14% to ~40% of the basin area), especially in the lower Sabato R. basin, particularly on its
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eastern side (Figure 9a–c). Similarly, artificial surfaces (from 2% to 10%) and olive groves
and orchards (from 3% to 12%) also increased. In the same period, agricultural territories
decreased from 74% of the total basin area in 1960 to 38% in 2012. Meadows and pastures
accounted for ~7% of the basin area in 1960 and almost totally disappeared by 2012. Most of
the land-use changes occurred between 1960 and 1990, rather than in the period 1990–2012
(Figure 9d).

Figure 9. Land-use maps of the Sabato R. basin: (a) 1960; (b) 1990; (c) 2012; (d) percentage of the
Sabato R. basin occupied by the different land-use classes at the considered dates. Land-use classes
are according to Magliulo et al. [50].
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3.2.2. Other Human Disturbances

Several in-channel anthropic disturbances were detected and analyzed along the
Sabato R. The main disturbances were sediment extraction, weirs, bridges with in-channel
piles and riverbank protection. The results are reported in Figure 10.

 

Figure 10. (a) Variation in sediment extraction sites area in the Sabato R. alluvial plain; (b) vari-
ations in the weir density and (c) bridge density along the Sabato R.; (d) total length of artificial
riverbank protections.

It was demonstrated that sediment extraction from the riverbed greatly promotes
channel incision [24,31]. Fortunately, in Italy, it was forbidden by law since the 1990s.
Aerial photos interpretation allowed us to detect three sediment extraction sites along the
Sabato R. For all the detected sites, it was not possible to determine precisely when the
sediment extraction started. However, all the sites were not present on the aerial photos
by IGMI from 1954 [51], while they were clearly observable on the orthophotos from 1988
available at the Geoportale Nazionale website [52]. Thus, extraction activities surely started
at some moment between the late 1950s and the 1980s.

The first sediment extraction site was located at the confluence of the Sabato R. into
the Calore R., in Reach 9.6. On the orthophotos from 1988 [52], clear evidence of in-channel
sediment extraction was detected (i.e., anomalous in-channel accumulations of loose sedi-
ments in proximity of the site; “fresh”, un-vegetated artificial pathways connecting the site
with the channel with tracks of heavy machinery; and so on). Sediment extraction in this
site ceased between 1994 and 2000, and the site is currently inactive. The second extraction
site is located in Reach 9.3. The site is currently active, and unfortunately, ongoing unlawful
sediment extraction from the riverbed cannot be fully excluded. Finally, the third extraction
site is located in Reach 8.2. Like the previous one, the site is currently active, but, differently,
no evidence of current in-channel extraction of sediments was observed. According to the
GIS analysis of the orthophotos we used (Table 1), at least in the period 1998–2014, the sites
experienced areal variations in the surrounding alluvial plain, possibly reflecting periods
of different intensity in their degree of activity (Figure 10a).

The analysis of weirs frequency was carried out for the period 1998–2014 only, as these
structures, due to their small dimensions, were not reported on topographic maps and
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were not clearly identifiable on 1:34,000-scale IGMI aerial photos from 1954 [51]. The weir
frequency along the Sabato R. was expressed as weir density (i.e., number of weirs per
km), and the results are reported in Figure 10b. The results indicated a significant and
progressive increase in weirs frequency between 1998 and 2014, with values ranging from
1.9 to 3.2 weirs per kilometer. The total number of weirs increased from 91 in 1998 to 152
in 2014.

The density of bridges (Figure 10c) was calculated for the entire analyzed time span
(i.e., 1870–2014), as these infrastructures were easily identifiable on all the material we used.
The density of bridges at different dates was obtained by dividing the number of bridges
by the centerline length. The density value was 0.42 bridges/km in 1870, then slightly
and gradually increased to 1.53 bridges/km in 2004 and, finally, remained constant in the
following ten years.

Finally, we analyzed the total length of walls and gabions artificially protecting the
Sabato R. banks in the period 1955–2014. The results are reported in Figure 10d and show a
sharp increase in artificial confinement between 1955, when the total length of riverbank
protections was less than 1 km, and 1998, when this length increased to ~20 km. This value
further increased to ~27 km in 2004 and to ~29 km in 2014. Worth noting is the fact that
the entire river segment that crosses the urban settlement of Atripalda (Figure 1a) was
artificially straightened and channelized concurrently with urban expansion since the last
decades of the 19th century.

3.3. Hydrological Data

The hydrological data we analyzed in this study are rainfall and maximum annual
hydrometric height (Hmax). Given the unavailability of flow discharge data, the latter were
the best available proxy for reconstructing the flood events experienced by the Sabato
R. On the other hand, rainfall data contributed to inferring the intensity of erosion on
slopes, which, in turn, controls the sediment supply to the rivers and the associated
geomorphological changes.

Along the Sabato R., two stream-gauge stations are present: Atripalda and Chianche
(Figure 1a). The series from the Atripalda stream gauge were not considered in this study
as they are extremely short and incomplete. Differently, the series from the Chianche
stream-gauge station are relatively longer, as they cover the period 1967–1994, with only
five years without measurements. These data were published by Ministero LL.PP. [45] and
are reported in Figure 11a. During this period, which entirely falls within Phase 3b (see
Section 3.1.2), a single extreme flood event occurred in 1993 (Figure 11a). It can also be
noted that 23 out of 33 measurements (i.e., 70%) were higher than µ.

 

Figure 11. Distribution of floods, expressed as maximum annual hydrometric heights. (a) Period
1967–1994 (source: Ministero LL.PP. [45]); (b) period 2000–2014 (source: Centro Funzionale Multirischi
della Protezione Civile, Regione Campania [46]). Legend: µ: mean; σ: standard deviation.
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Measurements at the Chianche stream-gauge station stopped in 1994, and no further
measurements were carried out since 2000. After 2000, measurements reprised and were
collected and published by Centro Funzionale Multirischi della Protezione Civile, Regione
Campania [46]. Unfortunately, they are not linked to the older data as the hydrometric
zero altitude a.s.l., the location of the stream-gauge station and, finally, the measurements
techniques changed. Thus, we decided to separate them from the older data. The results are
reported in Figure 11b and entirely cover the period 2000–2014, which falls within Phase 4
(see Section 3.1.2). For the sake of completeness, data from 2014 to 2021 are also reported.
It can be observed that, during Phase 4, no extreme events occurred (Figure 11b). It was
also observed that in 11 out of the 22 considered years (i.e., in 50% of the considered years),
Hmax was higher than µ.

As far as rainfall is concerned, data availability began in 1918 (Table 5). Thus, available
data allowed us to characterize three of the four morpho-evolutionary phases of the Sabato
R. in terms of rainfall. Table 5 shows that the aforementioned phases were very similar
from a rainfall point of view, with an average annual total rainfall always hovering around
1100 mm/year.

Table 5. Rainfall features of the morphoevolutionary phases of the Sabato R.

µ of the Total Annual
Rainfall (mm) No. of Years > µ % of Years > µ Variation (%)

Phase 1 (1870–1909) No data - - -
Phase 2 (1909–1941) 1109.2 14 58 -
Phase 3 (1941–1998) 1109.9 30 53 0.06
Phase 4 (1998–2014) 1054.0 8 50 -

4. Discussion
The reach-scale analysis we used in this study proved to be fundamental for data

production. Differently from the analysis at the river scale, the reach-scale analysis allowed
us to define the geomorphological changes of the investigated river more precisely and
assess their spatial homogeneity throughout the entire Sabato R., thus better discriminating
and/or highlighting the role of local factors as opposed to basin-scale factors. For the
Sabato R, in particular, this type of analysis was fundamental due to the strong influence
of human disturbances on geomorphological changes (Sections 3.2.1 and 3.2.2). For the
sake of readability, the detected changes will be discussed below according to the mor-
phoevolutionary phases described in Section 3.1.2. The produced data have also allowed
reconstructing the morphoevolutionary trajectory of the Sabato R., which is shown in
Figure 12.

Figure 12. Morphoevolutionary trajectory of the Sabato R. and controlling factors in the investigated
time span. Classes are qualitatively defined, based on the quantitative values reported in Tables 3–5
and Figures 5, 7, 9d, 10 and 11.
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4.1. Phase 1 (~1870–1909)

This first phase was characterized by an almost total lack of data dealing with con-
trolling factors at both the basin and river scales for the Sabato R.; thus, the detected
geomorphological changes were harder to discuss than those observed in the following
morphoevolutionary phases.

During Phase 1, the Sabato R. mean active channel width remained substantially
unchanged (Figures 2, 3 and 4a,e), and the sinuous channel morphology remained strikingly
dominant (Figures 5 and 6a,b,f,g). These data are in good accordance with what was
observed by Scorpio et al. [11] in other rivers of Southern Italy, as these authors found an
absence of common trends in channel width changes and modest river pattern variations.

As regards the controlling factors, as stated above, no data focusing on the Sabato R.
basin or dealing with in-channel human disturbances exist in the literature. At the regional
scale, several papers [29,53] report that diffuse deforestation affected Southern Italy from
the last decades of the 19th century to the 1930s, in the framework of a humid climate with
extreme rainfall events and an increase in frequency of floods [54,55]. These environmental
conditions are coherent with an increase in erosion on slopes and associated increases
in sediment supply to the rivers. Generally, such conditions induce river widening and
increases in braided and/or transitional channel morphologies [29]. Because these changes
were not observed in the Sabato R., assuming a constant climate at the regional scale, it is
possible that deforestation did not affect, or affected at a lesser extent compared to other
basins, the Sabato R. basin during this phase. However, this is unquestionably an open
problem that will be investigated in future studies.

4.2. Phase 2 (~1909–1941)

During this phase, the Sabato R. underwent a diffuse widening for almost its en-
tire length (Figures 2, 3 and 4b,f), with few and localized changes in channel pattern
(Figures 5 and 6b,c,g,h). This is consistent with the findings by Scorpio et al. [11] and Scor-
pio and Piégay [29] for other Italian rivers. Even if no flow discharge and/or hydrometric
data exist for Phase 2, floods could have been the main cause of the detected channel
widening. In fact, as reported in the literature [54,55], at least until the 1930s, the climate in
Southern Italy was particularly humid with extreme events, and the frequency of floods
was high. The ability of floods to cause significant widening in river channels has long
been recognized [20–22]. On the other hand, similarly to the previous phase, the absence of
significant changes in channel morphology suggests no significant changes in sediment
supply from the slopes to the Sabato R., notwithstanding the humid climate. This could be
explained by the absent or low deforestation at the basin scale during this phase, suggesting,
as in the previous phase, that the diffuse removal of forests that affected most of Southern
Italy from the end of the 19th century to the 1930s [29,53] might not have occurred in the
Sabato R. basin. In fact, if deforestation had occurred, given the climatic features of Phase 2,
significant increases in sediment supply to the river and associated increases in braided
and/or transitional channel morphologies would have been expected.

4.3. Phase 3 (~1941–1998)

This third phase is characterized by the total or strongly dominant narrowing of the
Sabato R. active channel. However, as will be detailed later, it is reasonable to further
divide this phase into two sub-phases (3A and 3B), based on both the different homogeneity
of the narrowing along the Sabato R. (Figure 3) and the different rates of average annual
narrowing (Table 3).
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4.3.1. Sub-Phase 3A (~1941–1955)

During Sub-phase 3A (~1941–1955) a diffuse narrowing affected the active channel of
the Sabato R. (Figures 2, 3 and 4c,g) at very high mean annual rates (Table 3). This narrowing
was nearly total, as ~80% of the river underwent this process. This suggests a control at the
basin scale. A central role in this sense could have been played by the afforestation that,
since the 1930s, affected many sub-basins of Southern Italy [29,53]. Because, as stated in the
previous sections, our data suggest that the Sabato R. basin probably did not experience
the previous phase of deforestation (i.e., the one that occurred between the last decades
of the 19th century and the 1930s), the “new” forests were probably added to the older
ones, increasing the areal protection of slopes against erosion. In this framework, a reduced
sediment supply to the river is expected, which could, in turn, explain the narrowing
observed during this sub-phase.

However, the reaches of the Sabato R. crossing the town of Benevento (i.e., Reaches
9.3, 9.4, and 9.6) experienced a completely contrasting evolutionary trend, characterized
by significant widening (Figures 2 and 3; Table 3) and an increase in transitional (i.e., wan-
dering and sinuous with alternated bars; Figure 5) and even braided patterns (Figure 6d).
This framework is coherent with an increase in sediment supply to the river from the
surrounding slopes [44]. To explain this discrepancy, it should be mentioned that, in the
period 1941–1955, the town of Benevento was first heavily bombed during the Second
World War and, then, rapidly rebuilt [56]. The bombing produced large volumes of debris,
while the following reconstruction was characterized by large earthmoving. In both cases,
huge volumes of loose materials were available to be removed by runoff and, then, supplied
to the river, widening the active channel and promoting the development of transitional
channel morphologies [57]. Thus, the channel adjustments experienced by the Sabato
River during this sub-phase showed a clear difference between the “urban” reaches and
the remaining Sabato R.: while afforestation favored channel narrowing in most of the
river, the increased sediment supply in urban reaches, due to war-related and post-war
anthropogenic events, resulted in totally different geomorphological behaviors.

4.3.2. Sub-Phase 3B (~1955–1998)

During Sub-phase 3B (1955–1998), the narrowing of the Sabato River was slower
compared with the previous sub-phase (0.50 m/year compared to 1.78 m/year; Table 3),
but affected the entire channel without exceptions (Figures 2, 3 and 4c,g). This last result
strongly suggested a dominant control at the basin scale of these channel adjustments. In
particular, the percentage of the basin area covered by forests almost tripled between 1960
and 1990, while the percentage of the basin area consisting of artificial surfaces increased by
five times (Figure 9). In particular, the completion of the Rione Libertà district in Benevento
during Sub-phase 3B led to the impervious cover of those areas that, during Sub-phase
3A, supplied large amounts of sediment to the “urban” reaches of the Sabato R. (see
Section 4.3.1). According to a vast body of literature [7,8,11,29,57], these land-use changes
likely significantly reduced sediment supply to the river, promoting the detected narrowing
(Figures 2, 3 and 4c,g), incision (Figure 7a) and development of a sinuous channel pattern
(Figure 6c,d,h,i; Table 4). Differently, rainfall variations did not appear to have a significant
impact, as the mean annual value remained almost unchanged compared to Sub-phase 3A
(Table 5).

On this control at the basin scale, human disturbances that favored narrowing and
incision were dramatically superimposed at the reach scale (Figure 10). In fact, this sub-
phase was characterized by the construction of the majority of the in-channel hydraulic
structures along the Sabato R. In particular, it is well known that weirs, whose density
along the Sabato R. doubled during Sub-phase 3b (Figure 10b), trap sediment upstream,
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promoting incision and narrowing downstream, thus contributing to these processes along
the river [58]. Additionally, during this period, sites that extracted sediments from the
riverbed were fully active, as they were only outlawed in the late 1990s. A vast body of
literature [24,31] has proved their central role in causing narrowing and incision at the local
scale. Finally, Sub-phase 3B saw the artificial channelization of some Sabato R. segments
and the construction of most riverbank protection structures, further reducing sediment
supply due to riverbed and bank erosion.

The fluvial processes (i.e., intense and diffuse narrowing, incision and changes towards
single-thread channel patterns) that characterized the entire morphoevolutionary Phase 3
of the Sabato R. are in good accordance with what has been observed, in the same period,
in other rivers located in Southern Italy [10–15,23], in the central and northern part of
the Italian peninsula [7–9], in Europe [1,2,6,17,26] and even in other continents [4,5]. The
central role played by afforestation coupled with in-channel anthropogenic disturbances in
the Sabato R. geomorphological changes during this phase is absolutely coherent with the
findings of many authors [2,3,12–14,28–30].

4.4. Phase 4 (~1998–2014)

Data about Phase 4 allowed us to analyze the channel adjustments of the Sabato R.
with a higher temporal resolution. This phase was characterized by alternating narrowing
and widening over short periods (Figures 2 and 3; Table 3). Similarly, high-frequency
alternating episodes of incision and aggradation were detected (Figure 7b). Conversely,
channel patterns remained almost unchanged, with a striking predominance of sinuous
morphologies (Figures 5 and 6d,e,i,l; Table 4), which are in good agreement with reduced
sediment supply from slopes that are now densely covered by forests, which occupy more
than one-third of the basin area, and are sealed by impervious cover in 10% of their exten-
sion (Figure 9d). The incision and narrowing promoted by this reduced sediment supply
were increased by the construction of new in-channel hydraulic structures such as weirs,
even if at lower rates compared with the previous sub-phase (Figure 10b), and, possibly,
by unlawful sediment extraction from the riverbed. This phase of narrowing/incision
was interrupted by flood-induced episodes of widening/aggradation (Figure 3). In the
literature, the capacity of extreme floods in inducing channel widening and changes to
multi-thread channel patterns is well documented [20–22,30]. However, it is worth noting
that no extreme floods occurred during Phase 4, but several floods higher than the long-
term average (µ) have been detected (Figure 11b). This means that, in a small river, as the
Sabato R. currently is, even non-extreme floods are capable of significantly changing the
channel features. This is the case of the three floods that occurred in 2009, 2010 and 2011
(Figure 11b), all of them higher than µ, but not extreme (i.e., not exceeding µ+2σ). These
three floods induced a significant widening of the entire river (Figure 3) with associated
riverbed aggradation (Figure 7b) in the period 2008–2011.

5. Conclusions
This study allowed us to reconstruct the channel adjustments of the Sabato R. over

150 years, providing new data aimed at both defining similarities and differences in the
morphoevolutionary trends of rivers in Southern Italy and highlighting the role played
by natural and anthropogenic controlling factors. The obtained results will allow river
management, hazard mitigation and environmental planning, according to a vast body
of pre-existing scientific literature. A reach-scale analysis in a GIS environment proved
to be a powerful tool for better defining morphoevolutionary phases, as it allows both an
assessment of the homogeneity of channel adjustments throughout the river and a better
separation of the role played by local controlling factors from those acting at the basin
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scale. The lack of land-use, hydrological and anthropogenic disturbance data at older
dates still remains the hardest problem for the precise definition of the causes of the older
morphoevolutionary phases and, more generally, for their discussion and interpretation.

The four morphoevolutionary phases that we have detected for the Sabato R. are in
good accordance with those defined for other rivers in Southern Italy and, more generally,
in the Mediterranean area. Land-use changes resulted in being the main controlling factor
acting at a basin scale, while in-channel human disturbances mainly acted at the local scale.
Finally, in recent years, floods higher than the long-term average, even when not extreme,
proved to be the most effective controlling factor,.
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