
Catena 212 (2022) 106119

Available online 14 February 2022
0341-8162/© 2022 Elsevier B.V. All rights reserved.

Suspended sediment yield in Italian rivers 

Paolo Billi a,*, Velibor Spalevic b 

a International Platform for Dryland Research and Education, Tottori University, Japan 
b Department of Geography, University of Montenegro, Niksic, Montenegro   

A R T I C L E  I N F O   

Keywords: 
Sediment yield 
Characteristic discharge 
Climate change 
Land cover change 
Italy 

A B S T R A C T   

The knowledge about river sediment yield in Italy is rather scarce and mainly based on small reservoir sedi-
mentation data. This study used the suspended sediment yield field data measured by the national and regional 
hydrological services. The data of nine rivers and 11 selected flow gauges were used to investigate the control of 
basic parameters such as catchment area, annual precipitation and a characteristic discharge on sediment yield. 
The average sediment yield of Italy is close to the world mean but the relationship between catchment area and 
sediment yield is not significant, though a general decreasing trend with increasing catchment area can be 
distinguished. The variation of sediment yield with annual precipitation is poorly significant, although a general 
increasing trend with increasing catchment area can be observed. Sediment yield varies widely. The largest range 
of variability occurs for annual precipitation between 700 and 800 mm. The data indicate an average suspended 
sediment yield of 220 t km− 2yr− 1 and an upper limit of 3000 t km− 2yr− 1 which is observed in all the study rivers, 
no matter the catchment size which ranges from 580 to 70091 km2. Such a high value seems to be the maximum 
sediment yield possible in Italy given the local climatic, tectonic and land use characteristics. The discharge 
exceeded 10 days a year (2.7% of time) was found to exert a substantial control on sediment yield. Groups of 
rivers with similar catchment area show significant correlations and almost parallel trendlines. The occurrence of 
data gaps and multiple years interruptions allowed the investigation on the decadal variation of sediment yield of 
only very few rivers. The reduction of sediment yield is remarkable. The decrease in annual precipitation and the 
unprecedented expansion of forests are considered as the main factors causing such marked decrease of sediment 
yield in Italy.   

1. Introduction 

Sediment yield is the amount of sediment exported from a river basin 
over a given time interval, commonly one year. Sediment yield is an 
expression of land denudation processes and it contributes to the flood 
plain construction, thus playing a very important role in shaping the 
Earth surface. Manifold are also the implications of sediment yield on 
many human activities, e.g. reservoir siltation, irrigation canal clogging, 
river channel corridor and beach management, purification plants of 
drinking water supply, fisheries. For these reasons, many countries have 
established sediment load monitoring programs on many rivers since the 
beginning of the past century. The largest majority of these measure-
ments consisted in the sampling of the suspended load which, in large 
rivers, accounts for 85–99% of the river load (Knighton, 1998). In the 
past century several reliable and relatively simple and cheap methods/ 
instrumentations have been developed, enabling governmental agencies 
to set long term suspended load sampling/measuring campaigns which 

produced a huge amount of data sets, also used by scientists for research 
purposes (Jansson, 1988; Milliman and Meade, 1983; Summerfield and 
Hulton, 1994; Walling and Webb, 1996; Poulos and Collins, 2002; 
Meybeck et al., 2003; Vanmaercke et al., 2014). By contrast, bedload 
yield represents a substantial proportion of the river load only in 
mountain rivers (Babinski, 2005) and it is very difficult and expensive to 
be measured in the field (Holmes, 2010). 

The short and long term variations of suspended sediment yield are 
influenced by a number of natural factors such as rainfall amount, in-
tensity and distribution (Wilson, 1973; Dunne, 1979; Ai et al., 2015), 
soil characteristics and effectiveness of soil erosion processes (overland 
flow, rills, gullies, landslides) (Borrelli et al., 2014), land use/cover 
(Golosov, 2006), relief (Phillips, 1990; Milliman and Syvitski, 1992; Shi 
et al., 2014), flood duration, frequency and magnitude (Duru et al, 
2017), channel bank stability. Man-related factors include deforestation 
(Chen et al., 2001; Chakrapani, 2005) and accelerated land degradation 
processes, soil conservation practice implementation and slope 
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stabilization (Hook, 2006; Rustomji et al., 2008; Yao et al., 2015), 
dredging and mining activities (Chalov, 2014), dams (Poulos and 
Collins, 2002; Walling, 2006) and flow routing at dams (Yang et al., 
2015), water withdrawal (Liu et al., 2020) and navigation (Fagerburg 
and Pratt, 1998). 

Climate and global change may substantially influence sediment 
yield and its variability (Inman and Jenkins, 1999; Walling, 2009; Wang 
et al., 2011; Chen et al., 2020) and marked variations in the sediment 
load may have important implications on aquatic and riverine ecosys-
tems (Donohue and Molinos, 2009; Hauer et al., 2018). 

Only few papers have investigated the sediment yield of Italian 
rivers. The most of these papers have investigated the denudation rates, 
rather than the sediment yield, using different kind of empirical models 
applied to more or less large portions of the country (Amato et al., 2003; 
Van Rompaey et al., 2005; Della Seta et al., 2007; Borrelli et al., 2014; 
Grauso et al., 2018; Guerra and Lazzari, 2020). Sediment load data 
measured at gauging stations were used by Bartolini and Fontanelli 
(2009) to assess the current denudation rates of the eastern watershed of 
the Northern Apennine and part of the Dinarides. A similar approach has 
been used by Hinderer (2001) and Hinderer et al., (2013) to quantify the 
modern denudation rates of the whole Alpine chain. The paper by Ballio 
et al. (2010), instead, reports about a semi-quantitative model to 
calculate sediment yield at basin scale on a very small (49 km2) river, 
tributary of the Adda river in Northern Italy, whereas Lazzari et al. 
(2013) used different empirical methods for the assessment of sediment 
yield into a small reservoir (the Camastra dam) in southern Italy. Mil-
liman et al. (2016), in an attempt to point out the role of small mountain 
rivers in the sediment budget of a semi-enclosed basin such as the 
Adriatic Sea, considered several rivers also including some eastern Italy 
rivers. However, the sediment data of the majority of these rivers is 
based on very short sampling campaigns or were obtained by empirical 
geomorphological models. The paper by Van Rompaey et al. (2005) is 
the only one that aimed at investigating the sediment yield of Italian 
rivers by means of a distributed sediment delivery model, calibrated 
through the sedimentation rates of 40 reservoirs constructed on semi- 
natural and agricultural small (11–661 km2) catchments in northern 
and southern Italy, respectively. 

To the authors’ knowledge no investigation on the river sediment 
yield in Italy has ever carried out using the large, though incomplete, 
datasets produced by the national and regional hydrological services. 
Though the occurrence of gaps in the time series and the differences in 
their length may limit their use for an advanced analysis of the physical 
factors controlling the spatial and temporal variability of the suspended 
loads (Milliman et al., 2016), these data can be used to obtain infor-
mation on sediment yield at country scale and to compare its variability 
with respect to a few basic parameters such as catchment area, annual 
precipitation and characteristic discharges. Aims of this paper are: 1) to 
upgrade the information about the river sediment yield in Italy; 2) to 
investigate the effectiveness of basic catchment and hydrological pa-
rameters in controlling its variability; 3) to compare and to frame the 
Italian rivers data with and within those of other regions in the world. 

2. Data source and study rivers 

In Italy, the measurement of the basic hydrological parameters 
started on a regular base around 1920 and the first suspended sediment 
samples were taken on the Po river, the largest river of Italy. In the 
following years, the number of flow gauges and monitored rivers 
increased exponentially and reached a maximum in the 1970 s and 1980 
s, which was followed by a fast decrease leading to a very few in the mid- 
1990 s when the river monitoring authority was transferred from the 
National Hydrological Service to the regional Hydrological Services. 
Only few rivers were not affected by this shift from centralized to 
localised system, whereas in the majority of the monitored river it 
caused a data gap of 5–15 years depending on the ability of the regional 
governments in setting new organization, equipment, trained personnel 

and responsibilities. 
The suspended sediment samples were collected every day, three 

times a day (at 6.00 am, 12.00 and 6.00 pm) using a primordial sampler, 
very similar to the Eijkelkamp® water trap. In the recent years, some of 
the regional hydrological services adopted the standard US depth- 
integrating suspended sediment samplers (e.g. DH-59, DH-49, P-61). 
The three samples were filtered in the lab to obtain an average daily 
value of suspended sediment concentration. The data were then re-
ported as monthly, cumulative values. 

From 1921 to the mid-1990s, the hydrological and suspended sedi-
ment data were published on the Annali Idrologici (Hydrological 
Annales) (Servizio Idrografico, 1916–1998) and, for each river gauging 
station, the following data were reported: daily and monthly data on 
flow level/discharge, monthly maximum, minimum and average 
discharge, monthly precipitation on the catchment undertaken by the 
flow gauge, monthly runoff, runoff coefficient, flow duration data, flow 
rating curve and, for a much smaller number of rivers, also monthly 
maximum, minimum and average suspended sediment discharge and 
sediment yield. The most of the regional hydrological services have 
maintained the original flow gauges and setting of the Annali Idrologici 
data, but some little changes may have intervened, such as the aban-
donment of some flow gauges and the installation of new ones in 
different positions and on different rivers and a different presentation of 
the data. Unfortunately, all these changes included also a marked 
decrease of sediment yield measuring stations and a marked reduction of 
precipitation data aggregation over the catchment (only the daily data of 
the rain gauges within the regional territory are available). 

For all the above reasons and due to technical constraints, the time 
series of sediment yield are commonly discontinuous and only few 
rivers/flow gauges have a relatively long and uninterrupted series of 
data. 

On the base of these considerations 9 rivers and 11 sediment yield 
monitoring stations were selected for this study. Their main hydrologi-
cal characteristics are reported in Table 1. Though the number of rivers 
selected for this study is unavoidably small, they are representative of 
different parts of Italy (the Po river alone covers almost one third of 
peninsular Italy) (Fig. 1), their catchments range in area over two orders 
of magnitude and are subjected to different climatic conditions (annual 
rainfall varies from 723 to 1246 mm yr− 1), land use and geo- 
morphological characteristics resulting in mean sediment yields 
amounts ranging across two orders of magnitude. Unfortunately, out of 
the average 189 flow gauges scattered all across Italy (based on 1990 
report) (Servizio Idrografico, 1916-1998), only a very small proportion 
of them also included the measurement of suspended sediment and in an 
even smaller proportion the sediment monitoring lasted more than three 
decades. Nevertheless, the density of the study suspended load moni-
toring stations is one order of magnitude higher than the stream gauges 
considered in studies of the sediment flux at global scale (e.g. Covault 
et al., 2013). Yet, the longest time series of sediment yield data used in 
this study show some gaps that cannot be filled with the statistical 
methods commonly used in hydrology (Dery et al., 2005). For this 
reason, the variation of sediment yield trough time was analysed for 
only three rivers. 

Since longer and continuous sediment yield data sets are not avail-
able and given the lack of any study summarising the sediment yield of 
Italy, in the alternative to neglect this area, the available data were 
nevertheless used to portrait the sediment yield distribution and vari-
ability with the authors’ full awareness that the results obtained are to 
be take with the appropriate consideration. The correlation between 
suspended sediment yield and primary factors such as catchment area, 
annual rainfall and characteristic flow discharges were analysed 
through simple linear regressions and their significance p value is re-
ported as well. 
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3. Results 

3.1. Sediment yield and catchment area 

In the literature (e.g. Walling and Webb, 1996; de Vente et al., 2006), 
the relationship between catchment area (A) and suspended sediment 
yield (SSY) is commonly expressed by a simple relationship of the 
following type: 

SSY = kA− b (1)  

in which k is a constant and b the exponent. SSY is commonly expressed 
in t km− 2yr− 1 and A in km2. 

In Italy, sediment yield is poorly controlled by catchment area and 
the correlation between these two variables is insignificant (p > 0.1) 
(Fig. 2). Though this result is not new (Chakrapani, 2005), the diagram 
of Fig. 2 shows a general trend of decreasing sediment yield with 
increasing catchment area as observed by other authors (e.g. Milliman 
and Meade, 1983) and for different datasets (e.g. Summerfield and 
Hulton, 1994; FAO, 2016) but unlike Milliman and Syvitski (1992) who 
report strong correlations, except for lowland and coastal plain rivers 
(their Fig. 6). According to Dedkov (2004), the main reason for the in-
verse relationship between catchment area and SSY stands in the effect 
of human activity and agricultural transformation of the natural land-
scape. Catchments with larger agricultural transformations show a 
clearer and stronger inverse relationship between river basin area and 
sediment yield. 

The decreasing trend of sediment yield with increasing catchment 
area is confirmed also by the comparison of the study rivers sediment 
yield with the dataset of Summerfield and Hulton (1994), (Fig. 3), in 
which the data are grouped for large continental areas. Fig. 3 also shows 
that the distribution of the study rivers SSY values stand across the world 
data interpolating line (the correlations is moderately significant, p <
0.05). The b exponent of Eq. (1) for the Italian rivers is in fact very close 
to that of Summerfield and Hulton (1994) data and even closer to the 
FAO (2016) (p < 0.01) and Milliman and Syvitsky datasets (p > 0.1), 
whereas the data of Milliman and Meade (1983) (p > 0.1) have very 
different values for the b exponent and the k constant of Eq. (1) 
(Table 2). From the comparison between the study rivers data and the 
world largest datasets (especially FAO and Summerfield and Hulton 
datasets, 864 and 830 observations, respectively) it is evident that the 
Italian rivers sediment yield is relatively small as it corresponds to about 
one third of the world average (Table 2; Fig. 3). The weighed values of 
the Italian rivers and FAO data are, however, very close (220 and 273 t 
km-2yr-1, respectively). 

3.2. Sediment yield and annual precipitation 

According to several authors (e.g. Langbein and Schumm, 1958; 
Wilson, 1973; Walling and Kleo, 1979; Milliman and Farnsworth, 2011; 

Shrestha and Wang, 2018; Rhoads, 2020), there is no simple relationship 
or no relation at all between sediment yield and annual precipitation as 
shown by the FAO (2016) data (Fig. 4). The study rivers do not elude this 
statement. Nevertheless, if the time series of sediment yield and pre-
cipitation of all the study rivers is plotted, the resulting diagram shows a 
general tendency of annual sediment yield increase with increasing 
annual rainfall (Fig. 5). Notwithstanding a low determination coefficient 
(R2 = 0.22) the correlation is significant (p < 0.01) and some interesting 
considerations can be drawn from Fig. 5. Annual sediment yield ranges 
across three order of magnitude and the broadest range is observed for 
annual precipitation between 700 and 800 mm, which corresponds to 
70–80% of the whole dataset mean annual rainfall (998 mm; standard 
deviation = 249.5 mm; range = 437–1853 mm). 

It is also worth noticing that, irrespective of the annual rainfall 
amount, the maximum annual sediment yield can exceed 3000 t km− 2 

(the red dashed line in Fig. 5) only on exceptional occasions. This value 
can therefore be assumed as the maximum annual sediment yield ex-
pected for Italy. In practice, it implies that even if annual rainfall in-
creases substantially, sediment yield will never exceed this upper value 
of 3000 t km− 2, which expresses the maximum erosion possible in the 
study rivers, given the current climate and relief. On the other hand, as 
annual precipitation increases the range of sediment yield values de-
creases and a threshold line for the minimum annual sediment yield can 
be traced visually (Fig. 5) as: 

Ya = 6x10− 13P4.5265 (2) 

In which Ya (in t km− 2) and P (in mm) are the annual sediment yield 
and precipitation, respectively. This line indicates the minimum sedi-
ment yield expected in the study area for different values of annual 
precipitation. Eq. (2) indicates that for annual rainfalls higher than 500 
mm some sediment yield is to be expected. Annual precipitation values 
<500 mm are recorded in a very small, neglectable percentage of the 
Italian territory (ISPRA, 2016), therefore, the sediment yield response to 
drier climate conditions could not be explored. 

Individual river correlations between annual precipitation and 
sediment yield returns some higher determination coefficients than the 
whole dataset and nine correlations out of eleven have a p-value < 0.01 
at the significance level α = 0.05 (Table 3). The larger rivers tend to have 
stronger correlations than the smaller ones. 

3.3. Sediment yield and flow discharge 

Studies on the interaction between flow discharge and suspended 
sediment transport are very common (e.g. Campbell, 1977; Walling and 
Webb, 1987; Ashmore and Day, 1988; Williams, 1989; Alexandrov et al., 
2009; Lopez-Tarazon and Batalla, 2014; Jung et al., 2020). The majority 
of these papers reports about the relationship between flow and sus-
pended load discharge, its variability and the factors controlling the 
shape of hysteresis curves and of rating curves. The sediment yield data 

Table 1 
Main hydrological characteristics of the study rivers. The numbers of the flow gauges corresponds to those reported in Fig. 2.  

No. River Flow gauge Area P Runoff SSY Interval Annual    
(km2) (mm yr− 1) (mm yr− 1) (t km− 2 yr− 1)  data 

1 Po Pontelagoscuro 70,091 1077 678 202 1925–2019 57 
2 Reno Casalecchio 1051 1264 711 943 1924–2013 69 
3 Savio S. Carlo 586 1065 469 1490 1937–2016 47 
4 Arno S. Giov. alla Vena 8186 986 333 157 1954–1997 35 
5 Arno Subbiano 738 1240 673 300 1958–1997 39 
6 Chiana P.te FS FI-RM 1272 805 174 65 1954–1997 36 
7 Ombrone Sasso d’Ombrone 2657 879 272 466 1953–1991 38 
8 Orcia Mt. Amiata 580 820 229 1035 1953–1982 28 
9 Tevere Rome (Ripetta) 16,545 1048 441 216 1953–1985 22 
10 Ofanto S.Samuele di Cafiero 2716 723 145 320 1935–1989 37 
11 Ofanto Monteverede 1028 872 229 390 1956–1984 25 

P = mean annual precipitation; SSY = mean annual sediment yield. 
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available for this study are reported only as monthly amounts, so the 
classical approach presented by the papers above, using daily or even 
shorter interval, flood hydrograph specific data, is not possible. 

In order to investigate the influence of water discharge on the vari-
ability of sediment yield in the study rivers, the flow exceeded ten days a 
year (Q10d) and the relative annual sediment yield were considered. The 

discharge exceeded ten days a year is very close to the discharge 
equalled or exceeded for 2–5% of the time (actually 2.7%) which was 
used by other authors to investigate suspended load variability at 
catchment scale (e.g. Meybeck at al., 2003). The average value of Q10d is 
obviously smaller than bankfull discharge (Qbkf) (average Q10d/Qbkf =

0.43), and in both the study and other Italian rivers these two 

Fig. 1. Location map of the study rivers. The numbered squares indicate the position of the flow gauge. The flow gauge numbers are the same as in Table 1.  
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characteristic discharges are well correlated (R2 equals 0.98 and 0.91, 
respectively) (Fig. 6). Q10d can be considered an intermediate flood 
discharge representative of the smaller floods that largely contribute to 
the annual sediment yield (Ya). 

Grouping the data on the base of catchment size into small, small to 
medium, medium to large and large catchments (<700 km2; 700–3000 
km2; 3000–10,000 km2; > 10,000 km2), significant correlations be-
tween the annual values of Q10d and Ya were obtained (Fig. 7). Though 

the determination coefficient is not high (R2 = 0.61 for the small and 
small-medium rivers) and it is rather low (R2 = 0.24–0.26) for the me-
dium and large rivers, all the correlations are significant (p-value > 0.01 
at α = 0.05). Moreover, the interpolation lines for the small and small to 
medium rivers are almost parallel as are those of the medium-large and 
large rivers, though with different gradients (1.263–1.467 and 
1.0004–1.02, respectively). 

3.4. Time variability of sediment yield 

All the rivers considered in this study have fragmented sediment 
yield series characterised by data gaps that may span also a decade and a 
detailed analysis of the sediment load changes through time could not be 
carried out. Even for the Po, the largest and most important river of Italy, 
the time series is characterised by some gaps that cannot be filled with 
sufficient reliability. However, the average sediment yield data obtained 
for three main intervals, corresponding to continuous parts of the time 
series, approximately of the same length, indicate a marked decreasing 
trend. In fact, in the 1925–1942 interval the SSY equals 258 t km− 2yr− 1, 
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10

100

1000

10000

100 1000 10000 100000

SS
Y

(t
 k

m
-2

yr
-1

)

A (km2)

Italy

Fig. 2. Correlation diagram between catchment area and average suspended sediment yield of the study rivers.  
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Fig. 3. Comparison of the study rivers sediment yield with the world dataset of Summerfield and Hulton (1994). The black line is the world data trendline. The 
correlations is moderately significant (p < 0.05). 

Table 2 
Values of the constant k and the exponent b of Eq. (1) for different datasets. SYm 
is the average sediment yield (in t km− 2yr− 1).  

Dataset k b SYm 

Italian rivers (this study) 4213  0.325 475 
FAO (2016) 3428  0.298 1478 
Summerfield and Hulton (1994) 3055  0.284 1526 
Milliman and Syvitski (1992) 8085  0.359 1670 
Milliman and Meade (1983) 2 x⋅106  0.717 210  
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in 1956–1984 is 206 t km− 2yr− 1 and in 1990–2019 is only 98 t 
km− 2yr− 1. Marked decreases are recorded for the longest uninterrupted 
parts of the time series. In the Arno river recording station close to the 
mouth (S. Giovanni alla Vena), the SSY halves across a three decades 
interval and a similar decrease is recorded for the Tiber, though within a 
shorter interval (two decades). In the Ombrone and Orcia rivers, the 
sediment yield reduction is even more pronounced as it reduced to one 
fourth of the original value across a three-decade interval. More 

moderate decreases are observed for the Chiana river from 73 to 51 t 
km− 2yr− 1 from the 1954–1978 to the 1984–1998 interval and for the 
Reno and the Savio rivers across 25–30 years interval. 

Though the data used for this analysis are not homogeneous, the 
results indicate that in the study rivers a clear decrease of sediment load 
throughout the last three to five decades has occurred. 

4. Discussion 

The decrease of sediment yield with increasing catchment area 
observed in Italy, though poorly significant, follows the pattern of much 
larger datasets (Milliman and Meade, 1983; Milliman and Syvitski, 
1992; Summerfield and Hulton, 1994; FAO, 2016) which confirm such a 
general tendency. According to De Vente et al. (2007), when hillslope 
erosion is the dominant process a negative relation between sediment 
yield and catchment area is to be expected. Vice versa, when channel 
erosion prevails a positive relation is observed and, among the example 
in support to this latter hypothesis, they include also some data from 
Italy. The Italian data correlation is insignificant (their Fig. 3) and it is 
based on small (upstream catchments ranging from 13 to 661 km2) 
reservoirs sedimentation data measured by Bazzoffi (1987) and Tam-
burino et al. (1990) in the Apennines and in Sicily. In the smaller res-
ervoirs no information on the flow routing is available and overflow may 
be possible (Tamburino et al., 1990). Moreover, an important sediment 
contribution can be supplied directly into the reservoir by the overland 
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Fig. 4. Dispersion diagram of sediment yield (SSY) vs annual precipitation (P). Data from FAO (2016).  
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Fig. 5. Variation of annual sediment yield (Ya) with annual precipitation (P) in Italy based on the study rivers data.  

Table 3 
Determination coefficients (R2) and p-value (α = 0.05) of the significance test for 
the correlation between annual precipitation and sediment yield of the study 
rivers. The river numbers correspond to those of Fig. 2 and Table 1.  

No. River Flow gauge R2 p function 

1 Po Pontelagoscuro  0.66  <0.01 L 
2 Reno Casalecchio  0.55  <0.01 L 
3 Savio S. Carlo  0.29  <0.01 L 
4 Arno S. Giov. alla Vena  0.55  <0.01 L 
5 Arno Subbiano  0.56  <0.01 P 
6 Chiana P.te FS FI-RM  0.33  <0.01 P 
7 Ombrone Sasso d’Ombrone  0.48  <0.01 P 
8 Orcia Mt. Amiata  0.21  >0.1 P 
9 Tevere Rome (Ripetta)  0.46  <0.01 P 
10 Ofanto S.Samuele di Cafiero  0.27  <0.01 L 
11 Ofanto Monteverede  0.09  >0.1 L 

L = linear function; P = power function. 
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flow from the slopes bounding the reservoir. In this case, the larger the 
reservoir the larger the amount of this extra sediment supply. Other 
uncertainties may result from the difficulty to establish the actual bulk 
density of the reservoir filling (de Vente et al., 2006), which varies 
throughout its vertical profile. 

The data used in this study are also affected by some constraints such 
as the presence of scattered gaps. However, the hydrological service 
daily sampling at fixed time intervals (6 am; noon; 6 pm) is probably 
closer to the procedures used to collect the data of the large datasets of 
Table 2. The results of this study confirm the difficulty, underlined by de 
Vente et al. (2007), that catchment area alone can explain only partially 
the variability of sediment yield. A substantial difference between 
reservoir and measured stream data was already evident in the pio-
neering study by Langbein and Schumm (1958) (in Rhoads, 2020, his 
Figure 3.4). 

The correlation between annual precipitation and sediment leads to 
the same concluding reasoning as above. The analysis of large data sets 
from different areas of the planet and this study results, in fact, indicate 
that there is no simple, significant relation between annual precipitation 
and sediment yield (Wilson, 1973; Alexandrov et al, 2009; Rhoads, 
2020). Nevertheless, the sediment yield data of the Italian rivers show a 
general tendency to increase with increasing annual rainfall. In this 
study, no annual precipitation data is <437 mm, therefore the hypoth-
esis of Langbein and Schumm (1958) of a peak of sediment yield for 
annual precipitation around 300 mm could not be verified. On the other 
hand, a closer inspection of the sediment yield-precipitation plot dia-
gram based on the data of the study rivers reveals that the widest range 
(three orders of magnitude) of sediment yield is observed for the lower 
values of annual rainfall (600–800 mm). The annual precipitation on the 
study catchments ranges approximately between 400 and 1800 mm. 
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This range corresponds to the descending limb of the model proposed by 
Langbein and Schumm (1958), based on USA data, and to a sediment 
yield range from 100 to 300 t km− 2yr− 1. Actually, the sediment yield 
range of the Italian rivers is much wider, from 10 to 3000 t km− 2yr− 1, 
probably because the Alps and, mainly, the Apennines are mountain 
chains that have been and still are tectonically active (Milliman and 
Syvitski, 1992; Bartolini et al., 1996) and subjected to uplifting (e.g. 
Ambrosetti et al., 1987; Dal Piaz and Gosso, 1984; Martini and Sagri, 
1993; Bartolini, 1999; Piccardi et al., 2006; Lavecchia et al., 2007; Cenni 
et al., 2008; Sani et al., 2009; Mathey et al., 2021). The Italian rivers 
drain active edges of continental margins and this can provide an 
explanation to account for the increasing trend of the sediment yield 
with annual precipitation. This pattern does not matches that proposed 
by Walling and Kleo (1979), which was anticipated by a similar pattern, 
but with sediment yields peaks occurring for different annual precipi-
tation amounts, suggested by Wilson (1973). In both models, for the 
annual rainfall range of the Italian rivers a bell shaped curve is pre-
dicted. If the rising limb may coincide with the increasing trend of Fig. 5, 
no declining sediment yield is observed for increasing annual precipi-
tation. These differences may be due to the peculiar climatic and 
geologic characteristics of Italy which is subjected to a Mediterranean 
climate (dry, hot summer followed by the wettest season in autumn, 
shortly after the vegetation climax) and active tectonic, mountainous 
margins drained by short rivers. 

The discharge exceeded ten days a year (2.7% of the time) (Q10d) 
proved to be a good predictor of annual sediment yield, provided the 
data are grouped into classes of catchment area. These classes were not 
selected on the base of any criterion as they became apparent plotting 
the whole dataset. The majority of the previous studies investigated the 
relationship between flow discharge and suspended sediment concen-
tration (e.g. Walling and Webb, 1987; Xu, 2002; Hudson, 2003; Moliere 
et al., 2004; Soler et al., 2008; Lopez-Tarazon and Batalla, 2014) or 
suspended load discharge (e.g. Kao et al., 2005; Achite and Ouillon, 
2007; Efthimiou, 2019). Soler et al. (2008) used base flow and peak 
discharge and found that peak discharge is well correlated with peak 
concentration. Lopez-Tarazon and Batalla (2014) used eight different 
characteristic discharge, but did not consider Q10d. These latter authors 
found that the effective discharges they considered had contrasting 
control on suspended sediment load, with the exception of bankfull 
discharge. In this study, Q10d was shown to be strongly correlated with 
bankfull discharge (Fig. 6) thus supporting the findings of Lopez-Tar-
azon and Batalla (2014). 

To the authors knowledge, Ashmore and Day (1988) were the only 
ones to present a sediment yield duration curve (their Figure 10) and 
showed that the highest load accounts for the largest proportion of the 
season total load. Though these authors did not consider Q10d, their 
results were of inspiration in the hypothesis to test the effectiveness of 
Q10d in explaining the variability of annual sediment yield, which 
resulted correct for the Italian rivers. 

The analysis of variation through time of the study rivers annual 
sediment yield indicates a marked decreasing trend which can be 
explained by a substantial decrease of Q10d and the annual maximum 
discharge (Qmax) observed for a large dataset including the study rivers 
and other Italian rivers data (Figs. 8 and 9) (Billi and Fazzini, 2017). In 
order to reduce the effects of catchment area and other local climate 
variations, the data was homogenized through the z-score 
normalisation: 

Z = (n − m)/s (3)  

in which n is the datum in a given year, m is the long-term mean and σ is 
the long-term standard deviation. 

The z-score was calculated for each year and each river, a time series 
of the annual z-score average was constructed and then plotted vs time. 
Both Q10d and Qmax show a marked decreasing trend over intervals that 
are much longer (six and eight decades, respectively) than, and also 
include, those considered for the analysis of the sediment yield changes 
in the study rivers. Billi and Fazzini (2017) associated the generalized 
decrease of Q10d and Qmax to the decrease in annual precipitation 
observed over Italy across the last century. However, the decreasing 
trend of sediment yield cannot be explained only in terms of a reduction 
in annual rainfall amounts and the consequent decrease in river dis-
charges. Another important factor, land use and mainly forest cover, has 
remarkably changed in the last decades. The forested area increased by 
20% from 1985 to 2005 (Corpo Forestale dello Stato, 1988) and today 
the area covered by forest is about 40% of the Italian territory and, for 
the first time in Italian history, the forested area is larger than the area 
used for agriculture purpose (Marchetti et al., 2018). From 1990 to 2017 
the forest cover increased by 8.8% (Sallustio et al., 2017). In Italy, 
massive reforestation started around a century ago and, though exact 
data is not available, it likely reached a peak in the 1952–1968 interval 
(Di Lallo et al., 2018). These data suggest that the increase in the forest 
cover might be an additional, main factor responsible for the reduction 
of sediment yield in the Italian rivers. 

Fig. 8. Variation through time of the Q10d (discharge exceed ten days a year) z-score values for a large dataset of Italian rivers also including the study rivers. The red 
line is the ten-year moving average. Data from Billi and Fazzini (2017). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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5. Conclusions 

The sediment yield and hydrological data measured by the National 
and Regional Hydrological services on nine rivers and at 11 flow gauges 
were considered. They cover almost half of the Italian continental land 
(excluding the islands) and were considered to be representative of the 
whole country. The relationships between sediment yield and basic 
parameters such as catchment area, annual precipitation, a character-
istic discharges (Q10d, i.e. the discharge exceeded ten days a year, 
equivalent to 2.7% of the time) and the variations of sediment yield 
throughout the last decades were investigated. 

The weighed average suspended sediment yield of Italy is 220 t 
km− 2yr− 1, i.e. just a little smaller than the world average of 273 t 
km− 2yr− 1 obtained from FAO data. 

In Italy, catchment area proved to exert a poor control on sediment 
yield variability though a general trend of decreasing sediment yield 
with increasing catchment area is evident as observed in previous 
studies based on much larger datasets from different parts of the world 
(e.g. Milliman and Meade, 1983). 

The Italian rivers data show a very weak relationship between 
sediment yield and annual precipitation, as also observed for larger 
datasets (e.g., FAO, 2016). Yet, an overall tendency of annual sediment 
yield increase with increasing annual rainfall is present. The data also 
show that annual sediment yield ranges across three order of magnitude, 
that the broadest range is observed for annual precipitation between 700 
and 800 mm and that, irrespective of the annual rainfall amount, the 
maximum annual sediment yield does not exceed 3000 t km− 2. This 
value likely expresses the maximum erosion possible in the study rivers, 
given the current climate and relief. On the other hand, annual precip-
itation <500 mm seems to be unable to produce a measurable annual 
sediment yield though sediment yield data for semiarid regions of Italy 
are scarce and further investigation is desirable. 

The discharge exceeded ten days a year (Q10d) proved to explain the 
variability of the annual sediment yield of the study rivers provided the 
data are grouped into four categories on the base of catchment size 
(<700 km2; 700–3000 km2; 3000–10,000 km2; > 10,000 km2). The 
interpolation lines for the small and small to medium rivers are almost 
parallel as are those of the medium-large and large rivers, though with 
different gradients. 

The presence of data gaps did not allow a detailed analysis of the 
sediment yield changes through time. However, considering the average 
sediment yield of three main intervals, corresponding to uninterrupted 

portions of the time series, a marked decreasing trend was observed. In 
the Arno river the SSY halves across a three decades interval and a 
similar decrease is recorded for the Tiber, though within a shorter in-
terval (two decades). In the Ombrone and Orcia rivers, the sediment 
yield reduction is even more pronounced as it reduced to one fourth of 
the original value across a three-decade interval. Though a moderate 
reduction in annual precipitation all over Italy across the last seven 
decades has been shown by previous studies (e.g. Billi and Fazzini, 
2017), the marked decrease in sediment yield in the study rivers cannot 
be explained only in terms of a reduction in annual rainfall and river 
discharge. Land use and mainly forest cover, remarkably changed in the 
last decades. The forested area increased by 20% from 1985 to 2005 and 
today forests cover about 40% of the Italian territory, thus exceeding, for 
the first time in Italian history, the agriculture land. These data suggest 
that the increase in the forest cover is an additional, main factor 
responsible for the reduction of sediment yield in the Italian rivers. 
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López-Tarazón, J.A., Batalla, R.J., 2014. Dominant discharges for suspended sediment 
transport in a highly active Pyrenean river. J. Soils Sediments 14 (12), 2019–2030. 
https://doi.org/10.1007/s11368-014-0961-x. 

Marchetti, M., Motta, R., Pettenella, D., Sallustio, L., Vacchiano, G., 2018. Le foreste e il 
sistema foresta-legno in Italia: verso una nuova strategia per rispondere alle sfide 
interne e globali. Forest@ 15, 41–50. 

Martini, I.P., Sagri, M., 1993. Tectono-sedimentary characteristics of late Miocene- 
Quaternary extensional basins of the Northern Apennines, Italy. Earth-Sci. Rev. 34 
(3), 197–233. 

Mathey, M., Sue, C., Pagani, C., Baize, S., Walpersdorf, A., Bodin, T., Husson, L., 
Hannouz, E., Potin, B., 2021. Present-day geodynamics of the Western Alps: new 
insights from earthquake mechanisms. Solid Earth 12 (7), 1661–1681. 

Meybeck, M., Laroche, L., Dürr, H.H., Syvitski, J.P.M., 2003. Global variability of daily 
total suspended solids and their fluxes in rivers. Global Planet. Change 39 (1-2), 
65–93. 

Milliman, J.D., Meade, R.H., 1983. World-wide delivery of river sediment to the oceans. 
J. Geol. 91 (1), 1–21. 

Milliman, J.D., Syvitski, J.P.M., 1992. Geomorphic/tectonic control of sediment 
discharge to the ocean: the importance of small mountain rivers. J. Geol. 91, 1–21. 

Milliman, J.D., Farnsworth, K.L., 2011. River discharge to the coastal ocean: a global 
synthesis. Cambridge University Press, Cambridge, p. 384. 

Milliman, J.D., Bonaldo, D., Carniel, S., 2016. Flux and fate of river-discharged sediments 
to the Adriatic Sea. Adv. Oceanogr. Limnol. 7 (2), 106–114. 

Moliere, D.R., Evans, K.G., Saynor, M.J., Erskine, W.D., 2004. Estimation of suspended 
sediment loads in a seasonal stream in the wet-dry tropics, Northern Territory, 
Australia. Hydrol. Process. 18 (3), 531–544. https://doi.org/10.1002/hyp.1336. 

Phillips, J.D., 1990. Relative importance of factors influencing fluvial soil loss at the 
global scale. Am. J. Sci. 290 (5), 547–568. 

Piccardi, L., Tondi, G., Cello, G., 2006. Geo-structural evidence for active oblique 
estension in South-Central Italy. In: Pinter, N., Grenerczy, G., Weber, J., Stein, S., 

P. Billi and V. Spalevic                                                                                                                                                                                                                        

https://doi.org/10.1139/e88-138
https://doi.org/10.1139/e88-138
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0045
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0045
https://doi.org/10.3301/IJG.2009.128.3.655
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0060
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0060
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0065
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0065
https://doi.org/10.1016/j.catena.2013.10.007
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0075
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0075
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0080
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0080
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0080
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0085
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0085
https://doi.org/10.1080/02626667.2014.903330
https://doi.org/10.1080/02626667.2014.903330
https://doi.org/10.3390/w12082247
https://doi.org/10.3390/w12082247
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0100
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0100
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0110
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0110
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0110
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0120
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0120
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0130
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0130
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0130
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0135
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0135
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0135
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0135
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0140
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0140
https://agriregionieuropa.univpm.it/it/content/article/31/54/il-paesaggio-italiano-tra-urbanizzazione-e-ricolonizzazione-forestale
https://agriregionieuropa.univpm.it/it/content/article/31/54/il-paesaggio-italiano-tra-urbanizzazione-e-ricolonizzazione-forestale
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0150
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0150
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0155
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0155
https://doi.org/10.1007/s00267-016-0818-8
https://doi.org/10.1007/s10661-018-7167-4
https://doi.org/10.1007/s10661-018-7167-4
https://doi.org/10.3390/geosciences8070249
https://doi.org/10.3390/geosciences8070249
https://doi.org/10.3390/w12092535
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0200
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0200
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0205
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0205
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0210
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0210
https://doi.org/10.1016/j.geomorph.2006.06.036
https://doi.org/10.1016/j.geomorph.2006.06.036
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0220
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0220
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0225
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0225
https://doi.org/10.2307/521127
https://doi.org/10.3390/w12092382
https://doi.org/10.3390/w12092382
https://doi.org/10.1029/TR039i006p01076
https://doi.org/10.1029/TR039i006p01076
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0260
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0260
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0260
https://doi.org/10.1073/pnas.1922349117
https://doi.org/10.1007/s11368-014-0961-x
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0280
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0280
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0280
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0285
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0285
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0285
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0290
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0290
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0290
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0295
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0295
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0295
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0300
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0300
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0305
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0305
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0310
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0310
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0315
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0315
https://doi.org/10.1002/hyp.1336
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0325
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0325


Catena 212 (2022) 106119

11

Medak, D. (Eds.), The Adria microplate: GPS geodesy, tectonics and Hazard. NATO 
Science Series IV-Earth and Environmental Sciences, vol. 61., pp.95-108. 

Poulos, S.E., Collins, M.B., 2002. Fluviatile sediment fluxes to the Mediterranean Sea: a 
quantitative approach and the influence of Dams. In: Jones, S.J., Frostick, L.E. (Eds.), 
Sediemnt flux to basins: causes, controls and consequences. Geological Society of 
Londo, Special Publ. 191, pp 227-245. 

Rhoads, B.L., 2020. River Dynamics: geomorphology to support management. Cambridge 
University Press, Cambridge, p. 515. 

Rustomji, P., Zhang, X.P., Hairsine, P.B., Zhang, L., Zhao, J., 2008. River sediment load 
and concentration responses to changes in hydrology and catchment management in 
the Loess Plateau region of China. Water Resour. Res. 44, W00A04. https://doi.org/ 
10.1029/2007WR006656. 

Sallustio, L., Pettenella, D., Merlini, P., Romano, R., Salvati, L., Marchetti, M., Corona, P., 
2017. Assessing the economic marginality of agricultural lands in Italy to support 
land use planning. Land Use Policy 76, 526–534. 

Sani, F., Bonini, M., Piccardi, L., Vannucci, G., Delle Donne, D., Benvenuti, M., 
Moratti, G., Corti, G., Montanari, D., Sedda, L., Tanini, C., 2009. Late Pliocene- 
Quaternary evolution of outermost hinterland basins of the Northern Apennines 
(Italy), and their relevance to active tectonics. Tectonophysics 476 (1-2), 336–356. 

Servizio Idrografico, 1916-1998. Annali Idrologici. Parte II. Ministero dei Lavori 
Pubblici, Roma. 

Shia, Z.H., Huang, X.D., Aia, L., Fanga, N.F., Wua, G.L., 2014. Quantitative analysis of 
factors controlling sediment yield in mountainous watershed. Geomorphology 226, 
193–201. https://doi.org/10.1016/j.geomorph.2014.08.012. 

Shrestha, N.K., Wang, J., 2018. Predicting sediment yield and transport dynamics of a 
cold climate region watershed in changing climate. Sci. Total Environ. 625, 
1030–1045. https://doi.org/10.1016/j.scitotenv.2017.12.347. 

Soler, M., Latron, J., Gallart, F., 2008. Relationships between suspended sediment 
concentrations and discharge in two small research basins in a mountainous 
Mediterranean area (Vallcebre, Eastern Pyrenees). Geomorphology 98 (1-2), 
143–152. 

Summerfield, M.A., Hulton, N.J., 1994. Natural controls on fluvial denudation rates in 
major world drainage basins. J. Geophys. Res. 99 (B7), 13871–13883. 

Tamburino, V., Barbagallo, S., Vella, P., 1990. Evaluation of sediment deposition in 
Sicilian artificial reservoirs. In: Sinniger, R.O., Monbaron, M. (Eds.), Hydrology in 

mountainous regions II: artificial reservoirs, water and slopes. IAHS Publication 194, 
pp 113–120. 

Vanmaercke, M., Poesen, J., Broeckx, J., Nyssen, J., 2014. Sediment yield in Africa. 
Earth-Sci. Rev. 136, 350–368. 

Van Rompaey, A., Bazzoffi, P., Jones, R.J.A., Montanarella, A., 2005. Modeling sediment 
yields in Italian catchments. Geomorphology, 65, 157–169. 

Walling, D.E., 2006. Human impact on land–ocean sediment transfer by the world’s 
rivers. Geomorphology 79 (3-4), 192–216. 

Walling, D.E., 2009. The impact of global change on erosion and sediment transport by 
rivers: current progress and future challenges. International Sediment Initiative of 
UNESCO-IHP, UNESCO, Paris, p. 30. 

Walling, D.E., Kleo, A.H.A., 1979. Sediment yields in areas of low precipitation: an 
overview. In: The hydrology of areas of low precipitation. IAHS Publication No. 128, 
479–493. 

Walling, D.E., Webb, B.W., 1987. Suspended load in gravel-bed rivers: UK experience. In: 
Thorne, C.R., Bathurst, J.C., Hey, R.D. (Eds.), Sediment transport in gravel rivers. 
Wiley, Chichester, pp. 691–723. 

Walling, D.E., Webb, B.W., 1996. Erosion and sediment yield: a global overview. In: 
Walling, D.E., Webb, B.W. (Eds.), Erosion and sediment yield: global and regional 
perspectives. IAHS Publ. 236, pp 3-19. 

Wang, H., Saito, Y., Zhang, Y., Bi, N., Sun, X., Yang, Z., 2011. Recent changes of sediment 
flux to the western Pacific Ocean from major rivers in East and Southeast Asia. Earth- 
Sci. Rev. 108 (1-2), 80–100. 

Williams, G.P., 1989. Sediment concentration versus water discharge during single 
hydrologic events in rivers. J. Hydrol. 111 (1-4), 89–106. 

Wilson, L., 1973. Variation in mean annual sediment yield as a function of mean annual 
precipitation. Am. J. Sci. 273, 335–349. 

Xu, J., 2002. Implication of relationships among suspended sediment size, water 
discharge and suspended sediment concentration: the Yellow River basin, China. 
Catena 49 (4), 289–307. 

Yang, S.L., Xu, K.H., Milliman, J.D., Yang, H.F., Wu, C.S., 2015. Decline of Yangtze River 
water and sediment discharge: Impact from natural and anthropogenic changes. Sci. 
Rep. 5, 12581. https://doi.org/10.1038/srep12581. 

Yao, H., Shi, C., Shao, W., Bai, J., Yang, H., 2015. Impacts of Climate Change and Human 
Activities on Runoff and Sediment Load of the Xiliugou Basin in the Upper Yellow 
River. Article ID 481713. doi.org/10.1155/2015/481713. 

P. Billi and V. Spalevic                                                                                                                                                                                                                        

View publication statsView publication stats

http://refhub.elsevier.com/S0341-8162(22)00105-9/h0340
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0340
https://doi.org/10.1029/2007WR006656
https://doi.org/10.1029/2007WR006656
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0350
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0350
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0350
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0355
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0355
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0355
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0355
https://doi.org/10.1016/j.geomorph.2014.08.012
https://doi.org/10.1016/j.scitotenv.2017.12.347
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0375
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0375
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0375
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0375
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0380
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0380
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0390
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0390
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0400
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0400
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0405
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0405
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0405
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0415
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0415
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0415
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0425
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0425
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0425
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0430
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0430
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0435
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0435
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0440
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0440
http://refhub.elsevier.com/S0341-8162(22)00105-9/h0440
https://doi.org/10.1038/srep12581
https://www.researchgate.net/publication/358606716

	Suspended sediment yield in Italian rivers
	1 Introduction
	2 Data source and study rivers
	3 Results
	3.1 Sediment yield and catchment area
	3.2 Sediment yield and annual precipitation
	3.3 Sediment yield and flow discharge
	3.4 Time variability of sediment yield

	4 Discussion
	5 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	References


