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Abstract

Water can represent a hazard causing soil erosion and it is essential to anticipate the poten-
tial environmental impacts of sustained rainwater energy to achieve sustainability. Here, we
present the modelling of the erosive force of water for the production of soil sedimentin a
Mediterranean basin of central Italy (Ombrone River Basin, ORB). A point of departure is
the historical recognition of the environmental factors causing sediments loss (SL) by water.
A semi-empirical framework was then proposed for the upscaling of SL based on the Fos-
ter-Thornes approach (EUSEM: Environmental Upscaling Sediment Erosion Model) in
order to give an insight into annual sediment losses (SL) over the period 1949—1977 (cali-
bration) and over a longer time-frame (1942—-2020: reconstruction). Two change-points
were detected: 1967 and 1986. During this period, SL was affected by a sharp decrease
from 625 Mg km™ yr', before the first change-point (when SL was only occasionally below
the tolerable soil loss threshold of 150 Mg km™? yr"), to 233 Mg km™ yr™', during the transi-
tion phase 1967—1985 (mostly above the warning treshold of 140 Mg km yr™"). This
decrease coincided with an enhancing of vegetation throughout the basin due to an ongoing
afforestation process. After this period, a resurgence of climatic forcing led to a further, but
more contained, increase in SL, from 1996 onwards. This case-study illustrates the applica-
tion and results that can be obtained with the framework for the outcome of environmental
change due to sediment losses in a Mediterranean fluvial basin. Limitations and perspec-
tives of this approach are given as conclusion.

1. Introduction

Despite considerable advances in model-based work on the resposse of sediment erosion to cli-
matic and other environmental changes, research is still confronted with the need to produce
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The strength and temporal progression of erosion-sediment can have a major impact on land-
scape layout through long-term environmental pressures [2], as erosion of agricultural land in
many regions is rapidly degrading soil at a faster rate than its natural renewal [3]. Studies show
that soil erosion by running water depends mainly on rainfall intensity and duration, soil
properties, vegetation, land use and antecedent soil wetting conditions [4, 5]. Although the
effects of wind on soil erosion can be severe in arid and semi-arid areas [6], wind erosion is
less than water erosion on a global scale [7]. Water represents perhaps the most challenging
aspect compared to the other elements [8], due to its unpredictability [9], the power of rainfall
and its aggressiveness related to runoff and flooding [10].

Hydrological extremes have widespread, often harmful, impacts on ecosystems resulting in
soil losses and economic damage [11], especially in the Mediterranean region [12]. The Medi-
terranean region, in fact, experienced signifcant climatic variations during the Holocene
period (last ~11,700 years). The Little Ice Age (LIA, ~1250-1850 CE) featured in the Mediter-
ranean region prolonged wet intervals [13], which had important consequences for terrestrial
ecosystems [14]. In fact, during 16" century the process of extension of ploughing on the hilly
soils, which had already started in the 12 century, developed further, involving new areas fur-
ther away from inhabited centers, and expanding more and more often also to uplands [15,
16]. Fig 1A gives us an image of the erosion of the shallow slopes and, at the same time, of the
deforested areas upstream of the Ombrone River Basin (ORB), which is the focus of this study.

The timing and extent of the transition from the mid-19'" centrury and the onset of the cur-
rent warmer and, in the study region, drier climatic conditions have led to a stabilisation of the
landscape, to which human reforestation has contributed (Fig 1B and 1C). However, erosional
soil degradation remains a subject of much debate due to the timing and erraticity of extreme
hydrological events accompanying this phase of climate change. For instance, erosion studies
have focused on long-term mean areal estimates [17-19], on short time-series [20, 21], or even
on scattered years [22], leaving unexamined the historical evolution of erosional sediment
transport in the landscapes of many Tuscan river basins.

Fig 2 illustrates the spatial pattern of soil erosion in 2012. Over the 21* century, the global
mean amount of potential soil erosion has increased (+2.5% from 35.0 Pg yr~* in 2001 to

Fig 1. Historical evolution of the landscapes in the Ombrone River Basin. a) The degradation of the hilly and mountainous landscape
of Gavinana (43° 56’ N, 10° 55" E) during the 16™ century in the painting Presa di Gavinana (1556-1562), a fresco from the school of
Giorgio Vasari (1511-1574), available free of charge from the Fondazione Federico Zeri, Universita di Bologna (http://catalogo.
fondazionezeri.unibo.it/scheda/opera/39379/Stradano%20Giovanni%2C%20Battaglia%20tra%20le%20truppe%20fiorentine%20e%
20imperiali), b) wooded landscape with Mount Amiata reforestation area (photo of the Archivio Italia Nostra, from I paesaggi rurali
storici della Toscana, from Regione Toscana, 2014b, p. 9 [89], freely available at https://www.regione.toscana.it/-/piano-di-indirizzo-
territoriale-con-valenza-di-piano-paesaggistico), c) stable agricultural and forest landscape of high naturalistic value in the upper valley if
Albegna River, near Murci (42° 44’ N, 11° 24’ E), in the province of Grosseto (photo taken by A. Chiti-Batelli, archive NEMO, from
Regione Toscana, 2014b, p. 29 [89], freely available at https://www.regione.toscana.it/-/piano-di-indirizzo-territoriale-con-valenza-di-
piano-paesaggistico).

https://doi.org/10.1371/journal.pwat.0000072.g001
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Fig 2. Global soil erosion in 2012, based on estimates through a (R)USLE-based modelling approach integrated in a geographic
information system environment [23]. Image freely available from Global Soil Erosion Modelling platform (GloSEM)-European Soil
Data Centre (https://esdac.jrc.ec.europa.eu/themes/global-soil-erosion; Borrelli et al. [23, 90]).

https://doi.org/10.1371/journal.pwat.0000072.g002

35.9 Pg yr~' 2012), mainly driven by land-use changes, such as the decline of forests and the
expansion of semi-natural vegetation and cropland [23]. In addition, hydrological systems in
different river basins worldwide have come under increasing pressure on land resources due
to urbanisation and poor land management practices [24], as well as changes in precipitation
patterns [25].

Tuscany has become one of the most vulnerable regions in Italy [26], with most of its terri-
tory classified as being at high risk of erosion [27]. In fact, in recent decades, extreme weather-
climatic events have highlighted the effects of ongoing climate change indicating a trend
towards an increase in very intense precipitation events that may have important repercus-
sions on the territory from a hydrogeological point of view [28]. For instance, the ORB has
been affected by extreme events in the past decade, such as during the Grosseto provinceflood
of November 12, 2012, which altered the soil properties that regulate plant and animal life,
causing heavy economic losses [29]. Intense rainfall also affected the Mount Amiata area,
including the Senese slope, with daily pluviometric values advancing between c. 100 and 400
mm in the 2010-2020 period from the north (near Siena) to the south (near the coast) of the
Ombrone basin [30]. Between October 18 and 21, 2014, another major flood was recorded,
leading to the closure of the Grosseto-Siena railway line [31]. However, already in the past,
many ORB lands were affected by remarkable erosive processes, especially under the pressure
of deforestation of the Apennines, as reconstructed by historians of the time (ARAAT, 1904,
p- 268 [32], our translation):

The deforestation that is often carried out indiscriminately in the Apennines [. ..], while
very harmful in various respects, has instead increased the richness of the solid material [...]. I
remember, for example, the Ombrone which, after increased deforestation, saw the amount of
sediment increased [by 23%].

Today, the use of satellite remote sensing for soil erosion mapping and modelling has
received considerable attention [33], but these records tend to cover single events up to, at
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most, a few decades [34]. Thus, the short periods of these records mean that we cannot assess
whether the spatial patterns associated with erosion initiation events persist over the time-
scales that are notable for landscape change and evolution [35]. To operate over extended time
periods, models engaged in soil erosion require, however, a variety of environmental inputs as
well as comprehensive parameterisation. In this context, the application of dynamic and physi-
cal models is often illusory due to a lack of detailed data required for these types of models
when going back in time. A challenge is to find out how climate variability affects soil erosion
over interdecadal and longer time scales. In fact, sediment discharge data on such long time
scales are scarcely available for most river basins [36] and this motivates the development of
hydrological models to reconstruct the long-term variability of sediment data at the scale of
basins with relatively low data availability. Semi-empirical models developed to assess sedi-
ment loss at the basin scale use environmental factors to characterise drainage basins in terms
of sensitivity to rainfall erosivity and sediment transport [37]. They consider erosion processes
to some extent with a limited amount of data, which makes them suitable for estimating in-
basin effects on soil erosion [38]. In particular, parsimonious mathematical models can simu-
late the combined effects of hydroclimatic forcing agents, such as the estimation of sediment
budgets using-in the absence of spatially and temporally distributed data-the drainage basin
as a homogeneous landscape unit in which sediment fluxes and land surface changes can be
calculated [39].

The classical soil erosion determination procedure of Wischmeier and Smith [40], the Uni-
versal Soil Loss Equation and its revised forms—(R)USLE [41]-or its WaTEM/SEDEM exten-
sion to continental scale [42] are applicable to the calculation of long-term mean annual
erosion, but their use at basin level for estimating annual soil loss values from single storms
has led to a reinterpretation of the original formulation [43]. This has allowed the identifica-
tion of concepts for the development of parsimonious modelling solutions for sediment load
assessment of river systems [44-47]. Given the issue of assessing erosive sediment by complex
models in recognition of the detailed input for the historical period, we arranged a parsimoni-
ous erosion model adapted to the annual scale from the original algorithms of Foster et al. [48]
and Thornes [49] because they provide an interpretation of empirically determined factors
shaping active erosional landscapes in basin areas based on the parsimonious balance between
driving and resisting forces in the sediment budget [50, 51]. The driving forces are essentially
simplified to proxies or indicators or rainfall and runoff erosivity associated with splash and
transport erosion, respectively. This simplification seems to be adequate for the generation of
basin-wide annual outputs, while it may not be fully applicable for the generation of monthly
outputs, as seasonal effects become prominent due to the concurrence of rainfall erosivity with
different seasonal conditions of soil erodibility [50, 51]. Resisting forces are expressed as an
exponential function of the fraction of vegetation cover in the basin, as erosion rates show a
steep decay compared to that of a bare soil as plant cover increases [52]. This relatively simple
approach is desirable to reconstruct interannual and interdecadal variability in the evolution
of landscape responses over periods of several decades in historical time, for which only
monthly and daily rainfall amounts can be used. Empirical models to be applied-even if based
on simple physical concepts—are much more attractive from an interdisciplinary point of view
as they are able to capture the attention of a wide range of environmental scientists, where
engineers, physicists, agronomists, historians, geographers, ecologists and geomorphologists
can interact more easily than physically-based models. This is also so due to the interaction
between variables which, in empirical models, are more explicit, in contrast to physical models
where often the interaction mechanisms are locked in complex algorithms that are difficult to
understand for a group of people with different and not-specialised knowledge. In this way,
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simple models can also integrate the work of several research groups into a single working
product that summarises understanding [53].

Our objective was to reconstruct the dynamics of sediment loss in the ORB from a parsimo-
nious interpretation of the relationship between input data and a basin-responsive erosion var-
iable. The adoption of a parsimonious model is motivated by its ability to capture important
environmental changes (including temperature, land cover and erosive resistance properties)
using readily available data. The ability to reproduce (at basin scale) the combined effects of
hydro-climatological processes, including sediment transport, in the absence of distributed
spatial and temporal data, relies on the possibility of considering a drainage basin as a homoge-
neous ecosystem unit, counting only on two stations with continuous and homogeneous data.
The sediment loss time-series, with a total of 28 sediment samples from Sasso d’Ombrone sta-
tion (derived from the former SIMN dataset [54]), offered a unique opportunity to explore
erosion processes in the basin. Thus, for the first time, it was possible to apply this approach to
reconstruct the sediment loss from the Ombrone River Basin (ORB), over the 1942-2020
period.

2. Materials and methods
2.1. Environmental setting, data and methods

The Ombrone River Basin (ORB) is located in the part of central Italy facing the Tyrrhenian
Sea (Fig 3A, black rectangle). With a length of 161 km, the Ombrone is the second main river
of Tuscany after the Arno (241 km). It crosses its southernmost part from north to south, up
to its middle valley, and then turns south-west, until it reaches its delta, in the municipality of
Grosseto (42° 46’ N, 11° 06° E). The Ombrone River has the highest flow of suspended solid

| ¥ 20 km Elevation
b L 1 1 |
1400
1000
800
Montalcmo Monte
¥ 600
so d'Ombrone
400
200

Tyrrhenyan‘ 1

Sea

Fig 3. The Ombrone River Basin. a) Geographical setting (black rectangle) within the central Mediterranean region, with b) the basin
boundaries (bold blue line) with the main river network. The climatic reference stations of Grosseto (42° 46’ N, 11° 06° E) and
Montalcino (43° 03’ N, 11° 29’ E), the main city of Siena (43°19' N, 11°19’ E) (black dots), the sediment measurement station of Sasso
d’Ombrone (red triangle) and the highest peak of Mount Amiata (42° 54’ N, 11° 38’ E), are highlighted. Both maps are output images
created from topographic-map (https://it-it.topographic-map.com/maps/klqe/Europa).

https://doi.org/10.1371/journal.pwat.0000072.9003
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sediment among the Tuscan rivers. This is due to the high erodibility of the rocks on which
the river establishes its course. The surface area of its basin is 3494 km?, but the area over
which sediment production is collected is 2656 km? (Sasso ' Ombrone, Fig 3B). It receives sev-
eral tributaries, including, on the hydraulic right, the Arbia, which rises on the slopes of the
Caballari hill (648 m a.s.l.), near Castellina in Chianti, in the province of Siena, and flows into
the Ombrone at Buonconvento, the Merse, 70 km long, which originates on the Croce di Prata
hill and flows into the Ombrone shortly after receiving the Farma (its first tributary) at Piani di
Rocca, the Gretano and the Lanzo. The left-hand tributaries of the Ombrone are the Melacce,
the Trasubbie, the Maiano, the Grillese, the Rispescia and the Orcia, which is the most impor-
tant river with a total basin area of 748 km”.

In terms of physiography, the ORB has vast areas of hills and mountains with slopes of over
20%, characterised by torrential streams running through narrow valleys of great geomorpho-
logical and floristic interest. The decidedly hilly areas are mainly located in the north and east,
while in the west there is a rather mountainous, somewhat rugged and structurally complex
morphology [28]. The southern edge of the ORB is formed by a morpho-structural ridge
which, in a southwest to northeast direction, connects the Uccellina Mountains to Mount
Amiata. The elevations of the reliefs are always higher, following the dorsal axis from south-
west to northeast, and reach their maximum values in the extreme northeast, corresponding to
Mount Labbro (1193 m a.s.l.), the volcanic cone of Mount Amiata (1738 m a.s.l.) and Mount
Civitella (1107 m a.s.l.). The middle Ombrone valley winds through slightly elevated and
rounded hills, where the initial slope gradient is attenuated, and near Camigliano the course of
the river winds through the plain of the countryside (Fig 4).

After the confluence with the Arbia, and after passing through a rocky gorge, the river
enters the Grosseto plain which extends on its right, while on the left the riverbed continues to

TuscanyNApennines

Fig 4. Perspective view of the middle valley of the Ombrone River Basin with the sediment erosion sequence. The meandering
Ombrone River (in blue), which rises in the north and disappears on the horizon in the province of Siena, where it rises on the south-
eastern slopes of the Chianti Mountains. In its valley there are numerous patches of wooded vegetation (green areas), especially around
the hilly terrain, Montalcino being the hydro-climatological reference station of the basin. The process of sediment erosion follows the
sequence of rainfall-runoff and erosivity-soil erosion until the loss of sediment. The map is an output image created by the authors from
OpenStreetMap (https://demo.f4map.com/#camera.thea=0.9) in which localities are in black, reliefs in ochre, fluvial and
hydrogeological processes in blue, and landscape-related processes in yellow.

https://doi.org/10.1371/journal.pwat.0000072.9004
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run along the foot of the hills for a while. The landscape depicted in Fig 4 is representative of
the territory of the basin, which contains greatly diversified landforms, even if the relationships
that mutually link these aspects have given rise to landscape structures of a remarkable internal
coherence, which has made them recognisable over time. In terms of land use, the basin is
largely affected by wooded areas (~45%), composed mainly of low formations of, broadleaf
trees and Mediterranean scrub (“Mediterranean forests, woodlands, and scrub” biome [55]),
dominated by tall trees (until at least the first half of the 19 century), forests and semi-natural
pastures for raising livestock of various types.

The cultivated areas are mostly open farmland in medium-large enclosed fields, cut into the
forest space, often with acorn oaks and bordered by dense trees or tree patches, while a gradual
spread-but always as secondary crops depending on farmers’ livelihood-of vines and olives in
mixed form or in small specialised plants, mostly in the vicinity of inhabited centres and farm-
houses, with the presence of chestnut on the highest hills [56].

2.2. Climate and seasonal hydrology

The climatic unit of the ORB is influenced by the Tyrrhenian Sea and its mitigating action, by
the overall exposure to the west, and by the protection to the east offered by the Apennine bar-
rier, which contrasts with the infrequent but cold winter currents from the east and northeast.
The predominant currents are those from the west and especially those from the northwest,
and the wind regime is influenced by the succession of depressions of Mediterranean origin
and by the orographic ones during the winter semester: the latter, from October to April, recall
the humid currents from the south over Tuscany [57]. These precipitation events are the cause
of significant erosive rainfall, which in the ORB ranges around 1500 M] mm h™ hm™ yr! in
the eastern terrain, and between 1800 and 2000 MJ mm h™' hm™ yr™" in the wider western area
(period 2001-2011; Fig 5A).

Erosive rains, together with other predisposing landscape factors, trigger marked soil losses
over much of the territory and, in particular, in the eastern parts of the basin (Fig 5B). The
monthly climatic regime of two stations taken as reference in the model input data, extending
over a longer period, from 1971 to 2010, is characterised by similar trends, with the only excep-
tion that the Montalcino station is more continental, with a bimodal-like fluctuation of rainfall,
slightly more abundant and with a shorter summer dry period compared to the Grosseto sta-
tion (Fig 5C and 5D).

Intense summer and autumn precipitation can cause flash-floods in various parts of the
basin. These phenomena have a significant impact on the network of hills and mountains,
which is characterised by considerable volumes of flood water, as well as significant velocities
of propagation and large flooding surfaces. In fact, periods with abundant rainfall generate
flood outflows with rates of thousand m> s (as occurred with peak flows of 3120 m* s on 02/
11/1944 and 3110 m* s™* on 04/11/1966, detected at the Sasso ¢’ Ombrone hydrometric sta-
tion), accompanied by intense erosions of the slopes, alternating with periods of extreme
drought, with flows of less than 5 m” s (as was the case of the minimum flow of 1.10 m’ s in
August 1973). The high variability of the regime between these two extreme conditions has
made the area more vulnerable, increasing its hydrological risk.

2.3. Data collection

Continuous sediment loss measurements made between 1949 and 1977 at the Sasso
d’Ombrone turbidometric station (Fig 3B, red triangle) are a valuable source of information
for sediment erosion modelling. In particular, for the pluviometric data, we refer to the data
provided by the Tuscany Functional Centre (https://www.cfr.toscana.it). The percentage
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Fig 5. Hydrogeomorphology of the Ombrone River Basin. a) Spatial pattern of mean annual rainfall erosivity in central Italy over the
period 2001-2011 (arranged using the ArcGIS cokriging interpolation of ESRI Geostatistical Analyst on the ESDAC-European Soil Data
Centre dataset, https://esdac.jrc.ec.europa.eu/content/global-rainfall-erosivity; Panagos et al. [91]), b) long-term soil erosion rate
(modified from Angeli et al. [92]), ¢) Walther-Lieth diagram for the Grosseto station, and d) for the Montalcino station (arranged from
LaMMA-Laboratorio di Monitoraggio e Modellistica Ambientale per lo sviluppo sostenibile, http://www.lamma.rete.toscana.it/clima-e-
energia/climatologia). The units adopted for rainfall erosivity (MJ mm hm™ h™ yr™') and soil loss (Mg hm ™ yr™") refer to a land area of
10,000 m2 (1 hm2), the hectare (1 ha, equal to 1 hm™) not being a metric unit in the international system.

https://doi.org/10.1371/journal.pwat.0000072.g005

vegetation cover was, in both the calibration and reconstruction stages, extracted from the
HYDE 3.2 dataset [58].

2.4. Model development

Following Mulligan and Wainvright [53], our model building has involved compartmentalis-
ing the issue and specifying it as compartments and flows for an initial test towards a satisfac-
tory solution. Sediment loss, also known as net erosion, is the amount of sediment from all
sources of soil erosion, minus sediment trapped on floodplains, that passes through the outlet
of a river basin [59]. The sum is the sediment displaced downstream to the basin outlet, pro-
duced by four interacting environmental factors: storm, runoff, soil moisture and land cover.
To generalise the expression and take into account the role of weathering in erosion, an erosive
action of rainfall is accounted for, which is derived not only from the amount of rainfall, but
also from its seasonal maximum intensity. In this way, simplifying, we have developed a model
concept, translated into the semi-empirical Environmental Upscaling Sediment Erosion
Model (EUSEM)qgg, on an annual basis (Mg km™ yr''), by arranging and developing the algo-
rithm of Foster et al. [48] and Thornes [49]:

EUSEM gpgy = A - [(Rs + R, + ELT) - e MTver) (1)

where: A is a scale parameter to convert the term in brackets to Mg km™ yr™', which is defined
from the geographical features of the basin; Rg, R, ELT and VCP define the physical structure
of the system under study. Rg and R, are two indicators of soil erosion introduced by Foster
et al. [48] to improve the erosivity factor (Rs) and take into account the effect of runoff shear
stresses on soil detachment (Rg). In particular, R is the rainfall erosivity indicator (unitless)
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most associated with splash erosion. In this regard, Sweeney et al. [60] showed that rainsplash-
driven disturbance is a robust proxy for hillslope transport, such that increasing hillslope
transport efficiency decreases drainage density. Ry, is the erosivity indicator (unitless) most
closely associated with surface flow. ELT is the erosional landscape transport component of
the model, which was designed to capture the long-term memory interaction between precipi-
tation and the basin, given the width of the ORB. Fig 4 depicts the role of mesoscale showers in
erosional transport at the basin scale, assuming that the distribution of local showers is impor-
tant in determining sediment-rich torrential flows in individual catchments in the basin. The
(007 VCP) i5 the exponential vegetation cover function of Thornes [49], which contains
the erosivity resistance of raindrops to interril sediment detachment and transport (where
VCP is the percentage of vegetation cover).

The R; term introduces a threshold-type non-linearity, which is physically meaningful and
necessary to obtain reasonable estimates [61], since raindrop splash plays an important role in
flow-driven detachment and solute transport [62, 63]. The rain-splash component was
arranged in the following form:

term e

Ry = dx(®S O HBF ) (2)

where dx is the maximum daily rainfall in mm in each year at Grosseto station, f(rh,,,) and BF
(S;.mx) are factors which, when combined, define the order of magnitude of the processes. In
particular, f(rh,,,) is a scale factor that modulates the maximum annual hourly rainfall inten-

sity, described as:
f(rh,) = (1 — Q- cos (6.28%)) (3)

BF(S,,-x) is a binary factor related to the maximum monthly soil moisture: it equal to 1,
when in that year dx (at Grosseto station) > 40 mm and S,,,_,,,, > 1 simultaneously, and equal
to 0 in all other cases; j represents the month in which the maximum daily rainfall (dx) falls.
This is in line with a multi-factor analysis, which showed that including the effect of rainfall
intensity increases sediment yield by about 24% compared to the single most important factor,
i.e,, rainfall duration [64].

The terms o, Q, 1, Y and ¢ are calibrated parameters; S,,, ,,,, is a function similar to f{rh,y,,)
but with opposite trend, to modulate the annual maximum soil moisture:

S, = (1 +Q- cos (6.28%?)) (4)
—J

Eq (4) produces interannual variations in maximum soil moisture, based on the fact that
changes in surface conditions are important contributors to runoff and sediment erosion pro-
cesses [65]. This is also of great importance to further summarise the relationships between
peak runoff propagation and sediment yield [63], and to understand the change in sediment
erosion associated with different rainfall events [66]. The erosivity indicator R, which is more
associated with runoff erosion, was developed as follows:

R, = P,(GRO) + P,(MON) — B (5)

where P, is the annual rainfall amount (mm) at Grosseto (GRO) and Montalcino (MON) sta-
tions, respectively.

As basin morphology controls the localised forces acting to transport sediment from the
eroding landscape downstream, the spatial variability of valley confinement may be important
in the connectivity of hillslopes to river channels and sediment delivery to valley corridors
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[67]. We thus use the ELT indicator as the sediment transport of landscape erosion to accomo-
date this process:

ELT = - P, ,(MON) (6)

which assumes the importance of local storm events, which are grouped by their scale accord-
ing to the communication delays between each component of the spatio-temporal hydrological
integration of the basin [14]. In fact, the events affected by the precipitaion are those of the
antecedent year (P,_;) as opposed to those of the sediment estimate. This makes it explicit that
floodplain sediments retained in the previous year are removed in the following year. Actually,
upland areas are generally considered erosive landscapes, but at the same time they can retain
sediment along river corridors and floodplains [68].

2.5. Model parameterisation and evaluation

The parameters that are required to carry out the applications of our model are defined by the
model structure that best represents the processes at work, in a way that model conforms to
the ‘real world data’, and that it discerns the processes and their interactions [53]. The con-
strained model parameters were derived from physical considerations, translated into empiri-
cal correlations base on observed data. The upscaling issue formulated here was optimised
using both the runoff indicator, Eq (5), and the exponential vegetation function of Thornes
[49], which has also been integrated to ensure that the formulation of a process at a point-loca-
tion is somehow approximated over an area as large as a homogeneous basin unit. Througout
the calibration process, special attention was paid to the use of sensitive parameters, which
were carefully calibrated against high quality datasets to ensure that the resulting model would
produce reliable estimates even over historical periods. The optimisation of the model was car-
ried out through a trial-and-error procedure in which the model parameters were modified
and a goodness-of-fit measure between the model results and the calibration dataset was
checked [53]. This process was repeated iteratively to obtain the best possible fit between
observed and predicted data, until the following criteria were met:

R* = max
MAE = min (7)
lim, (a=0&b=1)

The goodness-of-fit 0<R*<1 (optimum) was maximised to quantify the strength of a lin-
ear relationship between observations and estimates, while the second condition minimises
the mean absolute error (optimum) 0<MAE<oc. Due to the limited calibration sample and
the lack of a direct validation dataset, the third condition applied is to minimise the regres-
sion line distortion between observations and estimates from the 1:1 identity line (unit slope
and null intercept) as the number of samples (the vector of data) increases. Spreadsheet-
based modelling was developed using the free online statistical software STATGRAPHIC
(http://www.statpoint.net/default.aspx), with graphical support from AnClim (http://www.
climahom.eu/software-solution/anclim [69]) and CurveExpert Professional 1.6 (https://
www.curveexpert.net).

In order to also estimate the gross soil erosion (SGE) for comparison with the tolerable soil
loss, the SGE in the basin was predicted as:

EUSEM,
SGE="—GpR (8)

PLOS Water | https://doi.org/10.1371/journal.pwat.0000072  February 1, 2023 10/20


http://www.statpoint.net/default.aspx
http://www.climahom.eu/software-solution/anclim
http://www.climahom.eu/software-solution/anclim
https://www.curveexpert.net/
https://www.curveexpert.net/
https://doi.org/10.1371/journal.pwat.0000072

PLOS WATER

Framework for modelling emergent sediment loss

Actual sediment loss (Mg km?2 yr')

1600 [

1280

960

640

320

e d

with SDR the sediment delivery ratio, calculated according to Diodato and Grauso [70]:
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where S is the mean slope (0.16), A is the area (2657 km?), and E is the mean elevation (346 m
a.s.l.) of the basin, and P, is the mean annual recipitation (924 mm) over the basin [71].

3. Results and discussion
3.1. Model parameterisation and evaluation

The criteria of Eq (7) were matched with the following calibrated parameter values: A = 35.91
in Eq (1), 0 =0.70 in Eq (2), Q = 0.50, n = 4.0 and ¢ = 26 in Eq (3) and Eq (4), 9 = 1.0 in Eq (4),
B =1000in Eq (5) and y = 0.10 in Eq (6). A highly significant regression (p~0.00) was achieved
between actual and predicted data, with the R*-statistic indicating that the EUSEM org)
explains 90% of sediment erosion variability. The mean absolute error (MAE), adopted to eval-
uate the amount of error, was equal to 92 Mg km ™ yr™, which is lower than to the standard
error of the residuals (121 Mg km ™ yr™). The third criterion of Eq (7) was verified to have a
limited distortion, as the parameters a (intercept) and b (slope) of the equation EUSEM(Y) = a
+b-X tended to 0 and 1, respectively, as the number of data-points increased from 10 to 28
(with an intercept deviation of 61.1 Mg km™ d ™" and a slope ranging between 0.92 and 1.04).
Fig 6A refers to the calibration outputs of the regression model (black line) for 28 erosion
loss data-points (i.e. one determination per year). The data-points are aligned along the 1:1 red
line observed data, and there is a statistically significant relationship between observed (y) and
predicted (x) data: y = 0.40(+41)+1.00(+0.06); p<0.05. Only one data-point from the year
1965 (not shown in Fig 5A), was outside the confidence limit because the Grosseto station in
that year had under-represented the rainfall over the basin. This is due to the disproportionate
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Fig 6. Model evaluation. a) Scatterplot (black regresslon line and red identity line) of experimental versus modelled-Eq (1)-sediment
loss (Mg km™ yr'") at the outlet of the Ombrone River Basin in the years 1949-1977 (excluding the outlier year 1965), with inner and
outer boundaries showing the prediction limits for the new observations at a confidence level of 0.90 (bright pink coloured area) and
0.95 (light pink coloured area), b) histogram of residuals between actual and modelled sediment loss with Gaussiam shape (blue curve),
¢) percentile distribution of actual (black line) and modelled (orange line) sediment loss, d) scatterplot between the annual observed
runoff and one sediment loss values (Mg km™ yr'l), with regression line (black line).

https://doi.org/10.1371/journal.pwat.0000072.9g006
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Table 1. Summary statistics of the predicted and observed sediment loss.

Sediment loss Predicted Observed
Count 28 28
Mean (Mg km ™ yr™) 530 530
Standard deviation (Mg km™ yr™") 361 380
Coefficient of variation (%) 68 72
Minimum (Mg km? yr'") 107 83
Maximum (Mg km? yr™) 1588 1450
Range (Mg km? yr™") 1481 1367
Standardised skewness 2.82 1.93

https://doi.org/10.1371/journal.pwat.0000072.t001

annual rainfall, with the western part of the basin receiving twice as much water as the eastern
part.

Fig 6B shows a skew-free distribution of the model residuals in a Gaussian-like pattern. The
percentile distribution of the modelled sediment loss (Fig 6C, orange line) approached the
distributional shape of the observed discharge (Fig 6C, black line), indicating a satisfactory
prediction over the range of sediment values (including low and high data). The Durbin-Wat-
son statistic (DW = 1.84, p = 0.31, lag-1 residual autocorrelation of 0.07) shows that there is no
indication of serial autocorrelation in the model residuals.

The summary statistics in Table 1 are similar between predicted and observed data. They
confirm the satisfactory agreement between the two time-series, with only the standardised
value of the skewness (2.82) marginally outside the expected range of -2 to +2 for the predicted
sediment loss. Whether this statistic indicates some departure from the normality of the pre-
dicted time-series, according to the Kolmogorov-Smirnov (K-S) test the observed and pre-
dicted time-series can be assimilated to non-significantly dissimilar distributions (maximum
distance DN = 0.14, two-sided large sample K-S statistic = 0.53, approximate p-value = 0.94).

3.2 Model upscaling and relevance of the inputs

Upscaling is a critical issue in environmental modelling, as the analytical formulation of a
peculiar process effective at one point may not be valid when applied to an area as large as a
basin [72]. The practice of uncritically applying a scale-up factor to small-scale results to pre-
dict those occurring on a larger scale is a recurring issue in upscaling in a variety of domains
[73]. Here, since the scale of the sediment output is not related to the scale of the input data in
the EUSEM, we evaluated the model’s ability to upscale and integrate rainfall over the entire
basin by comparing the EUSEM output with observed annual runoff data for the same calibra-
tion period as EUSEM. In the scatterplot of Fig 6D, it is visible that the runoff variable explains
a moderately lower variability of sediment loss (R* = 0.72) compared to the EUSEM (R* =
0.90). This suggests both that the EUSEM is well able to upscale and that runoft is not the only
variable involved in the process of sedimentation of material through the ORB, and that other
factors, such as those described above (storm, soil moisture and land cover), contribute to this
process, reflected in the interdependence and forcing of climatic components (e.g. antecedent
rainfall, extreme events), and environmental components (e.g. accumulation of material and
denudation). Thus, we will now try to verify whether all the factors assimilated by the model
are relevant for the purpose of the study.

There is a wide variety of regression models, differing in the types of response variable that
can be explored and in the strength of the assumptions made, which require the assessment of
the relative importance of the various regressors for the response variable, regardless of the
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type of model [74]. To identy whether the EUSEM can be simplified, we fitted a multiple linear
regression model in which no indication of serial autocorrelation is found in the residuals at
the 95% confidence level. This regression describe the relationship between sediment erosion
and the four independent variables Rs, Ro, ELT and ¢"*%” " V") from Eq (1). The highest p-
value on the independent variables, 0.00991678, belonging to ELT, indicates that also this term
is statistically significant. Thus, Eq (1) cannot be simplified, making it a stable, easy to interpret
and usable model [75].

3.3 Annual sediment erosion historical prediction and discussions

Although there are benefits to be gained from developing models, their real value becomes
apparent when they are used extensively for system prediction, when they realise the effects of
environmental processes and their evolution over time [53]. Before commenting on sediment
rates, it is essential to outline the historical development of the landscape that has led the ORB
to its present situation in order to determine the agricultural and geomorphological context
from which the basin derives (Mazzini, 1882, p. 45 [76], our translation):

From the indications of historians and chroniclers it is possible to deduce that at the end of
the fourteenth century, woods occupied an area of over 800,000 hectares in Tuscany, 35%
of the total area. In the course of just over 4 and a half centuries, the extension of forests
would have decreased by 44%.

This had certainly led to a hydro-geomorphological destabilisation of the basin, which at
the end of the Little Ice Age made it one of the most erosive landscapes, as can be seen from
the words of Zanotti (1823, p. 288 [77], our translation):

There is perhaps no river more turbid than this [Ombrone] as from experience I have tried
comparing it to the Arno and the Serchio.

This brings us to the years when our model can work and gives us a more objective and
clearer evolution of sediment yield in recent times. This allows us to see the temporal evolution
of the annual sediment export from ORB over the period 1942-2020 (Fig 7, black line). Based
on this trend graphs, and accounting for the temporal variation in climate, weather and vegeta-
tion, the time graph is used to visualise how the combination of these factors contribute to the
sediment loss from ORB. This synthetic information flow provides us with an erosive trend
composed of three time-segment, in accordance with the double-shift Standard Normal
Homogeneity Test (SNHT [78]), which provides two change-points in 1967 and 1986. The
Pettitt test [79], which is sensitive to detecting a change-point in the middle of the time-series,
detected it in 1973, confirming that a break in the transition between the 1960s and 1970s
occurred. Since the distribution frequency of sediment loss was abnormally far from normal, it
was preferable to transform the time-series with a Box-Cox algorithm, before estimating the
change-points, as suggested by Maftei and Barbulescu [80]. Through these statistics, we can
recognise the following picture (Fig 7, black line): an early and initial period 1942-1967 with a
mean value of 625 Mg km? yr™" (337 Mg km ™ yr™' standard deviation), i.e. a sediment ero-
sion rate fat above the tolerable sediment loss (150 Mg km ™ yr'', corresponding to a gross ero-
sion of 10 Mg hm ™ yr™" [81]), and in which the climatic forcing is high and the vegetation
cover low (Fig 7, green scale band below the x-axis). An intermediate interval 1968-1986,
upon the which the erosion is in a declining phase, that results by competing force between cli-
matic-descending power and continuing enhancement of vegetation, with a mean value of 233
Mgkm™y" (101 standard deviation).
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Fig 7. Temporal evolution of the estimated, Eq (1), annual amount of sediment erosion (black line), with overlapping
observed data (red line) and channel width of the Trebbia River (light brown line, arranged from Bollati et al. 2014
[82]), a tributary of the Po River, with also the change-points in 1967 and 1986 derived from the Standard Normal
Homogeneity Test [78]; the climatic forcing (white bars with black margins), from the climate factors in Eq (1), and
the relative share of torrential rainfall (orange bars) in the Ombrone River Basin over the period 1942-2020; and the
percent of vegetation cover (green scale band, from Goldewijk et al. [58]). The left-hand y-axis is in logarithmic scale.

https://doi.org/10.1371/journal.pwat.0000072.9007

The third and final period is 1987-2020, during which sediment rates are recovering. Thus,
we can observe how the actual evolution of net erosion, which after a decade of low erosion
rate, before 1996, sees an irregular growth that reaches an unsustainable erosion rate (sediment
erosion >160 Mg km ™ yr'"), after this date. This is also in agreement with the resuts of Borrelli
et al. [37], who found areas in Tuscany where soil loss classes are above the tolerable rates and
where a progressive decrease of the ability of soils to sustain vegetation and livestock domi-
nates. The evolution of soil erosion seems still to be in line with the results of Bollati et al. [82],
where the Trebbia River channel width (Fig 7, light brown line, Emilian Apennines) and phas-
ing trends are in tandem with the progress of ORB erosion and roughly correspond to the
change-points recalled above (Fig 7). The overlapping of this trend reveals three temporal
phases. The first, short phase 1941-1955, refers to a first period of narrowing caused mainly by
basin-wide land-use changes, a partial reduction of lateral mobility due to bank protection and
artificial embankments, and a decrease of sediment delivery caused by the end of manual farm-
ing. The second, longer phase 1956-1990 of narrowing and incision began in the 1950s and
was mainly related to intensive sediment collection and the introduction of agricultural
mechanisation. The third and last phase 1991-2020, focuses on the most recent time of rever-
sal of the channel width along with a partial recovery of the channel morphology. If we now
estimate the coefficient of variation of sediment loss between the two change-points, and
between the last change-point and the end of the time-series, it jumps from 0.43 in the period
1968-1986 to 0.50 over 1987-2020.

Even if the year 1990 was taken as a change of phase, instead of 1986 (detected change-
point), the evolution associated with the coefficient of variation would not change. This has
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aggravated the hazard associated with erosive phenomena, which are mainly due to episodes
of torrential rains, which, although interspersed with more or less long phases of inter-storms,
have increased in this period (Fig 7, orange histogram). This is in agreement with the data of
Montini and Mazzanti [83], who see after 1985 an increase in annual maximum daily rainfall
over the Northern Apennine district, which also includes the Ombrone basin. Of particular
interest is the fact that this trend advances in tandem with global and continental (European)
extreme daily precipitation, in both observations and climate models [84].

With particular reference to the ORB, the trend of sediment erosion could also be due to
the abandonment and regrowth of cropland [85]. It should also be emphasised that, while the
long-term trend is forced by vegetation cover, and secondarily by climate, the peaks in sedi-
ment loss are determined by storms during particularly wet periods. Accordingly, Della Seta
et al. [86] observed that water erosion has a strong effect on catchment areas sediments
through severe denudation events triggered by many days of rainfall, with a pulsating trend in
the hillslope process that reflects the step-like pattern of denudation graphs [17], with critical
denudation phases possibly triggered by extreme rainfall events [69]. However, variations in
sediment erosion may also contribute to a complex interplay between land-use changes that
have affected the study-area, revealing a delicate balance between farming activities and ero-
sion processes [87, 88].

4. Conclusion

The reconstruction of the temporal evolution of sediment loss (1942-2020) in a key landscape
basin unit of central Italy (the Ombrone River Basin) can be useful to assess the current evolu-
tion of erosional processes in Mediterranean environments. The modelling approach adopted
allowed a quantitative assessment of eroded sediment loss, where a combination of climatic
and vegetation data provided a sufficiently detailed morpho-evolutionary picture of the basin
area studied. The model developed here thus has a role to play in estimating net erosion thanks
to its potential to capture temporal dynamics over long time-series in the absence of detailed
input data (parsimonious approach). The satisfactory evaluation of the model (with respect to
the data sampled in 1949-1977 and, indirectly, against the width of another river in western
Italy, the Trebbia River) is a clue that the drivers and the parameterisation used reflect the
interannual distribution of sediment loss over the whole basin. These features increase the sci-
entific value of this study, especially with regard to modelling, didactic simplicity and the envi-
ronmental supporting role of the investigated landforms.
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