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Abstract
Land use change has been recognized throughout the Earth as one of the most important factors influencing the occurrence
of rainfall-driven geomorphological processes. However, relating the occurrence of historical soil erosion rates is difficult
because of the lack of long-term research projects in river basins. Also, complex models are not adequate to reconstruct erosion
rate changes because they require significant input data not always available on long timescales. Given the problems with
assessing sediment yield using complex erosion models, the objective of this study is to explore a parsimonious scale-adapted
erosion model (ADT) from the original Thornes and Douglas algorithms, which aims at reconstruction of annual net erosion
(ANE) upon multisecular timescales. As a test site, the Calore River basin (3015 km2 in southern Italy) provides a peculiar and
unique opportunity for modelling erosion responses to climate and land cover changes, where input-data generation and
interpretation results were also supported by documented hydrogeomorphological events that occurred before and after land
deforestation. In this way, ANEADT-values were reconstructed for the period 1675–2004 by using precipitation indexes,
complemented by recent instrumental records, and by using land cover statistics from documented agrarian sources. Pulses of
natural sedimentation in the predeforestation period have been related to Vesuvius volcanic activity and changes in rainstorm
frequency. After deforestation, the basin system became unstable with sudden fluctuations in the hydrogeomorphological regime
contributing significantly to increased erosion and, in turn, sediment transport sequences via river drainage towards the
Tyrrhenian coast.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction
Environmental changes have always been a topic of
Earth's science and environmental research, but its
importance increases during crucial changes and
extremes (after Stehr and von Storch, 1995), often
associated with land degradation driven by weather and
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external anthropogenic forcing (Riebau and Fox, 2005).
However, while the major focus on causes of soil
erosional degradation has been the relative significance
of agricultural activities and practices, the possible
impact of changing weather patterns and more sustained
shifts in climate have also been implicated (Foster,
2001). Understanding how landscape components
respond to forced conditions of land use change and to
the climatic regime has implications for modeling the
geomorphological processes hazard (Leeder et al., 1998;
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Coulthard et al., 2002) and for assessment of future
planning (Higgitt, 2001; Verstraeten and Poesen, 2001).
In this way, modeling has been a fascination for
millennia, such as mean the words of Mulligan and
Wainwright (2004) and Wainwright and Mulligan
(2004, p. 8):
“Modelling is described as an art because it involves
experience and intuition as well as the development
of (mathematical) skill.”
especially in mountainous agricultural landscapes where
land degradation is manifested in a variety of processes
(Shrestha et al., 2004). Modelling is a crucial issue in
assessing climate variability and land cover (Morgan
et al., 1998; Renschler and Harbor, 2002; Ramos and
Mulligan, 2003), which are very important factors
affecting the environmental sustainability in these dynamic and sensitive landscape systems (Alexandrov,
1997; Thomas, 2001; Reinhard et al., 2003), highly
controlled by a set complex of climatic, geomorphic, and
ecologic processes (Krishnaswamy et al., 2000).
Amid current concerns over the consequences of
recent enhanced climate variability of human and
rainfall-induced agricultural and environmental impacts
(Sivakumer, 2005), the modelling and reconstruction of
the response of a river basin to past environmental
changes is increasingly viewed as vital in the context of
developing scenarios for future response (Rumsby,
2001). Much information regarding the geomorphological process, slope, and river response to climate change
has been reported in numerous historical studies
(Orbock Miller et al., 1993; Rumsby and Macklin,
1996; Brooks and Brierley, 1997; Wilby et al., 1997;
Eden and Page, 1998; Arnaud-Fassetta and Provansal,
1999; Grove, 2001; Jacobeit et al., 2003; Hunt and Wu,
2004; Schmidt and Dikau, 2004). Many of them were
concerned specifically with sediment and erosional
processes from European archival data, such as in
English catchments (David et al., 1998), German
(Zolitschka, 1998), Welsh (Beavis et al., 1999), Irish
(Huang and O'Connell, 2000), Spanish (Lasanta et al.,
2001), Iceland (Lamoureux, 2002), Belgian (Van
Rompay et al., 2002), Greek (Lespez, 2003), Turkish
(Wick et al., 2003), Bavarian (Dotterweich et al., 2003),
and French (Piégay et al., 2004). Although many of
these studies form an attractive research field, the
information derived from paleogeomorphological evidence [such as sedimentation traps in fluvial terraces
(Prózynska-Bordas et al., 1992), in lakes (Slaymaker et
al., 2003; Evans and Slaymaker, 2004), or in deglacierizing basins (Orwin and Smart, 2004)] are not
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continuous in time with less rigorous chronological
control (Schulte, 2002; Bradley et al., 2003). Research
developed in Italy have been carried out dealing with the
influence of climatic modifications on the natural
environment and on impacts of extreme events on
human activities since A.D. 1000 (Camuffo and Enzi,
1992; Delmonaco et al., 2000) or earlier (Ramrath et al.,
2000). An overview of paleoclimatic investigations on
sediments from volcanic lakes in central Italy is given
by Follieri et al. (1993). All these studies suggest that
the Little Ice Age (LIA), variously assessed as AD
1300–1900, is not expected to be hydrogeomorphologically homogeneous and sustained over large geographical areas (see also Bradley and Jones, 1993;
Ogilvie and Jonsson, 2001; Soon and Baliunas, 2003 for
climate forcing). Thornes (1995) and Viles and Goudie
(2003) agreed, declaring that in-depth research in a
regional context would likely to provide meaningful
answers questions of magnitude impact by combinations of modes of internal and forced climate variability
(Goosse et al., 2005). For this topic, dynamically or
stochastically driven models (see Nearing, 2004, for a
synthesis) can be used. However, these models still
have limitations for predicting basin sediment yield (de
Vente et al., 2005), especially over long timescales,
requiring a powerful computer, extensive computer run
time (Toy et al., 2002), and validation that is difficult
because scarcity of measurements (Instanbulluoglu et
al., 2004).
To deal with these problems in this paper, I propose
an integrative methodology incorporating bioclimate
documentary data in a regression-derived erosion model
offering the opportunities to account for parsimonious
interpretation between input data and a basin-response
erosion variable. This model is to revise the Douglas
(1967) and Thornes (1990) empirical algorithms to an
adapted-Douglas–Thornes (ADT) nonlinear model
(ANEADT) by replacing the RUSLE erosivity factor
with runoff data and by updating a vegetation-protection
climatic function with improved net erosion time-series
estimates. For (ANEADT)-model calibration a SIMNdataset (1957–1972), with a total of 20 samples was
used, providing a unique opportunity to explore
geomorphological processes in the Calore River basin
(CRB) of southern Italy. The use of an ANEADT timeseries model is motivated by its potential for capturing
the significant and changing environment (including
climate, vegetation cover, and erosive-resistance climate
changes) with easily available data. Results show an
important increase of sediment rate from 1811 to 1860,
with higher fluctuations of the erosion peak from
preceding and successive periods.
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2. Area description, methods, and material studied
This work is the continuation of three previous
papers where the last Millenniums extreme hydrometeorological events (Diodato, 1999), the last four century
rainfall erosivity data (Diodato and Ceccarelli, 2005),
and rainfall anomalies (Diodato, in press) in the Calore
River basin were reconstructed. Operational procedures,
rain gauges, sites, and data quality of this series of
papers were also carefully investigated in a recent work
(Diodato, 2005a).
2.1. Climate, geomorphology, and vegetation
Italian territory is located at the centre of the
Mediterranean sea basin (Fig. 1a). Therefore, it is
strongly affected by a complex geographic system,
including perturbing action of the Apennines and the sea.
The main synoptic situations responsible for abundant
rains over the region are generally characterized by
northwesterly or westerly airflow and eastward-moving
wintry cyclonic depressions. In the summer, intense
drought events can be associated with hemispheric
meridional circulation (i.e., subtropical anticyclone),
often interrupted by atmospheric instability with
showers and thunderstorms. The Calore River basin
(CRB) test site is located at the transition from the central
and southern Italian Apennines (elevation 50–1800 m),
with an extension of 3000 km2 (Fig. 1b). The climate
over the CRB is of Mediterranean type, with average
annual precipitation ranging from 650 to 2000 mm
(1289M ± 218S.D. mm) and rainfall erosivity from 900 to

4119 MJ mm ha− 1 h− 1 year− 1 (1497M ± 389S.D. MJ mm
ha − 1 h − 1 year − 1 ) for the period 1921–1988. As
consequence of climate conditions, the soil moisture
regime is definitely xeric, whereas soil temperature
regime results tend to be mesic, between 500 and 600 m
above sea-level, and thermic to mesic above (Buondonno
et al., 1989). The morphology of the land is characterised
by a meandering river area from the Calore and Sabato
rivers and surrounded by hills, in middle basin, and by
mountainous areas with a topography ranging from
600 m to 1800 m, in northwestern and southern territory.
Quaternary sediments are essentially detrital, coarse
colluvial or alluvional: they are for the most part
undeformed and mainly occupy valley bottom or
piedmont positions. The clayey–marly–arenaceous
nature of the sediments that make up most of the relief
in the study area are particularly susceptible to erosive
phenomena in general, or more specifically to landslidetype instability and climatic effects have a certain
relevance in the morphoevolution of the relief (Diodato
and Russo, 2003). Here lithology and morphology were
major factors on soil genesis and evolution processes in
the Late Holocene (Leone et al., 1996). Over claystones,
the dominant soils are Vertisols, over sandstones are
Entisols and Inceptisols, and over carbonates, soil are
ascribed to the Mollisols and Inceptisols. Finally, over
flood plain alluvial deposits we find soils with typical
morphological characteristics of “Alluvial soils”.
Approximate actual spatial erosion pattern in Italy
was predicted by van der Knijff et al. (2000) using a
GIS-based RUSLE procedure. An illustration of this
pattern is presented for the CRB in Fig. 2a, with an

Fig. 1. Geographic location of Italy (a) and limits of the Calore River Basin (white line) overlain hillshade terrain-map by SICI (2001) (b).
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Fig. 2. Actual soil erosion map by van der Knijff et al. (2000) modified (a); panoramic viewed of the Tammaro agricultural catchment at north of the
CRB (b); rill-erosion in grassland (c) and in tillage field (d) at hillslope scale during rainstorm on October 2002.

annual average soil loss rate varying between 0 and
40 Mg ha− 1. Fig. 2b shows a panoramic view of an
agricultural subcatchment (Tammaro basin) with rill
erosion in grassland (Fig. 2c) and in a tilled field (Fig.
2d) at hillslope scale during a rainstorm in October
2002. From their comparison, we may argue that
vegetation cover negatively influences erosion magnitude. Beyond grassland, the natural vegetation of these
zones of the Italian Apenninic inland is that typical of
the Mediterranean mountainous and submountainous
sectors (Blasi et al., 1988). The combination of wet
winter and dry summers produce a thermophyla
vegetation such as Quercus pubescens, Colutea arborescens, Acer campestre, and for a high-mountainous
sector, Fagus sylvatica, Acer obtusatum, and Ilex
aquifolium. The secondary formation of agricultural
shrublands, originating from environmental degradation, is composed of Robinia pseudoacacia, Pinus
pinea, and a variety of resinous plants.
2.2. Input data collection
Enviroclimatic data were collected from two rural
agricultural basins: one covering the same study area

(which is the Calore River basin with an extension of
3015 km2 and slope of 8%) and one adjacent basin
(which is the Volturno River basin, northwest of the
CRB, with an extension of 2050 km2 and slope of 11%).
Rainfall and sediment data were assessed using records
of 34 rain gauges and 2 turbidity sampling stations,
respectively, of the former network of the Servizio
Idrografico and Mareografico Nazionale (SIMN, 1922–
2004). However, sediment data were available for a
shorter period, 1957–1972, which were used for erosion
model calibration (Table 1). Sediment was collected in
the buckets once in a month. Some of the sediment
settled out in the trough and was transferred in to one of
the buckets. Each bucket was weighed in the lab to
determine total runoff (sediment and water). Total runoff
was converted to a volume (liters) by assuming the
density of the sediment–water mixture was 1.0 g cm− 3.
In the laboratory the samples were left setting for
amount to allow the suspended sediment to settle. Water
was decanted from the buckets and the sediment was
oven dried for 24 h at 98 °C. Samples of the water were
taken, dried in a bowl, and weighed to determine the
amount of sediment still remaining in suspension.
Rainfall erosivity data were explored following the
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Table 1
Data use in generating model output
Year

R
(MJ mm ha− 1 h− 1)

P
(mm)

provides an empirical climate index converted into
metric units:
WVC
(%)

Pw
(mm)

Net erosion
(MG km− 2)

Volturno basin
1957 1389
1958 2066
1959 1959
1960 2373
1961 2035
1962 2046
1963 2658
1964 3511
1965 2493
1966 2513
1967 2434
1968 2438
1969 1963
1970 2545
1971 2242
1972 2083

1146
1330
1556
1716
1213
1519
1467
1603
1245
1466
1080
1147
1721
1349
1457
1604

26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26

1151
1151
1151
1276
1276
1330
1467
1519
1519
1467
1466
1466
1466
1349
1349
1457

200
560
710
600
510
510
680
1240
540
690
790
500
490
710
490
430

Calore
1957
1959
1960
1961

912
1225
1275
1099

10
10
10
10

981
932
981
1046

550
660
980
1090

basin
1120
1491
1667
1894

RUSLE procedure (Renard et al., 1997) as adapted by
Diodato (2004) for Italian climate records. In this way,
an erosivity series was reconstructed by using a
precipitation index complemented by recent instrumental records (Diodato and Ceccarelli, 2005). Finally, the
evolution of the woody cover was derived from
documented local agrarian statistical sources (Galanti,
1781; Del Re, 1836; Albino, 1870; Orsi, 1956; Lalli,
1965) and regional literature (Massafra, 1984; Sereni,
1996).
2.3. Model development
Net water erosion is a measure of average sediment
yield over the time and space-unity from basin (Lane et
al., 1997). Sediment yield is the sum of the sediment
produced by all erosional sources, including that from
overland flow, ephemeral gully, and stream channel
areas (Toy et al., 2002) less the amount of sediment
deposited on these areas and on the valley floodplains
(Fig. 3). The four environmental factors that determine
water erosion and sedimentation are climate, soil,
topography, and land-use which operate independently
and interactively.
The concept of the balance between driving and
resisting forces in sediment budget and yield modelling
was originally proposed by Douglas (1967) that

ED ¼

1:631ð0:03937Pe Þ2:3
1 þ 0:0007ð0:03937Pe Þ3:3

ð1Þ

where ED is the suspended sediment yield (m3 km− 2
year− 1) over long-period; Pe is the effective precipitation
(mm), and where the numerator represents the driving
force in the power of rainfall; and the denominator, the
vegetation-protection factor. This model is suitable for
large basins and is not universally applicable.
Later on, Thornes (1990) builds a finer model to
simulate monthly wash erosion by water running across
the land surface that can be expressed as:
ET ¼

12
X

ðkQa S d e−iV Þ

ð2Þ

j¼1

where ET is the annual erosion amount (mm year− 1)
over the months from 1 = January to December = 12; k is
the erodibility; Q is the overland flow (mm month− 1); a
is the flow power coefficient equal to 1.66; S is the
tangent of slope (mm− 1); d is the slope constant equal to
2.0; V is the vegetation cover (%); i is the erosion
exponential function equal to 0.07.
Formal integration achieves upscaling may have
very different variables and parameters (Kirkby and
Cox, 1995). For example, there is some overlap
between basin and catchment erosion processes, but
some of the dominant processes are described in
different manners. In this way the Thornes's model
was revised for a (ANEADT)-Adapted Douglas–
Thornes models by replacing RUSLE erosivity factor
(Wischmeier and Smith, 1958; Renard et al., 1997) to
runoff, updating vegetation cover erosive-resistance
climatic function and reducing erodibility and slope
factors. Saturation overland flow provides very little
information on the potential for splash erosion and
erosion by Hortonian overland flow (Mulligan, 1998).
Thus, at basin scale such erosion is not the result of
amount runoff, but of rainfall erosivity by both
raindrop impact and surface peak runoff (storm
erosivity) and vegetation cover up to several decades,
over which these patterns may change (Kirkby et al.,
1998). In this way, for time-series prediction (net
erosion, variable over time), two conceptual components have been adopted with soil-erodibility, landand discharge slope assumed temporally constant:
– a weather erosivity dataset for a changed climate
forcing;
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Fig. 3. River basin (a) and discretized unit with representation of its erosion cycle (b).

– a vegetation-cover and erosive-resistance climate
factors.
Considering the two components, a central assumption is that if the erosion model gives adequate results
for the twentieth century, then it will also give
acceptable results when run with changed climate and
changed land-cover (after Favis-Mortlock and Boardman, 1995). In this way, soil erosion by water most
occurs when the detachment of particles and their
subsequent transportation experience a greater driving
force than the force binding it into the vegetated slope.
Within this process the rainfall is used by nature as both
a driving and resisting factor. Firstly, the erosive
influence of rainfall increases with its amount and
intensity; secondly, and opposing this influence, is the
protective effect of vegetation which also increases with
precipitation amount. The balance between these forces
can be expressed, according the following revised
Douglas-and-Thornes-non-linear equation, as:
−bWVCj
Rm
j e
ANEADTj ¼ k
ð3Þ
ðMedw ðPÞÞc
where
• ANEADT is the net soil-loss from basin in the jth year,
in MG km− 2 year− 1;
• R is the rainfall erosivity factor in MJ mm ha− 1 h− 1
year− 1, which provides the forces applied to the soil
to cause water erosion, which was evaluated in
preinstrumental period following Diodato and Ceccarelli (2005):
R ¼ 0:880½0:0897ð6 þ WISS Þð2 þ r2WI ÞP−1306
þ 1271

ð4Þ

where WISS is the Weather Index Sum which was
obtained by summing monthly values index WI in
June–October period following the classification:
rainy without floods (WI = +1), stormy or rainy
with floods (WI = + 2), droughts (WI = 0); moreover,
also the variance of the WI index (σ2WI) over
January–December period was takes into account
such as an indicator of the erosivity (after Aronica
and Ferro, 1997); P is the annual precipitation
amount (mm);
• e (− b·WVC) is the Thornes's vegetation erosion
exponential function that represents the short-term
resisting force, where WVC is the woody vegetation
cover (%), and b is a parameter whose value is a
function of the ratio of rill to interrill erosion with
bare soil conditions (Thornes, 1990);
• the term at denominator is the patterns of long-term
resisting force occurring on a window timescales,
represented by ground cover erosive-resistance
climatic function (after Douglas, 1967), where
precipitation median value Medw(P) is expected on
a time moving window (w) antecedent the year j,
with w = 7 years. Although many studies (e.g., Grist
et al., 1997; Foody, 2003; Wang et al., 2003) have
differed in detail, notably in terms of how the
variables are expressed (e.g., vegetation-indices,
daily, monthly or annual precipitation), each has
essentially detected a strong positive relationship
between rainfall and vegetation-indices. In fact,
precipitation variable affect vegetative growth and
decomposition of plant materials left by the vegetation, which in turn reduces soil susceptibility to
erosion (Toy et al., 2002, p. 30); in this way the
median value is favourite than precipitation mean
because the precipitation median is a variable more
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stable, representing better the vegetation-protection
bioclimatic function over time.
• the four empirical coefficients (k = 0.0168; m = 2; and
b = − 0.050, and c = 0.70) and the length of the
window (w) were estimated by minimizing the sum
squared errors (SSE) over η data:
SSE ¼

g
X

ðANEMeasuredðgÞ −ANEADTðgÞ Þ2

ð5Þ

j¼1

So, a goodness-of-fit measure that minimizes the
absolute errors rather than relative errors fir high soilloss values is used to develop model that estimate net
erosion for use in sedimentation problems where mass of
sediment must be estimated accurately (Toy et al., 2002).
2.3.1. Model evaluating
Before a user implements a model for reconstruction
data, the user should evaluate the model thoroughly too
(Toy et al., 2002). Users evaluate the model at this stage
is the last opportunity for the user to have a major impact
on the model. For scarcity in the sample, validation for
ANEADT was not possible. In this way error assessment
was by using cross-validation (Isaaks and Srivastava,
1989). The idea consists in re-estimating ANEADT at jth
year after removing, a turn, one datum from the data set.
In this way, 19 of the data were used for model
calibration, after which the model was applied for
predicting ANEADT for the remaining data. This was
repeated 20 times so that for each reservoir a predicted
ANEADT-value was obtained by a model calibrated for
the other 19 data.
In Fig. 4a the reduced major-axis lines for net
erosion shown 1:1 relationships between measured
and expected values (r2 = 0.86). In addition, Fig. 4a
was complemented by dialog box scatterplots of Fig.

4b,c where net erosion measured were compared to
Douglas and Thornes recalibrated models outputs,
respectively. It can be seen that Douglas-model, which
is sustained only by effective precipitation, yields the
largest prediction errors. Smaller prediction errors are
produced by Thornes-model including vegetationcover, soil-erodibility and slope factors too. However,
the results clearly favour the ANEADT-model integrating the same information present in both Douglas- and
Thornes-models.
3. Results and discussions
The final result of the rain-erosivity reconstruction is
shown in Fig. 5 allowing a view of temporal evolution
of annual R. That is, after several years of high climatic
variability during the first two century of the series, a
clear smoothed period. In particular, 18th and 19th
centuries were crossed from very frequent and extreme
storm with anomalies greater of +1 standard deviation
and from 13 anomalies greater of + 2 standard deviation
spaced from abrupt climatic changes. In Mediterranean
region, rainfall fluctuations are forced by changes and
strength in the zonal circulation (Hurrell, 1995;
Slonosky et al., 2000) that for middle latitudes can be
taken as a measure of the distance from climatic system
equilibrium (Lockwood, 2001). On the climatological
scale, it exhibits jumps in the long-term rate of
precipitation change, which are often associated with
changes in atmospheric flow pattern. In this way, rainfall
impacts are often dominated by weather and climate
extremes (Larson et al., 1997; Mulligan, 1998; Coppus
and Imeson, 2002; Renschler and Harbor, 2002). These
events may be grouped in some particularly rainy years
or months according to storms climatic variability over
interannual to century scales (Garcia-Oliva et al., 1995;
D'Odorico et al., 2001; Peterson et al., 2002; Cavazos

Fig. 4. Dialog box scatterplots of observed and expected net erosion values by ANEADT -model (a), Douglas-model (b) and Thornes-model (c).
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Fig. 5. Chronological series of rain-erosivity (1675–2004) in the Calore River Basin by Diodato and Ceccarelli (2005). Horizontal dashed bold line is
the mean value while dotted lines are threshold corresponding to ±1 of the standard deviation (S.D.).

and Rivas, 2004), and affecting the sequence of dry
periods and disastrously geomorphologically years.
There is strong relationship between climate–especially annual rainfall–and vegetation pattern (Yang et
al., 1998; Li et al., 2004). However, the total annual
rainfall amount is mostly not effective in terms of
vegetation growth (du Plessis, 1999) under relatively
poor vegetation response (e.g., very high rainfall over a
short period). To alleviate this uncertainty, a vegetation
dynamic function derived from median precipitation
where each rain value is dated on the previous 7-years
window included the current year was used. Output of
this function is shown in Fig. 6a.
Presence of large green vegetation during past time
is testified by spreading of woody lands which covered
until 16th and 17th centuries very large portions of the
CRB, as referred by Dominican Leandro Alberti
(Narciso, 1999). However, original vegetation subjected changes due to land human-use (Fig. 7a).

Vegetation patterns change is modelled in Figs. 6b
and 7b,c again exhibit for 18th century a soft land-use,
with vast areas of territory dedicated to wood. The
abolition of feudality and the start, in 1806, of an
agrarian reform based on the distribution to poor
citizens of the feudal and municipal lands, marked for
CRB, as moreover for the whole South of Italy, the
start of the documented environmental disaster (Rovito,
2001). As a result of these historical records, the
cultivation of mountain areas, till then reserved to
common pasture, provoked the destroying of woods
and, in consequence, the degrade of slopes. To the
deforestation, gone on for the whole 19th century, no
economic advantages returned: besides being unsuitable to cultivation the “divided” lands were acquired by
a parasitic and backward notability, in some ways
worse than feudality with particularly serious consequences in the CRB, both on the environmental and
social ground.

Fig. 6. Evolution of the erosive-resistance bioclimate dynamic function from median precipitation where each rain value is dated on the previous 7years window included the current year (a) and woody cover by agrarian statistics (circles) with historical reconstruction by mean 5 order polynomial
regression (grey line) (b).
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Fig. 7. Original forests map by Global Forest Watch Project—www.globalforestwatch.org (a), historical map dating from the end of the 18th century
(b), and the end of the 19th century (c); the spots more dark indicate the woods extension.

3.1. Detection of soil erosional changes
Monthly as well as annual measured sediment
concentration in 1957–1972 period was highly variable
reflecting differences in vegetative, geomorphic, and land
use characteristics. Average sediment yields in Volturno
basin search a value of 603 MG km− 2 year− 1 with a
skewed distribution. The highest and lowest sediment
yields were of 1240 MG km− 2 (in 1964 year) and
200 MG km− 2 (in 1957 year), respectively. Although

these values do not provide proof that increased erosion
actually occurred, it is however possible to predict them
upon the past times using the ANEADT-model outputs. A
typical sequence of the processes involving in the soil
mobilization from CRB during the 1675–2004 period are
depicted in Fig. 8 that illustrates a comprehensive
hydroclimatic factors liable to possible feedbacks,
which act to augment or dampen response of river
systems. In particular, black line illustrates, as in middle
of the LIA, that when soils developed mainly under the

Fig. 8. Reconstructed (ANEADT)-Annual Net Erosion (black bold line) and long-term polynomial fitting (white curve) during 1675–2004 period with
rain-erosivity exceeding 1000 MJ mm ha− 1 h− 1 year− 1 (histogram), vegetation cover (black curve) and precipitation (not shown) superimposed; Yaxes are in log-scale.
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natural woodlands, net erosion rates were extremely low
(about 10 MG km− 2). At the beginning of the clearance
of forest, between AD 1780 and 1810, erosion increased
and reached annual rates of about 20–100 MG km− 2.
According to rain-erosivity histogram (always Fig. 8), the
successive period (1811–1860) interact with major
variations in vegetation, and long-term curve fitting
indicates that soil erosion exponentially increases to
exceed the threshold rate of 300 MG km− 2. Sediment
yielded in this time-interval are supported from geoarchaeological researches referred by Caiazza et al.
(1998, p. 70), which indicate a large progression of the
Volturno delta between 1809 and 1883 period. A similar
trend is verifiable also in other parts of the Campania
region, where a large majority of damage hydrogeomorphological events are documented in the 1805–1860
period (Mazzarella and Diodato, 2002; Parise et al.,
2002). These results according to geomorphic response
simulations over time-scales ranging from 10 to
100 years (Coulthard et al., 2000), which have showed
that decreasing tree cover and increasing rainfall
magnitude individually produced similar 25% to 100%
increases in sediment discharge, whereas in combination
they generated a 1300% rise.
From 1861 in forwards, erosion is suffered to slow
but constant and extent new increases with aridity
growth (Brunetti et al., 2002; Piccarreta et al., 2004),
especially after the 1970 (Bordi and Sutera, 2004)
fluctuating around at an average annual rate of about
550 MG km− 2 year− 1. Since the protective effect of
vegetation decreases with less precipitation and higher
evapotranspiration rates, this, in turn, could increases
soil susceptibility to erosion in future.
3.2. Historical record and landscape evolution
Significant hydrogeomorphological past events have
been recorded in journal or diaries. However, these
sources provide only a limited picture of the last
400 years. It is possible to use such sources to define the
major hydrogeomorphological events on the river. On
the Calore basin, for example, pulses of natural
sedimentation in the predeforestation period have been
related to Vesuvius volcanic activity such as in the years
1631 (Terone, 1954) and 1808–1809 (Nazzaro, 1997),
and changes in frequency of rainstorms. During this last
episode, deluges and mudflow occurred in November
1809 as supplied by Romanelli in his Diary (Mazzacca,
1992):
The day 20 of the month of November there was a
powerful rain, so continuous from its beginning, it
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kept on to four o'clock in the night; the stream was
the biggest ever seen in the past, (…), the mudflow
coming blown the mountain trough the town
horrified greatly for stones din, the Calore river
broke the bow bridge (…), and flooded only
neighbour field in extraordinary way and incredible
for the posterity (…).
The sequence of weather and slope reactions
repeating from autumn 1815 to summer 1816, when
severe conditions (with switches of cold, snow and
heavy rain) concerned many Italian region (Iampieri,
1983). After 1830, newspapers have become an
important vehicle for recording dramatic events. For
example, the major damage hydrogeomorphological
events, such as those of September 1857 (Perugini,
1878) and November 1851 (chronicles in Laudato,
1989), were described in detail. Sometimes occupying
almost the entire newspapers, such as the report of the
agronomist Nicola Albino (Albino, 1870): by describing
the frequent torrential rainfall which had caused heavy
damage to the hills and valley due to the materials
transported downvalley by water, Albino remarks the
importance of agricultural practices in favouring the
slope susceptibility to erosion:
The mountains and the hills of Cautano, Solopaca,
Paupisi, Cirreto, Pietraroia, Sassinoro and San
Marco makes perpetual damage to the plains, and
the flows were threatening so much, that the same
inhabitants of Tocco Caudio, Apice and Pietrelcina
have lost the solid ground due to the continuous
fluvial erosion that lap against them. For the wrong
mountainous and hilly tillage, as well as we
observed, each rivulet turned in flow.
More subtle changes or less dramatic events are not
regularly recorded in the historical archive. Thus, while
we might know something of the suspected increase in
major floods activity during the late LIA (1800–1900),
we know relatively little about hillslope erosion and
other less geomorphological processes throughout the
period. In this context, ANEADT-model results are
expected to be very important for homogeneous timereconstruction of sedimentation processes, including
accelerated erosion caused by human activities. In this
context, climatic anomalies in CRB show a fluctuating
time evolution from 1675 onwards, with alternate
stormy and dry period. In this long timescale,
differences on mean values are remarkable: in 1798–
1919 stormy, and 1710–1797 and 1920–2002 dry
periods, with different interaction with vegetation
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evolution. However, while in the predeforestation
period the system resist to changing until threshold
values of system parameters are exceeded (σ = ± 60 MG
km− 2 year− 1), in post-deforestation period the system
become unstable (σ = ± 330 MG km− 2 year− 1) with
sudden fluctuation in hydrological regime contributing
significantly to sediment sequences in depositional
estuaries and Tyrrhenian coastal. Deforestation may
have caused a number of high-magnitude erosion
events according to environmental changes occurs at
French catchments in the 18th century (Foster et al.,
2003).
More recently, between 1990 and today, events have
been characterised mainly by isolated rainstorms, with
the exception of November 1997 storm (Diodato,
2005b), and by accelerated erosion driven by intensive
arable lands. For example, a rainstorm occurred in 23
October 2002, resulted in an erosivity index of 458 MJ
mm ha− 1 h− 1, causing substantial erosion, sedimentladen floodwaters deposited, and surface landslides in
north-eastern Calore river. Exceptionally forceful events
occurred in May 2001, when the erosion was accomplished by a heavy thunderstorm with rainfall of 55 mm
and maximum intensity in 30-min periods up to 94 mm
h− 1, and losses of soil greater than 200 Mg ha− 1 in
tillage fields at farm Monte Pino (middle Calore river).
Similarly, the intense May and July thunderstorms in
1999. May and June 2000 appear to have had great
effect on arable land, as did the downpours in June
2003.
4. Conclusions
Model results in the Calore basin case study predict
strong increased sedimentation after the deforestation
confirming the existence of an unrestrainable enviroclimatic changes during the last phase of the Little Ice Age
(1780–1900). The results suggest that the response of
basin to climate change is highly contingent upon local
land-cover conditions too, and that the land-use had a
more dramatic increase on erosion rates than to the
natural time variability. Particularly vulnerable are hilly
and valley areas of Calore basin agroecosystem, where
high rainfall erosivities are coupled with reduction of the
vegetation-cover at the end of Spring and at beginning
of Autumn. Unfortunately, the model used in this paper
was not able to capture seasonal variability, so that
future studies could include it. It should also be noted
that the results presented in this paper derive from model
calibration and no validation has been carried out at this
stage of the study, except of qualitative and indirect
historical data.
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