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RAINFALL CHARACTERISTICS IN SEMI-ARID ENVIRONMENTS
F.G. Carolloa, M.A. Serioa, V. Ferroa
a

Dipartimento Scienze Agrarie e Forestali, University of Palermo, Italy,
francescogiuseppe.carollo@unipa.it

Water soil erosion is a process of detachment and transport of soil particles due to rainfall and
runoff and it is a normal aspect of landscape development. The acceleration of the process
through anthropogenic perturbation has severe impacts on soil and environmental quality.
Rainfall erosivity, i.e. the capability of rainfall to detach soil particles, is the most important
parameter for quantifying erosion processes and it can be represented by its kinetic energy per
unit time and area, named kinetic power, Pn.
Many researchers proposed empirical relationships estimating kinetic power by rainfall
intensity and having different mathematical forms (polynomial, exponential, logarithmical, and
power type (Salles et al., 2002)). The most commonly used relationship estimating Pn as
function of rainfall intensity is that proposed by Wischmeier and Smith (1978) according to
which the ratio between kinetic power and rainfall intensity, Pn/I, increases for rainfall
intensity value less than or equal to a threshold value, It, equal to 76 mm h-1 and then it
becomes constant for rainfall intensity greater than It. Wischmeier and Smith (1978) justified
this threshold value suggesting that the median volume diameter, D0, (i.e. the diameter that
divides the drop size distribution (DSD) in two parts of equal volume) does not increase when
rainfall intensities exceed It. Salles et al. (2002), carrying out an overview of many empirical
relationships Pn-I showed that, for a fixed rainfall intensity, these relationships yield to very
different values of kinetic power. Salles et al. (2002) concluded that a global parameter, as
rainfall intensity I or median volume diameter D0, is not sufficient to determine the rainfall
erosivity since that the kinetic power measurements are also dependent on other parameters
such as rain type, altitude, climate and method of measurement.
Kinetic power may be also determined by adding the contribution of single raindrops
once their mass and terminal velocity are known. In other words, detachability of soil due to a
rainfall event can be indirectly measured if the DSD and a relationship between terminal
velocity and drop diameter are known. In particular, combining the Gamma distribution of
Ulbrich (1983) and the terminal velocity relationship proposed by Ferro (2001), Carollo and
Ferro (2015) deduced theoretically a relationship linking the ratio between kinetic power and
rainfall intensity, Pn/I, to parameters  and  of Ulbrich’s distribution, underlining that Pn/I
depends on the intrinsic characteristics of rainfall.
In this paper the measurements of DSD carried out in Palermo (Italy) and in El Teularet
(Spain), using an optical disdrometer are presented. Both sites are located in Mediterranean
area at the same latitude but they are characterized by different climate condition.
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Experimental site of Palermo is located at 50 m a.s.l. and its climate is typically Mediterranean
– temperate (dry and hot summer and mild and rainy winter). The site El Teularet, which is
located at 760 m a.s.l. and at 100 km southwest from Valencia, is characterized by a
Mediterranean continental climate (cool winter and hot summer with rainfall irregularly
distributed).
The used optical disdrometer (model ODM 70 made by Eigenbrodt) measures drop
diameters in the range 0.035 - 0.60 cm. Drop diameter is measured by registering light
damping due to the passage of the drop in the control volume bounded by two diodes. The
disdrometer divides the diameter range into 128 classes and gives the number of drops
belonging to a particular class for each recording minute. For excluding both rainfalls having
low erosive power and DSDs having a small sample size, only the DSDs for which the rainfall
intensity was greater than 0.5 mm/h and the measured diameter classes were at least 20 were
analyzed.
Using this filter, more than 42000 DSDs registered during the 523 rainfall events
occurred at Palermo in the period June 2006 – March 2014 were obtained. From July 2015 to
date, the disdrometer is installed at El Teularet and, during the 41 rainfall events occurred in
the period July 2015 – January 2016, the disdrometer recorded over than 2500 DSDs.
For both datasets, in order to better focus the influence of rainfall intensity on DSD and
rainfall energetic characteristics, the DSDs were aggregated in intensity classes. The Sicilian
DSDs are characterized by rainfall intensity variable in the range 0.5-203 mm/h, while Spanish
dataset is characterized by 0.5 < I < 470 mm/h. However, the 10 DSDs registered at El Teularet
for I > 150 mm/h were not analyzed because they present a behavior (mean, standard
deviation, median diameter and D0) very different from the DSDs registered for I < 150 mm/h
(it is possible that they are referred to hailstorm events).
The DSD analysis highlighted that, for a given rainfall intensity, the DSDs registered at
Palermo present mean, median diameter and standard deviation values greater than the ones
detected in El Teularet. Instead, the median volume diameter (D0) values are practically
overlapped. In other words, for a given intensity, the rainfall occurring at El Teularet presents
characteristics different from the one detected in Palermo. In any case, both dataset are
characterized by similar trend with I: the mean and median diameter showed an increasing
trend for lowest values of rainfall intensity (I <15 mm/h), while no trend can be observed for I
> 15 mm/h; the standard deviation and D0 increase with rainfall intensity values until I = 40
mm/h and then become quasi-constant.
The reliability of Ulbrich’s law for reproducing measured DSDs in both sites was
positively verified using both maximum likelihood and momentum methods for estimating 
and  parameters of the distribution. These two parameters resulted correlated each other
even if the experimental pairs (,) relative to the two datasets are not overlapped.
The raindrop size measurements were used to determine the experimental rainfall
kinetic power values, Pn. The experimental pairs (I, Pn/I) obtained by the two datasets are
overlapped. This circumstance implies that, in the two experimental sites, the same rainfall
intensity determines different DSDs and similar kinetic power values. As well as D0, the ratio
Pn/I increases with rainfall intensity for I less or equal to 40 mm/h and then it becomes quasiconstant. This trend agrees with Wischmeier and Smith (1978) approach even if the threshold
value It= 40 mm/h resulted less than the one proposed by Wischmeier and Smith (1978) (It = 76
mm/h). This result can be justified taking into account that the unstable large drops break into
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small drops (disaggregation) and this circumstance, determining an increase of the number of
drops, promotes an effect of collapse of drops. For small rainfall intensity (I < 40 mm h -1) the
drop collapse effect prevails on the disaggregation phenomenon and the rainfall kinetic power
increases more rapidly than rainfall intensity. For high intensity (I > 40 mm/h) an equilibrium
condition between disaggregation and collapse is reached and, as a consequence, the DSD and
D0 become quasi-invariable. In other words, when the rainfall intensity increases the total
number of drops increases too without varying the DSD ( and  become constant) and,
according to the relationship proposed by Carollo and Ferro (2015 ),the kinetic power becomes
proportional to I. Using Wischmeier and Smith (1978) relationship with It= 76 mm/h implies a
mean error on estimate of Pn equal to 5.2 % and 10.7% for Palermo and El Teularet data,
respectively. Setting It = 40 mm/h, the mean error results equal to 4.1% for Sicilian data while
no appreciable improvement occurs changing It value for El Teularet data.
However, the comparison between the pairs (I, Pn/I and (I, D0) corresponding to
datasets of present investigation with the ones obtained in other sites of the world (Marshall
Islands, New Jersey, Alaska, Indonesia, Oregon, Hong Kong, Ethiopia) by different
measurement techniques (drop camera, piezoelectric force transducer, blotting paper)
highlighted that these datasets did not overlap. Therefore a single relationship Pn/I - I or D0 - I
is not reliable for estimating rainfall kinetic power at any site. In other words, according to
Salles et al. (2002), rainfall intensity I is not sufficient to determine the rainfall kinetic power or
median volume diameter D0, since that the these measurements are also dependent on other
parameters (as rain type, altitude, climate and method of measurement). Instead, the
experimental pairs (D0, Pn/I) relative to all available datasets resulted quasi-perfectly aligned
around a single increasing curve. This circumstance confirms that trend of Pn depends strictly
on the D0 one, confirming the Wischmeier and Smith (1978) hypothesis. Finally, in contrast
with Salles et. al. (2002), the global parameter D0 is sufficient to determine the ratio Pn/I and it
is a variable free from at site effects and useful to characterized rainfall erosivity.
The exponential distribution of Marshall and Palmer (1948), when it is referred to the
unit area and time, can be assumed formally identical to a Gamma distribution (Ulbrich, 1983)
setting  = 0.67. According to Ulbrich (1983), D0 is linked only to  and  parameters so that,
assuming =0.67, parameter can be deduced by only D0 value. Therefore, the relationship
theoretically deduced by Carollo and Ferro (2015) for estimating kinetic power by  and
values can be rewritten obtaining that the ratio Pn/I depends directly on median volume
diameter D0. This theoretically derived relationship resulted fully applicable to all available
datasets. This relationship represents a theoretical confirmation of the Wischmeier and Smith
(1978) hypothesis that Pn/I depends on median volume diameter.
Further investigations are necessary to understand if other variables, in addition to
rainfall intensity, influence the median drop diameter and, as consequence, the rainfall kinetic
power.
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INTERNAL STRUCTURE OF EROSIVE AND NON-EROSIVE STORM
EVENTS FOR INTERPRETATION OF EROSIVE PROCESSES
F. Todiscoa
a

Dipartimento Scienze Agrarie, Alimentari e Forestali, University of Perugia, Italy,
francesca.todisco@unipg.it

The talk is focused on the importance of the intra-storm characteristics analysis for the
interpretation of the erosive processes. Rainfall characteristics and rainfall intra-event
temporal dynamics affect the detachment of soil particles by impacting water, the entrapping
and transport of soil particles by flowing water. Rainfall profile has therefore an impact on the
soil physical and topographical characteristics, the spatial configuration of the connections, the
distribution of energy-transport pathways and in general affects hydrological and sediment
connectivity at plot scale but also at hillslope and basin scale. An understanding of intra-storm
variations has been proven to be very important, not only in runoff generation and soil erosion
studies (Dunkerley, 2012; Frauenfeld and Truman, 2004; Ran et al., 2012), but also in
partitioning water among interception, evaporation, infiltration, ponding, and overland flow
(Hanke et al., 2004; Struthers et al., 2007) in the landslides activation (Melillo et al., 2015), in
the geomorphologic evolution and, in general, in the hydrological and sediment connectivity.
During the first stages of soil wetting many processes linked to the variation of the aggregate
stability occur (Le Bissonais, 2016). All these processes affect connectivity (Antoine et al., 2009)
and their dynamic is extremely influenced by rainfall intensity and rainfall fluctuation. Further
during the rill formation process the system experiences much stronger subsequent
connectivity (Bracken et al. 2015). Threshold conditions for rill initiation can be found in the
soil strength (Torri et al. 1987) that is even so dependent on rainfall characteristics (both
antecedent and during the erosive event). The parameter that includes all the soil
characteristics (both static and dynamic) is typically the soil erodibility representing the soil's
response to rainfall and runoff erosivity. The erodibility should therefore reflect intra-event
dynamics and the specific characteristics of the rainfall (Borselli et al., 2012).
In literature discipline-specific exploration analyzing the influence of the temporal
variability of rain on the processes are infrequent (Parsons and Stone, 2006; Ran et al., 2012).
Rainfall is typically described using overall properties (e.g. mean intensity, total depth and
duration), or properties related to rainfall sub-periods (e.g. maximum intensity in a specific
time interval, Xie et al, 2002). Drop size and kinetic energy are evaluated in rainfall simulation
even if the key rainfall properties employed to date lack a complete correspondence with that
of natural erosive events. Indeed the simulated rain rates are typically both constant and too
high in comparison to the natural ones and often are designed to represent only different
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wetting rapidity (Dunkerley, 2008; 2012; Iserloh et al., 2013; Parsons and Stone 2006; Ran et
al., 2012).
Simplified functions to describe soil and erosion processes initiation and dynamics in
terms of rainfall characteristics (both antecedent and during the erosive event) are therefore
recommended to drive change of input parameters in various soil erosion estimation models
such as the Revised Universal Soil loss Equation (RUSLE). To this purpose the knowledge of
intra-event natural erosive rainfall characteristics should be useful also in rainfall simulation. In
other words, knowing the time distribution of rainfall in erosive storms (rill and/or interrill) is
of the utmost importance for use in various research and applied fields, and therefore requires
further investigation as this aspect has been partially explored only in few papers until now.
The analysis of the 228 rainfall event (selected according to Wischmeier and Smith, 1978)
recorded at Masse (Central Italy) has extensively shown that a large amount of the total rain
falls within a small fraction of its duration. It has also been clarified that in comparison with
non-erosive rainfall time series, erosive rainfall time series are characterized by several
sequences of positive deviations from normal conditions that are also of long duration. On this
basis the methodology proposed (Todisco, 2014) introduces concepts of rainfall disaggregation
and of rainfall deviation sequences using reference values in erosion studies. The goal is to
develop ways of representing the time distribution of rainfall that might have explanatory
power in terms of soil loss. The statistics describing the internal structure of the high intensity
wet periods that have positive deviations (runs) from a reference value (p0) is used to
formulate compound criteria to select erosive storms from pluviograph records and then to
design erosive rainfall profiles for rainfall simulation.
The rainfall events characterized by at least one run are included in the analysis and
are referred to as storms. At Masse, for p0=9.6 mm/h (corresponding to a cumulative
probability of 0.95), the 98% of the erosive events and only the 30% of the non-erosive events
are storms.
For storm classification, the analysis is initially focused on the overall rainfall
characteristics (P, depth; D, duration; Sr, total severity of the runs). In Central Italy the
condition P < 7.6 mm is incompatible with an erosive event and P > 19 mm or D > 19 h or Sr >
5.5 mm with a non-erosive event. A rainfall storm with at least one run and 8 < P < 20 mm, D <
19 h, and Sr < 5.5 mm could be either erosive or not erosive. The presence of a transition zone
proves that in some cases the difference between an erosive and non-erosive events might be
attributed to the event profile characteristics that the overall variables cannot represent.
The effects of P and D are further investigated using a class frequency analysis. The
time distribution models are presented as probability distributions (Huff, 1967) and provide
quantitative measures of both the inter-storm variability and the general characteristics of the
time sequence of precipitation in storms. Very shortly the analysis shows that: the non-erosive
storms are concentrated almost entirely within the burst that contains the highest run (r-I)
around which the probability distributions grows rapidly. On the average the erosive events
instead focus the 30% of P on the burst that contains r-I, and one-third of that burst is above
the threshold. The probability curves gradually grows.
For the characterization of the rainfall dynamic within the storms, the high intensity
periods are deepened analyzed. Specification of the number of runs per event, n-r, or of the
duration of the runs, d-r, are additional criteria selected to identify the erosive events among
the storms. Very shortly the analysis shows that: on average the erosive storms have n-r=4
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(maximum n-r= 15, median n-r=4, and standard deviation of 2.6) and non-erosive n-r=1.2 on
average (maximum n-r= 3, median n-r= 1, and standard deviation of 0.5). A storm with more
than 2–3 runs is almost certainly erosive. A storm that has runs with durations, d-r, higher than
10 min is almost certainly erosive.
Furthermore the statistical properties of the characteristics (s-r, d-r, initial time) of
the more severe runs and of the corresponding surrounding rainfall, burst, (start-end time,
severity before and after the run, antecedent rainfall depth) are derived and expressed as
percentage of P or D.
All the information derived, adequately used, provide both compound criteria for
erosive storm identification and statistics to design rainfalls corresponding with those of
natural erosive events in Central Italy.
The step-procedure for the erosive rainfall design is: 1) choose P and D according to the
compound criteria identified; 2) select the probability level and the corresponding probability
time distribution. Thus the shape of the probabilistic hyetograph is set; 3) select the number of
runs and use the statistics on the more severe runs for realistically disaggregate the
hyetograph.
The same procedure can also be applied to characterize and reproduce rain events
that lead to the formation of rills.
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HOW MUCH IMPORTANCE DOES THE SOIL HYDROLOGIC
BEHAVIOR PLAY ON WATER DYNAMICS IN THE SOILVEGETATION-ATMOSPHERE SYSTEM? A VOYAGE OF RECENT
PROGRESS THROUGH SCALES
N. Romanoa,b
a

Department of Agricultural Sciences, Division of Agricultural, Forest and Biosystems
Engineering, University of Napoli Federico II, Italy.
b
Interdepartmental Research Centre for Environment “I.R.C.Env.”, University of Napoli Federico
II, Italy.
nunzio.romano@unina.it

Major limitations of current studies on assessing the impacts of climate and land-use changes
are lack of: (i) good quality observational data and model parameters, especially the soil
hydraulic characteristics, and (ii) information on how the nature of spatial variability of soils
affects the soil hydrologic response over a range of scales. Traditional methods for soil
hydraulic characterization are burdensome, whereas information on soil spatial variability are
particularly relevant for certain studies, such as distributed hydrologic modelling and precision
agriculture. All these issues are particularly relevant when assessing the effects that hydrologic
and sediment connectivity exerts on land and water resources management and soil erosion.

At pedon scale, optimal performance of numerical modeling of the soil-vegetation-atmosphere
(SVA) system mandates accurate assessment and description of the soil hydraulic properties,
namely the water retention (WRF) and hydraulic conductivity (HCF) functions. These functions
are commonly described by simple unimodal analytical relations that guarantee mathematical
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flexibility with few parameters in the majority of soil types. However, many soils are
characterized by a complex structure yielding a bimodal or even a multimodal distribution of
pore sizes. In these cases, reliable hydrologic predictions can be obtained resorting to more
complex hydraulic functions, yet more accurate and robust ones. To overcome some
drawbacks of the classic unimodal hydraulic relationships, Romano et al. (2011) have
developed closed-form bimodal lognormal relations for improving the description of both WRF
and HCF. The reliability of this description of the soil hydraulic behavior is often tested at the
curve fitting level only, but comparisons between unimodal and bimodal soil hydraulic
relationships are more effective and informative when performed in functional terms as
recently shown by Romano and Nasta (2016).
Direct determinations of the soil hydraulic properties are somewhat impracticable
already for surveys to be carried out at field and hillslope scales, but become definitely
challenging, and probably unfeasible, for large-scale modeling applications. Pedotransfer
functions (PTFs) are empirical relationships between parameters of soil models and more
easily obtainable data on soil properties. PTFs have become an indispensable tool in modeling
soil processes. As alternative methods to direct measurements, they bridge the data we have
and data we need by using soil survey and monitoring data to enable modeling for real-world
applications. PTFs are extensively used in soil models addressing the most pressing
environmental issues. If predictions of PTFs are distributed in space, then they require a spatial
evaluation. Three aspects of performance can be considered in the evaluation of a spatially
distributed PTF: a) the correlation of observed and predicted quantities across different spatial
scales, b) the reproduction of observed variance across different spatial scales, and c) the
spatial pattern of the model error.

When moving to the larger spatial scales, the following problem usually arises: water
movement through the vadose zone is generally described in detail by the Richards equation
(RE), which however is capable of simulating complex hydrologic processes only for local-scale
studies (at core- or plot-scale) with accessible direct measurements. Due to field-scale
heterogeneity, hydrologic applications at such scales mandatorily require a large amount of
distributed information and high computational power that undermine the performances of
RE-based hydrologic models and usually force users to rely on alternative solutions based on
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strong assumptions and over-simplifications, such as the bucket hydrologic model. A trade-off
between model simplification and model reliability depends strongly on the technique
employed to obtain the “effective” hydraulic parameters of the uniform, single-layer soil
profile that should be able to generate the same hydrologic response as the corresponding
actual multi-layered soil profile. This talk will also summarize some key parts of a recent and
novel study carried out by Nasta and Romano (2016), who addressed the question of
identifying the effective soil hydraulic parameterization of a layered soil profile by using a
conventional unsteady drainage experiment leading to field capacity.

Finally, one key aspect toward the process-based understanding of hydrologic and sediment
connectivity is the determination of soil moisture values and the characterization of their
spatial patterns (Romano, 2014; Tarolli et al., 2014). This talk will briefly review the recent
concept of establishing networks of Earth’s Critical Zone Observatories (CZOs) as well as the
modeling tools employed for the analysis of the gathered information.
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The appropriate measurement strategy for soil water status and soil hydraulic properties in
conjunction with transfer studies must recognize characteristic process of soil water
conditions. Infiltration based experiments are then a preferred technique to conventional
laboratory or long term field observation to investigate soil hydraulic properties. A detailed
analysis of infiltration methods is given in the forthcoming book: “Infiltration measurements
for soil hydraulic characterization” by R. Angulo-Jaramillo, V. Bagarello, M. Iovino and L.
Lassabatère (ed. Springer, 2016, in press). Among the large number of existing methods and
references described in the book, a recent one is the Beerkan method.
The Beerkan method along with BEST algorithms (Beerkan Estimation of Soil Transfer
parameters) is an alternative technique to conventional laboratory or field measurements for
rapid and low-cost estimation of soil hydraulic properties (Lassabatere et al., 2006; BEST
software can be downloaded for free at https://bestsoilhydro.wordpress.com). The method
was developed to accurately determine the soil water retention curve, h(), and hydraulic
conductivity curve, K(). BEST relies on both analysis of a single ring infiltration and easily
collected soil texture and soil structure data (i.e., cumulative particle size distribution, dry bulk
density, initial and final volumetric water contents). The analysis used in BEST relies on the
formulations of 3D cumulative infiltration developed by Haverkamp et al. (1994). They
postulate that the cumulative infiltration in 3D corresponds to the infiltration in 1D plus a term
proportional to time; the proportionality coefficient being a function of sorptivity, the radius of
the ring and a shape coefficient . Cumulative infiltration in 1D is a function of time, the soil
properties and another shape coefficient . These coefficients are supposed to be constant, to
be slightly dependent upon the kind of soil and thus usually taken as =0.6 and =0.75.
The goals of the presentation are: to briefly introduce BEST method and the errors in
the estimations of hydraulic curves h() and K() by considering constant and  values or
specific values depending on soil type; and to report two different studies where BEST has
played an important role. These two studies where carried out on different environmental
contexts when adequate water management is required to improve the efficiency and
sustainability of agricultural systems.
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Estimation of unsaturated soil hydraulic properties with BEST
Numerical model was used to calculate reference infiltrations under 1D and 3D, for several
initial conditions and different soil types (i.e., sand, loam, silt and silty-clay). Numerically
optimized values for  and  are then proposed depending upon soil type. Inverse analysis of
infiltration was performed to derive Ks and sorptivity, S.
The values for  and  could be optimized to improve the fitting of numerical data.
Optimal values differ from usual constant values and depend upon the soil type. The
implementation of BEST with the new values for  and  improve BEST results.
Temporal variability of soil hydraulic properties under drip irrigation
The identification of a temporal variation in soil hydraulic properties in the course of a
cropping season subject to drip irrigation can contribute to the improvement of water use
efficiency and the mitigation of adverse environmental effects. Saturated hydraulic
conductivity, Ks and the characteristic effective pore radius (i.e., the mean characteristic
dimension of hydraulically functional pore), ξm, are fundamental parameters governing water
transfer in soil under drip irrigation. Series of Beerkan infiltration tests were carried out on a
loamy soil of a corn field drip irrigated in the southern of France (Mubarak et al., 2009).
Two treatments: a full (FT) and a limited (LT) irrigation treatment were investigated.
Infiltration measurement were taken within each treatment on the top soil layer during the
cropping season. The 1st set of measurements was done before 1st irrigation. Six to eight
infiltration measurements were performed on a 9m² sub-plot. For both irrigation treatments,
soil hydraulic properties are strongly affected by the first irrigation. Parameters Ks and ξm
drastically decrease with cumulative water application depth from the first irrigation until the
root systems approximately reach its maximal value. Then these two parameters seem to reincrease slowly with time. At the beginning, this temporal evolution could be due to the soil
restructuration process under irrigation. While, at the end of irrigation season, where irrigation
decreased due to lower water requirements for the both treatments, the irrigation effect was
overlaid by the biological activity and the root development effect creating new channels or
continuity between existing pores. The processes affecting these properties are similar for
both irrigation treatments, but with a different response intensity. imited drip irrigation
treatment (LT) presents higher mean values for both Ks and ξm than those of the full irrigation
treatment (FT). This can be due to the different water amounts applied to the treatments
especially at the beginning of the irrigation season. This can be also attributed to the
alternated daily effects of wetting and drying cycles of the soil during limited treatment (LT).
As a consequence of irrigation and root development, soil hydraulic properties showed
a dynamic evolution in time. This state of fact raises the question about the interest to take
into account temporal variability of hydraulic properties for improving water use efficiency.
Comparison of field and laboratory methods for estimating unsaturated hydraulic properties
under different land uses
The aim of the second study was to determine unsaturated soil hydraulic properties under
different land uses and to compare the results obtained with different measurement methods
(i.e. Beerkan, tension disc infiltrometer, Wind method or pedotransfer function). The study has
been realized on a tropical sandy soil in a small watershed in NE Thailand (Siltecho et al.,
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2014). The experimental plots were positioned in a rubber tree plantation in different
positions along a slope, in ruzi grass pasture and in an original forest site.
Non parametric statistics demonstrated that van Genuchten (1980) unsaturated soil
parameters (Ks,  and n), were significantly different according to the measurement methods
employed whereas location was not a significant discriminating factor when all methods were
considered together. However within each method, parameters n and  were statistically
different according to the land use and the topographic position. A decrease in hydraulic
conductivity downwards the slope in the rubber tree plantation was systematically observed,
and could probably be related to translocation of finer particles downslope. Despite showing
slightly higher level of organic matter and unlike what would commonly be expected, forest
soil had the lowest hydraulic conductivity. The higher content in finer particles (clay and silt)
was most probably responsible for lower Ks values in the forest site and in some extend in the
ruzi grass site. During the early stages of the rubber tree plantation, the soil surface was not
covered and therefore more vulnerable to erosion. The fine soil particles were translocated
downslope and down the soil profile.
Estimated parameters were used in Hydrus 1D for a one year water flow simulation.
Computed water pressure head did not show noticeable differences for the various sets of
parameters, highlighting the fact that for modelling purposes, any of these measurement
methods could be successfully employed. The choice of the measurement method would
therefore be motivated by its simplicity, robustness and low cost.
Ongoing research
In our research we aim to contribute to understanding how water-solute-particles flow
through unsaturated soils, what cognitive and sense making processes can be incorporate to
BEST method and how to improve them. Specifically, the research explores different topics.
(i) A new version of BEST infiltration is developed for water and solute transport studies. This
method aims the use of new devices like the new automated tension disc infiltrometer (Di
Prima, 2015), and lies within the framework of collaboration with University of Palermo. The
use of the new automated infiltration device will be an important asset. The automated Sicilian
infiltrometer revealed be very efficient for hydraulic characterization of different type of soils
(Di Prima et al., 2015).
We continue the improvement of new or revisited numerical and analytical models to
increase the robustness and precision of existing BEST method. In particular to account for
multiple-porosity, hydrophobicity and organic matter effects on infiltration. These factors
controls clogging and preferential flow.
Our research objective continues on the design of new strategies for estimation of soil
hydraulic and solute transfer parameters, among which the saturated-unsaturated hydraulic
conductivity and sorptivity, which are fundamental in soil science.
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In the vadose zone, preferential flow is more a rule than the exception (Köhne et al., 2009).
During infiltration into the vadose zone, water flow may be uneven with rapid movement of
water and solutes through restricted zones of the porous media and water and solute
exchange with stagnant pockets of water. Despite the fact that flow pathways develop in
restricted zones of the soil, water infiltration at soil surface may provide no evidence of
preferential flow. The development of preferential flow may be linked to the soil
macroporosity (macropores and cracks), soil hydrophobicity or fingered flow due to hydraulic
instability. Macroporosity includes cylindrical biopores made by burrowing soil animals and
plant roots, planar fissures formed by wetting/drying or freezing/thawing cycles, and
irregularly shaped ‘packing voids’ between denser aggregates in structured topsoils.
Macroporosity may be activated when water pressure is high enough, leading to the
development of flow essentially into the macropores and to non-equilibrium and preferential
flow phenomena in the soil.
Concepts and related models developed for preferential flow in macroporous soils are
often classified into single porosity with non-equilibrium flow, dual porosity, dual permeability
and multi-region models (Šimůnek et al., 2003). Dual-permeability approaches hypothesize
that water flow in and between two pore regions, i. e. matrix with slow flow and a fast-flow
region. These models encompass most cases of preferential flow (Šimůnek et al., 2003). In this
article, we present successively the conceptual models developed for the description of
preferential flow (Lassabatere et al., 2014) and related analytical and numerical models, and
we demonstrate the utility of dual-permeability approaches for the detection or preferential
flow and soil hydraulic characterization using infiltration experiments.
Modelling infiltration processes in macroporous soils
Dual porosity and dual-permeability models are among the most famous approaches for
modelling preferential flow in soils. For dual porosity model, water flow is restricted to the
fractures or the inter-aggregate pores and macropores, whereas water does not move at all in
the matrix. Richards’ equation is considered for the flow of mobile water, with an additional
term to account for water exchange between the mobile and stagnant zones. The dualpermeability model considers two single-permeability media separated by a permeable
interface. Several alternative models were proposed on the basis of the dual flow approach,
but flow equations are modified for the macropore or fast-flow region. Such changes are
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required by the physics of flow that no longer follow Darcy-Buckingham law and Richards’
equations. Usually, alternative laws are considered for the description of flow into the fastflow region. Some alternatives consider that capillarity is negligible in the fast-flow region
(large size of macropores) and that flow is mainly driven by gravity and viscous forces. In such
case, water flux is defined in function to water content by power low and kinematic wave
equations are used (Germann, 2014). More complex physics like non-laminar and turbulent
flow can also occur and require specific models. The choice of the model depends on the
physics of flow and Coppola et al. (2009) proposed a conceptual classification for preferential
flow according to field conditions and types of soil: (i) preferential flow in real non-capillary
macropores, (ii) preferential flow in inter-aggregate pores considered as capillary pores, (iii)
fingering flow due to the instability of the wetting fronts, often encountered at the interface
between two materials with a lower unsaturated hydraulic conductivity below, and (iv)
preferential flow due to spatial irregularities or temporal dynamics in soil wettability. Richards’
equation applies to the two pore domains (matrix and fast-flow region) in cases (ii), (iii) and (iv)
and thus dual permeability approaches may be considered. For the first case, the kinematic
wave equation or Hagen-Poiseuille equation should be considered instead.
The boom of computer science and facilities may explain the great development of
numerical approaches to the detriment of analytical approaches. Indeed, several numerical
tools were developed for the conceptual models described above. However, Lassabatere et al.
(2014) extended the model proposed by Haverkamp et al. (1994) developed for water
infiltration into homogeneous soils the case of dual-permeability soils. Lassabatere et al.
(2014) summed the cumulative infiltration over matrix and fast-flow regions proportionally to
volumetric ratios occupied by each region, to compute the total cumulative infiltration. This
model addresses the cases of 1D water infiltration and 3D water infiltration over a disc source
into dual permeability soils.
Characterizing dual permeability soils using water infiltration experiments
Modelling water infiltration by dual-permeability models or any models accounting for
preferential flow demonstrates that preferential flow enhances water infiltration but does not
disrupt the shape of cumulative infiltration. Clearly, with infiltration data, there is no way to
discriminate between the hypothesis of highly permeable soil or dual permeability soil. As a
consequence, the Beerkan method (water infiltration into ponded single rings) along with BEST
method is insufficient to detect and characterize dual permeability behavior and may lead to
incoherent and unreliable results. In this study, we clearly demonstrate such inadequacy, using
the model developed by Lassabatere et al. (2014) to generate synthetic numerical data. In
opposite, we demonstrate that multiple tension infiltration experiments can be used to detect
dual permeability behavior. In particular, the analysis of errors showed a strong
autocorrelation of errors, with underestimation of cumulative infiltration for the lowest and
highest water pressure heads along with over-estimation at intermediate water pressure
heads. Dual-permeability behavior induces a sharp increase of cumulative infiltration close to
zero for water pressure head applied at surface increases. Based on the presented results, it
can be concluded that multi-tension experiments are needed to detect dual permeability soil
and proposed the following advice: (i) the values of the applied water pressure head should be
chosen so as to activate the matrix and the fast-flow region progressively, (ii) volume of water
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infiltrated during the application of water pressure heads should be of the same order,
meaning much longer times for the lowest water pressure heads.
On this basis, a method is proposed to extend BEST approach to the case of dualpermeability soils. The final objective is to characterize the complete set of unsaturated
hydraulic properties of the matrix and the macropore. The new BEST-2K method is dedicated
to dual permeability soils and combines water infiltration at two water pressure heads, the
related measures of water contents, and soil texture data. Cumulative infiltration at the lower
water pressure head is analyzed using BEST method to derive the set of hydraulic parameters
of the matrix. The difference in cumulative infiltration is assigned to the macropore domain
only and analyzed with the BEST method to derive related hydraulic parameters. This approach
is illustrated on both experimental data and numerically generated data and are discussed in
light of other numerical and experimental studies combining water infiltration experiments
with additional experimental procedures and observations (solute injection, dyes, etc.). BEST2K developments are the very first proposed extensions of the BEST method for dual
permeability soils. These appear quite promising and, along with inverse numerical method
address the challenging topic of hydraulic characterization of dual-permeability soils. This
challenge is a prerequisite for the understanding of preferential water flow and solute
transport in the vadose zone.
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Natural arid and semi-arid environments present low vegetation cover and relatively large
areas with bare soil surfaces. They are also characterized by short rainfall events with peaks of
very high intensity. High kinetic energy raindrops impacting on a bare soil induces the
formation of a disturbed, more compacted, layer with reduced hydraulic conductivity at the
surface, described as seal or crust layer (Assouline, 2004). Therefore, the formation of the seal
layer affects significantly the hydrological response of arid and semiarid watersheds to short
but intense rainfall events. A brief description of the conceptual model of soil surface sealing
proposed by Assouline and Mualem (1997) is presented. The conceptual model relates the seal
properties to those of the undisturbed soil and to those of the applied rainfall, under the given
initial and boundary conditions that define the flow system. The dynamics of the seal
formation is related to the rainfall intensity, the variance of the drop size distribution, the
maximal drop diameter, the limit of compaction of the undisturbed soil, and its initial shear
strenght which depends upon its initial bulk density and water content. The model is applied to
illustrate the effect of soil surface sealing on infiltration, ponding, rainfall excess, and runoff.
The impact of the areal heterogeneity of the soil is also illustrated.
Applying the cell model of Diskin et al. (1984), the runoff hydrograph, at the outlet of a
hypothetical small bare catchment, could be simulated. Two water catchments types,
homogeneous and heterogeneous, with two different soil surface states, unsealed (mulched)
and sealed, were considered. Relative to the runoff produced in the homogeneous unsealed
catchment, the runoff was augmented by a factor of 10 during soil surface sealing and by a
factor of 20, when the soil surface was already sealed. On a relative basis, the impact of soil
sealing on runoff is much more important than that of soil heterogeneity. Assuming four
different spatial organizations of the 10 cells composing the heterogeneous catchment, all
representing the same distribution of Ks, the importance of the deterministic spatial
distribution of soil properties affecting local connectivity on the hydrological response of small
watersheds could be shown (Assouline and Mualem, 2006).
The combined impact of soil surface sealing, microtopography and vegetation patches
on surface hydrological processes in a semiarid hillslope at the Lehavim LTER, in the Negev,
southern Israel, is also presented. A modeling approach including a two-layer conceptual
infiltration model and a two-dimensional surface runoff model was developed to study the
related rainfall-runoff relationships (Chen et al., 2013). The resulting combined model is
THIRD CONFERENCE OF COST ACTION ES1306: CONNECTING EUROPEAN CONNECTIVITY RESEARCH
HYDROLOGICAL AND EROSION PROCESSES IN MEDITERRANEAN LANDSCAPES:
IMPACTS OF LAND MANAGEMENT ON CONNECTIVITY
th
th
28 February – 5 March, 2016, Palermo, ITALY

24

applicable to heterogeneous areas with spatially varying soil properties, landscape and land
cover characteristics. Data from a runoff plot at the LTER under two natural storms were used
to validate the model and analyze fundamental hydrological mechanisms. Results indicate that
the seal layer, microtopography and vegetation all play an important role in dryland runoff
processes: seal layer controls runoff generation; vegetation patches affect overland flow by
enhancing locally infiltration rates; microtopography has a small impact on the total amount of
runoff, but shapes the spatial pattern of overland flow. The presence of vegetation patches
amplifies the effect of microtopography by increasing the spatial variability of infiltration and
runoff. Results also show that water resources allocation favors vegetation patches through
surface runoff, with maximum local cumulative infiltration being one order of magnitude
higher than the amount of water available from rainfall. This suggests a sophisticated
mechanism of water resources distribution in semiarid ecosystems through complex
interactions among essential environmental factors.
Upscaling to the hillslope level (Chen et al., 2016), results show that runoff depth
decreases with increasing the scale following a power-law relationships, mainly due to run-on
mechanism. The spatial distribution of the vegetation cover affecting local connectivity slightly
impacts on the scaling law, cumulative runoff, and runoff hydrograph.
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HYDROLOGICAL PROCESSES IN HYDRO-REPELLENT SOIL
CONDITIONS. SOME EXAMPLES IN THE MEDITERRANEAN
A. Cerdà, M. Burguet,
University of Valencia, Spain.

Although until the 90’s the soil water repellency was seeing as an uncommon soil
characteristic, now is considered a key soil property to understand the soil hydrology. Some
authors demonstrated that the soil water repellency (SWR) occurrence over different soils,
bedrocks, climate and vegetation types, is well recognized across the Planet. And this is why in
the last decade it was found a growing interest to understand the origin and causes of the soil
water repellecy. Soil water repellency first found in citrus orchards in Florida, and later in the
Dutch Sand Dunes… was also measured in the Mediterranean soils such as we will show here.
Now water repellency is a soil property that is relevant to understand the connectivity of the
flows from mm to m scales and probably to slope and watershed scale. The source of the SWR
may be linked to biological interface of the soils. Our research is focussed in the water
repellency in agriculture land, forest and fire affected ecosistems. We found that agriculture
lands are having almost no water repellency, but once abandoned or once applied organic
farming strategies the water repellency is recovered. Forest soils show water repellent
responses during the dry seasons, mainly in Summer, and fire use to remove the water
repellency, or translocate the hydrophobic substances some cm deeper in the soil profile.
Soil water repellency is still no fully understood in Mediterranean Type Ecosystems and
we need to discuss the role the soil water repellency plays in the runoff generation and the
water redistribution in the soil profile, slope and watersheds. This will be discussed in our
presentation.
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INNOVATIVE METHODS FOR IMPROVING HYDROLOGICAL
PREDICTIONS
L. Broccaa, S. Camicia, C. Massaria, L. Ciabattaa, S. Barbettaa, A. Tarpanellia, G. Zuccoa,
P. Maccionia, T. Moramarcoa
a

Research Institute for Geo-Hydrological Protection, National Research Council, Italy,
stefania.camici@irpi.cnr.it

The understanding of the physical processes governing the interaction between the land
surface and the atmosphere is fundamental for improving our capability to make robust and
reliable hydrological predictions of extreme events. Floods, landslides and erosion processes
are among the most dangerous and costly of all natural disasters causing extensive economic
and social damages worldwide. This issue is compounded by the recent intensification of the
frequency and magnitude of extreme events (e.g., heavy precipitation, storms) likely due to
climate change (Camici et al., 2014). In this context, the development of innovative methods
for improving hydrological predictions is required for the mitigation of the impact of natural
hazards on society.
In hydrological sciences, it is widely recognized that the two most important climate
variables influencing runoff generation, and consequently also landslide triggering and erosion
processes, are rainfall and soil moisture. In particular, in flood modelling, rainfall represents
the main input determining the magnitude of the flood event, which, in turn, is strongly
influenced by the soil moisture conditions at the beginning of the rainfall event (Massari et al.,
2014). The advanced monitoring of these two variables (rainfall and soil moisture) is highly
required and, recently, remote sensing techniques are becoming more and more accurate for
this purpose.
Specifically to soil moisture, currently, several satellite-derived products are freely
available on a global scale and they can be efficiently used for the monitoring of soil moisture
in ungauged and remote areas. These products are characterized by different spatial and
temporal resolutions. For instance, data with a (nearly) daily revisit time, but with a coarse
spatial resolution (~30 km), are provided by the SMAP (Soil Moisture Active and Passive)
mission, the SMOS (Soil Moisture and Ocean Salinity) mission, and the ASCAT (Advanced
SCATterometer) sensor onboard MetOp (Meteorological Operational) satellites. Soil moisture
observations with a higher spatial resolution are expected to be available in the near future by
Sentinel-1 (~1 km), but with a lower revisit time (6-12 days), and by the Second Generation
Scatterometer sensors (MetOp-SG SCA) that will be characterized by a spatial resolution of 15
km and a daily revisit time. The exploitation of these satellite-derived datasets is an exciting
and promising research activity that will provide valuable information on their effective use for
natural hazards mitigation.
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In the recent five years, the “Hydrology group” of the Research Institute for GeoHydrological Protection has developed a series of innovative methods that demonstrate that
satellite soil moisture data can provide significant benefits for the management and
monitoring of natural hazards. These techniques, relies upon the ingestion of remotely sensed
information of soil moisture in models for the prediction of floods, landslides, and soil losses
estimation.
For instance, in flood modelling, Massari et al. (2014) developed a Simplified
Continuous Rainfall-Runoff Model (SCRRM) that exploits at best satellite soil moisture
information, and it is highly suitable for operational applications. In SCRRM there is no need
for continuous and uninterrupted rainfall/evapotranspiration time-series as in the standard
continuous approach, and it is easy to use and flexible. SCRRM was firstly applied for a small
catchment in Greece in the context of a European project addressing the development of an
early warning system for flood and fire risk assessment and management (FLIRE,
http://www.flire.eu/en/). More recently, Massari et al. (2015) used SCRRM to model floods in
a database of more than 30 basins throughout Italy (Figure 1, left) by using satellite soil
moisture products from the H-SAF project (“EUMETSAT Satellite Application Facility on Support
to Operational Hydrology and Water Management”).

Figure 1: LEFT: Application of SCRRM model to 35 basins throughout the Italian territory. The
upper panels show the Nash-Sutcliffe efficiency, NS, obtained for each basin by using two
different soil moisture products (SM-DAS-2 and SM-OBS-1). The lower panel shows the
application to the Po River at Carigliano gauging station or the 9 flood events occurred in the
study period 2010-2013.
RIGHT: Comparison between observed (green) and estimated (red) crack aperture for the
Torgiovannetto landslide: (a–d) time series, and (e–h) scatter plots (r: correlation coefficient,
RMSE: root mean square error). The predictors are: (a,e) rainfall variables (i.e., total rainfall
and maximum rainfall for duration of 1 h; (b,f) rainfall and Antecedent Precipitation Index,
API20; (c,g) rainfall and ASCAT Soil Water Index, SWI75; (d,h) rainfall, API20 and SWI75.
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In this experiment, SCRRM has demonstrated to have a great potential as an
operational tool for flood detection and monitoring in the whole Mediterranean region,
particularly in poorly gauged areas where ground observations are scarcely available (or of low
quality, e.g., precipitation data).
For landslides, Brocca et al. (2012) used ASCAT soil moisture observations for the
monitoring the Torgiovannetto landslide in central Italy. Notwithstanding the coarse spatial
resolution (25 km) of the used satellite data, ASCAT soil moisture index was found to be very
useful for the prediction of landslide movement on a local scale (Figure 1, right). These
findings, although valid for a specific area, presented a new opportunity for the effective use
of satellite-derived soil moisture estimates to improve the detection and prediction of
landslide events.
Very recently, Todisco et al. (2015) developed a new formulation of USLE (Universal
Soil Loss Equation), named Soil Moisture for Erosion (SM4E), which directly incorporates soil
moisture information for the estimation of (event) soil losses at the plot scale. SM4E was
applied in the Masse area, in central Italy, by using modelled soil moisture data and satellite
observations obtained from ASCAT. The obtained agreement between observed and estimated
soil losses through SM4E was fairly satisfactory with significant consequences for the
operational estimation of soil losses. Indeed, through satellite data, there is the potential of
applying the SM4E model for large-scale monitoring and quantification of the soil erosion
process.
The hydrological models, the satellite observations and the results briefly mentioned
above will be presented at the meeting. Specifically, we expect to understand how the role of
connectivity in controlling runoff and erosion might be incorporated in the developed
approaches to further increase their reliability and the accuracy.
References
Brocca, L., Ponziani, F., Moramarco, T., Melone, F., Berni, N., Wagner, W. (2012). Improving landslide
forecasting using ASCAT-derived soil moisture data: A case study of the Torgiovannetto landslide in
central Italy. Remote Sensing, 4(5), 1232-1244, doi:10.3390/rs4051232.
Camici, S., Brocca, L., Melone, F., Moramarco, T. (2014). Impact of climate change on flood frequency
using different climate models and downscaling approaches. Journal of Hydrologic Engineering,
19(8), 04014002, doi:10.1061/(ASCE)HE.1943-5584.0000959.
Massari, C., Brocca, L., Barbetta, S., Papathanasiou, C., Mimikou, M., & Moramarco, T. (2014). Using
globally available soil moisture indicators for flood modelling in Mediterranean catchments.
Hydrology and Earth System Sciences, 18(2), 839-853.
Massari, C., Brocca, L., Ciabatta, L., Moramarco, T., Gabellani, S., Albergel, C., de Rosnay, P., Puca, S.,
Wagner, W. (2015). The use of H-SAF soil moisture products for operational hydrology: flood
modelling over Italy. Hydrology, 2(1), 2-22, doi:10.3390/hydrology2010002.
Todisco, F., Brocca, L., Termite, L., Wagner, W. (2015). Use of satellite and modelled soil moisture data
for predicting event soil loss at plot scale. Hydrology and Earth System Sciences, 19, 3845-3856,
doi:10.5194/hess-19-3845-2015.

THIRD CONFERENCE OF COST ACTION ES1306: CONNECTING EUROPEAN CONNECTIVITY RESEARCH
HYDROLOGICAL AND EROSION PROCESSES IN MEDITERRANEAN LANDSCAPES:
IMPACTS OF LAND MANAGEMENT ON CONNECTIVITY
th
th
28 February – 5 March, 2016, Palermo, ITALY

29

MODELLING AND USING STRUCTURAL AND FUNCTIONAL
CONNECTIVITY
S.M. Reaney
Department of Geography, Durham University, Durham, County Durham, DH1 3LE
sim.reaney@durham.ac.uk; www.durham.ac.uk/sim.reaney

The understanding of hydrological connectivity is often broken down into two distinct types:
functional and structural (see Bracken et al 2013). Functional connectivity refers to the
dynamic feedbacks that occur within the short timescale of storm events, such as surface flow
dynamics and erosion – deposition of the soil surface. Structural connectivity refers to the
controls that the fixed characteristics of the environment, for example, landscape topography
and vegetation pattern, have on the strength of the connectivity over long time scales. This
paper presents how both functional and structural connectivity can be modelled and examples
of how the structural connectivity approach has been used as a key dataset within a spatial
decision support system.
An approach to the representation of the structural, time integrated, hydrological and
sediment connectivity is the Network Index (Lane et al. 2004). This connectivity index is
derived from the analysis of a detailed digital elevation model (DEM), normally either NextMap
or Lidar based dataset. The analysis is made up to two steps: Firstly, the propensity for runoff
generation at each point in the landscape is calculated using the topographic wetness index
(Beven and Kirkby, 1979). This calculation determines the wetness and runoff generation
characteristics for each point in the landscape as a function of the upslope contributing area
and the local slope gradient. The second step uses a flow path tracing algorithm to analyse the
runoff transmission characteristics of the points on the downslope flow path to the river or
lake. This flow tracing determines the landscape scale wetness required for each point to be
capable of generating runoff and for there to be a connected pathway to the river or lake. This
index gives the relative pattern of connectivity potential across the landscape.
The relative pattern of connectivity potential can be converted into long-term
probabilities of connection through the use of a fully distributed landscape scale catchment
hydrological simulation model (Lane et al. 2009). The CRUM3 model was used to simulate the
soil moisture patterns and at each model temporal iteration (between every 50 seconds and
every six hours depending on rainfall), the connected areas were calculated using the network
index approach. These connections were processed to give the average amount of time each
location was connected to the river channel for. These values can then be related to the
network index to enable prediction of connection potentials based on the computationally
efficient DEM analysis rather than the time consuming hydrological model which takes on the
order of 1,000,000x longer to compute.
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The Network Index has been integrated in to a decision support tool for the
identification of the potential source areas of diffuse pollution, SCIMAP (Reaney et al. 2011).
The SCIMAP tool uses a combination of the hydrological connectivity, the spatial pattern of
sediment risk and an observed pattern of sediment concentrations. The approach has been
applied to consider the impacts of diffuse pollution on in-stream ecology using salmon and
trout as indicators (Reaney et al. 2011) and on geochemicals using nitrogen and phosphorus as
the indicators (Milledge et al. 2012). The SCIMAP tool is freely available as a library within an
open source GIS system (SAGA GIS) and is also available as a web application
(http://my.scimap.org.uk). The approach is widely used within the UK by both governmental
(including the Environment Agency and Natural England) and third sector groups (including
many individual Rivers Trusts and community groups). These organisations are using the
SCIMAP tool to target where to undertake mitigation works, such as tree planting, the creation
of buffer strips and land management modifications within their catchments, to reduce the
diffuse pollution pressure and move the water bodies towards attaining Good Ecological Status
under the Water Framework Directive.
To simulate the temporally dynamic functional connectivity, a novel flow tracing
algorithm was created based on software agents. The hydroAgent approach (Reaney 2008)
traces the movement of 100,000’s of individual water molecules in response to a dynamically
changing hydrological environment. The CRUM2D hydrological model (Reaney et al 2007)
generated the environment and each individual hydroAgent makes its own decisions regarding
its movement in response to the local hydrological conditions (the amount of water infiltrating,
the flow speeds and the flow direction). This modelling approach is capable of predicting for
river flow, where and when the water originally fell in the landscape as rainfall, how long it
took to reach the river and the details of the flow path travelled along. This approach
therefore gives a detailed insight into the functional connectivity of the water flows within the
simulation model.
These approaches to modelling functional and structural connectivity have been
applied in semi-arid and temperate contexts and for a range of applications. The structural
connectivity index, the Network Index, has been implemented within a decision support
system that is widely used within the UK. These modelling tools provide a useful experimental
toolkit for investigations into the dynamics of hydrological and sediment connectivity at the
small catchment to landscape scale.
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NORWEGIAN CONNECTIVITY: CHALLENGES AND RESEARCH
R.J. Barnevelda, J. Stoltea
a

Norwegian Institute of Bioeconomy Research, Ås, Norway,
robert.barneveld@nibio.no

The 1988/1989 algea disaster urged the North Sea and Skagerrak countries to take
orchestrated measures to control the outflow of sediment and nutrient rich water to the sea
(Øygarden et al., 2007). Many of these measures aim at the reduction of sediment loss from
agricultural soils. Flooding is another spearpoint in the Norwegian authorities' policies that
concern hydrology. Temperature and precipitation characteristics of the majority of the
climate scenarios for Norway indicate increased flooding risk at an increased number of
locations (Kelman, 2011). Because it is the largest non-point source of water pollution,
agriculture has a significant potential to improve water quality. Policies and subsidies are since
in place to encourage agronomic practices that conserve soil, e.g. timing and type of tillage,
riparian buffers and grassed waterways.
The suitability and effectiveness of these measures were estimated based on field
trials at plot scale. Much less is know about the compound effect of measures at the
catchment scale. To find out more about the effect of conservation measures at this scale, a
long term monitoring programme, run by NIBIO, has been in place for over 20 years. Runoff
and sediment load are recorded, as well as farmers' agronomic records in a total of 13
catchment with sizes ranging from 0.5 to 30 km². No obvious or unambiguous results about
the effectiveness of the implemented measures are documented as yet. The reason for this is
that the scale of the effect of weather variability may exceed the effect of the measures.
Another reason might be that there is insufficient understanding of the effectiveness of
measures within the hydrological topology. The effect of a soil conservation measure will at
least partially depend on its position in the path from source to sink (i.e. the freshwater
system).
Strategies to decrease sediment delivery and peak runoff could roughly be divided into
measures aimed at the sources and those aimed at the pathways. Years of field trials and
modelling has resulted in a body of knowledge about sediment and runoff sources. Water and
particle/solute fluxes from agricultural soils can be estimated from models, allowing
researchers to advise farmers and policy makers certain agronomic measures, mainly aimed at
reduced or differently timed tillage. Much less quantitative knowledge is available about the
pathways. Pathways have structural attributes, such as the permanent natural and artificial
drainage networks, slope length, land use, and infiltration capacity of the soil profile. They also
have functional aspects, varying in time and space and a function of the cropping calendar and
weather dynamics. These aspects include tillage induced soil roughness, rills and ephemeral
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gullies and soil compaction. Besides these, nordic climate conditions results in runoff and
sediment (dis)connections that are a function of snow cover and melt, soil frost and ice layer
formation.
The challenge to researchers today is to quantify the structural and functional
attributes of runoff and sediment connectivity in order to come up with measures that make
sense in time and space. This does not mean that the current set of available measures is
deemed unsuitable or inefficient. It does mean that the design of these measures has to be
optimised in a spatial context; bridging the gap between the process understanding at plot
scale and the measurements at the catchment outlet.
This presentation will provide a rough overview of measurement and modeling
activities and provide an outlook on how connectivity will facilitate process understanding and
ultimately the design of more efficient measures.
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UNDERSTANDING VEGETATION PATTERN CONTROLS ON
HYDROLOGIC CONNECTIVITY AND EROSION IN SEMIARID
LANDSCAPES
P.M. Sacoa, M. Moreno-de las Herasb, Saskia Keesstrac and Samira Azadia
a

Civil, Surveying and Environmental Engineering, The University of Newcastle, Australia,
patricia.saco@newcastle.edu.au
b
Institute of Environmental Assessment & Water Research (IDAEA-CSIC), Barcelona, Spain
c
Soil Physics and Land Management Group, Wageningen University, The Netherlands

Arid and semi-arid areas constitute over 30% of the world’s land surface. These areas function
as tightly coupled ecological-hydrological systems with strong feedbacks and interactions
occurring across fine to coarse scales (Ludwig et al., 2005; Okin et al, 2015). Generally, the
vegetation of these regions consists of a mosaic of patches with high biomass cover
interspersed within a low-cover or bare soil component. A key condition for the development
and maintenance of these mosaics of vegetation is the emergence of a spatially variable
infiltration field with low infiltration rates in the bare areas and high infiltration rates in the
vegetated areas (Tongway and Ludwig, 2001). Several field studies have reported much higher
infiltration rates (up to 10 times) under perennial vegetation patches than in interpatch areas
(Ludwig et al., 2005; Tongway and Ludwig, 2001 and references in there). The enhanced
infiltration rates under vegetated patches are due to improved soil aggregation and
macroporosity related to biological activity (e.g., termites, ants, and earthworms are very
active in semi-arid areas) and vegetation roots (Ludwig et al., 2005).This spatially variable
infiltration has been observed in many field studies and is responsible for the development of
a runoff–runon system, and the subsequent redistribution of water and sediments.
This redistribution of surface water is therefore linked to the “landscape surface
connectivity”. Here we define connectivity as the extent to which water and sediment fluxes
can move, be spread, or be redistributed from one place to another within the landscape (Okin
et al., 2015). As discussed by Okin et al. (2015), the concept of connectivity is emerging as a
key analytical tool for understanding semiarid systems that are shaped by various interacting
fluxes that are, in turn, driven by coevolving structural patterns and processes operating across
a range of spatial and temporal scales. The redistribution of resources between the
“connected areas” is fundamentally important for the maintenance of landscape health and
functionality in drylands. Disturbances such as grazing and wood harvesting that affect patch
structure and surface water connectivity can lead to severe degradation (Okin et al., 2015;
Moreno-de las Heras et al., 2012). Increases in connectivity potentially increase runoff and
erosion (this last one being particularly important in steep slopes) which can lead to flow
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concentration and rill development, to a decrease in overall productivity, and to changes in the
coevolving vegetation patterns (Moreno-de las Heras et al., 2012; Saco and Moreno-de las
Heras, 2013 and references in there).
Here we investigate the impact of degradation processes induced by grazing pressure
across a precipitation gradient in Australia using connectivity measures. We use remote
sensing data from more than 40 plots in sites with Mulga (Acacia Aneura vegetation). The sites
were carefully selected in the Northern territory and the Mulga Lands Bioregion in NSW and
Queensland, so that prior information and robust rainfall records are available in all sites. We
compute structural connectivity trends obtained from the coupled analysis of remotely sensed
vegetation patterns and drainage directions in several of these Mulga landscapes subjected to
different levels of disturbance. We also compute the rainfall-use efficiency of these landscapes
using rainfall records and Modis NDVI data. Our results indicate that small reductions in the
fractional cover of vegetation near a tipping point can produce abrupt changes in ecosystem
function, driven by large nonlinear increases in the length of the connected flowpaths.
We further analytically investigate the dynamic response of these sites using a coupled
landscape evolution-vegetation model to simulate coevolving vegetation patterns and
geomorphology. We use the model to analyse changes in functional hydrologic connectivity
responsible for the existence of these tipping points. The model captures the dynamics of
spatially variable infiltration rates that are responsible for the development of the runoff–
runon system, which determines the surface connectivity of the landscape and modulates the
resulting sediment erosion and depositional areas. Therefore the amount of water and
sediments retained by the landscape is linked to the dynamic surface connectivity between the
upslope and downslope areas. We analyse and compare the patterns of surface connectivity
resulting from hillslopes with varying slopes, and varying soil erodibilities and diffusivities. We
investigate the effect of different vegetation covers, with varying degrees of soil-cover
protective effect, which give rise to both banded and striped vegetation patterns. Surface
connectivity resulting from different (initial) topographies, as well as varying soil erodibilities
and vegetation characteristics are analysed and contrasted. More general model results
further suggest that these sharp variations are related to thresholds on slope and soil
erodibility, regulated by feedback effects dependent on vegetation, response times and soil
depths. These results have important implications for restoration efforts in degraded semi-arid
areas.
Finally, we use the model to investigate the effect of changes in functional connectivity
for several of the Mulga sites along the precipitation gradient. We compute mean values of
functional connectivity for these sites, based on an index that captures variable contributing
area and changes in spatially distributed run-on values. We analyse the spatial variability and
evolution of this functional connectivity index in time and its relation to the observed
structural connectivity to further understand the observed threshold behaviour for ecosystem
function.
In summary, this work based on both observation and modelling results supports the
idea of the existence of tipping points leading to degradation states in Mulga lands in Australia.
The analysis of the dynamic behaviour of these systems show that small changes in landscape
conditions can trigger a large shift in ecosystem function if a critical degradation threshold is
exceeded. This behaviour is linked to changes in both structural and functional connectivity
measures that were computed for plots with increasing disturbance (decreasing vegetation
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cover) for sites with varying mean rainfall. These results highlight the usefulness of indicators
derived from landscape hydrological connectivity analysis for monitoring landscape health in
semiarid and arid ecosystems. Implications for ecosystem resilience and land management
strategies will be discussed.
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PARTIAL AREA HYDROLOGIC RESPONSE: CONNECTIVITY AND
EROSION?
M. A. Nearing
USDA ARS Southwest Watershed Research Center, Tucson, AZ, USA
mark.nearing@ars.usda.gov

Infiltration rates are heterogeneous at many scales. We are looking at the potential
relationships between partial area hydrologic response and soil erosion on 12 m 2 plots in semiarid landscapes of the western United States.
The theory and concepts are illustrated as:

Figure 1 Cumulative distribution function of point scale infiltration

Figure 2 Conceptual model between rainfall intensity, apparent infiltration, and runoff rates
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Figures 3 and 4. From Stone et al., 2008. Ac is computed runoff contributing area assuming
curvilinear response of apparent infiltration vs. intensity, as suggested by Stone et al. and
Hawkins, 1982

Figure 5. Plot of rainfall simulation data of sediment vs. computed contributing area using
assumption of a curvilinear response (probably incorrect)
Results of our simulation plots indicate that f’ increases with intensity, thus indicating partial
area response, but the response is linear in most cases (Fig. 6). The only f distribution of f that
gives a linear response in f’ vs. i is bimodal.

Figure 6. Our results for Loamy Sands in Arizona for apparent infiltration vs. rainfall intensity
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Figures 7 and 8. Conceptual model for infiltration response for a bimodal distribution of point
scale infiltration, f
Our currently working hypothesis is that as the runoff on the contributing area increases as a
function of increasing rainfall intensity, the sediment transport connectivity between
contributing areas increases, which is the controlling factor for the sediment discharge.

Figure 9 Walnut Gulch Rainfall Simulator
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EMPIRICAL PREDICTION OF SOIL EROSION IN A
MEDITERRANEAN ENVIRONMENT
V. Ferroa, V. Bagarelloa, C. Di Stefanoa, V. Pampalonea, N. Caraballoa
a

Dipartimento Scienze Agrarie e Forestali, University of Palermo, Italy, vito.ferro@unipa.it

Water soil erosion is a normal aspect of landscape development, but in some parts of
the world and under certain conditions it can determine accelerated denudation processes.
Soil erosion in agriculture land is high and affects regions under different environmental and
cultural characteristics. Many mathematical models have been developed to estimate soil
erosion at different spatial and temporal scales. Process-oriented models simulate different
hydrological (infiltration, runoff) and erosive (soil detachment, transport, deposition)
components of the erosion process, even if some doubts and difficulties arise from both the
used equations and the parameter estimation. Moreover, there is little evidence that processoriented models are useful as expected, particularly when their performances are compared
with the reliability of the soil loss estimates that can be obtained by an empirical model such
as the USLE (Universal Soil Loss Equation) or its revised or modified versions. Therefore,
empirical approaches are still largely used to predict erosion at different spatial scales.
Obviously, empirical approaches must be physically plausible, which implies that the empirical
observation and representation of the erosion phenomena allow to better understand the
physics of the process and hence to improve process-oriented approaches. In addition, farmers
and technicians should be provided with practically applicable and reasonably reliable
analytical tools. Therefore, improving empirical prediction of soil erosion still maintains both
scientific and practical significance.
Data collected at the experimental area of Sparacia, in Sicily (south Italy) were used to
improve empirical prediction of soil erosion in Mediterranean environments at different spatial
and temporal scales.
Soil loss data collected from bare plots were used to improve our predictive ability of
plot soil erosion using USLE-type models.
The USLE was applied in an uncalibrated way, i.e. using standard procedures to
determine the factors of the model, to obtain an estimate of the mean annual soil loss from 22
m long plots established on the 14.9% hillslope. With nine years of soil erosion data, the
discrepancy between predicted and measured soil loss was by a factor of 1.85, that was
considered not to compromise estimation of, at least, the order of magnitude of soil loss. In
other words, the model was found to perform reasonably well in the sampled environment.
However, several investigations carried out at the event temporal scale highlighted
that, at Sparacia, soil loss per unit area, Ae, did not vary appreciably with plot length, ,
because the decrease in runoff with  was offset by an increase in sediment concentration.
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The short duration of individual rain showers probably favored less runoff and more noticeable
sediment deposition on the longest plots. On these plots, however, a given volume of runoff
transported more sediments. Slope steepness, s, had a positive effective on Ae and this result
was associated with a runoff coefficient that did not vary appreciably with s and a sediment
concentration, Ce, increasing with s, especially in the range of the smallest steepness values.
Therefore, attempts were carried out to develop an event soil loss predictive model based on
an improved USLE scheme, i.e. a scheme allowing to predict a soil loss per unit area that does
not necessarily increase with . The choice of the event temporal scale was made because
there is the need to establish how individual events contribute to the annual value and also
because soil erosion losses are often dominated by a few severe storms of high intensity and
high precipitation amount.
The best choice to predict Ae was to use an erosivity factor given by the product
between the runoff coefficient, QR, and the single-storm erosion index, EI30, raised to an
exponent, b1, greater than one (Bagarello et al., 2015). The model making use of this erosivity
term was named USLE-MM since it represents a modified version of the USLE-M, in which Ae is
linearly related to QR×EI30. The USLE-MM was empirically developed because, contrary to the
assumption made in the USLE-M, the relationship of Ce against the ratio between EI30 and the
event rainfall amount, he, was not linear for the sampled clay soil of Sparacia and, for a given
value of EI30/he, Ce was found to increase with runoff amount. The USLE-MM performed better
than both the USLE and the USLE-M at Sparacia, also with specific reference to the annual
maximum values of soil loss, and it was also successfully tested at the Masse experimental
station for soil erosion measurement, in central Italy. A new version of the USLE-MM was
recently developed without any aprioristic assumption about the plot steepness factor
relationship. The relationships expressing the effects of plot length and steepness on soil
erosion at Sparacia were found to be close or relatively close to other, largely used,
expressions taken from the literature, suggesting that the choice of the relationships to predict
topographic effects on plot soil loss should not represent a point of particular concern in the
application of the model in other environments.
The USLE-M/MM scheme has a noticeable practical interest, especially because it
yields predictions of soil loss per unit area that do not necessarily increase with plot length and
also because it seems to yield satisfactory predictions of soil loss at the event temporal scale. A
point needing specific investigation is what erosivity term (QR×EI30 or (QR×EI30)b1 with b1 > 1)
appears more usable in general. In any case, the practical attractiveness of these models
suggests that developing predictive procedures of both event plot runoff and other model’s
factors, together with further tests of these models in other environments, is advisable.
A topic related to plot soil loss prediction concerns the performance assessment of a
soil erosion model. With regard to that, the Sparacia data were also used to develop an
alternative applicative criterion of the physical model concept, initially introduced by Nearing
(2000) to improve testing criteria of soil erosion prediction models.
Identifying areas within a basin that are most sensitive to erosion and sediment yield
stimulated the study of within basin variability of the sediment delivery processes. In
particular, the Sediment Delivery Distributed (SEDD) model (Ferro, Porto, 2000) was developed
for use with USLE-based models to obtain soil loss and deposition spatial distribution. Basically,
the SEDD model follows the sediment particle in a Lagrangian scheme and applies appropriate
delivery factors to each sequential morphological unit. All parameters are simply estimated on
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the basis of morphological data alone, except a basin characteristic  coefficient. At the event
temporal scale, this coefficient is independent of the adopted subdivision criterion of the basin
(only morphological units, morphological units and stream tubes) and it can simply be
estimated on the basis of the single-storm erosion index, EI30. At the annual scale,  is slightly
dependent on the climatic factor and can be set equal to the median value, which is
representative of the mean annual behavior. Finally, an estimate of  usable for predicting
spatial distribution of mean annual values of sediment yield is easily obtained if the mean
annual sediment delivery ratio for the entire watershed is known or it can be estimated. The
spatial pattern of caesium-137 inventories positively validated the predictive capability of
SEDD model.
The uncertainties and difficulties of physically-based models, due to both the
equations used and the estimating criteria of the numerous input parameters, have stimulated
different authors to propose simple schemes for estimating channelized erosion (rill and
ephemeral gully erosion) (Di Stefano et al., 2013). The analysis of previous studies suggested
that simple input variables, such as rill, ephemeral gully and gully length, Lc, are useful to
estimate the severity of the channelized erosion process in a given region (Bruno et al., 2008).
The total channel length can be considered a good estimator of the total eroded volume, V,
since the two variables are related by a simple power relationship in which the exponent is
independent of the type of channelized erosion (rill, ephemeral gully, gully) while a different
scale factor has to be used for these three types of erosion. Using the -theorem of the
dimensional analysis and the theory of the incomplete self-similarity, the morphological
similarity between the channels of the rills, ephemeral gullies and gullies was demonstrated.
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PROCESS-BASED APPROACHES FOR PREDICTING SOIL EROSION
AT THE FIELD AND SMALL WATERSHED SCALES
Dino Torri
IRPI, CNR, Perugia, Italy,
dino.torri@irpi.cnr.it

Processes occur at their own scale and often are the results of other processes occurring at a
more basic scale. This is a well-known mechanism that is at the base of the whole scientific
system: looking for more and more basic processes aiming at the basic processes/constituents
of Universe and Life. Soil erosion, runoff generation, and slope stability research share this
same aspect, even if these studies are often driven by practical implications and immediate
utilization. Hence, discussing something that is process-based requires that we define what
are the processes we want to discuss and at which scale of approximation and generalization,
their representation in the synthetic landscape represented by our approximation of
topography, land use and management, structures and infrastructures, landscape and land use
spatially distributed history. Following the scale of representation of the processes, we will
need to explicitly describe the math approximating the chosen set of physics, chemistry and
biology laws which are relevant to the studied processes.
Given our present knowledge of the processes involved in soil erosion at the field-tosmall-catchment scale (FSC), we can expect that we will work at a scale that is usually coarser
than the one proper to the processes. Furthermore, we will be limited by the input data
(typology and quality) available with respect to the data requested by our equations. Hence
our models, despite how well founded on a good physics, are always at risk of producing
coarse approximations.
FSC scale implies a quite large number of processes (Torri and Borselli, 2011). Since the
first drop hits the soil, water begins to penetrate into it decreasing soil resistance to
compaction and detachment. Capillary suction can cause telluric air to be trapped and
compressed into the soil causing aggregates to partly disintegrate (slaking). With decreasing
soil resistance, drop impact becomes effective in compressing soil and detaching soil particles
and aggregates. These processes (slaking and splash) are responsible for the formation of a
usually less porous layer, which causes a change in soil pore size distribution and infiltration
rate. Raindrops also smoothen local roughness. These processes accelerate the formation of
ponds and their expansion until partial runoff starts. The presence of water at the very surface
of the soil dissipates part of the raindrop impact energy reducing raindrop detachment. The
dissipated drop energy increases the capacity of the usually thin layer of diffuse overland flow
to transport detached soil grains. A series of proto-rills starts to appear, to be quickly erased by
episodes of intense and very localized deposition. If a sufficiently large area gets hydraulically
connected to some of the proto-rills then a rill channel is usually formed. Similarly, excessTHIRD CONFERENCE OF COST ACTION ES1306: CONNECTING EUROPEAN CONNECTIVITY RESEARCH
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runoff gullies will be excavated, e.g. when rills coalesce. The area draining to a potential gully
head ought to be 40-50 times larger than in the rill case to initiate gully erosion. When there is
a subsurface layer more erodible than the capping layer then a hypodermic flow develops and,
with it, pipe erosion. The occurrence of micropiping at rill and gully headcuts helps increasing
linear erosion intensity and the head-cut retreat rate. Along the rill and gully walls various type
of mass movements occur, from soil toppling to relatively large mass movements favored by
the undercutting and the formation of tension cracks, some of these processes occur during
rainfall, others later. Debris flows occur when water rapidly accumulates in the ground, during
heavy rainfall or rapid snowmelt. Mass movements along slopes often occur after the
causative rainfall. They can trigger the formation of other rills and gullies in subsequent events.
Other erosion processes, which occur mainly or partly outside rainfall events, include soil
creeping, due to soil shrinking-swelling cycles, and solifluction, due to freeze-thaw activity. All
these processes are characterized by very different erosion rates, with process-caused soil loss
and process occurrence being almost inversely proportional.
When the most devastating soil erosion processes occur, they can damage
infrastructures and buildings and strongly affect the agricultural activities in cropland. In the
latter case, extra tillage operations and land leveling are requested, which accelerate and
spread around the degradation of soil characteristics while the local morphology is modified.
On the basis of the recalled processes, we can list the items concurring to produce a
process-based approach to soil erosion modeling at the field/slope and small watershed scale:
1- the processes, which dominate soil erosion at a given site, are actually and properly
described in the software;
2- the input data, required by the processes and their descriptions, are adequate and
measurable or they can be estimated through proper and reproducible procedures;
3- stochasticity and spatial variability are taken into account;
4- the landscape is described at the correct scale for the involved processes;
and, if the model evaluates erosion over long periods, then
5- it must be able to work under very different climatic conditions (i.e. the model must
deal with climate direct and indirect effects);
6- it must interact with the various ecosystem components.
Finally, if we want the model to include all the erosion processes, then the model cannot be an
event-model that does not simulate the processes occurring between rainfall events. On the
contrary:
7- the model must be a continuous model;
8- tillage and land leveling shall be included because of their effect on local topography
and on soil characteristics.
Item 1 seems obvious: a model cannot be process-based if processes are missing. Actually, the
way in which a process is represented can make the difference. Slaking of soil aggregate is a
composite process which can be represented in different ways:
a) through a quantity proportional to the soil saturation degree - in this case, we need
four input data: water content at saturation, initial moisture, volumetric fraction of
disconnected pores and an empirical coefficient depending on soil, soil use, period of
the year (or prevalent weather condition of the previous weeks), vegetation status hence something very local and of short temporal duration;
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b) describing water penetration into aggregates by capillary action and get a dynamic
reconstruction of the slaking, even introducing a slaking rate - temporal dynamics of
the water retention curves substitute the soil empirical coefficients and their
dynamics as in a);
c) adding a constant to interrill detachment and call it “slaking component”, maybe
measuring it through soil aggregate stability.
The three approaches are not equivalent; the second one can be used for understanding and
depicting a wide range of remediation. The first one is probably the best for keeping the model
simple and improving chances to forecast reliable erosion rates. The third is too coarse to be
useful
Another important aspect, still belonging to Item 1, is relative to the mathematics of
the software. It often involves approximate numerical calculus, which must converge:
convergence is a responsibility of the modelers. Unfortunately, most model descriptions leave
convergence into a foggy background.
Similar discussions will be developed for the other items. E.g., soil resistance to erosion
can be represented by undrained soil strength at saturation (tensile and/or shear; Item 2). The
presence of living plants increases it because the direct effect of roots and the indirect effects
of root exudates and the soil biota that plants favor (Item 6): certainly worms (Charles Darwin
in his book “The formation of vegetable mould though the action of worms”, 1881) and fungi
(Rillig et al., 2015). Several plant-related parameters can help evaluating this increased
resistance. Vegetation-growing models can be used for evaluating these effects and for
changing them on the base of the history of land use and management changes (residence
time of soil organic matter bindings).
Items 5 through 8 are of the outstanding importance because of climate changes and
ecosystem modifications. The local weather is not a constant. On the contrary, it is changing
dramatically and ecosystems are following the changes, partly resisting, partly adapting. In the
Mediterranean area, we are facing warmer winters and hotter summers, with more rainstorms
and less rainy days, and more frequent and longer droughts (Zollo et al. 2015). Shortly, we
must expect a different weather situation in 10 years from now, which will be different from
the situation in 20 years and so on. Hence any prediction of soil erosion, that want to be
serious and scientifically informed, must use predicted weather series under a changing
climate while vegetation and soil properties must be evolved accordingly. Under the present
situation, where the climate change is one of the major threats to ecosystems (Hansen et al.,
2015), the ecosystem resilience is basic to maintain its functions. This makes the soil
component essential because of its many fundamental services, from storing water, which can
attenuate drought effects, to hosting an important part of the biota. Hence, managing soil
resistance to erosion and degradation becomes paramount to contrast the expected increase
of climate aggressiveness while soil erosion (process-based) models should be able to replace
models based on empirical/statistical process-lumping relationships (based on observations of
a past situation).
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In recent decades, soil erosion has been recognized as a serious worldwide environmental
threat as it affects sustainable production of food crops through the loss of arable land
(Pimentel et al., 1993), causes pollution of water bodies (Warren et al., 2003), reduces water
resources in land (White, 1990; Fox et al., 1997) and affects the health of freshwater
ecosystems (Heywood and Walling, 2007; Wood and Armitage, 1999). Extreme weather events
driven by recent climate change are predicted to increase soil degradation processes (Porto et
al., 2009a, 2013), and water erosion risk is expected to increase by about 80% in the
agricultural areas of the European Union by the year 2050 (Zupanc and Mabit, 2010). In some
Mediterranean areas, where intense short duration rainfall events are commonly associated
with the absence of vegetation in marginal areas (Porto et al., 2009), or with inappropriate
land management (Mabit et al., 2012) such as the use of continuous tillage operations (Porto
et al., 2014), soil erosion is a challenge for farmers and forest planners and requires attention
and control measures.
Recent studies carried out in Calabria, Southern Italy documented very high rates of
soil erosion associated with extreme storm events both in cultivated land (Porto and Walling,
2012a,b) and in areas covered by forests (Porto et al., 2011, 2013). Over the last 50 years
different approaches have been employed to predict erosion, in order to assess soil erosion
risk and develop effective strategies to control erosion and sedimentation in these areas.
These approaches are based on different types of models that range from empiricalparametric approaches like SEDD (Ferro and Porto, 2000) or revised forms of the USLE
(Cinnirella et al., 1998) through conceptual models, which correlate soil loss to physical
parameters depending on topography (Bagarello et al., 2011), to recent physically- based
models, such as WEPP (Nearing et al., 1989), which aim to simulate both the detachment and
transport of soil particles. However, to provide reliable results, it is important that such models
should be calibrated and validated for the local conditions and to date such validation is
limited because long-term measurements of soil erosion are not available.
However, attempts to use traditional monitoring techniques for soil erosion and
sedimentation studies, such as experimental plots or catchments, have proved to be expensive
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and time consuming and have certain limitations in terms of validation at larger scale. Recent
advances in the use of fallout radionuclides (FRNs), including cesium-137 (137Cs – half life = ~ 30
years) and unsupported lead-210 (210Pbex - half life = ~ 22 years) can complement existing
traditional methods to assemble information on long-term rates and spatial patterns of
erosion and deposition within a catchment and offer important new opportunities for model
calibration and validation (see Mabit et al., 2008; Porto et al., 2015; Walling, 2010). As
highlighted recently by Mabit et al (2013), the successful application of the 137Cs method to
document rates of soil erosion and sediment redistribution has been reported for a wide range
of environments (see Ritchie & Ritchie, 2005). The use of 210Pbex proved to be also very
effective (see among the others Mabit et al., 2014) as an alternative or complement to 137Cs.
The use of both 137Cs and 210Pbex measurements is commonly based on a comparison of
the FRN inventories at individual sampling points within the study area with a reference
inventory representing the local fallout input. Conversion models are required to convert the
loss or gain of FRN into rates of soil erosion and deposition (Walling and He, 1999; Yang et al.,
1998). One of the main advantages of this technique concerns its retrospectivity. In fact, for
137
Cs, it gives a time-averaged estimate of soil movement since fallout commenced in the mid1950s. For the case of 210Pbex, its time-averaged estimate extends back over the last 5 half-lives
(ca. 110 years) although, by virtue of its shorter half life, 210Pbex is more sensitive to soil erosion
rates occurred during the last 15-20 years. Another important advantage related with the use
of FRN is that only one field visit to a site may be required to obtain sufficient samples for soil
loss estimates to be made (Mabit et al., 2008; Walling and Quine, 1990).
However, some recent applications of this technique pointed-out that the traditional
approach has a number of limitations. This unconvenience concerns mainly the use of 137Cs. A
first limitation is related to regions where 137Cs input originates from the Chernobyl event,
which causes extremely high small scale heterogeneity. A second limitation is related to the
timescale. Although the potential to obtain a retrospective time-averaged estimate of the
erosion rate over the past ca. 60 years represents an important advantage of the 137Cs
technique, the fixed nature of this timescale implies that it is not possible to derive estimates
of longer-term erosion rates or to document changes in erosion rates over the period in
question. The first limitation can be covered by the complement use of 210Pbex. In fact, thanks
to its continuous fallout (depending only on precipitation), its estimates cover a longer period
(ca. 110 years) and therefore, a combined use with 137Cs can provide important suggestions on
an extended time window. However, although, by virtue of its shorter half life, 210Pbex results
more sensitive to soil erosion rates occurred during the last 15-20 years, the problem to
document changing in erosion rates over such period still remains.
In order to address these limitations, improved applications of this technique have
employed a re-sampling approach for FRNs measurements to assess soil losses (see Mabit et
al., 2013; Porto et al., 2014; Porto et al., 2016). The re-sampling approach allows estimating
the erosion rate after re-sampling a site following a known amount of time (generally 10 to 15
years). This approach, although based on the use of different strategies and assumptions, has
been promoted and used successfully in various regions of Canada (Kachanoski and de Jong,
1984; Kachanoski, 1987; de Jong and Kachanoski, 1988; Li et al., 2011; Tiessen et al., 2009), in
Australia (Loughran and Balog, 2006) and in the USA (McHenry and Bubenzer, 1985; Fornes et
al., 2005). Porto et al. (2014) pioneered the use of a re-sampling approach in Southern Italy. In
that case, the study involved a small (1.38 ha) catchment (W2) which had been sampled for
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137

Cs measurements in 1998 and which was re-sampled in 2013. The authors emphasized that
it was not possible to directly compare the estimates of soil redistribution rate derived for the
locations sampled in 1998 and 2013, because it was impossible to locate the 55 points sampled
in 1998 with high precision and there was need to avoid the area that had been disturbed by
the collection of the 1998 sample. As a result, the two sets of 55 estimates of soil
redistribution were treated as two representative samples of the soil redistribution rates
within the catchment documented using 137Cs measurements. The samples collected in 1998
were seen as providing estimates of soil redistribution rates for the period 1954-1998, with
1954 representing the onset of significant 137Cs fallout. The samples collected in 2013 were
similarly used to estimate the mean soil redistribution rate for the period 1954 to 2013. By
subtracting the total soil loss for the period 1954 to 1998 from the total soil loss for the period
1954 to 2013, it was possible to estimate the total soil loss, and thus the mean annual soil loss,
for the period 1999 to 2013.
The study reported here focusses on the W1 catchment (1.6 ha in size), an
experimental site located in Calabria, Southern Italy, for which long-term measurements of
sediment yield are also available. The W1 catchment, which is located in the vicinity of the W2
catchment used in the previous analysis, was sampled for 137Cs and 210Pbex analyses in 2001
and the preliminary results were reported by Porto et al. (2004) and Porto et al. (2006).
Repeated measurements of 137Cs and 210Pbex were undertaken in 2014 to estimate soil
redistribution and erosion within the catchment during the period 2001-2014. The resulting
soil erosion estimates were then compared with the sediment yield measurements collected
during the monitoring period 2008-2015.
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TERRACED LANDSCAPES: FROM AN OLD BEST PRACTICE TO A
POTENTIAL HAZARD FOR SOIL DEGRADATION DUE TO LAND
ABANDONMENT
P. Tarolli
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paolo.tarolli@unipd.it

Agricultural terraces are among the most evident and extensive signature of human fingerprint
on different landscapes of the world. Terraces are generally built to retain more soil and water,
to reduce both hydrological connectivity and erosion, and to support irrigation. They reduce
the slope gradient and length, facilitating the cultivation on steep slopes, and they increase the
inﬁltration of water in areas with a moderate to low soil permeability, controlling the overland
flow and velocity, with positive effects on agricultural activities. Since ancient times, one can
find agricultural terraces in different topographic conditions (e.g., coastal area, hilly, and steep
slope mountain landscapes) and used for different crops (e.g. grapes, orchards, rice, maize,
wheat). In few regions terrace construction and irrigation techniques used in the past,
continue to be effectively utilized today. In some areas, terraced landscapes can be considered
a historical heritage and a cultural ecosystem service. However agricultural terracing
introduced relevant critical issues: increase of slope failures, and hydraulic erosion processes
with consequences on the loss of nutrients and in the redistribution of chemicals. The
historical terraces are often of the bench type with stone walls, and require maintenance.
Poorly designed and maintained terraces represent significant sediment sources induced by
terraces collapsing. Terraces are also served by agricultural roads, and the construction of
these anthropogenic features can also have deep effects on water flows and surface erosion.
Land abandonment, which affected several regions of the world during the last half-past
century (people moved from farmland to cities where job opportunities were plentiful), has
resulted in a progressive increase of land degradation of agricultural terraced landscapes. The
result was a progressive change in the spatial distribution of drainage networks, increase in soil
erosion and landslide risk with direct consequences to people when these processes were
triggered in densely populated areas.
However there is another problem related to the terraces abandonment, less evident
but still important: the fact that we are progressively losing and forgetting one of the historical
and cultural roots that has characterized entire regions and cultures for centuries.
The study of agricultural terraces represents really a challenge for our modern Society.
Terraced landscapes need to be maintained, well managed, and protected. While these actions
can help overcome the critical issues related to erosion risk and landslides, they can also offer
another benefit, possibly more relevant because it is related to the economy. Terrace
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maintenance can improve tourism, leisure activities, and the commerce of products related to
agricultural production, and can offer new job opportunities for the younger generation.

THIRD CONFERENCE OF COST ACTION ES1306: CONNECTING EUROPEAN CONNECTIVITY RESEARCH
HYDROLOGICAL AND EROSION PROCESSES IN MEDITERRANEAN LANDSCAPES:
IMPACTS OF LAND MANAGEMENT ON CONNECTIVITY
th
th
28 February – 5 March, 2016, Palermo, ITALY

53

ANALYSIS OF SUSPENDED SEDIMENT TRANSPORT IN A
MEDITERRANEAN WATERSHED
F. Gentilea
a

Dipartimento di Scienze Agro-Ambientali e Territoriali, Università di Bari “A. Moro”, Italy,
francesco.gentile@uniba.it

In Northern Puglia watersheds (Southern Italy) high rates of suspended sediment loads are
carried out along the hydrographic network during intense rainfall events. The Hydrological
Service of Apulia Region measured the suspended load of these water courses by means of
hand sampling during the period 1933–1989. As well known, hand sampling is expensive and
affected by many uncertainties in the estimation of the total sediment load at different time
scales.
An adequate assessment of the sediment load during floods can be made through
continuous measuring. In recent years the use of the optical technology for continuous river
monitoring has been used as it is considered a good “surrogate” to measure suspended
sediment (Gippel, 1995).
These instruments are based on the theory that an incident beam in a mixture is
subject to absorption, scattering and transmission caused by the presence of suspended
particles. They are sensitive to the grain size distribution of the material. Variations in grain
size distribution, associated with floods, can lead to nonlinear turbidity/suspended sediment
concentration relationships. In practice, the degree of curvature is usually very small and linear
models perform quite well in estimating loads.
In order to monitor the suspended sediment transport an experimental station was set
up in the Carapelle torrent, one of the main rivers in Northern Apulia. The watershed area at
the monitoring station (at Ordona-Castelluccio dei Sauri bridge) is 506 km2. The torrent
originates in the Apennine mountains and crosses the Tavoliere flood plain before flowing into
the Adriatic sea. The watershed is characterized by clayey-sandy Plio-Pleistocene sediments in
the alluvial fan and by flyschoid formations in the mountainous areas, which are subject to
erosion. The main part of the watershed is used for winter wheat; the plain and the low hilly
areas are also used for olive growing, whereas the higher slopes are occupied by woods and
pasture. The rainfall regime is typically Mediterranean, with dry spring-summer and wet
autumn-winter and rainfalls ranging from 450 to 800 mm year-1.
The station is equipped with a remote data transmission system, an ultrasound stage
meter and a stage recorder for the measurement of water discharge. A turbidimeter is used
for the continuous measurement of the suspended sediment concentration.
The instrument is based on the emission of a light-beam in the infrared field and a
combined photodetectors system: for turbidity measuring, the instrument uses a
THIRD CONFERENCE OF COST ACTION ES1306: CONNECTING EUROPEAN CONNECTIVITY RESEARCH
HYDROLOGICAL AND EROSION PROCESSES IN MEDITERRANEAN LANDSCAPES:
IMPACTS OF LAND MANAGEMENT ON CONNECTIVITY
th
th
28 February – 5 March, 2016, Palermo, ITALY

54

photodetector positioned at 90° to the incident beam direction while for the measurement of
suspended sediments a second photodetector positioned at 140° also works. This method
enables a broad range of concentrations to be examined (0.001-4000 NTU for turbidity and 0150 g l-1 for suspended solids). Furthermore, the instrument is fitted with a programmable
time interval screen wiper. Through a pulley, a float and a counterweight group, the sensor is
housed in a tube to protect it from the impact of flowing coarse materials. The sensor is
controlled by a data acquisition set and a group of solar panels and batteries is also provided
for energy production.
A laboratory testing stage of the turbidity sensor was designed to evaluate the dual
functionality of the instrument (turbidity and suspended sediment concentration) in relation
with the variations of the sediment concentration and grain size distribution. Successively a
field calibration of the instrument was carried out to determine the relationship between
optical and gravimetric data and to check the housing device.
The results of the laboratory test showed that, plotting the turbidity versus sediment
concentrations, the measurement increases up to a top value ranging between 40-50 g l-1. As
the concentrations further increase, the measurements decrease. This trend reveals the probe
blindness occurring in concentrated suspensions already observed by other Authors. In the
suspended sediment mode, on the other hand, blindness does not occur, then the
measurement has a linear increment with the sediment concentration.
The laboratory test also showed that, for mixtures having the same concentrations, the
instrument response varies in relation to the percentage of sand. The suspended sediment
optical values always increase with the sediment concentration. They have higher values in
mixtures with high percentages of fine material than in those that are predominantly sandy.
Thus one single conversion factor can be used for mixtures having the same grain size
composition with varying sediment concentration. The results of the laboratory stage show
that, for the measurement of the suspended sediment transport, a combined system of
photodetectors should be preferred.
The aims of the field calibration stage were to evaluate the efficacy of the housing
system, to identify a calibration curve of the instrument for the specific torrent and to assess
the type of the relationship between the suspended sediment concentration measured by the
instrument and the gravimetric one. The external concentrations proved to be very similar to
the internal ones and the sediment concentrations of all the samples to be well correlated with
the data measured by the instrument. In the range of the monitored discharges the results
confirmed the existence of a linear relationship between the gravimetric and the optical data.
The continuous data so obtained have been used to analyze the relationships between
water discharge (Q) and suspended sediment concentration (SSC) at the event scale. The
relevant flood events have been considered and the suspended sediment concentration
plotted at half-hourly scale versus water discharge to analyze the sediment transport
dynamics.
As well known, the relationship between water discharge and suspended sediment
concentration presents an hysteretic loop, the shape of which can have different directions:
clockwise, counter-clockwise and mixed-shaped (Williams, 1989).
According to many Authors, the loop-shaped curves, existing between SSC and Q,
depend on the sediment availability that derives from sediment supply and/or from possible
sediment deposits in the watershed. In the clockwise loop a rapid increase of the suspended
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sediment at the beginning of the flood event occurs for the presence of available sediment in
the river channel (Lenzi and Marchi, 2000). In the counterclockwise loop, instead, the sediment
source areas are mainly located on hillslopes and the sediment peak occurs after the water
discharge peak (Klein, 1984).
The analysis of flood events in the Carapelle watershed shows that the relationship
between suspended sediment concentration and water discharge is characterized by
clockwise, counterclockwise and mixed-shaped hysteretic loops.
In most cases counterclockwise hysteresis prevails. This is mostly related to events of
moderate intensity that occur during the entire flood period. During these events the sediment
concentration increases in the falling limb of the hydrograph and this could be related to the
distance between the sediment sources and the measuring station.
The most intense events are in general characterized by a clockwise or mixed loop. The
clockwise loop occurs during a simple flood while the mixed loop is typical of graded floods.
The advance of the sediment concentration peak could be explained, according to the
literature, by the location of sediment source areas or by variations in energy conditions. If the
sediment concentration decreases before the falling limb of the hydrograph, the sediment
source areas could be considered limited.
When considering subsequent events, it can be observed that the first hydrograph has
higher rates of suspended sediment at equivalent flows than the following ones.
The time delay T between the suspended sediment concentration peak (SSCP) and
water discharge peak (QP) values registered during the events varies with the flood intensity.
Plotting time delay T versus peak discharge Qp a decreasing trend is observed. The boundary
between intense and moderate events is indicative of the point at which discharge determines
the advance of the SSC peak value.
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This paper considers reasons for observed differences in badland network connectivity.
The approach is to revisit conceptual frameworks relating to the manner in which energy
utilisation is redistributed as systems evolve, being mostly frameworks developed by classical
geomorphologists in the last century. A meso-scale closed system model for the evolution of
connected states in regionally isolated badlands is developed, applicable to systems evolving
towards a fixed base level within a less erosive ‘host’ landscape. For simplicity, a badland
developing in a landscape with a fixed climate and stable baselevel is considered first. In the
case of early stage forms, landscapes are characterised by either unconnected erosional
elements separated by depositional features such as fans. These systems progressively
increase in connectivity, removing previously deposited features. An organised network with
high information content evolves. However, the author’s observation is that the sort of wellorganised, connected dendritic gully networks modelled by Howard (1990-2004) using the
continuity assumptions of Kirkby (1972 etc), are largely restricted to this quasi-equilibrium,
high information, low entropy stage which is transient. Transient because as relief is removed
later stage landscapes increasingly become less efficient and by deposiotion within network,
they disconnect again (maximum entropy). The latter can be referred to as dissipative systems,
and are often dominated by surface stabilisation mechanisms (geochemical stabilisation;
lichens crust formation; biancane, etc.) which can be regarded as a sort of overadjustment, or
fossilisation of the landscape.
This first part of the paper therefore is restricted to developing this meso-scale closed
system model for the evolution of connected states in regionally isolated badlands, and is only
applicable to systems evolving towards a fixed base level within a less erosive ‘host’ landscape.
Fig 1 illustrates how badlands disconnected from regional drainage can develop from a wide
range of initial states into a convergent quasi-equilibrium, followed by a period of complex
response as energy is dissipated across thresholds, giving rise to a range of equifinal maximum
entropy landscapes. This classification will be illustrated in the lecture using a range of global
badland examples.
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Fig 1. Model of closed system, meso-scale badland evolution. Once divides meet, provided no
further change to external event distribution and base-level occurs (including the possibility of
capture), closed badland system conditions apply, and the relief will degrade to a point of
‘maximum entropy’ (Chorley, 1962). The model is not deterministic due to the unpredictability
of the trajectories following complex response. For further discussion see text. Inset: Badlands
in South Dakota: photos between 1998 and 2000 (copyright kind permission Ellen at
‘hikingal@hikingallery.com’)
The second part of the paper explores interruptions to this semi-deterministic model
of badland relief degradation by considering the response of such a system to imposed
extrinsic drivers. From a longer-term/larger-scale perspective, extrinsic changes to relative
relief can be driven by base-level changes (tectonically, isostatically or eustatically induced), in
which case the continuity and linkages of ‘information’ within the system are modified by
effects which move up through the system (‘bottom-up’ control). Macro-scale climatic changes
also alter connectivity by changing the power distribution of prevailing events, and by causing
long-term changes in mean precipitation, temperature and E/P ratio which affect vegetation,
and therefore runoff resistance all across the landscape. The argument is developed that
longer-term climatic change operates as a ‘top-down’ control on sedimnent processes. The
interplay between these two larger-scale controls will inevitably determine the pattern of
connected states that the landscape experiences through time. The ‘top- down’ and ‘bottomup’ combinations that can lead to either rejuvenation (and a return to the stages described for
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the closed system model) or stabilisation (enhanced phases of both morphological and
geochemical stabilisation) are discussed.

(a)

(b)
Fig 2.Badland evolution at the macro scale, at which it is argued they have to be viewed from
an open system perspective: (a) map of climatic (horizontal axis) and tectonic (vertical axis)
contexts within which badlands will evolve at the macro-scales and over the longer-term (b) the
same map with a gradient of connected states suggested
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In Fig 2, baselevel and climate are explored as constraints on (a) base-level position
(rejuvenation status); and (b) sediment detachment-limited or transport-limited behaviour
during runoff events; and on vegetation stabilisation. This figure thus serves to demonstrate
that depending on the relative balance and direction of contextual constraint changes, a wide
variety of long-term badlands evolution models are possible at this scale.
From a longer-term/larger-scale perspective, it is argued that extrinsic changes to
relative relief can be driven by base-level changes (tectonically, isostatically or eustatically
induced). In tghis case, the continuity and linkages of ‘information’ within the system are
modified by effects which move up through the system (‘bottom-up’ control). Macro-scale
climatic changes also alter connectivity by changing the power distribution of prevailing
events, and by causing long-term changes in mean precipitation, temperature and E/P ratio
which affect vegetation, and therefore runoff resistance and sediment production all across
the landscape. The argument is developed that longer-term climatic change operates in a ‘topdown’ manner. The interplay between these two larger-scale controls will inevitably determine
the pattern of connected states that the landscape experiences through time. The ‘top- down’
and ‘bottom-up’ combinations that can lead to either rejuvenation (and a return to the stages
described for the closed system model) or stabilisation (enhanced phases of both
morphological and geochemical stabilisation) are discussed.
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Soil erosion is a major environmental impact of human activities, but the identification of
primary sources of sediments remains a research challenge, particularly in catchments with
complex landscapes containing urban and non-urban land-uses. The purpose of this study is to
assess the main sediment sources within a Portuguese peri-urban catchment, and how
spatiotemporal dynamics change during storm events following contrasting antecedent
weather. It focuses on the small Ribeira dos Covões catchment (6.2km2), which is characterized
by a mosaic of land-uses with in total 40% urban cover (17% impervious), 56% woodland and
4% agriculture. Urban land-use comprises distinct urban patterns, including some well-defined
residential centres but also areas of discontinuous urban sprawl. Some housing areas comprise
detached houses with gardens, whereas others are more heavily built-up. Since 2010, a major
road was built and an enterprise park has been under construction, covering 1% and 5% of the
catchment, respectively. The catchment has a Mediterranean climate. The geology comprises
sandstone (56%), limestone (41%) and alluvial deposits (3%).
The study uses a combined methodological approach including (i) monitoring of
suspended sediment concentration (SSC), and (ii) a series of fine bed-sediment sampling
surveys. SSC was recorded at the catchment outlet (ESAC) and in three upstream tributaries: (i)
Espírito Santo, with a largest urban cover (49%); (ii) Porto Bordalo, with 39%; and (iii) Quinta,
22% urban, including the enterprise park under construction. Water sampling was carried out
manually throughout hydrograph responses to 10 storms between October 2011 and March
2013. SSC was measured in the laboratory using the gravimetric method. Fine bed-sediment
was sampled at 17 stream sites within the catchment, during 3 field surveys carried out after
(i) the long summer dry season (21st September 2012), (ii) a 23.2 mm winter storm of relatively
high rainfall intensity on 19th February2015), and (iii) after several storms in late wet season
(22nd April 2015). All samples were oven-dried (at 38°C) and sieved (particle size <63µm)
before assessment of their elemental composition (40 elements) using a Niton X-ray
fluorescence elemental analyser.
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Greater SSCs were recorded in Quinta (up to 4320 mg L-1), encompassing the construction site,
and ESAC (up to 1656 mg L-1), representing the catchment outlet, than in Espírito Santo and
Porto Bordalo (up to 852 mg L-1 and 598 mg L-1, respectively), in line with progressively
decreasing impervious cover of the four catchment areas (p<0.05). Highest SSCs were recorded
in the storm of greatest rainfall intensity (15.9 mm h-1). For similar storms, Quinta, ESAC and
Espírito Santo displayed greater SSCs in the first storms after the long dry summer, 1.9, 1.6 and
1.4 orders of magnitude greater than in late winter. In contrast, however, Porto Bordalo,
underlain by limestone showed a distinct temporal pattern, with SS concentrations 1.7 times
higher in late winter than in similar storms after summer. These results are in accordance with
evidence from the fine bed-sediment surveys. After storms following dry weather and greatest
rainfall intensity, sediments collected at the catchment outlet show geochemical composition
similar to those sediments from sandstone sub-catchments. After the storm that followed very
wet weather, however, limestone areas became of much greater significance as sediment
sources, probably because of their greater areal extent of saturated soil and generation of
areas of overland flow with high connectivity. The identification of the primary sources of
sediments and their temporal dynamics should enable river managers to develop more
effective sediment control strategies.
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BUILDING UP KNOWLEDGE ON RESILIENCE OF FRAGILE LANDS
IN SUBARCTIC CLIMATE – A METADATABASE FOR LAND
DEGRADATION AND RESTORATION IN SOUTHERN ICELAND
D. Fingera, A. de Lavenneb, J. Þórssonc
a

Reykjavik University, School of Science and Engineering, Reykjavik, Iceland
Irstea, Hydrosystems and Bioprocesses Research Unit (HBAN), Antony, France
c
Soil Conservation Service of Iceland, Gunnarsholti, IS851 Hella, Iceland
b

Resilience is the capacity of an ecosystem to respond to a perturbation or disturbance by
resisting perturbations and recovering quickly. Natural catastrophes, such as floods, droughts,
landslides, storms and volcanic eruptions can have devastating impacts on natural and build
environment. Nevertheless, researchers worldwide have identified anthropogenic impacts to
be the cause for enhanced consequences of natural catastrophes. Iceland, the small island on
the mid Atlantic ridge is an ideal location to investigate anthropogenic impacts on the
resilience of natural ecosystems. The dramatic deforestation after the arrival of the first
settlers ~1100 years ago, the subsequent year round livestock grazing along with devastating
ash emissions during volcanic eruptions and a harsh sub-polar oceanic climate have led to
severe degradation of large areas of Icelandic soils. Since the beginning of the 20th century
diverse restoration measures have been implemented at a large-scale on lowland areas of
Iceland making them an ideal case study to investigate the effects of restoration on the
resilience of water resources. Since over 100 years the Soil Conservation Service of Iceland
(SCSI) has been restoring and investigating degraded landscapes, collecting valuable
information and data on restoration research in Iceland. In a joint effort to provide an
overview of terminated and ongoing research project, the SCSI and Reykjavik University have
established a metadatabase summarizing all relevant restoration projects in the Rangárvellir
area, a representative study site in southern Iceland. The SCSI and other governmental
agencies have conducted numerous research and restoration projects in the area, including
land restoration, land management, reforestation, hydrometeorological monitoring,
vegetation mapping, to name just a few. The combination of these projects provides a valuable
set of observational data and knowledge regarding the history of land restoration in
Rangárvellir. Simultaneously, the Icelandic Meteorological Office (IMO) has been monitoring
weather patterns and discharge of Ytri- and Eystri-Rangá, the two main rivers in Rangárvellir.
The collected data have been categorized in a metadatabase providing an overview for
complementary research projects. The presentation will conclude by demonstrating various
topics for research collaborations.
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COLONISATION TRENDS EXPRESSED BY THE INVASIVE PLANT,
IMPATIENS GLANDULIFERA, ALONG TEMPERATE RIVER
CORRIDORS: SOME PRELIMINARY FINDINGS
P. Greenwood, N.J. Kuhn
Department of Environmental Sciences, University of Basel, Klingelbergstrasse 27, Basel 4056,
Switzerland

The highly invasive plant, Impatiens glandulifera (Himalayan Balsam), is found on three
separate continents, with a distribution that includes most temperate European countries,
large parts of east and west North America and some areas of New Zealand. As a ruderal
species, it prefers damp, shady conditions, and fertile soils that experience frequently
disturbance. It is common along the riparian zone of rivers and streams. However, it is highly
sensitivity to cold weather, which culminates in the sudden and simultaneous death of whole
stands of I. glandulifera plants. These factors have thus implicated it in promoting soil erosion,
particularly along inland watercourses in temperate regions. Recent work undertaken by
members of the Physical Geography & Environmental Change Research Group, University of
Basel, has documented erosion rates along sections of contaminated river systems in
northwest Switzerland and southwest UK. Collectively, these data now span a total of seven
consecutive germination and die-off cycles. Results from both river systems over all monitoring
campaigns indicate that soil loss from areas contaminated with I. glandulifera is significantly
greater than comparable areas supporting perennial vegetation. Crucially, however, extremely
high-magnitude erosion was recorded at approximately 30% of contaminated areas (n=41).
Reasons for the high disturbance levels focus on the possibility that I. glandulifera tends to
colonise depositional areas within the flood-zone. As these areas act as foci for the regular
accretion of flood-derived sediment, the ability of this material to resist subsequent
mobilisation processes will be low due to low cohesion, limited compaction and undeveloped
soil structure. We hypothesis, therefore, that the tendency for I. glanduilfera to colonise
depositional areas will be reflected in a number of key physico-chemical soil characteristics
that make the soil more erodible when compared with soils from nearby uncontaminated
areas. The sudden and simultaneous death of whole stands of I. glandulifera plants on
predominantly depositional areas means that the loss of protective vegetation cover on such
highly erodible features potentially allows them to act as significant sediment-sources, and
also provide convenient sediment transfer pathways that connect the floodplain to the river
channel.
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LANDSLIDING AND CULTURAL TERRACES IN SLOVENIA
B. Komac, D. Kladnik, M. Zorn
Research Centre of the Slovenian Academy of Sciences and Arts Anton Melik Geographical
Institute Gosposka ulica 13 SI– 1000 Ljubljana, Slovenia
matija.zorn@zrc-sazu.si

For a large number of people living in hilly regions of Slovenia cultural terraces are an
important landscape elements. We know from previous studies that as many as half of
vineyard terraces are built in areas which are highly susceptible to landslides, and a quarter in
low landslide susceptibility areas.
Landslides are frequent element of cultural terraces-landscape. The position of
landslide areas is strongly influenced by the topography and thus indirectly by the construction
of cultural terraces. They trigger during and after terraces construction when the drainage
system is altered. Thus, agricultural activity leads to instability of slopes, and increases the
production costs.
Links between landsliding and cultural terraces were determined using the geographic
information systems using national landslide susceptibility map and national LIDAR data. Using
LIDAR data all areas of cultural terraces in Slovenia were digitized at the scale of 1:10,000.
Determined was the correlation between landslides, topographic variables and location of
cultural terraces.
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IDENTIFICATION OF POTENTIAL CRITICAL SOURCE AREAS OF
SURFACE WATER POLLUTION BY NITROGEN FROM
AGRICULTURE - GIS APPLICATION
E. Kondrlováa, J. Antalb
a,b

Department of Biometeorology and Hydrology, Faculty of Horticulture and Landscape
Engineering, Slovak University of Agriculture, Slovakia,
elena.kondrlova@gmail.com

Soil erosion is the most significant form of physical degradation of soils in Slovakia. Due to
erosion processes, the topsoil layer is eroded, the loose soil particles are further transported
and accumulated downslope or they reach water streams and water reservoirs. Transported
eroded soil particles can negatively influence the place of their accumulation not only by their
volume (clogging of water reservoirs), but also by their physical and chemical properties which
differ significantly from the original soil (by means of nutrient concentration, heavy metals,
pesticide residues, etc.). The aim of this contribution is to present a methodology to determine
the parcels within the Širočina basin (Western Slovakia) with the highest application of
nitrogen fertilizers and soil loss in 2004 and 2005, respectively, to localize the potential nonpoint critical source areas of sediment delivery and pollution by nitrogen fertilizers coming
from agriculture.
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COMBINATION OF TECHNIQUES FOR MAPPING STRUCTURAL
AND FUNCTIONAL CONNECTIVITY OF SOIL EROSION PROCESSES:
A CASE STUDY IN A SMALL WATERSHED
Seeger, M.a, Taguas, E.b, Brings, Ch.a, Wirtz, S. a, Rodrigo Comino, J.a,c, Albert, E. b, Ries,
J. B.a
a

Physical Geography, Trier University, Germany;
Dept. Rural Engineering, ETSIAM, Universidad de Córdoba, Spain;
c
Physical Geography, Universidad de Málaga, Spain
b

Sediment connectivity is understood as the interaction of sediment sources, the sinks and the
pathways which connect them. It is crucial to understand the relation between the observed
sediment output at a certain point, and the processes leading them to that location.
The structural connectivity is given by landscape elements which enable the
production, transport (and deposition) of sediments, whereas the functional connectivity is
understood here as variable processes activating sediments sources and lead the sediments
through a catchment. Therefore, 2 different levels of connectivity have been considered which
superpose each other according to the catchments conditions.
We studied the different connectivity features in a catchment almost completely
covered by an olive grove south of Córdoba (Spain), close to the city of Puente Genil. The olive
plantation type is of low productivity, managed by no tillage for the least 9 years. The farmer
allows weed growing in the lanes although he applies herbicide treatment and tractor passes
usually in the end of spring.
We identified spatially distributed areas of increased sheet-wash and crusting by
detailed mapping of geomorphodynamic features, but also areas with predominant rill erosion,
leading to a high density of rills and small gullies. These areas are associated with rock outcrops
up to several m² showing like this (former) intense erosion processes. These observations can
be classified, at least partially, to describe the structural connectivity.
Field measurements with different methodologies were applied on infiltration (single ring
infiltrometers, rainfall simulations), soil permeability (Guelph permeameter), interrill erosion
(rainfall simulator) and concentrated flow (rill experiment). The measurements were conducted
at representative areas identified in advance by the precedent mapping. These may used to
identify the funcional elements of connectivity.
Preliminary results show that the rills are effective as sediment sources, but also act as
structural connecting (and disconnecting) elements, as they may redirect flows. On the other
side, the experiments showed that the evidently degraded areas produce only very delayed
runoff, and thus also sediments, whereas the areas with stable deep soils show evidences of
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fast runoff and erosive responses. It leads to the conclusion, that the connectivity elements
change throughout time.
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CONNECTEUR SURVEY: STAKEHOLDERS’ PERCEPTION OF
CONNECTIVITY IN WATER AND LAND MANAGEMENT
A. Smetanovaa,b, E.N. Patonb and the Connecteur expert team*
a

LISAH, INRA, Montpellier, France; b Institute of Earth and Environmental Sciences, University of
Potsdam, Germany,
anna.smetanova@gmail.com

Transfer of knowledge across the science-society interface is essential for both, ethical and
economic reasons, and inevitable for successful climate change adaptation and integrated
management of sustainable, resilient landscapes. The trans-disciplinary research of water and
sediment connectivity has the potential to supply monitoring, modelling and management
tools to land and water managers in order to reach these goals. In order to appropriately
address the transfer of the cutting edge research developments of the Connecteur network,
the collaborative research project on stakeholders’ perception of connectivity was proposed by
the Working Group 5 “Transition of connectivity research towards sustainable land and water
management”. A questionnaire addressed to the stakeholders involved in water and land
management was compiled during the Think Thank of the working group 28.-29.4.2015 in
Berlin, Germany. The questionnaire was pre-tested, and the final English version, and the
project itself were presented to the Connecteur community at the 3rd MC meeting and WG
meetings, 14-16.9. 2015 in Durham, UK. The calls for voluntary translators of the questionnaire
to national languages, and voluntary interviewers of stakeholders among the Connecteur
scientist were launched. The data were collected by individual Connecteur members during 2.5
months, until the end of November 2015. Short questionnaire manual, with a list of preferred
institutions, and instruction how to pursue the interview was provided. Each interviewer was
asked to find a stakeholder who they might or might not previously work with. The stakeholder
was supposed not to work in scientific institution, but ideally in one of the preferred, or in an
organisation with responsibilities in water and land management. The questionnaires from
Connecteur scientist were collected, and each interviewing scientist was asked to fill up a short
follow-up questionnaire. The responses of both questionnaires were analysed via Short Term
Scientific Mission (COST-STSM-ES1306-011215-063624). The poster presents the unique
concept of Connecteur voluntary stakeholder survey, its organisation, first results and benefits
for within-network cooperation.
*The contribution of following Connecteur members is acknowledged:
Carles Bielders, Alexander Borg, Axel Bronstert, Gemma Carr, Marco Cavalli, Frédéric Darboux, Dagana
Dordevic, Jose Degaldo, Recep Dugodan, Ana Patricia Fernández-Getino, Carla Sofia Ferreira, Jaime R.
Garcia Marquez, Marie Alice Harel, Tobias Heckmann, Tamara Hochstrasser, Marijana Kapovic, Anna
THIRD CONFERENCE OF COST ACTION ES1306: CONNECTING EUROPEAN CONNECTIVITY RESEARCH
HYDROLOGICAL AND EROSION PROCESSES IN MEDITERRANEAN LANDSCAPES:
IMPACTS OF LAND MANAGEMENT ON CONNECTIVITY
th
th
28 February – 5 March, 2016, Palermo, ITALY

70

Kidova, Tobias Krüger, Melisa Ljusa, Jose López-Tarazón, Manuel Esteban Lucas Broja, María José
Marqués, Hannu Marttila, Rens Masselink, Carly Maynard, Eva Mockler, Tony Parsons, Thorunn
Petursdottir, Maria Piquer-Rodriguez, Ronald Pöppel, Jerzy Rejman, Wolfgang Schwanghart, Jolanta
Święchowicz, Sophie Tindale, Brigitta Tóth, Marco Vainu, Damià Vericat, Martin Welp, David Zumr.
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LONG-TERM ANALYSIS OF RAINFALL-RUNOFF-SOIL LOSSES IN
TWO CONTRASTING OLIVE CROPPED CATHMENTS IN
ANDALUSIA
E.V. Taguas Ruiza, J.L. Ayuso-Muñoza, R. Péreza, J.V. Giráldeza
a

University of Cordoba, da Vinci Bldg, Cra Madrid km 396, 14071Córdoba Spain
evataguas@uco.es, ir1aymuj@uco.es, rperez@uco.es, agigicej@uco.es.

In the complex environmental context of Andalusia region, in Southern Spain, under the
climatic influence of the Mediterranean Sea and the Atlantic Ocean and rugged landscapes the
olive tree is a traditional dry farming crop with a profitable food production but, in general,
with a rather poor soil protection. In these conditions the frequent occurrence of intense rain
events and the obsession of many farmers to keep the soil weed-less induce high water and
sediment yields. Therefore, efficient soil management systems are critical to ensure soil water
and crop sustainability.
In this work, the case of two olive cropped catchments (of 6.1 and 6.4 ha) located in
hilly areas but with different features is presented to illustrate the convenience of specific
control measures. The analysis of a long data series (over 8 years) of rainfall-runoff-sediment
load acquired in the two catchments indicated several hydrological and erosive patterns. The
protection of the spontaneous grass cover is characterized by the low soil loss rates. In the
Atlantic-dominated catchments soil losses above 1 kg m-2 are common with the subsequent
high degradation risk. In both basins the incision of the soil surface by rills and ephemeral
gullies require the adoption of conservation practices such as either live or inert mulches,
cover crops, and water control structures from earth bunds or small check dams.
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