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Abstract

Recent studies showed that contemporary average catchment sediment yields (SY, t km™ y™])
at regional and continental scales are often strongly correlated to spatial patterns of seismic
activity. Nonetheless, we currently have little insights into the mechanisms that explain these
correlations. We investigated how spatial patterns of SY in Italy are linked to patterns of
seismic activity. For a dataset of 103 Italian catchments with average SY measured over a
period of years to decades, we extracted tectonic and none-tectonic variables that potentially
explain observed differences in SY. These include proxies for vertical uplift rates and
cumulative seismic moments (CSM) associated with historic earthquakes of different ranges
of magnitude. Results showed that also across Italy, SY is significantly correlated to
seismicity. However, SY showed much stronger correlations with proxies of seismicity
relating to small but frequent earthquakes (2 < My, < 4) than with proxies relating to tectonic
uplift or large, potentially landslide-triggering earthquakes (M, > 4). Analyses of a dataset of
about 500,000 landslides across Italy showed very comparable trends: spatial patterns of
landslides within similar lithological units generally show a significant positive correlation
with CSM of weak but frequent seismicity and generally not with CSM of large earthquakes.
These results suggest that, on a decadal time scale and at a regional/continental spatial scale,
frequent but relatively weak seismicity may exert a more important geomorphic impact than

large earthquake events or tectonic uplift.
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1. Introduction

Understanding geomorphic processes and contemporary sediment yield (SY, t km? y™) at
regional and continental scales is highly relevant for a wide range of ecological, economic and
scientific reasons (Meybeck, 2003; Owens et al., 2005; Syvitski and Milliman, 2007;
Vanmaercke et al., 2011a; de Vente et al., 2013). Spatial differences in SY and contemporary
erosion processes have been linked to differences in topography, lithology, climate, and land
use (e.g., Owens et al., 2005; Syvitski and Milliman, 2007). However, there is growing
evidence that, both on contemporary and millennial time scales, seismicity can exert a
dominant influence on regional patterns of catchment SY (Dadson et al., 2003; Portanga and
Bierman, 2011; Vanmaercke et al., 2014a,b,c).

The processes explaining these strong correlations between seismicity and SY at regional
scales are currently poorly understood. As discussed by Vanmaercke et al. (2014a), several
potential mechanisms are possible. First, seismicity can be strongly correlated to tectonic
uplift. In such cases, observed correlations between seismicity and SY may be attributable to
river incision, topographic steepening, and increased mass wasting in response to this uplift.
Several studies have provided evidence for such mechanism (e.g., Montgomery and Brandon,
2002; DiBiasi et al., 2010; Larsen and Montgomery, 2012). Nonetheless, these studies mainly
focus on strongly uplifting areas, and on sediment fluxes over time periods of thousands to
millions of years. Very few studies have explored the link between contemporary uplift rates
and contemporary SY (at timescales of years to decades). Moreover, the correlations between
seismicity and SY also hold for regions that are currently not uplifting (e.g., Vanmaercke et
al., 2014a,b). Therefore, tectonic uplift alone cannot explain observed correlations between

seismicity and SY.

Second, large earthquakes can trigger numerous landslides that significantly affect SY over the
course of several years (e.g. Pearce and Watson, 1986; Dadson et al., 2003; Malamud et al.,
2004; Kaoi et al., 2008; Hovius et al., 2011; Marc et al., 2015). While earthquake-triggered
landsliding is certainly a highly relevant process in several tectonically highly active regions,
it cannot explain all observed correlations between seismicity and SY at regional scales. For
example, overall only large earthquakes (typically My, > 4) can directly trigger landslides
(Keefer, 1984; Malamud et al., 2004; Sidle and Ochiai, 2006; Keefer, 2013). However,
correlations between seismicity and SY have also been observed across regions where such

large earthquakes occur only rarely or not at all (e.g., Vanmaercke et al., 2014a,b).
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Third, seismicity may influence SY by weakening lithology (e.g., by fracturing) and so
enhancing the rate at which various erosion processes may take place (e.g., Molnar et al.,
2007; Koons et al., 2012). One of these processes is landsliding. Various studies indicate that
seismicity or rock fracturing can strongly increase the likelihood of having landslides, without
directly triggering them (e.g., Huang et al., 2013; Marc et al., 2015; Carlini et al., 2016; Bucci
et al., 2016). The occurrence of small but frequent seismic events may play an important role
in this. Some studies indicate that also other erosion processes, such as gully erosion, may be
strongly influenced by the occurrence of weak but frequent earthquakes (e.g., Cox et al.,
2010).

These are all plausible mechanisms that each may contribute to observed correlations between
seismicity and SY. However, their relative importance in different tectonic and geomorphic
environments remains poorly understood. Our understanding could benefit from studies that
disentangle the impact of uplift, large (but infrequent) earthquakes, and weak (but frequent)
seismicity on SY and geomorphic processes at regional and continental scales. This work aims
to explore the relative importance of the different mechanisms in explaining spatial patterns of
SY and landslides across Italy. Italy was chosen as a study area as it offers a large range of
tectonic and seismic conditions, and has detailed measurements on SY (e.g., Vanmaercke et
al., 2011b), seismicity (Selvaggi et al., 1997; Rovida et al., 2011; ISIDE, 2015), landslides
(APAT, 2007), and contemporary uplift or subduction rates (Serpelloni et al., 2013).

2. Materials and methods

2.1. Quantifying seismicity

Many studies focusing on the link between seismicity and SY have used seismic hazard maps
to quantify the degree of seismic activity (e.g., Portenga and Bierman, 2011; Vanmaercke et
al., 2014a,b,c). Such maps indicate the maximum peak ground acceleration (PGA) that is
expected to occur due to earthquakes with a predefined recurrence interval (typically 475
years; e.g., SHARE, 2013). As discussed in these studies, expected PGA provides a
meaningful proxy for seismicity that works very well as a predictor of SY. A major advantage
is that PGA provides an estimate of the expected seismicity for every point in space.
However, this proxy also has some important shortcomings. First, expected PGA values are
subject to important uncertainties as they require estimating the probability of high-magnitude
earthquakes. Second, PGA is a time-unspecific measure that is not necessarily related to the
seismicity that occurred during the SY measuring period. Third, the PGA values mainly relate
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to the expected largest earthquake in a region, and provide no direct information on weaker
but more frequent earthquakes. As a result of the Gutenberg-Richter law, strong correlations
between PGA and the overall rate of seismicity can be expected (e.g., Turcotte and Malamud,
2004). Nevertheless, expected PGA does not allow differentiating between earthquakes of

different magnitudes and frequencies.

Other studies (e.g., Selvaggi et al., 1997; Dadson et al., 2003) quantified seismicity by means
of cumulative seismic moments (CSM). CSM overcomes many of the problems outlined
above, as it can be calculated for sets of earthquakes within a specific time interval and
magnitude range. However, seismic moments are typically associated with one point in space
(i.e., the epicenter; Selvaggi et al., 1997) while earthquakes typically affect larger areas. The
geomorphic impacts of an earthquake on any given location (e.g., the probability of triggering
a landslide) depend not only on the moment magnitude but, among other factors, also on the
distance from the epicenter (e.g., Keefer, 2002; Meunier et al., 2007). Hence, the seismic
moment (i.e., the energy release) associated with an earthquake should be realistically
distributed over a wider area. We therefore constructed CSM maps where the energy
associated with each earthquake was distributed over a wider area, proportionally to the

estimated spatial pattern of peak ground acceleration associated with the earthquake.

From the lItalian Seismological Instrumental and Parametric Database (ISIDE, 2015), we
selected all earthquakes that have occurred in Italy, or less than 50 km from its borders,
between 1 January 1985 (i.e., the start date of the systematic recording) and 31 December
2014, with a reported magnitude (e.g., M., Mg and M,) > 2. This was done because
earthquakes with smaller magnitudes were insufficiently represented in the database. To this
selection, we added all earthquakes of M, > 5 that occurred between 1900 and 1985, as
registered in the CPTI-catalogue of paleo-seismic events (Rovida et al., 2011). This creates a
slight inconsistency in the time periods over which earthquakes are considered: earthquakes
with an M,, < 5 are considered only for the period 1985-2014, while earthquakes with an M,
> 5 are considered for the period 1900-2014. We maintain that this is justified, given the fact
that we are mainly interested in studying how regional patterns of earthquakes with specific
magnitudes relate to spatial patterns of SY and landslides. Given the fact that only few
earthquakes with My, > 5 occurred during the 30-year period 1985-2014, considering only the
large earthquakes since 1985 would result in too few events to generate a statistical
meaningful pattern. In total, this resulted in a dataset of 72,127 earthquakes.
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For each selected earthquake, we calculated its seismic moment (Mo, N.m) by either directly
converting the reported moment magnitude or, when no moment magnitude was given, by
converting the reported magnitude using previously proposed empirical relationships
(Selvaggi et al., 1997; Scordilis, 2006). Next, we generated a raster map with a spatial
resolution of 1x1 km indicating PGA associated with that earthquake. PGA values of each cell

were estimated using the empirical equation proposed by Bindi et al. (2009),

log1o(PGA) = a+ bM + clog,ovVR? +h* +1 (1)

where PGA is the maximum peak ground acceleration associated with the considered
earthquake [cm s]; M the earthquake magnitude; R the epicentral distance [km]; a, b, ¢, and
h empirical coefficients (a = 1.344, b = 0.328, ¢ = -1.09, h = 5); and | a term that allows to
adapt the PGA estimate based on the lithological conditions of the site (0 for rock, 0.262 for
shallow alluvium and 0.096 for deep alluvium; Bindi et al., 2009). Due to the lack of accurate
data on the depth of alluvium, and the fact that this term may induce spurious correlation with
lithology, all PGA values were simulated under the assumption of a ‘rock’ lithology (I = 0).
Eq. (1) was originally calibrated using 235 carefully selected ground motion measurements
recorded at 137 stations across Italy, for 27 earthquakes with 4.60 < M,, < 6.96 (Bindi et al.,
2009).

The obtained raster was then used as a proxy to distribute Mo of the earthquake over the area
around the epicenter. More specifically, the seismic moment was distributed over the study
area as follows:

_ PGAiXSMEQ E . 2

SMeq,i is the estimated seismic moment in cell i associated with the earthquake EQ, PGA; is
the estimated peak ground acceleration in cell i associated with EQ (based on Eq. 1), and n is
the total number of cells in the study area. Using Egs. (1) and (2), we generated a seismic
moment distribution map for each of the 72,127 selected earthquakes. The resulting maps
were then added up to produce maps of CSM. Separate CSM maps were generated for all
earthquakes with 2 <M, < 3 (CSM,.3), 3 <My, < 4 (CSM34), 4 <M,, <5 (CSMys5), 5<M, <6
(CSMs6) and 6 < M,, (CSMe.). The maps were normalized for the length of the observation
record. More specifically, values of the CSMs.¢ and CSMg. maps were divided by 115 years
(1900-2014). Values of the other maps were divided by 30 years (1985-2014). Adding up
these magnitude-specific CSM maps allowed generating CSM maps for all selected
earthquakes with My, > 2 (CSMay), all earthquakes with 2 < M,, < 4 (CSM,.4) and all
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earthquakes with M,y > 4 (CSM,.g). The distinction between CSM,., and CSM,.g was made
since it is expected that only earthquakes of M,, > 4 can directly trigger landslides (e.g.,
Keefer, 2002; 2013; Malamud et al., 2004).

Our approach relies on some assumptions. First, our method assumes that PGA provides a
realistic proxy for the actual energy dissipation of the earthquake. Such assumption is justified
by the close physical relation between force and acceleration, as well as by empirical
evidence. For example, Eqg. (1) implies that that PGA decreases exponentially with the
distance from the epicenter. This concurs with numerous studies showing that in the case of
landslide-triggering earthquake events, the landslide density also decreases exponentially with
the distance from the epicenter (Keefer, 2002, 2013), whereas the density of landslides
triggered by a specific earthquake is generally linearly related to PGA (Meunier et al., 2007).
Second, our approach does not consider all factors that may influence PGA, such as lithology,
hypocenter depth, faulting mechanism, and local topography (Meunier et al., 2008; Bindi et
al., 2009). Nevertheless, earthquake magnitude and distance from the epicenter can be
expected to be the most important proxies to estimate PGA on a given location (Bindi et al.,
2009). Hence, we are confident that our approach allows characterizing general patterns of

seismicity at regional and decadal time scales.

2.2. Catchment sediment yield data and selection of the catchments

Based on an extensive literature review, Vanmaercke et al. (2011b) compiled a database of
average SY observations in Europe that were derived either from reservoir sedimentation
rates, or from runoff discharge and sediment concentration measurements at gauging stations
over a measuring period of at least one year. For each of the Italian catchments included in
this database, we delineated the contributing area using standard GIS procedures and available
digital elevation models (DEMSs) (Lehner et al., 2006; CGIAR, 2008). However, for several
catchments, there were large discrepancies between the size of the delineated area and the
catchment area reported in the original source of the data. Such discrepancies are not
uncommon, and can be attributed to several potential causes including inaccuracies in the
reported catchment outlet, errors in the DEM flow accumulation, and errors in the originally
reported catchment areas (see Vanmaercke et al., 2014b for a discussion). Nonetheless, such
deviations can cause important uncertainties when analyzing correlations between SY and
catchment characteristics. Therefore, we considered only those catchments for which the size
of the delineated area deviated less than 20% from the originally reported catchment area.
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In total, 103 catchments with SY observations were retained for this study (Fig. 1). SY values
ranged between 0.9 and 4568 t km?y™. As mentioned above, these SY observations were
compiled from a number of sources (Gazzolo and Bassi, 1960; Tropeano, 1984; Tamburino,
1990; Ufficio Idrografico e Mareografico, 1997, Ferro et al., 2003; Meybeck and Ragu, 1995;
Lenzi et al., 2003; Van Rompaey et al., 2005; Torri et al., 2006; Pavanelli and Rigotti, 2007)
and were based on different measuring methods over different measuring periods. For 59 of
the 103 catchments, the SY value was derived from gauging station observations, whereas for
the other 44 catchments the SY was derived from reservoir sedimentation rates. Measuring
periods varied in length between 1 and 60 years (median: ca. 20 years). Measuring periods
varied between 1908 and 2003, with most of the SY measurements conducted around 1950—
1960. For some of the SY observations, the exact measuring period was unclear (e.g., because

only the length of the measuring period was reported; Vanmaercke et al., 2011b).

The fact that our SY data were derived from a variety of studies using different techniques
complicates our analyses to some extent. For example, most SY values based on gauging
station observations consider only suspended load, whereas SY data derived from reservoir
sedimentation rates comprise both suspended load and bed load. It is also well known that the
accuracy of average SY values depends strongly on the measuring procedure used (Phillips et
al., 1999; Verstraeten and Poesen, 2002; Moatar et al., 2006) and the duration of the
measuring period (Vanmaercke et al., 2012). Hence, also the reliability of the SY values may
strongly vary. In most cases, insufficient details were reported to accurately quantify the
uncertainties. Such difficulties are not unique to this study, but affect most studies aiming to
study SY at regional or continental scales (de Vente et al., 2006; Syvitski and Milliman, 2007;
de Vente et al., 2011; Vanmaercke et al., 2014a,b). However, as these studies show, the
uncertainties do not prevent the detection of meaningful relations between SY and
geomorphic/tectonic factors. They limit only the extent to which variability in SY can be
explained (Vanmaercke et al., 2014a,b). Moreover, most of the SY data considered in this
study can be expected to be fairly reliable and certainly belong to the more accurate SY data
available for Europe (Vanmaercke et al., 2011b). The SY observations from gauging stations
are generally based on high frequency sampling (> 1 sample/week), while SY observations
from sedimentation rates were corrected for the reservoir trapping efficiency (which was
generally very high). In addition, the measuring period of most SY observations was fairly

long (mostly > 10 years) Previous studies showed that especially these factors strongly
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influence the reliability of average SY values (Phillips et al., 1999; Verstraeten and Poesen,
2002; Moatar et al., 2006).

2.3. Catchment characteristics and statistical analyses

For each of the 103 selected catchments (Fig. 1), catchment characteristics relating to the
drainage area, topography, lithology, soil properties, climate, land use, reservoir impacts, and
seismic/tectonic activity of the catchment were determined to explain potentially the observed
differences in SY. An overview of all considered characteristics and their data sources is given
in Table 1. Many of these characteristics were used in other studies aiming to explain patterns
of SY at regional or continental scales, and are not discussed in detail here (e.g., Aalto et al.,
2006; Syvitski and Milliman, 2007; de Vente et al., 2011, 2013; Vanmaercke et al. 2014a,b,c).
Many more variables other than the ones used in this work and listed in Table 1 could be
considered. However, since our research mainly aims at better understanding the link between
seismicity and SY, and not at comprehending the role of all possible factors controlling SY, we

limited the number variables relating to none-tectonic factors.

The role of lithology and soil properties was considered somewhat differently in this study as
compared with other regional or continental SY studies. Many studies account for lithology by
assigning a score to different lithological units, where higher scores indicate an overall higher
susceptibility to erosion processes (e.g., Aalto et al., 2006; de Vente et al., 2006; Syvitski and
Milliman, 2007; Vanmaercke et al., 2014a,b). Such scores are often somewhat arbitrary, and
do not account for the fact that susceptibility may vary depending on the erosion process
considered. Here, we extracted the average soil erodibility factor (Ky) for each catchment,
based on a recently published dataset (Panagos et al., 2014) to account for the susceptibility of
soils to water erosion processes (i.e., sheet, rill, and gully erosion). However, the Ky values
provide no information on the susceptibility of each lithology to landsliding. For this reason,
we included in our analyses a lithology factor (L) that provides a first-order proxy for the
lithological weakness in terms of landsliding. Using a previously published reclassified
lithological map of Italy (Cardinali et al., 2013), we calculated the proportion of the area of
each major lithological unit in Italy that was mapped as a landslide according to the national
IFFI landslide inventory (Rovida et al., 2011), and we normalized this proportion for the
average slope of the lithological unit i.e., we divided the landslide fraction by the average
slope of the lithological unit and multiplied the result by the average terrain slope value for
Italy (Table 2). The L value of each catchment was then calculated as the area-weighted

average of the normalized landslide fractions of the lithological types in the catchment.
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Given the scope of our study, we included a large number of variables relating to the degree
of seismicity and tectonic activity in each catchment (Table 1, Fig. 2). These variables
include spatially averaged CSM values based on different ranges of earthquake magnitudes,
which were directly extracted from the constructed CSM maps (see Section 2.1). To compare
the performance of the CSM maps with previously used proxies for seismicity, we calculated
average maximum expected PGA values for different recurrence intervals (i.e., 73, 102, 475,
975, 2475, and 4975 years). These values were derived from previously constructed seismic
hazard maps (SHARE, 2013). Proxies for contemporary vertical tectonic movements were
derived from a study by Serpelloni et al. (2013) who constructed a map of estimated
contemporary vertical ground velocities throughout Italy using measurements from a large
number of geodetic stations. We used this dataset to obtain a proxy of the current vertical
uplift or subsidence rates in each catchment. For each catchment, we extracted the mean,
maximum, and minimum vertical velocities (VDayg, VDmax, and VDmin) as well as the range in
vertical velocity (VDmax — VDmin) divided by the catchment area (VDrange) i.€., @ crude proxy
for the overall deformation rate of the catchment.

Similar to other regional and continental SY studies (e.g., Aalto et al., 2006; Syvitski and
Milliman, 2007; de Vente et al., 2011; Vanmaercke et al., 2014a,b,c), we explored the
statistical significance of the potential controlling factors in explaining SY by means of
regression analyses, correlation analyses, and partial correlation analyses. Partial correlation
measures the degree of association between two variables, with the effect of other controlling
variables removed (Fisher, 1924; Steel and Torrie, 1960). This is done by conducting a
regression between each of the considered variables and the control variables and by then
calculating the correlation between the residues of these two regressions. We used non-
parametric Spearman rank correlation coefficients for our (partial) correlation analyses, as
these do not depend on the distribution of the data (Steel and Torrie, 1960). Given the fact that
our SY data and several of the considered variables vary over several orders of magnitude
(Table 1), the non-parametric rank correlation coefficients can be expected to give more

robust results.

2.4. Exploring the importance of seismicity for landsliding

As explained in Section 1, landslides may play an important role in explaining the link
between seismicity and SY. Therefore, we explored the extent to which measures of seismicity
(i.e., CSMy.4 and CSMy.g) may explain spatial patterns of known landslides. We did this by
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comparing the distribution of CSM values of the (1x1 km) grid cells in which a landslide
occurred according to the national IFFI landslide inventory (Rovida et al., 2011), with the
distribution of CSM values of grid cells free of known landslides. Given the fact that lithology
may strongly influence the probability on landslides, the analyses were conducted separately
for each major lithological unit (Table 2). When the distribution of CSM values is
significantly higher for pixels with landslides than those without landslides (according to a
Wilcoxon rank-sum test), this provides a clear indication that seismicity positively influences
the patterns of landslides within that lithological unit.

As a complementary approach, we calculated the degree of correlation between the CSM
value and the corresponding mapped landslide fraction (LF) for all (1x1 km) grid cells in each
lithological unit (Table 2). The correlations were calculated based on the Spearman rank
correlation coefficient (Steel and Torrie, 1960). Additionally, we calculated the corresponding
partial Spearman rank coefficients after controlling for the average slope of each grid cell.
This allows us to account for the fact that, within a given lithological unit, topography,

seismicity and landslide occurrence may be inter-correlated.
3. Results

3.1. Controlling factors of catchment sediment yield

Table 3 lists the Spearman rank correlation coefficients between the considered potential
controlling factors (Table 1) and SY. Fig. 3 shows scatterplots of SY versus some of the
considered non-tectonic factors. Most correlations are relatively weak, and in some cases
counter-intuitive. For example, average catchment slope shows a weak but significant
negative correlation with SY (Table 3, Fig. 3a). Average catchment slope is also negatively
correlated to many of the considered seismic variables, and to L. The latter, which relates to
the lithological susceptibility to landsliding (Table 2), shows a highly significant correlation
with SY (Table 3, Fig. 3b). K i.e., the factor relating to the soil erodibility in terms of water
erosion processes (Table 1), does not exhibit a significant correlation with SY. Variables
related to the land use (i.e., AL and FOREST, Table 1) also do not shows significant
correlations with SY (Table 3, Fig. 3c). Of the considered climatic factors, only the average
air temperature (T) shows a positive correlation with SY, whereas factors related to rainfall
(intensity) or runoff show weak, but negative correlations (Table 1, Fig. 3d). We found no
evidence that our correlation results are affected significantly by the presence of reservoirs in

the upstream part of the catchment, or by the method used to measure SY (Tables 1 and 3).
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Fig. 4 shows scatterplots of SY versus some of the considered catchment characteristics
relating to tectonic activity (Table 1). The average vertical velocity of each catchment (VDayg,
i.e., a proxy for the contemporary uplift or subduction rate) shows a significantly negative
correlation to SY (Fig. 4a), but is also negatively correlated to L and most of the proxies
relating to seismicity (Table 3). Partial correlation analyses showed that after controlling for
this inter-correlation with L or seismicity, the negative correlation between VD44 and SY
becomes insignificant. VDange (Table 1) shows an insignificant correlation with SY (Table 3).

All variables related to seismicity show significant to highly significant positive correlations
with SY (Table -3, Fig. 4b-d). For the cumulative seismic moments based on all considered
earthquakes (CSMpy; Table 1) this correlation is fairly weak (Fig. 4b). Given the fact that the
CSM values associated with large earthquakes are much larger than those associated with
small earthquakes (see e.g., ranges in Table 1), CSMp is almost perfectly correlated with the
CSM values associated with large earthquakes (My, > 4; Table 3). However, CSM values
based on smaller earthquakes show a consistently stronger correlation with SY than those
based on larger magnitudes (Fig. 5; Table 3). While the correlation between SY and CSM
based on large earthquakes is fairly low, CSM values based on small but frequent earthquakes
(My 2 to 4) show a highly significant correlation with SY (Fig. 4c). Also variables relating to
expected PGA showed significant correlations with SY (Table 3, Fig. 4d). The degree of
correlation tends to decrease with increasing recurrence interval (i.e., with increasing

expected earthquake magnitude, but within a relatively limited range (Table 3, Figs. 4 and 5).

As can be seen in Table 3, many of the proxies related to seismicity are also strongly
correlated to L. Hence, significant correlations between CSM and SY may be attributable to
lithology, or vice versa. Partial correlation analyses showed that the correlations between SY
and CSM,.5, CSMs.5, CSMg. and all considered PGA values become insignificant (p > 0.05)
after controlling for L. However, the partial correlation between SY and CSM,.3, CSM3.4,
CSM3.4, CSM4.g and CSMay remained significant. On the other hand, the partial correlation
between SY and L remained significant after controlling for any of the considered seismic
proxies. This indicates that each of lithology and several of the proxies of seismicity (mainly
those relating to weak but frequent seismicity) explain a significant part of the observed
regional variation in SY that cannot be attributed to inter-correlations. Also T shows a positive
correlation with both SY and most of our proxies relating to seismicity (Table 3). SY showed
an insignificant (p > 0.05) partial correlation with CSMay, CSMy.g and CSMg. after controlling



for T. However, all other seismic variables remained significantly correlated to SY after

removing the effect of T.

3.2. Links between seismicity and landslides

Fig. 6 compares the distribution in CSM of 1x1 km grid cells with and without landslides in
the IFFI inventory (APAT, 2007), for the considered lithological types (Table 2). The graph
shows that for most lithological types (10 out of the 14), the median CSM,.4 is significantly
higher in grid cells with landslides than in grid cells without landslides (p < 0.05, Wilcoxon
rank-sum test). CSM values based on earthquakes with My, > 4 revealed a different pattern.
For 6 of the 14 considered lithological types, the median CSMy.g value was significantly

higher in grid cells with landslides than in grid cells without landslides (Fig. 6).

Fig. 7 shows the non-parametric Spearman rank correlation coefficient between the fraction
of landslides in each grid cell (LF, ranging between 0 and 1) and its corresponding CSM
value. For most lithologies, there is a significant positive correlation between LF and CSM;.,.
However, correlations between LF and CSM,.g are weaker, not significant, or even negative.
Fig. 7 also shows the partial Spearman correlation coefficients between LF and CSMy.4 or
CSMy.g after controlling for the average slope of each grid cell. These correlations reveal a
close agreement with the full Spearman correlation coefficients, indicating that the observed
correlations between seismicity and LF in a lithological group are not attributable to inter-
correlations with topography.

With nearly 500,000 landslides, the IFFI inventory is the most extensive landslide inventory
currently available for Italy (APAT, 2007). Nonetheless, the inventory remains incomplete,
and in some areas the number of landslides is underestimated (Trigila et al., 2010; Marchesini
et al., 2014). We therefore investigated to what extent our results on the link between
seismicity and landsliding could be affected by mapping biases in this dataset. This was done
by excluding those regions for which the IFFI inventory was expected to be unreliable or
incomplete (Trigila et al., 2010) and redoing our analyses for a subset of Italian regions in
which the inventory was expected to be reliable. Very similar results were obtained for the
lithological types that were still represented in this subset, indicating that the results of our

analyses are not attributable to mapping biases.
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4. Discussion

4.1. Overall interpretation of the results of the correlation analysis

At first glance, many of the correlations between SY and non-tectonic potential controlling
factors appear to be relatively weak or even counter-intuitive (Table 3, Fig. 3). For example,
land use showed no strong correlations with SY while topography unexpectedly showed a
negative correlation with SY. Also climatic variables showed only weak or insignificant
correlations with SY. To some extent, these weak correlations are attributable to uncertainties
in the SY data. As discussed in Section 2.1, these were derived from a range of sources
applying different techniques. While most SY data are expected to be fairly reliable,
uncertainties are inevitable and will induce scatter on the observed correlations. Also the
considered potential controlling factors (Table 1) induce uncertainties. For example, the
considered climatic variables indicate only estimated average values of a certain period, while
the variables relating to land use provide only an indication of the land cover conditions at a
specific moment (i.e., 1990). These do not necessarily correspond to the potentially dynamic
weather and land cover conditions during the SY measuring period, nor do they account for
the fact that Italy (as many other Mediterranean regions) has known a very long, complex and
often intense history of human impacts that may still affect SY (e.g., Dusar et al., 2011;
Vanmaercke et al., 2015). Likewise, our variables do not account for spatial variations within
the catchment that may also influence SY (e.g., de Vente et al., 2006, 2013).

However, a probably more important cause for these weak or counter-intuitive correlations
are inter-correlations with other factors that have a stronger, ‘overriding’ effect on SY and
may cause interactions (e.g., de Vente et al., 2013). In this respect, it is important to point out
that our results are highly comparable to those of other studies focusing on SY at regional or
continental scales. For example, also de Vente et al. (2011) and Vanmaercke et al. (2015)
report very poor or even insignificant correlations between SY and land use for catchments in
Spain and Europe, respectively. They attribute this to the fact that other controls exert a
similar or larger control on SY, because, for example, agricultural catchments are often
located in flatter areas and steep mountain catchments are often forested, both may have a
similar SY (Vanmaercke et al., 2015). Likewise, as Vanmaercke et al. (2014c) showed for
Romania, inter-correlation between topography and lithology and seismicity (i.e., steeper
catchments consist of stronger rocks and have fewer earthquakes) may result in a negative
correlation between average catchment slope and SY. This is highly similar to what we

observe here (Table 3, Figs. 3 and 4). For similar reasons, many studies indicate only weak or
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even insignificant correlations between SY and climatic factors at regional, continental or
global scales (Aalto et al.,, 2006; Syvitski and Milliman, 2007; de Vente et al., 2011,
Vanmaercke et al., 2014a,b, 2015), which also corresponds with our results (Table 3, Fig.
3d).

It is outside the scope of this paper to fully disentangle all these correlations and factors
controlling SY across Italy. As indicated in the Introduction, we statistically explore the
degree of correlation between SY and different measures of seismic and tectonic activity in
order to better understand the mechanisms behind previously observed correlations between
seismicity and SY. In this context, we considered non-tectonic factors to ensure that our

results are not biased by other factors controlling SY.

The degree of correlation between SY and our tectonic proxies varied greatly (Table 3, Figs.
4 and 5). These differences and their implications will be discussed below. At this point,
however, it is important to point out that seismicity overall shows a highly significant
correlation with SY (Fig. 4). Some of the weaker correlations between SY and seismic proxies
(i.e., mainly those relating to rare but large earthquakes) became insignificant after controlling
for inter-correlations with other factors (e.g., lithology and climate). However, for many of
the other seismic proxies, our analyses showed that seismicity is significantly correlated to SY
and that this correlation cannot be attributed to biases caused by the SY measuring method or
the presence of upstream reservoirs, nor to inter-correlations with other factors controlling SY.
This corresponds to our expectations and closely agrees with other recent studies reporting
significant correlations between SY and seismicity in Taiwan (Dadson et al., 2003), Europe
(Vanmaercke et al., 2014a), Africa (Vanmaercke et al., 2014b), Romania (Vanmaercke et al.,
2014c), And worldwide (Portenga and Bierman, 2011; Vanmaercke et al., 2014a).

4.2. Role of tectonic uplift

As discussed in the introduction, previously observed correlations between SY and proxies of
seismicity might be attributed to the fact that tectonic uplift often correlates with seismicity,
while the river incision and topographic steepening resulting from this uplift causes the
increase in sediment fluxes. While this is certainly a highly relevant mechanism in various
rapidly uplifting environments (e.g., Montgomery and Brandon, 2002; DiBiasi et al., 2010;

Larsen and Montgomery, 2012), our results for Italy do not immediately concur with this.

Firstly, our proxies of seismicity are negatively correlated to our proxies of tectonic uplift
(Table 3, Fig. 1). This indicates that, at least in Italy, the currently most strongly uplifting
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regions do not coincide with the most seismically active ones. In addition, we observed a
negative correlation between contemporary vertical ground motion rates and SY (Fig. 4a).
This is attributable to the fact that VD, correlates negatively to both L and seismicity, which

both show highly significant positive correlations with SY (Table 3).

Evidently, these findings should be interpreted with caution since both the SY data and the
ground velocity rates are subject to important uncertainties. Likewise, the actual response of
rivers systems to tectonically induced base level changes are often highly complex (e.g.,
Tucker and Hancock, 2010; DiBiasi et al., 2010) and may not be fully reflected by the
variables considered here. Nonetheless, our results strongly suggest that contemporary uplift
rates and resulting river incision do not exert a first order control on contemporary SY in Italy.
The fact that average catchment slope (a direct proxy for topographic steepness, which is also
positively correlated to VD.yg; Table 3) correlates negatively with SY (Fig. 3a) supports this

inference.

It is important to note that our results do not imply that contemporary tectonic movements and
resulting river incision have no influence on SY in Italy. As case studies indicate, river
incision may exert a strong control on patterns of landsliding in some Italian regions (e.g.,
Borgomeo et al., 2014). It is also likely that more detailed analyses (e.g., based on river
profiles) would reveal an influence of tectonic uplift and river incision on SY. We wish only to
indicate that tectonic uplift shows no positive correlation with SY, nor does it positively
correlate with seismicity. Hence, the observed correlations between seismicity and SY across

Italy are most likely not attributable to mechanisms of tectonic uplift and river incision alone.

4.3. Large versus small earthquakes and their link with landslides

A key finding of our work is that measures related to relatively weak but frequent seismicity
(e.g., CSMy.3, CSM3.4, and CSM,.4) show a higher degree of correlation than measures related
to large but infrequent earthquakes (e.g., CSMs.s, CSMg., and CSM,.g; Fig. 5). Also expected
PGA values associated with shorter recurrence intervals (and hence lower earthquake
magnitudes) exhibit a slightly stronger correlation with SY than those associated with longer
observation periods (Fig. 5). A first reason might be that the number of large earthquakes is
limited, making the spatial pattern over a relatively short time period (i.e., 1900-2014) more
erratic. This, combined with the uncertainties associated with the geographical distribution of
the seismic energy release (Section 2.1), and the fact that the timing of the large earthquakes

does not always concur with the measuring periods of the SY data, can result in low
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correlations. We expect a better agreement between SY and CSM of large earthquakes that
occurred during or just before the SY measuring period. Testing this was impossible in this
study, due to the difference in the observation periods for earthquakes and SY.

Nonetheless, uncertainties and discrepancies in the observation periods also affect the
correlations between SY and CSM values associated with smaller (2 < M,, < 4) earthquakes,
which are stronger. Likewise, such uncertainties cannot account fully for the consistent
decrease observed in Fig. 5. Hence, our results indicate that weak but frequent seismicity
exerts a larger influence on regional patterns of SY on decadal time scales than large but
infrequent earthquakes. Studies that did research the impacts of large earthquakes on
catchment sediment export seem to confirm this. For example, Hovius et al. (2011) quantified
the impact of the My, 7.6 Chi-Chi earthquake in Taiwan on the sediment transport of river
systems near the epicenter. It was estimated that suspended sediment export increased with a
factor 5 to 6 in the year following the earthquake, due to the effects of earthquake-triggered
landslides. However, this increase progressively declined during the following 6 to 7 years.
As a result, the direct impact of this event on long-term average SY over a period of e.g., 20
years would be only in the order of a factor of two. Although this can still be considered
significant, it is a relatively limited increase when compared to the range of average SY values
at regional and continental scales (e.g., the SY values of this study vary over more than three
orders of magnitude; Figs. 3 and 4). Likewise, Vanmaercke et al. (2014c) found that a M,, 7.4
earthquake in the Sub Carpathians (Romania) generally did not result in a significant increase
of sediment export of catchments near the epicenter. This indicates that not all large
earthquakes directly influence SY. Nevertheless, Vanmaercke et al. (2014c) did find very high
correlations between average SY and expected PGA, showing that seismicity does have a
significant impact on average SY. Given the fact that expected PGA is highly correlated to the
occurrence of small earthquakes (Turcotte and Malamud, 2004; Table 3), we conclude that
the impacts of seismicity on SY is mainly indirect, and we attribute it to the role of weak but

frequent seismicity.

Landslides likely play an important role in the influence of seismicity on SY. Whereas we
found a highly significant correlation between SY and L, which provides a first order proxy
for landslide susceptibility (Fig 3b), previous studies also have highlighted the importance of
landsliding on SY (de Vente et al., 2006, 2013). Our results (Figs. 6 and 7) show that
landslides within a lithological unit are more likely to occur in regions of weak but frequent

seismicity (M,, 2—4). Although only larger earthquakes (M,, > 4) are expected to directly
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trigger landslides (Keefer, 2002; Malamud et al., 2004), the correlations between landslide
patterns and CSM,.g were much lower. This indicates that the most important geomorphic
effects of seismicity do not necessarily directly trigger landslides. Seismicity mainly plays a
role as preparatory factor for landsliding, whereas the actual landslide may be triggered by
other events such as heavy rainfall. Several other recent studies have pointed to the
importance of indirect impacts of seismicity on landsliding (e.g., Huang et al., 2013; Marc et
al., 2015; Carlini et al. 2016; Bucci et al., 2016). Furthermore, some very large earthquakes
are known to have triggered only a very limited number of landslides (e.g., Jibson et al.,
2006). These findings have important implications for our understanding of landslide hazards
and risk, as seismicity is often considered only as a triggering factor for landslides, and not as
a predisposing factor that increases landslide susceptibility (e.g., Huang et al., 2013; Jaedicke
et al., 2014; Gunther et al., 2014). Our results imply that this is incorrect. Nonetheless, the
overall importance of seismicity as a factor influencing landslide susceptibility remains poorly
understood. For example, Figs. 6 and 7 show that the degree of spatial correlation between LS
and seismicity varies greatly between the considered lithological units. To some extent, this
may be attributed to the role of other factors (e.g., topography and rainfall). However, also the
lithological characteristics can play an important role, as some lithological types are more
easily fractured than others. At first sight, correlations between CSM,.4 and LF indeed tend to
increase with lithological weakness (Fig. 7, Table 2). However, there are also important
exceptions to this tendency such as intrusive rocks, turbidites, and chaotic mélange (Fig. 7).
Explaining these differences was outside the scope of this research and requires a different

research set up. Nevertheless, this matter certainly deserves further research.

5. Conclusions

We found significant correlations between spatial patterns of seismicity and average
catchment sediment yield (SY) across Italy. This is in agreement with other recent studies
(Portenga and Bierman, 2011; Vanmaercke et al., 2014a,b,c). At least three mechanisms may
explain these correlations between seismicity and SY: inter-correlations between seismicity
and tectonic uplift, earthquake-triggered landsliding, and lithological weakening due to
frequent seismicity. Our results suggest that, across Italy, especially this last mechanism is
important. Firstly, SY shows highly significant correlations with proxies of weak but frequent
seismicity that cannot be attributed to inter-correlations with other factors (Table 3, Fig. 4d),
while proxies relating to large infrequent earthquakes showed much weaker correlations that

overall became insignificant after controlling for inter-correlations with other factors (Fig. 5).
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Proxies of tectonic uplift even showed a negative correlation with SY due to inter-correlations
with other factors (Fig. 4a). In addition, spatial patterns of the known landslides in a given
lithological type showed a significant positive correlation with proxies of weak seismicity,

while this was not the case for proxies relating to large earthquakes (Figs. 6 and 7).

These findings do not imply that tectonic uplift or large landslide-triggering earthquakes have
no influence on SY in Italy. Nonetheless, we argue that their influence on regional patterns of
SY on a decadal timescale is much smaller than the effect of weak but frequent seismicity.
This has important implications for our understanding of geomorphic processes on regional
and continental scales, as the effects of weak but frequent seismicity are rarely considered
(Cox et al., 2010; de Vente et al., 2013; Vanmaercke et al., 2014a). Also for landslide risk
assessments, these findings are highly relevant as they indicate that seismicity should be

considered not only as a triggering but also as a preparatory factor of landslides.
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TABLES

Table 1. Variables considered to investigate the observed differences in sediment yield (SY)

in 103 catchments in Italy (Figs. 1 and 2).

Variable Factor Description Source Range Units
MeasType Measuring Dummy Sourceof Oorl /
Procedure variable the SY
indicating if data
SY was
calculated from
gauging station
observations
(0) or from
reservoir
sedimentation
rates (1)
A Size Drainage area Source of  5-6075 km2
of the the SY
catchment data
UpRes Reservoir Dummy Sourceof Oorl /
Impacts variable the SY
indicating if the data,
SY was Google
potentially Earth
significantly
affected by
upstream
reservoirs (0)
or not (1)
P Climate Average (1961- New etal. 427 -1832 mmy™*
1990) annual (2002)
rainfall
RDN Climate Average (1961- Newetal. 3.9-9.6 mm day™
1990) rainy day (2002)
normal (i.e. P
divided by the
average
number of days
per year with
rain)
T Climate Average (1961- Newetal. -1.3-17.0 °C
1990) air (2002)
temperature
Ro Climate Estimated Feketeet  34-2172 mmy*
annual runoff al. (1999)

depth, based on
observed river
discharges and
simulated water
balances



Savg

Kst

AL

FOREST

VDay

VDmin

VDnmax

Topography

Lithology/Sail

Lithology/Soil

Land cover

Land cover

Tectonics

Tectonics

Tectonics

Average
catchment
slope, derived
from SRTM
data (spatial
resolution ~81
m)

Average soil
erodibility of
the catchment,
as defined in
the (Revised)
Universal Soil
Loss equation
and accounting
for stoniness
Susceptibility
of the lithology
for landsliding
(see text)
Percentage of
the catchment
used for
agriculture,
acccording to
the Corine land
cover dataset of
1990
Percentage of
the catchment
covered by
forests,
acccording to
the Corine land
cover dataset of
1990

Average
estimated
annual vertical
ground motion
rate of the
catchment
Minimum
estimated
annual vertical
ground motion
rate in the
catchment
Maximum
estimated
annual vertical
ground motion
rate in the
catchment

CGIAR
(2008)

Panagos
etal.
(2014)

Cardinali
et al.
(2013)

EEA
(2010)

EEA
(2010)

Serpelloni
et al.
(2013)

Serpelloni
et al.
(2013)

Serpelloni
etal.
(2013)

1.6-30.5

0.017-0.041 (thah)/ (ha

0.01-0.20

-29-17

-48-15

-1.8-23

o

MJ mm)

%

%

mm y’

mmy’

mmy



VDrange Tectonics Difference Serpelloni  0.0004 - 0.03 mm y™*km™
between VD max et al.
and VD, (2013)
divided by the
drainage area

of the
catchment
PGA73, Tectonics Estimated SHARE 0.0077-0.14 ¢
maximum Peak (2013)
Ground

Acceleration
expected to
occur with a
recurrence
interval of 73
years (average

value of the
catchment)
PGA102y Tectonics Estimated SHARE 0.010-0.18 g
maximum Peak (2013)
Ground

Acceleration
expected to
occur with a
recurrence
interval of 102
years (average

value of the
catchment)
PGA7sy Tectonics Estimated SHARE 0.0334-0.39 g
maximum Peak (2013)
Ground

Acceleration
expected to
occur with a
recurrence
interval of 475
years (average

value of the
catchment)
PGAg7s, Tectonics Estimated SHARE 0.056-054 g
maximum Peak (2013)
Ground

Acceleration
expected to
occur with a
recurrence
interval of 975
years (average

value of the
catchment)
PGA2475, Tectonics Estimated SHARE 0.12-0.85 g
maximum Peak (2013)
Ground

Acceleration



PGAsg7sy

CSMa

CSM,.4

CSMyg

CSM,.3

Tectonics

Tectonics

Tectonics

Tectonics

Tectonics

expected to
occur with a
recurrence
interval of
2475 years
(average value
of the
catchment)
Estimated
maximum Peak
Ground
Acceleration
expected to
occur with a
recurrence
interval of
4975 years
(average value
of the
catchment)
Cumulative
seismic
moment of all
considered
earthquakes
(see section
2.1)
Cumulative
seismic
moment of all
considered
earthquakes
with a
magnitude
between 2 and
4 (see section
2.1)
Cumulative
seismic
moment of all
considered
earthquakes
with a
magnitude
greater than 4
(see section
2.1)
Cumulative
seismic
moment of all
considered
earthquakes
with a
magnitude
between 2 and

SHARE

(2013)

See text

See text

See text

See text

0.17-11

96.8 - 924.2

26-14.7

93.8-917.9

12-8

10° N my™

10°Nmy?

10° Nmy™

10° N my™



CSM3.4

CSM.5

CSMs6

CSM6+

Tectonics

Tectonics

Tectonics

Tectonics

3 (see section
2.1)

Cumulative
seismic
moment of all
considered
earthquakes
with a
magnitude
between 3 and
4 (see section
2.1)
Cumulative
seismic
moment of all
considered
earthquakes
with a
magnitude
between 4 and
5 (see section
2.1)
Cumulative
seismic
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Table 2. Lithological types considered in this study and their corresponding spatial extent,
average slope and (normalized) landslide fractions. The lithological classification and its
mapping was derived from Cardinali et al. (2013).

Spatial

extent  Average Landslide Slope-normalized

Lithological unit (km2) slope (°) fraction landslide fraction
Aeolian deposits 1688 15 0.000 0.001
Basalts 60 8.7 0.005 0.006
Intrusive rocks 9799 13.7 0.011 0.009
Lavas and Ignimbrites 17181 8.6 0.010 0.013
Carbonate rocks 56720 15.1 0.024 0.017
None-Schist metamorphic rocks 8163 23.0 0.042 0.019
Shales and Shists 16820 217 0.052 0.025
Alluvial deposits 73118 2.1 0.005 0.026
Ophiolites 3350 21.1 0.065 0.032
Glacial deposits 3488 13.4 0.050 0.039
Lacustrine deposits 5524 7.0 0.031 0.046
Clastic sediments 26438 9.0 0.056 0.064
Marls 6603 121 0.076 0.065
(Complex) clay layers 17447 7.7 0.062 0.084
Turbidites 49014 12.7 0.104 0.085
Chaotic Melange 2749 11.3 0.289 0.266

Italy 301212 10.4 0.042 -




Table 3. Spearman rank correlation coefficient matrix between all considered catchment

characteristics (Table 1) and the observed catchment sediment yield (SY). Values in bold are

highly significant (p < 0.0001) and values in italic are not significant (p > 0.05). Correlations

were calculated for the 103 selected catchments (Fig. 1).

g = = =
. A s 2 § 2 2 £ 8 2 313 3 3 % 3 &
@ & z g £ £ F FE & 44 2445353535333
2 <S5 .8 8 8% .2 R299S 8999 QL QLB HBHBB8888%

MeasType 1

A -61 1

UpRes .23 -36 1

P .18 -12 .08 1

RDN .18 -.18 .08 .70 1

T -19 .14 -09 -.88 -43 1

Ro .26 -.10 .08 .58 .46 -.62 1

Sag .22 -15 .05 .86 .53 -89 .67 1

Kst -16 -.04 -.04 .05 -.04 .02 -11 -09 1

L -.20 -.02 .24 -16 -.04 .10 -19 -22 .02 1

AL .12 -20 .06 .00 .16 .04 .00 -.03 .09 .09 1

FOREST -.08 .23 -.13 -.06 -.15 .07 -.03 -.03 .00 -.28 -.61 1

VD o .19 -.04 -15 .19 -.08 -27 .20 .23 .10 -57 -13 .15 1

VD nin .52 -43 .07 .18 .05 -24 25 24 .01 -50 .00 .06 .79 1

VD jax -09 .29 -24 .12 -16 -20 .12 .12 .14 -47 -24 20 .88 .46 1

VD range .16 -59 .25 .05 -.04 -13 -07 .06 .09 .37 .00 -.18 -.16 -13 -17 1

PGA 5, -.24 20 .02 -22 -14 .13 .01 -22 -24 .46 .00 -22 -27 -45 -06 27 1

PGAyp -24 20 .02 -22 -14 .13 .02 -22 -25 .45 .00 -.22 -.27 -.45 -.06 .27 1.00 1

PGA,;s, -22 .21 .01 -25-16 .16 .02 -25 -31 .40 -.03 -.18 -.25 -43 -04 .22 .97 .98 1

PGAg;, -22 .22 .00 -.25 -.16 .16 .01 -.25 -31 .39 -02 -.19 -25 -43 -.03 .21 .96 .97 1.0 1

PGAyy5y -22 .20 .01 -.28 -.18 .19 -.04 -29 -31 .38 -03 -.16 -24 -42 -.03 20 .92 .93 .98 .99 1

PGA4g5, -22 .21 .01 -.28 -.18 .20 -.05 -.30 -31 .38 -.03 -.16 -.24 -41 -.03 .19 .92 .93 .98 .98 1.00 1

CSMy -15 .12 -14 -61 -45 .49 -27 -54 -32 .15 .00 -.06 -.04 -.18 .07 .11 .65 .66 .71 .71 .73 .73 1

CSM 4 -36 .24 -.03 -28 -.25 .21 -15 -30 .03 .51 .03 -19 -30 -56 -.05 .33 .84 .83 .79 .78 .76 .75 .59 1

CSM g -15 .12 -15 -62 -45 .49 -28 -54 -32 .15 .01 -06 -.04 -.17 .07 .11 .64 .65 .70 .70 .73 .73 1.00 .58 1

CSM 3 -36 .24 -02 -26 -.22 .20 -.14 -29 .04 .54 .04 -21 -33 -57 -.08 .33 .83 .81 .77 .77 .74 .73 .56 .99 .55 1

CSM g, -.38 .26 -.02 -31 -30 .24 -.17 -33 .00 .46 .00 -.16 -.28 -55 -02 .32 .84 .83 .80 .79 .77 .76 .63 .99 .62 .97 1

CSM 45 -31 .19 .03 -10 -.10 .06 -.06 -.18 .01 .57 .05 -22 -30 -53 -.07 .36 .80 .80 .76 .76 .74 .73 .51 .94 50 .94 .91 1

CSMgg -.38 .28 -.04 .00 -23 -07 .02 -07 .01 .32 -05 -12 -11 -47 .15 31 .74 .74 .71 .71 .68 .67 .46 .86 .44 .83 .87 .81 1

CSMyg, -12 .11 -.13 -.65 -44 53 -28 -57 -37 .14 .01 -.06 -.05 -.14 .05 .07 .61 .62 .67 .68 .70 .71 .99 .52 99 .49 .56 .45 36 1

SY -16 .19 .02 -32 -.19 .33 -28 -34 .10 .44 -06 -.09 -.30 -.40 -.15 .14 .35 .34 33 .33 .31 .29 .26 .44 .25 .44 43 35 .29 .23 1




FIGURE CAPTIONS

Fig. 1. Location of the 103 catchments in Italy with an average measured sediment yield (SY)
value, and for which the drainage area could be delineated accurately using GIS.

Fig. 2. Maps showing four of the included variables expressing tectonic and seismic activity
and location of the considered catchments (black lines; Fig. 1). (a) Contemporary vertical
displacement rate (VD), as estimated by Serpelloni et al. (2013). (b) Maximum expected Peak
Ground Acceleration (PGA) expected to occur with a recurrence of 475 years (PGAyzs;
SHARE, 2013). (c) Cumulative Seismic Moment (CSM) of all selected earthquakes with My
> 2, normalized for the timespan of the seismic record (CSMay, Section 2.1). (d) CSM of all
selected earthquakes with 2 < My < 4, normalized for the timespan of the seismic record
(CSMy.4, Section 2.1).

Fig. 3. Scatterplots between observed catchment sediment yield (SY) and four non-tectonic
characteristics (Table 1) for the selected 103 Italian catchments (Fig. 1). Regressions are
based on the best working fit. R? indicates the corresponding coefficient of determination. (a)
average catchment slope (Sag) Versus SY. (b) Estimated lithological susceptibility to
landsliding (L) versus SY. (c) Percentage of the catchment covered by forest (Forest) versus

SY. (d) Average air temperature (Tayg) Versus SY.

Fig. 4. Scatterplots between observed catchment sediment yield (SY) and four tectonic
characteristics for the selected 103 Italian catchments. See Table 1 for an explanation of the
variables. Regressions based on the best working fit. R? indicates the corresponding

coefficient of determination.

Fig. 5. Spearman rank coefficients between observed catchment sediment yields (SY) and
different measures of seismicity. (a) Correlation between SY and the average cumulative
seismic moment (CSM) in the 103 catchments (Fig. 1) for different earthquake magnitudes.
(b) Correlation between SY and the average estimated maximum peak ground acceleration
(PGA) expected to occur within the indicated recurrence interval. See Table 1 for an
explanation of the variables. Values are listed in Table 3.

Fig. 6. Boxplots showing the distribution of cumulative seismic moments caused by
earthquakes with (a) 2 < My < 4 (CSM,.4) and (b) 4 < My < 8 (CSM,.g) for all grid cells with
landslides (LS) and with no landslides (NLS) in specific lithological types (Table 2). Only
lithological types with at least 100 NLS and 100 LS grid cells are shown. A dark red box-plot

indicates that the median cumulative seismic moment for LS cells is significantly higher than



NLS cells (p < 0.05) according to a Wilcoxon rank sum test. A light blue boxplot indicates
that the median CSM value of NLS cells is significantly higher than that of LS cells
significantly (p < 0.05). White boxplots indicate no significant difference.

Fig. 7. Spearman rank correlation coefficients (a) between the estimated cumulative seismic
moments (CSM) and the fraction of each grid cell with mapped landslides (LF). Correlation
coefficients are calculated based on all grid cells of a lithological type (Table 2). Blue bars
show the correlation between LF and CSM for earthquakes with 2 < My < 4 (CSM,.4). Orange
bars show correlation between LF and CSM for earthquakes with 4 < My < 8 (CSM.g).
Hatched bars show correlations that are not significant (p > 0.05). (b) Corresponding partial

correlations after controlling for the average slope of each grid cell.
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Highlights

e Patterns of sediment yield and landslides across Italy are correlated to seismicity

e Correlations are much stronger for proxies relating to weak but frequent seismicity
e Seismic impacts on landslides seem to vary strongly between lithologies.

o Indirect seismic effects are likely more important than direct landslide triggering
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