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Abstract

While differences in catchment sediment yie®Y,([t km? y]) are generally attributed to
topography, lithology, climate and land use, recaties have highlighted that also seismic
activity may have an important impact 8. Nonetheless, relatively little is known about
the importance of this factor and the processesmadhanisms explaining its influence.
Therefore, this study explores the role of seisautivity in explaining spatial and temporal
variation in sediment export within the Siret BadRomania, 45000 km=2), a catchment with a
large variability in seismic activity.

Based on previously unpublished long-term (> 30rge&Y measurements for 38
subcatchments of the Siret, we analyze the comweldtetween averag8yY, seismic activity
and various other catchment characteristics. Osult® showed that spatial variation in
averageSY was indeed strongly correlated with the degreesetmic activity in each
catchment 2 = 0.74). Also catchment lithology explained anportant part of the
differences inSY (R2 = 0.67). The combination of these two factorsoaoted for about 80%
of the observed variation i8Y, while other factors (e.g. topography, land usenate, and
runoff) did not significantly contribute to the damed variance in averag.

To explore the impact of a specific earthquake ewensediment export, we analyzed daily
variations in suspended sediment concentratiori0adubcatchments, five years before and
after an earthquake dflw = 7.4 that affected the Vrancea region in 1977 tiggered a

substantial number of landslides. Only one catclinstiowed a clear (3-fold) increase in
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sediment concentrations at unit discharge. For dtieer nine catchments, no consistent
increase could be observed. This indicates thaipact of seismic activity on averaf¥ is

mainly indirect and not associated with sudden gaiisf sediments, caused by earthquake-
triggered landslides. Potential mechanisms thatdcewplain such indirect responses are

discussed.

Keywords: Sediment Yield; Lithology; Seismic activity; Eaginake-triggered landslides;

Event efficiency index; Sediment rating curve

1. Introduction

Predicting sediment export by rivers is important économical, ecological and geomorphic
reasons (e.g. Owens et al., 2005; Syvitski andimth, 2007). However, the factors that
control export rates are not yet fully understoblénce predictions of sediment export at
catchment scale are mainly based on empiricalioaektbetween measured sediment export
rates and factors describing the topography, littppl land use and climatic characteristics of
catchments (e.g. Merrit et al.,, 2003; de Vente Bogsen, 2005; de Vente et al.,, 2013).
Tectonic activity is generally not accounted for these models, as it is (often implicitly)
expected that eventual effects of tectonic actity erosion and sediment fluxes are
sufficiently represented by the topography of cateht (e.g. Milliman and Syvitski, 1992; de
Vente and Poesen, 2005; Syvitski and Milliman, 2@/ Vente et al., 2013).

A growing number of studies show that this assuompis not always justified. Spatial
variation in both longerm erosion rates (Portenga and Bierman, 2011)cantemporary
catchment sediment yieldSY( [t km? y] ) are often strongly correlated with the degrée o
seismic activity within the catchments, even inioeg with a relatively limited degree of
seismic activity (Dadson et al., 2003; Vanmaerckalg in press). Also after correcting for
auto-correlations between topography, seismic iégtiemains a significant predictor of
erosion rates oY (Portenga and Bierman, 2011; Vanmaercke et alpr@ss). Several
mechanisms may explain this effect. Earthquakes tmiggrer landslides, resulting in a direct
increase in sediment export (e.g. Keefer, 2002;sbacet al., 2004; Hovius et al., 2011).
Secondly, seismic activity may cause rock fractulesding to an increased susceptibility to
erosion (e.g. Molnar et al.,, 2007; Koons et al.120 Furthermore, the occurrence of
earthquakes is often correlated with tectonic yplifhich may result in river incision and
hence increased sediment output at the catchmatdg &=g. Whittaker et al., 2010; Larsen

and Montgomery, 2012).
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The relative importance of these different mechasisind the overall importance of seismic
activity for SY in general is currently poorly understood. Ouiighsin these matters can be
improved by detailed studies on the relationshipwvben seismic activity and sediment
export. However, few such studies are currentlyilabi® and either provide only a regional
analysis of the relationship between seismic agtigind averageSY (e.g. Portenga and
Bierman, 2011; Vanmaercke et al., in press) or $oamly on catchments with an
exceptionally high degree of seismic activity aadgé relief (i.e. mainly in Taiwan; e.g.
Dadson et al., 2003, 2004; Hovius et al., 2011;nduand Montgomery, 2012).

In a recent study, Hovius et al. (2011) explorez ¢ffects of théViw 7.6 Chi-Chi earthquake
in Taiwan on the sediment export by rivers neareihieentre. They observed that the period
after the earthquake was followed by a period dfaeiced mass wasting and fluvial sediment
evacuation. Sediment export peaked to more thamntiimes the background rate but returned
progressively to pre-earthquake levels in aboutysars (Hovius et al.,, 2011). However,
Huang and Montgomery (2012) argued that it is \dffycult to unambiguously relate these
increases in sediment export to earthquake-triggéaadslides, as also the occurrence of
typhoons or extreme rainfall events may providéaaigible explanation. They further suggest
that the earthquake had only a relatively limitatpact onSY of their studied catchment.
Higher sediment concentrations were only observwathg low-flow events but not during
higher flows (Huang and Montgomery, 2012). Studiegloring the effects of earthquake on
temporal changes i8Y for other regions are currently lacking.

This study therefore aims to better comprehendelationship between seismic activity and
SY and the mechanisms behind this relationship. Téiglone by investigating factors
controlling SY and the evolution of sediment export for catchrmewth different degrees of
seismic activity in and near the Vrancea regionnjBnia). The specific objectives are: (i) to
analyse the spatial correlation between averagehwent SY and seismic activity for
catchments in and near the Vrancea region; antb(gvaluate the potential effect of a large
(Mw = 7.4) earthquake on the temporal variation ofirmedt export for a number of

catchments at varying distances from the epicentre.

2. Study area

This study focuses on subcatchments of the Siet (45 000 km?; Fig. 1), which drains the
central and eastern part of the Eastern Carpathidastern Sub-Carpathians, Moldavian
Plateau and The Siret Lower Plain. The study asqzairt of the Alpine—Carpathian orogenic

belt, resulting from the convergence and collisibseveral micro-plates (Moesian-Valachian

3



Final version available at: http://www.sciencediream/science/article/pii/S0169555X14001937

micro-plate, Black Sea micro-plate, Inner Carpathmicro-plate) with the Eurasian plate
during the closure of the Tethys Ocean (Airinei/2P® The geological structures of this
region are the result of the subduction procesthefEast-European plate (Eurasian plate),
Moesian-Valachian micro-plate and Black Sea midedepunder the Inner Carpathian micro-
plate (Airinei, 1977; Sandulescu, 1984). After iecene, the subduction of the tectonic
plates mentioned above stopped, and only the B&e=k micro-plate continued to advance
under the Carpathians, being currently respondirethe tectonic activity in the South-
Eastern Carpathians (Radu, 1965; Sandulescu, 1984).

Part of the Siret basin (the ‘Vrancea region’) til sharacterized by important neo-tectonic
movements (Sandulescu, 1984) and is one of the saistically active regions of Europe
(Balan et. al., 1982; Constantinescu and Enes@h;18hedlock et al., 2000). During the last
decades, several major earthquakes have occurtédsinegion (Table 1). The mountainous
areas of this region are subjected to considergllé (2-4 mm y*; Balan et. al., 1982), while
the lower plains of the Siret, located at the assfice with the Danube, are affected by
subduction (Fig. 1; #dulescu, 1984). Also the west part of the Vranwgmon, the Barsei
depression, is affected by subduction. (-——2 to —# pr'; Airinei, 1977) and has been
subjected to several major earthquakes with a hadhof casualties and damage. The
epicenters of most of the earthquakes are confioedrelatively small region of 40x80 km
(Fig. 1) and are located at a depth of 60 to 18q®ncescu and Bonjer, 1997).

The Siret catchment is characterized by severhblbgical units (Fig. 1), ranging from
volcanic, crystalline and flysch mountains to Maskes (marls, gypsum, salt, clay shists, and
conglomerates) and Quaternary sediments (marlgy, dands, loess, sandstones, and
limestones) in the Sub-Carpathians, plateaus awthihal areas (Mutihac and lonesi, 1974;
Mutihac et al., 2004). Overall, relief within thatchment decreases from west to east and
from north to south. Altitude ranges between caad@ 2100 m a.s.l. Land use in the Siret
catchment is mixed. Agriculture is mainly practicad the plateaus and in the lowland areas
with a lithology of Molasse or Quaternary sedimenthe more mountainous areas with
flysch, volcanic and crystaline rocks are mainlsekied.

The climate of the catchment can be described ampdrate continental. Mean annual
precipitation in the catchment varies between 6% 200 mm in the mountainous areas and
380 and 600 mm in the plateau and lowland areasd(Sat al., 2008). However, average
precipitation is susceptible to very large intervaal variability. This is reflected in the river
discharges, with prolonged periods of low runoftlahe occurrence of large floods (e.g. in
2004, 2005, 2008 and 2010). Rainfall and runoffclitsges are also characterized by
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important seasonal variations: the largest floodnév generally occur during the summer
season (June—August) due to torrential rain. Alsgpiring, significant flood events may occur
as a result of snow melt in combination with heawainfall. However, these floods are
generally smaller than the summer floods (Diacanal.e 1970; Podani anda¥oianu, 1992;
Diaconu andserban, 1994; Mustea, 2005; Rdoane et al., 2007; Olariu et al., 2009; Obreja,
2012).

3. Materialsand methods

3.1. Sdlection of the subcatchments and sediment yield measuring procedure

In this study, 38 subcatchments of the Siret basere selected for which measured
suspended sediment export data were available €TaplFig. 1). Data from these 38
catchments were used because it was known thatrtimaiff and sediment discharge were not
significantly affected by reservoirs in their ugstm area and because they were monitored
practically at a daily basis for at least 30 yedise latter criterion was considered because
earlier studies showed that the reliability f measurements strongly depends on the
measurement frequency and length (e.g. Philligs.£1999; Moatar et al., 2006; Vanmaercke
et al., 2012). Hydrological and sediment export sneaments were conducted by the Siret
River Water Branch and Buzau-lalomita Water Brafioin the “Romanian Water” National
Administration, and retrieved from their databades. 33 of the considered catchments (1—
33, see Table 2), daily average runoff discharg@s[f? s']), and suspended sediment
concentration $C, [g I'']) data were available. For the five remaining batents (34—38,
see Table 2) only the long-term average runoff éRb, [mm y']) and SY values were
available to the authors.

For each catchmen@ was based on two runoff discharge observationsdpgrSSC was
measured at a flow proportional basis: at least fuspended sediment samples per month
were taken, while additional samples were takemyeday thatQ exceeded 1.25 times the
long-term average discharge. During large floodné&se&SSC samples were often taken at an
hourly basis. For days during which 83C-samples were takei®SC was estimated by a
linear time-based interpolation of the preceding &ilowing measure®SC values during
low runoff discharges. Overall these interpolaticare of little importance for the total
sediment export: less than 20% of the total sedinegport occurs during these low flow
discharges (Diaconu, 1971; Diaconu &®tban, 1994; Rdoane et al.,, 2007; Olariu et al.,
2009; Obreja, 2012). Averadg®r’ values were obtained by calculating the sedimepor: on

a daily basis and integrating all daily values otle whole measuring period (Table 2).
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Details on the measuring procedure can be foun®iatonu and kzarescu (1965) and
NIHWM (1997).

3.2. Analyzing the spatial variability of sediment yield

To address the first objective of this study, saveatchment characteristics were determined
for each catchment, describing the size, climabieditions, topography, lithology, land use
and degree of seismic activity. Most of these \deis were also used in previous studies
trying to identify factors controllingY (e.g. Montgomery and Brandon, 2002; Syvitski and
Milliman, 2007; de Vente et al., 2011; Vanmaerckeale in press). An overview of these
parameters is given in Table 3, whereas their walaeeach catchment are listed in Tables 2
and 4.

Based on these data, the potential importance tfheeent size, climate, topography,
lithology, land use and seismicity in explaininge tepatial variation in averaggy was
explored by means of correlation analysis. To aotéar potential inter-correlations between
these variables, partial correlation analyses vaée conducted. Partial correlation measures
the degree of association between two variables, the effect of other controlling variables
removed (Fisher, 1924; Steel and Torrie, 1960).uAss that we calculate the partial
correlation between variablés andB, after controlling for another variabl€, The partial
correlation is then calculated by calculating tberelation between the residue of a regression
betweenA andC and that betweeB andC. These residues represent the variatioA andB
that cannot be attributable @ (Fisher, 1924; Steel and Torrie, 1960; Vanmaegtkal., in
press).

To account for the order of magnitude variation3v (Table 2), correlation and partial
correlation analyses were conducted on the logardhlly transformedsY values. This is a
commonly used strategy for identifying factors colihg SY (e.g. Aalto et al., 2006; de
Vente et al., 2011; Vanmaercke et al., in pres&ewise, most of the considered catchment
characteristics were logarithmically transformed! doth the normal and log-transformed

values were considered in the (partial) correlatinalyses.

3.3. Temporal variation in sediment export

To assess the potential effect of a large earthewakthe sediment export of river systems
(i.e. the second objective of this study), we anedlythe temporal variation in sediment export
before and after the 1977 earthquakén(= 7.4, see Table 1) for ten of the 33 gauging
stations described in Section 3.1. The 1977 eaatkeywas considered because it was the
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strongest earthquake during the period of sedimgpbrt measurements. It is also known that
this earthquake triggered a large number of laddsli (Bilteanu, 1979). Moreover, a
sufficiently large number of runoff events occuiadhe studied catchments during the five
years after this earthquake event. This allowedogxyy the impact of this earthquake on
sediment export under a sufficiently large rangeusfoff conditions. The other two major
earthquakes (i.e. in 1986 and 1990; see Table djred during very dry periods. Very few
significant runoff events (i.e. with a runoff disthhe exceeding 1.25 times the long-term
average runoff discharge ar8BC being measured; see Section 3.1) occurred thes year
following these earthquakes. Moreover, no infororatabout the occurence of landslides
associated with these earthquakes was available.

The 10 selected catchments (i.e. Ciuruc, Tulnidigtd, Tulburea, Nereju, Gait, Valea
Uzului, Fetistrau, Brodina and Draga) are comparable in terms of lithology (mainly ey
and Molasse) and are generally relatively well $oed (Table 4; Fig. 1). Average distances of
these catchments to the epicenter of the 1977 paakie range between 16 km (Gaileand
258 km (Brodina).

Assessing the effect of an earthquake on the temhpariation in sediment export requires
that also variations in sediment export due to atimvariability (i.e. fluctuations in runoff
discharge) are taken into account. Hovius et 81112 did this by comparing sediment rating
curves before and after the ™av Chi-Chi earthquake. A sediment rating curve déssithe
relationship between the runoff discharge at a mimeoment Q) and the corresponding

suspended sediment concentrati88Q):
sc=aQ”> (1)

where a and b are the fitted coefficient and expboéthe rating curve. One can expect that
overall changes in sediment supply and transpaitdhe not due to short-term variations in
runoff discharge will be reflected as differenceghese fitted values for rating curves based
on observations made before and after the considesrthquake (Asselman, 2000;
Vanmaercke et al., 2010; Hovius et al., 2011)

In this study, a similar approach was followed. Each of the ten selected gauging stations,
rating curves in the form of Eq. (1) were fittedsbd on all available dailQ) andSSC values

up to five years before the earthquake. Thesegatiurves were then compared with that
based orQ and SSC data collected during the five years after théheprake. We used two
strategies to fit the curves. First, both the doefht and exponent of the rating curve were
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fitted to the observations. Alternatively, we alsited the equations by using the saime
exponent as that obtained for the five years bdfereearthquake and then only adaptingathe
coefficient. This approach was also followed by Hievet al. (2011). All rating curves were
fitted using a non-linear regression proceduresaaber studies demonstrated that this is most
likely the best procedure to obtain unbiased esémafSSC (Asselman, 2000; Vanmaercke
et al., 2010). The predictive power of each ratngve was assessed by means of the Nash
and Sutcliffe model efficiencyME; Nash and Sutcliffe, 1970).

A potential problem with the comparison of ratingrves is that these equations may be
strongly controlled by a few observations with apeigh Q and/orSSC (e.g. Walling, 1977,
Phillips et al., 1999; Vanmaercke et al., 2010).atoount for this, the potential impact of the
1977 earthquake on sediment transport was alsai@eal by means of the event efficiency
index EEI). EEl was proposed by Steegen et al. (2000) and suatlgasfed in other studies
aiming to study temporal variation in sediment exjge.g. Vanmaercke et al., 2010). Similar
to the rating curve£El compensates for the fact that variationS8¢ are partly controlled

by changes in runoff discharge (Steegen et alQ200

EEI = SSC/Q )

Using this formula, we calculateBEI for each significant runoff event for whicBSC
samples were taken (see section 3.1). For eveegtsel gauging station, the distribution of
EEI values from all events up to five years beforegdaghquake was compared with el
distributions of measured events following thetflts2 and 5 years after the earthquake. The
significance of observed differences was evalubtetheans of the non-parametric Wilcoxon
test (Wilcoxon, 1945).

4. Results

4.1. Spatial variation in sediment yield

Table 5 lists the Pearson correlation coefficiefrds betweenSY (Table 2) and all the
considered catchment characteristics (Table 4).alDfthese variablesPGA shows the
strongest correlation with the natural logarithm) (bf SY (Fig. 2a). Likewise, the other
measures of seismic activit{Eld and CMD) show somewhat weaker but clearly significant
correlations with IngY). Catchment lithology, expressed by thefactor, also correlates
strongly with SY (Table 5, Fig. 2b). Surprisingly, the average atrrunoff depth shows a
negative correlation wit®Y (Table 5, Fig. 2c). This is also the case forrtiean local relief
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of the catchments and the average catchment sl@ide( 5, Fig. 2d). Regarding land use the
fraction of arable land shows a significantly pwesitcorrelation withSY (Fig. 2e) whereas the
fraction of forest cover shows an insignificantretation (Table 5). Catchment area showed
no significant correlations witBY (Fig. 2f).

Several of the considered catchment characteriatszs correlate with each other (Table 5).
For examplePGA shows a negative correlation witiLR and average catchment slope. The
calculated. factor value shows a negative correlation with grpphy and the average runoff
depth, but a strong positive correlation WRGA and the fraction of arable land. These inter-
correlations make it difficult to clearly identifthe controlling factors oBY. However, a
better insight in their importance could be obtdirfeom the partial correlation analyses.
These analyses showed tiRGBA remains significantlyd = 0.05) partially correlated with
In(SY) after controlling for any variable related to egpaphy, lithology, land use, runoff or
climate. Likewise In() remained significantly partially correlated witim(SY) after
controlling for any factor describing the seismittivaty, topography, land use, runoff or
climate of the catchments. After controlling forthhaeismic activity PGA) and lithology )

no other considered variables showed a signifipantial correlation with IrfY). Based on
this information, a multiple regression model wiited that predictSY based on thé score
andPGA value of the catchment:

SYprea= 72.1x € %F% x L% (n = 38,Re= 0.80) (3)

This model explains about 80% of the observed tianan In(SY). All predicted values
deviate less than a factor 4 from their actual olesESY-value, whereas 84% (32 out of 38
predicted values) deviate less than a factor 2 tiweir corresponding observ& value (Fig.
3).

4.2. Temporal variation in sediment export

Table 6 lists the results of the fitted rating @ipquations (Eq. 1) and their corresponditig
values, while Fig. 4 gives a graphical overviewtloé fitted coefficient a and exponent b
values. These results show that, although sevéndleorating curves based on observations
after the 1977 earthquake have a higher a or besadloan the corresponding rating curve
before the earthquake, these changes are certaihBystematic present at all stations and for
all time periods. An increase in the coefficiensalso often compensated for by a decrease

in the exponent b and vice versa. Rating curveagusiie same exponent as before the
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earthquake have a somewhat lowdE. However, this decrease in predictive power is
generally very small (Table 6). Also these ratingves with a fixed exponent do not
systematically show higher a values after the gagdke (Fig. 4). This is further illustrated for
two stations in Fig. 5. At Nerejl§SC observations for a give® made two years after the
earthquake are generally higher than observatiaderfive years before the earthquake. This
is mainly reflected in a larger exponent b of tagng curve (Table 6). When the exponent b
is kept constant, this results in a ca. threefotit@ase in the coefficient a. At Tulnici, on the
other hand, the rating curve based @rand SSC observations made two years after the
earthquake is almost identical to the rating cupased on observations made before the
earthquake.

Fig. 6 shows the variability of the coefficient farating curves with a fixed exponent, derived
from all observations made in the five years betbeeearthquake (Table 6) based only on the
Q and SSC data of the indicated year. Hence, this graphcetds the intrinsic year-to-year
variability in the relationship between runoff disege and sediment concentrations. When
this variability is considered, only the Nereju dahents seem to show a clear (3-fold)
increase in the coefficient a after the earthqudda. the other catchments, no consistent
increase after the earthquake can be detected.

The results obtained from analyziidtl (Eg. 2) during important flood events are also not
consistent for all stations (Fig. BEI for flood events monitored during the first yediea
the earthquake are significantly larger than tHosiere the earthquake for five out of the 10
stations. Three other stations show an insignificacrease, whereas two show a significant
decrease ifEEl (Fig. 7). When a period of two years after thetheprake is considered, five
of the stations show a significant increase and amsggnificant decrease. After five years,

four stations show a significant increaseell whereas as many show a significant decrease
(Fig. 7).

5. Discussion

5.1. Factors controlling spatial variation in average catchment sediment yield

The results of our partial correlation analysesasttbthat spatial differences 8y are mainly
explained by differences in seismic activity (exga@d as?’GA) and lithology (expressed as
L) between the catchments (Table 5, Fig. 2). Theonapce of lithology in explaining
differences irSY is well known (e.g. Bruijnzeel, 2004 a80ane and Rloane, 2005; de Vente
et al., 2006; Aalto et al., 2006; Syvitski and Milan, 2007), whereas also a growing number
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of studies illustrate that seismic activity may é@avsignificant control on spatial variation in
SY (e.g. Dadson et al., 2003; Portenga and Bierm@t]l,2Vanmaercke et al., in press).
Nonetheless, the fact that these two factors adompéain ca. 80% of the observed variation in
mean annuabyY for the 38 studied catchments in the Siret bagamlwe considered surprising
(Fig. 3). For example, land cover is also commaejyorted to have an important control on
SY or long term erosion rates (e.g. Vanacker e8D;7; Portenga and Bierman, 2011; Nadal-
Romero et al., 2011). Also for the considered stdiwaents of the Siret basin, a significant
exponential relationship between the fraction adl#le Land AL) andSY was noted (Fig. 2e).
However, once correcting for the inter-correlatioetweenL and AL (Table 5), the partial
correlation betweeAL andSY became insignificant.

It should be noted that this does not necessardgmthat land use is of no importance for
sediment fluxes in the Siret basin. Firstly, thechenent number (38) is fairly low and most
likely insufficient to statistically differentiatéhe control of land use from the control of
lithology on SY. The fact thal. shows a much better correlation wilf (Fig. 2b) thanAL
(Fig. 2e) indicates that lithology is more impottéor explaining differences i8Y than land
use. However, this strong correlation betwkeandSY is most likely partly attributable to the
fact that catchments with erodible lithologies atso cultivated more intensely, whereas
catchments on hard volcanic and crystalline rocksnaainly forested. Secondly, whereas the
land cover data used in this study are represgatétr 1990 (EEA, 2010), the avera§¢
values used for this period generally cover a miodger time period (Table 2). Since the
1950s important land use changes have occurredhén Siret basin including both
reforestation and deforestationaf@®ane et al., 2013). For example, a comparisondsivthe
CORINE land cover data for subcatchments of thetSiasin indicated a decrease in forest
cover up to 5% between 1990 and 200&d@ane et al., 2013). As a result, the land cover
data used in this study are not entirely represiestdor the land use corresponding to the
averageSY values. A more detailed temporal analysis of clkang land cover and sediment
fluxes would probably indicate a significant impattiand use orsY. However, no historical
land use data were available that could allow suwdlyses. Nonetheless, our results indicate
that land use is only of secondary importance iplaring spatial variability inSY. This
corresponds with findings of other studies indimgitthat that land use changes have only a
modulating impact on river bed morphology of sel/&amanian rivers (e.g. #oane et al.,
2003, 2010, 2013; Pgriu and Rdoane, 2011).

Also the river discharge is commonly expected terexa control orSY (e.g. Syvitski and

Milliman, 2007), whereas in this study a countdr#tive negative trend between the average
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annual runoff depthRo) andSY was observed (Fig. 2c¢). This correlation becarsgmficant
after controlling for lithology, which shows a st positive correlation witlSY and a
negative correlation witiRo (Table 5). A lack of correlation betwees¥ and runoff or
precipitation depth was also reported in severdiegastudies (e.g. Aalto et al., 2006; de
Vente et al., 2011) and might be explained by #wt that often not the total average annual
rainfall or runoff depth but the magnitude and treqcy of floods have an important impact
on SY (e.g. Markus and Demissie 2006; Alexandrov et2dlQ7; Vanmaercke et al., 2010). To
further investigate the importance of floods foe tetudied catchments, we analyzed the
relationship betweesY and the total percentage of runoff discharge titaurs during the
largest floods, i.e. the highest 2% of all dailyotf observations\{y2, [%]). This measure
was also used in other studies focusing on theioakhip between the occurrence of floods
and sediment export (e.g. Moatar et al., 2006; Rengret al., 2013)Vw, was calculated for
the 33 catchments with daily runoff and sedimerscldarge observations available to the
authors (see Section 3.1) and showed indeed agstamelation with mean annud¥ (Fig.

8). This indicates that the occurrence of floodsynmaleed have a significant impact on
annualSY. However,Vy, also shows clear correlations with catchment ldbg: the highest
Vw2 values are observed in catchments with an erotithl@ogy of molasse or platform and
Quaternary sediments, whereas catchments withcamal and crystalline lithology generally
have a much loweYy, (Fig. 8). After correcting for lithologyL(), Vw2 no longer showed a
significant correlation witlgY (partialr = 0.24,p = 0.1866n = 33). It is therefore most likely
that the strong correlation observed in Fig. 8 btanpartly attributed to differences in
lithology. Likewise, the strong correlation betwdeandSY (Fig. 2b) is probably partly due
to the fact that catchments with more erodibleolitigies are also more susceptible to flood
events. In this context, it is important to point that the occurrence of floods most likely has
little impact on the observed correlation betweeismicity andSY. After correcting for both
Vw2 andL, PGA and InSY) remain significantly correlated (partiak= 0.57,p = 0.0008,n =
33). Likewise,Vy, remains significantly correlated with 8) after correcting forPGA
(partialr =0.47,p=0.0071n = 33).

Many studies have illustrated the importance obgwpphy in explaining spatial differences
in SY and longterm erosion rates (e.g. Milliman and Syvitski, 29%ontgomery and
Brandon, 2002; Syvitski and Milliman, 2007). Howeveurprisingly, none of the considered
topographic variables showed a meaningful cor@atiith SY. Both the average catchment
slope and Mean Local RelieM{LR) show negative correlations withand PGA (Table 5),

explaining their negative correlation wiBY (Fig. 2d). After controlling foL. andPGA, these
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measures no longer show a significant correlatigh ®Y. This lack of correlation may be
partly attributed to the fairly low number of obgations in these analyses (38 catchments),
the fact that only spatially lumped topographictéas were considered and the relatively
narrow range of topographic conditions of the stddcatchments (Table 4) compared to
global or continental-wide studies. Nonetheless,dbnsidered topographic variables concur
with those used in earlier studies reporting argfrtmpographic control o8Y (e.g. Milliman
and Syvitski, 1992; Montgomery and Brandon, 200&;itSki and Milliman, 2007; de Vente
et al.,, 2011; Vanmaercke et al., in press), whetkagopographic differences between the
studied catchments are also far from neglectdleR values range between 242 and 753 m
(Table 4), i.e. about 25% of the variationNiLR that occurs at a global scale (Montgomery
and Brandon, 2002). Our results therefore illusttht the impacts of tectonic activity such
as earthquakes and uplift on erosion rates, andsat fluxes are not always reflected in the
overall catchment topography and may even couritéhgcimpact of topography on these
fluxes. This finding concurs with those of sevesaldies (e.g. Montgomery and Brandon,
2002; DiBiasi et al., 2010; Portenga and Biermail 12 Vanmaercke et al., in press) and
imply that tectonic activity should be explicitlyomsidered when explaining spatial

differences irSY or long-term erosion rates.

5.2. Impact of climate and earthquakes on temporal variability in sediment export

Although our analyses show that seismic activitg haclear and significant impact on the
spatial variability of averagesY, our analyses of the temporal variability of seeinn
concentrations generally do not reveal an impa¢hef1977 earthquake. Whereas for some
catchments an increase in rating curve parameiatsd 6, Fig. 5) oEEI (Fig. 7) could be
observed in the years following this earthquakkeotatchments showed no such increase or
even a decrease. Moreover, the observed increasesitan only small and might also be
attributed to the intrinsic variability of the rétanship between runoff discharge and sediment
concentration (Fig. 6).

When this variability is taken into account, mokthe considered catchments do not show a
convincing response to the 1977 earthquake in tefrsediment export. Only for the Nereju
catchment, a clear and consistent threefold inereashe coefficient a can be observed after
the 1977 earthquake (Figs. 4, 5 and 6). Also im$eof EEI, Nereju showed a consistent and
significant increase compared to the five yearsteethe earthquake (Fig. 7). This catchment
was located very close to epicenter of the eartkegig. 1). Since damage reports indicate

that the impacts of the 1977 earthquake mainly wedusouth of the epicenter (Oncescu and
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Bonjer, 1997), Nereju was probably the catchmetit ie largest ground acceleration due to
the earthquake. It is therefore likely that theesled increases in rating curve coefficients
andEEI for this catchment are indeed due to the 197 heaske.

It should be noted that, whereas both the methambwiparing fitted rating curve parameters
and comparindeEl values (Section 3.3) to correct (to some extamt}He fact that variability

in SC is partly controlled by variability in runoff diearge, these methods cannot provide a
full correction because day to day variability38C is often very high and related to specific
weather and catchment conditions (e.g. AsselmafQ;20anmaercke et al., 2010). For
example, part of the variability IBEI or fitted rating curve parameters might be atteluto
differences in timing and magnitude of specificatirevents. Differences in flood magnitude
are also indicated by the fact that the contributd large runoff events to the annual runoff
discharge, expressed as tiig,, clearly varies between the considered period®I€Ta).
Nonetheless, differences Wy, did not directly explain the observed differenae<€El or
rating curve coefficients before and after theleraike. In this context, it may also be argued
that the 1977 earthquake caused only a short lguifisent increase in sediment export
directly after the earthquake and that this inaeasaveraged out in our analyses because we
only considered periods of at least one year. Hewealso the daily evolution &El, SSC
and sediment export in the months after the eadkewas carefully checked and no clear
sediment pulses could be identified that could umgaously be attributed to the earthquake.
Our results therefore mainly illustrate that ivesy difficult to disentangle the impact of large
earthquake events from the impact of other factoas control the temporal variability of
sediment export such as the occurrence and magnatiflood events and land use. This
concurs with the findings of Lin J.-C. et al. (20@&d Huang and Montgomery (2012) who
concluded that it is very hard to distinguish thgact of the 1999 Chi-Chi earthquake on

sediment export from the impact of subsequent tains following this earthquake.

5.3. Mechanisms behind a seismic impact on catchment sediment yield

5.3.1. Landslides triggered by the 1977 earthquake

Although complete inventories of the landslides seal by the 1977 earthquake are
unavailable, it is clear that this event triggeeedlery substantial number of landslides. For
example, Blteanu (1979) mapped the landslides before and #fee 1977 earthquake in a

small region close to the epicenter and reportetbZ8D-fold increases in landsliding due to
this event. Compiling earlier studies on earthqtiaiggiered landslides worldwide, Keefer

(2002) reported a relationship between the magaitfdan earthquake and the area affected
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by landslides. Likewise, based on 16 earthquakesvfoch complete landslide inventories
were available, Malamud et al. (2004) proposedatiomship between earthquake magnitude
and the volume of sediments generated by earthemigiered landslides. The application of
these relationships to the 7Mw earthquake of 1977, indicates that this earthquaked
have generated ca. 1.77%1@3 of landslide material over an area of 8710 kiw$suming a
relatively conservative dry bulk density of 1.5 ©nthis corresponds to a mean value of
3.05x10d t km. Hence, the pulse of sediments that could have béggered by the 1977
earthquake was about 17 times larger than the $iigbbserved annual catchme®Y
considered in this study (i.e. Jté catchment, 1784 t Kkfy"; Table 2). Despite their
inevitable uncertainties, these calculations cleexdlicate that the 1977 earthquake was large
enough to cause a major pulse of landslides thngally affected the sediment export of
the studied river systems.

The results of this study therefore lead to twoontignt questions. Firstly: why does such a
significant landslide-causing earthquake event havelearly distinguishable impact on the
suspended sediment export in the years after tl@st@ Secondly: if major earthquakes like
the one of 1977 have no clear impact on the tenhp@mability of suspended sediment
export, why do we observe such a strong spatiakl@ions between seismic activity and

long-term averag8&Y?

5.3.2 Why do landslide-causing earthquakes not necessarily affect short-term suspended
sediment export?

Regarding the first question noted in the previsestion, several reasons may explain why
suspended sediment export is not affected by laggéhquake-triggered landslide events.
Firstly, earlier studies indicated the importanéeannectivity when assessing the impact of
landslides on sediment fluxes (e.g. de Vente et2806; Cavalli et al., 2013). Overall, for
only a fraction of the earthquake-triggered lardksdi the runout zone will reach the river
system. As a result, only part of the producedmedis will be available for sediment export.
Assessing the sediment delivery of landslides\ters remains a major challenge. However,
some studies suggest that often only a small traaif the landslides will directly contribute
to the catchment sediment export (e.g. de Vensd. eP006; Borselli et al., 2008; Cavalli et
al., 2013). Earlier studies also indicated thatheprake-triggered landslides are often located
higher on hillslopes, and hence further away frém tiver channel, compared to rainfall-

triggered landslides (Densmore and Hovius, 2000umier et al., 2008). Hence, the
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contribution of earthquake-triggered landslidessemliment export might overall be even
smaller than for rainfall-triggered landslides.

Secondly, it should be noted that this study ordysidered suspended sediment export,
whereas many earthquake-triggered landslides ofi@nly consist of coarser sediments, i.e.
gravel and boulders (e.g. Keefer, 2002). Henceh dandslides may have only a limited
direct impact on the suspended sediment load, eWvethey reach the river system.
Nonetheless, they may have a significant and lasgHdg impact on the bedload transport of
the river. Earlier studies showed that large eardkg-triggered landslide events can choke
river systems with coarse sediments. Evacuatingetsediments may require decades or even
centuries (Pearce and Watson, 1986; Yanites e2@L0Q, 2011). The studied earthquake of
1977 (Table 1; Fig. 1) may have had a similar inigac the rivers in the Vrancea region.
Whereas most rivers in the Siret basin show a todrakgradation over the last decades, the
higher reaches of the Putna river, which are |latatese to the epicenter (Table 2, Fig. 1),
show a clear aggradation gane et al., 2013). This aggradation was espgaalparent
between 1975 and 1985 (i.e. the decade of the é8itfiquake) and are most likely not linked
to land use changes, since significant reforestatiook place in this catchment during the
last decades @oane et al., 2013).

A third reason explaining why the 1977 earthquale ribt cause a sudden increase in
suspended sediment export may be the occurrendelays between the earthquake and its
associated landslides. Earlier studies reported thadslides associated with a large
earthquake event can occur months after the aemrdhquake and may be triggered by a
rainfall event or a smaller earthquake (e.g. Kee2802; Hovius et al., 2011; Parker, 2013).
As a result, the actual triggering mechanism otisdides is difficult to identify (e.g. Huang
and Montgomery, 2012). Likewise, Lin J.-C. et @0@6) demonstrated that the spatial extent
of landslides triggered by an earthquake can sotially increase by rainfall events after the

earthquake, leading to a gradual rather than aesuihdrease in suspended sediment export.

5.3.3. Why do earthquakes affect long-term average suspended sediment yield

The last reason written in the previous section al®vides a potential answer to our second
question. The occurrence of earthquakes in thed#amnegion (Fig. 1) not necessarily results
in clear and distinct landslide events that caudegs in sediment export, but more likely in

an overall higher supply of sediments due to maasting. Based on a review of studied

earthquake-triggered landslide events, Malamud let(2004) indicate that earthquake-

triggered mass movements may occur from earthquaitedviw > 4. Such earthquakes occur
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frequently in the Vrancea regiom € 530 between 1900 and 1977; NIEP, 2012). Also a
nation-wide analysis of landslides in Romania sttt the Vrancea region is overall very
susceptible to landsliding due to its overall higite of seismic activity (Bteanu et al.,
2010). This, in combination with the possibilityathlandslides are not always triggered
directly by the earthquake, may help explaining whgg-term averagesY is strongly
correlated with seismic activity (Fig. 2a) whilenaajor earthquake event shows no clearly
identifiable impact on the temporal variability sgdiment export.

This may also potentially explain why several catehts close to the epicenter showed no
significant increase i&El after the 1977 earthquake, while catchments fudlay did (Fig.

7). The epicenter of this earthquake fell in tharhef the Vrancea region, where earthquakes
and landslides occur very frequently (Fig. BjtBanu et al., 2010). Hence, it can be expected
that sediment supply due to landslides is alreay figh in this region and that the relative
increase in sediment supply to the river systemtdube 1977 earthquake was only limited.
This is also indicated by the fact that catchmeitdse to the epicenter generally have much
higher EEI values compared to the catchments in the Nortth@fSiret basin (Fig. 7). The
latter catchments are generally much less susdeptib earthquake-triggered landsliding
(Balteanu et al., 2010). However, according to an ewcglirelationship proposed by Keefer
(2002), the 7.Mw earthquake of 1977 could have easily triggereddites up to 300 km
away from the epicenter. Hence, it is possible thatsignificant increase iBEI in these
catchments is indeed due to the contribution ofistides triggered by the 1977 earthquake
(Fig. 7). Nonetheless, it should be stressed thatexplanation remains highly uncertain. As
we discussed in Section 5.2, variations in theticiahip betweerQ and SSC show an
important intrinsic variability (Fig. 6). The cawsse®f these variations are often linked to
specific catchments and weather conditions butcareently impossible to identify. As a
result, the observed changes HiEl may also be related to other reasons such as the
occurrence of specific flood events.

There are additional reasons why earthquake-treghdandslides may affect long-term
averageSY but are not necessarily reflected in the tempeaaahtions in sediment export. For
example, areas that are affected by recent lardstice often devoid of vegetation, located on
steep slopes and therefore prone to various otla¢erverosion processes. Lin W.-T. et al.
(2006) report six-fold increases in sheet and aflbsion rates due to this effect. As the
vegetation recovery of landslide-affected areasrofequires several years (Lin W.-T. et al.,
2006), this increased susceptibility to water emsprocesses may lead to an increase in

averageSY. Furthermore, whereas the input of coarse sedsngmt. gravel and boulders)
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from earthquake-triggered landslides may not hawmeimamediate impact on suspended
sediment export, the abrasion of these sedimengstdutheir transportation as bedload
(Parker, 1991) may also contribute to the suspesdddnent load over longer time periods.
Likewise, earthquake-triggered landslides can damers and temporarily prevent fine
fractions of sediments from directly contributing the suspended sediment export (Pearce
and Watson, 1986).

Finally, it should be acknowledged that, apart frearthquake-triggered landsliding, other
processes may contribute to the observed strongelabon between seismic activity and
averageSY (Fig. 2a). As indicated in the introduction, tegtomovements associated with
earthquakes can result in river incision and, hemoereased sediment export rates (e.qg.
Whittaker et al., 2010; Larsen and Montgomery, 30Y2nites et al. (2010) indicate that also
at the time scale of contempora&y measurements (i.e. decades), these incision catebe
considerable. Likewise, tectonic activity often uks in significant rock fracturing while
spatial patterns of these fractures can often peca®d to be strongly correlated with patterns
of seismic activity (Molnar et al., 2007). Variogtudies clearly indicate that the occurrence
of such seismic fractures can have a strong, aftelerestimated, effect on weathering rates
and can therefore increase the susceptibility efrtitks to various erosion processes (e.g.
Molnar et al., 2007; Cox et al., 2010; Clarke anglnk, 2011; Koons et al., 2012). Hence,
the strong observed correlation betwé&ynand seismic activity may also be partly attributed
to spatial differences in rock weathering and dsibitly within the Siret basin.

It should also be noted that these different pdésskplanations may reinforce each other. For
example, both river incision and seismic rock fugicty may lead to an increased
susceptibility to earthquake-triggered landslid{egy. Clarke and Burbank, 2011; Larsen and
Montgomery, 2012). Overall, the importance of theliferent mechanisms and their
potential interactions are currently poorly undeost (e.g. Molnar et al., 2007; Egholm et al.,

2013; Vanmaercke et al., in press).

6. Conclusions

This study demonstrated that differences in aveeagrial catchment sediment yielsy) in

the Siret basin are mainly explained by the oveatatiree of seismic activity (expressed as
PGA) and the catchment lithologl?GA alone explained 74% of the observed variatioBYin
(Fig. 2a), while also considering lithology resdlti@ an explained variance of 80% (Fig. 3).
Other factors (e.g. topography, runoff and land) ud not significantly contribute to the

explained variance. Evidently these results shbalthterpreted with caution, since they were
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based on the analyses of a fairly limited numbezadéhmentsr(= 38) in one specific region,
that represented important differences in seismtovity. Nonetheless, they illustrate that
seismic activity may exert a more important impact SY than other factors that are
commonly considered to have a dominant impact adinsmt fluxes, i.e. land use and
topography. Recent studies highlighted that, bexafigheir vast extent, areas with a low to
moderate topography have a dominant impact on tbkalysediment flux to the ocean
(Willenbring et al., 2013; Kirchner and Ferrier,13). Nonetheless, explaining the observed
variation in denudation rates for these regionserily remains very difficult. As this study
demonstrates, seismic activity may be an imporanthitherto rarely considered factor in
explaining this variation.

Secondly, we explored the impact of a large eadhglevent on the temporal variability of
sediment export. Based on earlier research (Hoeiusl.,, 2011), it was expected that
earthquakeriggered landslides would result in an increasedirsent transport in the years
after the earthquake. Although the Rl earthquake of 1977 caused a significant number of
landslides, nine out of ten studied rivers showedclear increase in suspended sediment
export after the earthquake. This mainly illustsateat the response of a catchment to an
earthquake may be complex and remains difficutrealict.

Whereas seismic activity was found to have a dontimapact on the spatial variability of
averageSY over decadal time scales, temporal variationseglinsent export at shorter time
scales (< 5 yr) seem, to a large extent, to beralbed by other factors. This could indicate
that earthquake-triggered landslides may afctainly in an indirect way, or that observed
correlations betweeBY and seismic activity are (partly) affected by otheocesses such as
tectonic uplift and rock fracturing than earthquaikggered landsliding.

Several mechanisms that may explain the apparsategiancy between spatial and temporal

variation in sediment export are discussed and gu&de further research.

Acknowledgments

F. Obreja was financially supported within the pabjentitled “Doctorate: an Attractive
Research Career”, contract number POSDRU/107/7B286, co-financed by European
Social Fund through Sectorial Operational Prograrfonéluman Resources Development
2007-2013. M. Vanmaercke acknowledges his postdalctesearch grant from the Research
Foundation Flanders (FWO), Brussels, Belgium. Wknawledge Christopher J. Thompson

and an anonymous reviewer for their constructivaroents.

19



Final version available at: http://www.sciencediream/science/article/pii/S0169555X14001937

References

Aalto, R., Dunne, T., Guyot, J., 2006. Geomorphianttols on Andean Denudation Rates. The
Journal of Geology 114, 85-99.

Airinei, S., 1977. Microgici litosferice pe teritoriul Roméaniei, SC GGG, seBeologie, 15.

Alexandrov, Y., Laronne, J.B., Reid, 1., 2007. favent and inter-seasonal behaviour of suspended
sediment in flash floods of the semi-arid northiegev, Israel. Geomorphology 85, 85-97.

Asselman, N., 2000. Fitting and interpretation eflimment rating curves. Journal of Hydrolgy 234,
228-248.

Balan, S., Cristescu, V., Cornea, |., 1982. Cutmeinde gmant din Romania de la 4 martie 1977,
Editura Academiei. Bucugt.

Balteanu, D., 1979. Procese de modelare a vélsadeclagate de cutremurul din 4 martie 1977 in
Carpaii si Subcarpéi Buzaului, SC GGG, seria Geografie, t.26, Bugtire

Balteanu, D., Chendes, V., Sima, M., Enciu, P., 2@ @ountry-wide spatial assessment of landslide
susceptibility in Romania, Geomorphology 124, 102-1

Borselli, L., Cassi, P., Torri, D., 2008. Prolegoraeto sediment and flow connectivity in the
landscape: a GIS and field numerical assessmet@n&as, 268-277.

Bruijnzeel, L.A., 2004. Hydrological functions afopical forests: not seeing the soil for the trees?
Agriculture, Ecosystems and Environment 104, 188-22

Cavalli, M., Trevisani, S., Comiti, F., Marchi, L2013. Geomorphometric assessment of spatial
sediment connectivity in small Alpine catchmenteo@orphology 188, 31-41.

CGIAR, 2008. SRTM 90 m Digital Elevation Data. Akadale online: http: //srtm.csi.cgiar.org/ (last
accessed: 20 July 2013).

Clarke, B.A., Burbank, D.W., 2011. Quantifying beck - fracture patterns within the shallow
subsurface: Implications for rock mass strengtkydek landslides, and erodibility. Journal of
Geophysical Research 116, F04009, doi:10.1029/F0NND87.

Constantinescu, L., Marza, V.l.,, 1980. A computempiled and computer-oriented catalogue of
Romania’s earthquakes during a millennium (AD 9824), Rev. Roum. Geophys. 24, 193-
234,

Constantinescu, L., Enescu, D., 1985. CutremuréieMilancea n cadrugtiintific si tehnologic.
Editura Academiei. Bucuresti.

Cox, R., Zentner, D.B., Rakotondrazafy, A.M.F., &manamparany, C.F., 2010. Shakedown in
Madagascar: Occurrence of lavakas (erosional glllessociated with seismic activity.
Geology 38, 179-182.

Dadson, S.J., Hovius, N., Chen, H., Dade, W.B.eghlsM-L., Willet, S.D., Hu, J-C., Horng, M-J.,
Chen, M-C., Stark, C.P., Lague, D., Lin, J-C., 2008ks between erosion, runoff variability
and seismicity in the Taiwan orogen. Nature 42@-681.

Dadson, S., Hovius, N., Chen, H., Dade, W., Lin,Hbu, M., Lin, C., Ming-Jame, H., Chen, T.,
Milliman, J., Stark, C., 2004. Earthquake-triggeliadrease in sediment delivery from an
active mountain belt. Geology 32, 733-736.

Densmore, A.L., Hovius, N., 2000. Topographic firments of bedrock landslides. Geology 28, 371-
374.

de Vente, J., Poesen, J., 2005. Predicting sofli@ioand sediment yield at the basin scale: Scale
issues and semi-quantitative models. Earth-SciBesgews 71, 95-125.

20



Final version available at: http://www.sciencediream/science/article/pii/S0169555X14001937

de Vente, J., Poesen, J., Bazzoffi, P., Van Rompagyerstraeten, G., 2006. Predicting catchment
sediment yield in Mediterranean environments: thgpdrtance of sediment sources and
connectivity in ltalian drainage basins. Earth Scef Processes and Landforms 31, 1017-
1034.

de Vente, J., Verduyn, R., Verstraeten, G., VanokaerM., Poesen, J., 2011. Factors controlling
sediment yield at the catchment scale in NW Meditegan geoecosystems. Journal of Soils
and Sediments 11, 690-707.

de Vente, J., Poesen, J., Verstraeten, G., GoBer¥anmaercke, M., Van Rompaey, A., Arabkhedri,
M., Boix-Fayos, C., 2013. Predicting soil erosiawl aediment yield at regional scales: where
do we stand7Earth-Science Reviews 127, 16-29.

Diaconu, C., zarescu, D., 1965. Hidrologie. Editura Didaéti¢ Pedagogig, Bucurati.

Diaconu, C., hzirescu, D., Mociorna, C., 1970. Aspecte hidrologice ale viiturilor peele rauri
interioare din prirdvara anului 197CHidrotehnica, nr. 12, Bucust.

Diaconu, C., 1971. Probleme ale scurgerii aluvamile raurile din Romani&t. de Hidrologie, XXX,
IMH Bucuresti.

Diaconu, C., Serban, P., 1994. Synthesis and Hyditdl Regionalizations. Editura Tehnica,
Bucuresti, 388 pp.

DiBiasi, R., Whipple, K., Heisath, A., Ouimet, V2010. Landscape form and millennial erosion rates
in the San Gabriel Mountains, CA. Earth and Plagebaience Letters 289, 134-144.

EEA, 2010. Corine Land Cover 1990 raster data sigar 13 (02/2010). Available online: http:
/lwww.eea.europa.eu/data-and-maps/data/corinedandr-1990-raster (last accessed: 15
July 2013).

Egholm, D.L., Knudsen, M.F., Sandford, M., 2013ekpan of mountain ranges scaled by feedbacks
between landsliding and erosion by rivers. Nat@®, 475-478.

Fisher, R.A., 1924. The distribution of the partatrelation coefficient. Metron 3, 329-332.
Geological Institute of Romania, 1960. Geologicapgwf Romania, Scale 1/25000.

Hovius, N., Meunier, P., Ching-Weei, L., Hongey, Que-Gau, C., Dadson, S., Ming-Jame, H.,
Lines, M., 2011. Prolonged seismically induced emsand the mass balance of a large
earthquake. Earth and Planetary Science Letters32304-355.

Huang, M.Y.F., Montgomery, D.R., 2012. Fluvial remspe to rapid episodic erosion by earthquake
and typhoons, Tachia River, central Taiwan. Geomalggy 175/176, 126-138.

NIHWM, 1997. Instructions for hydrological statiom®d services. Water and sediment discharge.
Instruction manual by the National Institute of Hyldgy and Water Management, Bucharest.

Keefer, D.K., 2002. Investigating landslides caubgdearthquakes—a historical review. Surveys in
Geophysics 23, 473-510.

Kirchner, J.W., Ferrier, K.L., 2013. Mainly in tipéain. Nature 495, 318-319.

Koons, P.O., Upton, P., Barker, A.D., 2012. Thduiefice of mechanical properties on the link
between tectonic and topographic evolution. Geoluiqgy 137, 168-180.

Larsen, 1.J., Montgomery, D.R., 2012. Landslidesamo coupled to tectonics and river incision.
Nature Geoscience 5, 468-473.

Lin, J.-C., Petley, D., Jen, C.-H., Koh, A., Hsu,-M, 2006. Slope movements in a dynamic
environment — A case study of Tachia River, Cenli@lvan. Quaternary International 147,
103-112.

21



Final version available at: http://www.sciencediream/science/article/pii/S0169555X14001937

Lin, W.-T., Lin, C.-Y., Choun W.-C., 2006. Assessth®f vegetation recovery and soil erosion at
landslides caused by a catastrophic earthquakeasa study in Central Taiwan. Ecological
Engineering 28, 79-89.

Lungu, D., Arion, C., Aldea, A., Vacareanu, R., 20Reprezentation of seismic action in the new
Romanian code for design of earthquake resistaildibgs P100-2003. 13th World
Conference on Earthquake Engineering Vancouver,, B&hada August 1-6, 2004 Paper No.
1796.

Malamud, B.D., Turcotte, D.L., Guzzetti, F., Reiohach, P., 2004. Landslides, earthquakes, and
erosion. Earth and Planetary Science Letters 22894

Markus, M., Demissie, M., 2006. Predictability efraal sediment loads based on flood events. Jour.
Hydraul. Eng. 11, 354-361.

Merritt, W., Letcher, R., Jakeman, A., 2003. A mwiof erosion and sediment transport models.
Environ Model Softw 18, 761-799.

Meunier, P., Hovius, N., Haines, J.A., 2008. Toppdic site effects and the location of earthquake
induced landslides. Earth and Planetary Sciendetlse?75, 221-232.

Milliman, J.D., Syvitski, J.P.M., 1992. Geomorpfiettonic Control of Sediment Discharge to the
Ocean: The Importance of Small Mountainous RivEng Journal of Geology 100, 525-544.

Moatar, F., Person, G., Meybeck, M., Coynel, Agheber, H., Crouzet, P., 2006. The influence of
contrasting suspended particulate matter trangpgitnes on the bias and precision of flux
estimates. Science of the Total Environment 376;531.

Molnar, P., Anderson, R.S., Anderson, S.P., 20@ttdnics, fracturing of rock, and erosion. Journal
of Geophysical Research 112, F03014, doi: 10.10@2%2F000433.

Montgomery, D.R., Brandon, M.T., 2002. Topograptoatrols on erosion rates in tectonically active
mountain ranges. Earth and Planetary Science E&xt#r, 481-489.

Mustitea, A., 2005. Viituri excegfpnale pe teritoriul Roméaniei. NIHWM, Bucute
Mutihac V., lonesi L., 1974. Geologia Romaniei, . Kfiintifica, Bucureti.

Mutihac, V., Stratulat M.1., Fechet R.M., 2004. Gepa Romaniei. Editura Didactica si Pedagogica,
R.A.

Nadal-Romero, E., Martinez Murillo, J., Vanmaercké, Poesen, J., 2011. Scale-dependency of
sediment yield from badland areas in Mediterraneavironments. Prog. Phys. Geog. 35,
297-332.

Nash, J.E., Sutcliffe, J.V., 1970. River flow foamsting through conceptual models part |—a
discussion of principles. Journal of Hydrology 282—-290.

NIEP (National Institute for Earth Physics, Romani2a012. Romplus Catalogue, 2012. Available
online: http://www.infp.ro/catalog-seismic/evenimente.

New, M., Lister, D., Hulme, M., Makin, ., 2002. Bigh-resolution data set of surface climate over
global land areas. Climate Research 21, 1-25.

Obreja, F., 2012. The Sediment Transport of thetS®iver during the Floods from 2010, Forum
geographic. Studi§i cercetiri de geografiesi protegia mediului, Volume XI, Issue 1 (June
2012), pp. 90-99.

Olariu, P., Obreja, F., Obreja, 1., 2009. Uneleeasp privind tranzitul de aluviuni din bazinul
hidrografic Troty si de pe sectorul inferior al rului Siret Tn tinhmiiturilor excegionale din
anii 1991si 2005. Analele Univerditii , Stefan cel Mare” Suceava, Sectiunea Geografie anul
XVIIL.

Oncescu, M.C., Bonjer, K.P., 1997. A note on thetlderecurrence and strain release of large
intermediate Vrancea earthquakes. TectonophysizsZ81-302.

22



Final version available at: http://www.sciencediream/science/article/pii/S0169555X14001937

Oncescy M.C., Marza V.l., Rizescy M., Pop M., 1999. The Romanian earthquake catalogue
between 984-1997. In: F. Wenzel and D. Lungu (Ed€Jntributions from the First
International Workshop on Vrancea Earthquakes, Bregt, Romania, November 1-4, 1997,
Kluwer Academic Publishers, 43-48.

Owens, P.N., Batalla, R.J., Collins, A.J., Gomez, Hicks, D.M., Horowitz, A.J., Kondolf, G.M.,
Marden, M., Page, M.J., Peacock, D.H., Petticred,, Salomons, W., Trustrum, N.A., 2005.
Fine-grained sediment in River Systems: environalesignificance and management issues.
River Research and Applications 21, 693-717.

Parker, G., 1991. Selective Sortain and AbrasioRieér Gravel. I: Theory. Jour. Hydraul. Eng. 117,
131-147.

Parker, N.V., 2013. Hillslope memory and spatiadl &aemporal distributions of earthquake-induced
landslides. Durham theses, Durham University. Aaldé at Durham E-Theses Online:
http://etheses.dur.ac.uk/7761.

Pearce, A.J., Watson, A.J., 1986. Effects of eadkg-induced landslides on sediment budget and
transport over a 50-yr period. Geology 14, 52-55.

Pegoiu, I., Ridoane, M., 2011. Spatial and temporal controls istotical channel responses — study
of an atypical case: SoseMic River, Romania. Earth Surface Landforms anocBsses 36,
1391-14009.

Phillips, J., Webb, B., Walling, D., Leeks, G., 89&stimating the suspended sediment loads ofsiver
in the LOIS study area using infrequent samplesirblpgical Processes 13, 1035-1050.

Portenga, E.W., Bierman, P.R., 2011. UnderstanBiagh’s eroding surface witlfBe. GSA Today
24, doi: 10.1130/G111A.1.

Podani, M., Zvoianu, ., 1992. Cauzekg efectele inundgilor produse in luna iulie 1991 in Moldova.
Studiisi Cerceliri de Geografie XXXIX, Bucurgi.

Radoane, M., Rdoane, N., 2005. Dams, sediment sources and résesiiiing in Romania.
Geomorphology 71, 112 — 125.

Radoane, M., Rdoane, N., Dumitriu, D., 2003. Geomorphological lation of longitudinal river
profiles in the Carpathians. Geomorphology 50, 208.

Radoane, M., Pandi, G.,aoane, N., 2010. Contemporary bed elevation chafiges the Eastern
Carpathians. Carpathian Journal of Earth and Enmenmtal Sciences 5, 49-60.

Radoane, M., Obreja, F., Cristea, I., Mil&@iD., 2013. Changes in the channel-bed level ottdstern
Carpathian rivers: climatic vs. human control othex last 50 years. Geomorphology 193, 91-
111.

Radoane, N., Rdoane, M., Olariu, P., Dumitriu, D., 2007. Efectgieomorfologice ale inungdor
din 28-29 iulie 2004 Tn bazine hidrografice mian dfalea Trotgului. Geografia in contextul
dezvoltrii durabile, UniversitateéBabe-Bolyai”Cluj-Napoca.

Radu, C., 1965. Regimul seismic al regiunii Vran@&@ GGG, Seria Geografie, 3,2.

Raymond, S., Moatar, F., Meybeck, M., Bustillo, ¥013. Choosing methods for estimating dissolved
and particulate riverine fluxes from monthly samgli Hydrological Sciences Journal 58,
1326-1339.

Sandu, |., Pescaru V.l., Poiana I., 2008. Clima Ruigi. Editura Academiei Romane, Buaitre
Sandulescu, M., 1984. Geotectonica Romaniei, Ed. itdhBucurati.

Shedlock, K., Giardini, D., Grunthal, G., Zhang, 2000. The GSHAP Global Seismic Hazard Map.
Seismological Research Letters 71, 679-686.

23



Final version available at: http://www.sciencediream/science/article/pii/S0169555X14001937

Steegen, A., Govers, G., Nachtergaele, J., TakkemBeuselinck, L., Poesen, J., 2000. Sediment
export by water from an agricultural catchment ire tLoam Belt of central Belgium.
Geomorphology 33, 25-36.

Steel, R.G.D., Torrie, J.H., 1960. Principles amdcBdures of Statistics. McGraw-Hill, New York,
672 pp.

Syvitski, J.P.M., Milliman, J., 2007. Geology, Geaghy, and Humans Battle for Dominance over the
Delivery of Fluvial Sediment to the Coastal OceBme Journal of Geology 115, 1-19.

Vanacker, V., Von Blanckenburg, F., Govers, G., iN&| A., Poesen, J., Deckers, J., Kubik, P., 2007.
Restoring dense vegetation can slow mountain arogionear natural benchmark levels.
Geology 35, 303-306.

Vanmaercke, M., Zenebe, A., Poesen, J., Nyssei/ejstraeten, G., Deckers, J., 2010. Sediment
dynamics and the role of flash floods in sedimerqioet from medium-sized catchments: a
case study from the semi-arid tropical highlandsarthern Ethiopia. Jour. Soils Sediments 10,
611-627.

Vanmaercke, M., Poesen, JadRane, M., Govers, G., Ocakoglu, F., Arabkhedri, 2012. How long
should we measure? An exploration of factors cdiirigp the inter-annual variation of
catchment sediment yield. Journal of Soils andr8edts 12, 603-619.

Vanmaercke, M., Kettner, A., Van Den Eeckhaut, Moesen, J., Mamaliga, A., Verstraeten, G.,
Ridoane, M., Obreja, F., Upton, P., Syvitski, J., &gy G., in press. Moderate seismic
activity affects contemporary sediment yields. Pesg in Physical Geography, doi:
10.1177/0309133313516160.

Walling, D., 1977. Assessing the accuracy of sudpdnsediment rating curves for a small basin.
Water Resources Research 13, 531-538.

Whittaker, A.C., Attal, M., Allen, P.A., 2010. Claaterising the origin, nature and fate of sediment
exported from catchments perturbed by active técsoBasin Research 22, 809-828.

Wilcoxon, F., 1945. Individual Comparisons by RangkMethods. Biometrics Bulletin 1, 80-83.

Willenbring, J.K., Codilean, A.T., McElroy, B., 281Earth is (mostly) flat: Apportionment of thexlu
of continental sediment over millennial time scaf@sology 41, 343-346.

Yanites, B.J., Tucker, G.E., Mueller, K.J., Chemn;CY, 2010. How rivers react to large earthquakes:
Evidence from central Taiwan. Geology 38, 639-642.

Yanites, B.J., Tucker, G.E., Hsu, H.-L., Chen, C.ZD11. The influence of sediment cover variapilit
on long-term river incision rates: An example fridm Peikang River, central Taiwan. Journal
of Geophysical Research 116, F03016, doi:10.102920001933.

24



Final version available at: http://www.sciencediream/science/article/pii/S0169555X14001937

TABLES

Table 1. Four strongest earthquakes in terms of magnitdde),( recorded during the

measuring period (1900-2010) in the Vrancea Redgee Fig. 1 for location of the

epicenters).

Magnitude Epicenter ~ Geographical coordinates

pate (Mw)  depth (km) [atitude (°) Longitude (°)
10.11.194 7.€ 15C 45,799 26.697"
04.03.1977 7.4 94 45.7692 26.7575
30.08.198 7.1 13z 45.518! 26.488.
30.05.1990 6.9 91 45.8297 26.8883
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Table 2. Measured average annual rund®) and sediment yieldSY) for the 38 selected
subcatchments in the Siret river basin. ‘Nr.” ired&s the gauging station number, also shown

in Fig. 1.

Location Gauging Station

. Gaugin Measurin _ P
Nr. River stat?ong Latitude (°) Longitude () Period ¢ Ro (mm yl) SY (t km2y l)
1 Suceava Brodina 47.8867 254219 1971-2010 371 284.5
2 Solone Parhauti 47.7119 26.0861 1973-2010 192 464.1
3 Suceava ttani 47.6719 26.2472  1957-2010 228 208.2
4 Moldova Prisaca Dornei 47.5400 25.6611  1958-2010 426 152.1
5 Moldovita Dragsa 47.6147 25.6081 1971-2010 345 204.5
6 Réca Bogdinesti 47.3606 26.2503  1965-2010 260 174.4
7 Moldova Tupilgi 47.0847 26.6483  1959-2010 262 298.9
8 Bistrita Dorna Giumaiu 47.3608 25.3497  1956-2010 499 87.4
9 Dorna Dorna Candreni  47.3556 25.2817  1959-2010 421 55.9
10 Bistrita Dorna Arini 47.3433 25.4089  1960-2010 469 76.6
11 Neagra Brgteni 47.1992 25.6833  1965-2010 411 58.4
12 Bistrita Frumosu 47.1422 25.8622 1967-2010 421 101.6
13 Bolatau Poiana Largului 47.0950 259731 1978-2010 257 214.0
14 Bistricioara Tulghe 46.9647 25.7581  1965-2010 240 59.6
15 Bistricioara Bistricioara 47.0572 259128  1974-2010 259 1129
16 Craciu Slobozia 46.8393 26.5298  1956-2010 128 163.1
17 Trotus Lunca de Sus 46.5347 25.9553  1976-2010 285 100.4
18 Trotus Goioasa 46.4447 26.2997  1980-2010 264 194.0
19 Asau Asau 46.4508 26.4008 1977-2010 315 324.9
20 Uz Valea Uzului 46.3428 26.2608  1969-2010 350 84.2
21 Trotus Targu Ocna 46.2769 26.6047  1957-2010 262 270.1
22 Oituz Fetistriu 46.2042 26.5867 1973-2010 367 248.2
23 Trotus Vranceni 46.2097 26.8950 1966-2010 267 342.4
24 Tazbu Helegiu 46.3514 26.7417  1971-2010 213 401.6
25 Susita Ciuruc 45.9984 26.8305 1961-2010 234 836.8
26 Putna Tulnici 45.9078 26.6647  1959-2010 208 363.0
27 Ziabala Nereju 45,7169 26.7369  1974-2010 210 1163.9
28 Putna Colacu 45.8883 26.8403  1974-2010 164 1141.0
29 Putna Boarkiu 45.6331 27.3864  1956-2010 117 1137.4
30 Milcov Golesti 45.6672 27.1622  1957-2010 55 1710.0
31 Ramna Jilite 45.6037 27.2405 1971-2010 42.6 1784.0
32 Ramnicu Srat Tulburea 45.5603 26.8317  1964-2010 268 1603.2
33 Ramnicu Srat Tataru 45.5036 27.4889  1956-2010 76.2 816.0
34 Buzu Sita Buzu 45.6608 26.0686  1950-2010 509 318.2
35 Calriu Potarnicheti 45.2200 26.8542  1965-2010 63.8 1345.3
36 Skinic Cerratesti 45.2692 26.7550  1968-2010 103 1151.6
37 Basca Basca Rozilei 45.4525 26.3383  1960-2010 494 376.0
38 Basca Mig Varlaam I 45.5200 26.4489  1963-2010 466 5334
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Table 3. Overview, explanation and data sources of theabkas considered in the spatial

correlation analyses of average catchment sediyieldts in the Siret basin.

Variable Description Derived from Units
A Originally reported catchment area "Romanian Water" National km?
9 P Administration
Earthquake density, calculated as the number céeipes in the Constantinescu and Marza (1980);
ED catchment per unit of catchment area for all rexgst Mw > Oncescu and Bonjer (1997); Oncesdyr®
0.5) earthquakes between 1900 and 2010 et.al. (1999); NIEP (2012)
Cumulative mggnrtude densﬂy, calculated as thecguhe Constantinescu and Marza (1980);
moment magnitudes of all registered earthquakésiite ) ) 2
CcMD catchmentiw > 0.5) during the period 1900-2010, divided Oncescu and Bonjer (1997); Oncesau, km
\ -5) during the p Bt etal. (1999); NIEP (2012)
by the catchment area
Catchment average of the expected peak grounckeeatizst 2
PGA with a recurrence interval of 100 years Lungu et al. (2004) ms
Dominant . i ) . . )
Lithology Dominant lithological unit in the catchment Geolaginstitute of Romania (1960) none
Catchment lithology erodibility factor, as propodsdSyvitski
and Miliman (2007). To each lithology class, arsca@as
assigned that indicates its expected erodibiltysfaline and
L volcanic rocks: 0.5; Flysch: 1; Platform and Quadey rocks: Geological Institute of Romania (1960) none
1.5; Molasse: 2). was then calculated as the area-weighted
average of these lthology scores. Higlvalues indicate
catchments with an erodible lthology.
R Total relief CGIAR (2008 m
Slope Average catchment slo CGIAR (2008 °
Mean Local Relief, where local relief is the maximieight
MLR difference within a radius of 5000 m CGIAR (2008) m
Aerial percentage of forest in each catchmentyeldfrom the 0
Forest CORINE 1990 land cover database EEA (2010) &
Aerial percentage of arable land in each catchrdeniyed from o
AL the CORINE 1990 land cover database EEA (2010) &
P Average annual rainfall (1961-19 New et al. (200: mm
Ro Mean measured annual runoff depth Romanin Water” Natonal mm

Administration
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Table 4. Properties of the 38 selected subcatchments @itlieé basin. ‘Nr.’ refers to the
numbers indicated in Fig. A = catchment are&D = earthquake densitgMD =

cumulative magnitude densityGA = expected peak ground acceleration with a renoere
interval of 100 yeard; = lithology scoreR = total catchment relief. Slope = average
catchment slopa&yILR = mean local relief; Forest = percentage foresecoa 1990AL =
percentage of arable land in 1990; average annual rainfall deptg = averaged measured
runoff depth. See text for explanation on how thestehment characteristics were derived.

See Table 3 for a detailed explanation of thesmfac

Nr. Gauging Station (River) A (k)  ED (ri?) (MSVMk[;z) (:f?) iooays L R SPe MU PSS AL GO P myY) Ro (nmy?)
1 Brodina (Suceava) 366 0.000 0.000 0.90 F 1.0 952 14.8 561 332181 784 371
2 Parhauti (Solone) 204 0.000 0.000 118 P&Q 1.4 643 6.8 294 335 49.7 627 192
3 Itcani (Suceava) 2334 0.000 0.000 1.34 P&Q 1.3 1265 8.2 350 329384 680 228
4 Prisaca Dornei (Moldova) 664 0.002 0.006 0.86 C 0.7 1272 14.9 644 55.8 22.7 772 426
5 Dragasa (Moldovia) 463 0.002 0.010 1.08 F 1.0 888 13.7 531 80.2 11.9 747 345
6 Bogdinesti (R&sca) 181 0.006 0.014 157 F 1.4 821 115 489 89.3 7.6 634 260
7 Tupilati (Moldova) 3928 0.003 0.010 155 F 12 1611 10.6 469 55.8 27.5 670 262
8 Dorna Gumalu (Bistrta) 758 0.001 0.003 0.78 C 0.5 1445 17.1 680 755 0.0 831 499
9 Dorna Candreni (Dorna) 565 0.014 0.038 0.78 \% 0.6 1158 12.0 603 744 0.0 801 421
10 Dorna Arini (Bistria) 1690 0.006 0.016 0.78 C 0.6 1458 14.7 669 59.5 0.8 818 469
11 Brosteni (Neagra) 292 0.014 0.046 0.84 ¢ 05 1264 181 749 847 1.0 791 411
12 Frumosu (Bistra) 2858 0.005 0.015 1.06 C 0.6 1698 16.5 737 69.8 2.5 798 421
13 Poiana Largului (Bakau) 59 0.000 0.000 157 F 1.0 799 14.8 647 66.3 4.5 677 257
14 Tulghe (Bistricioara) 408 0.000 0.000 0.92 C 0.5 1010 16.3 690 619 58 768 240
15 Bistricioara (Bistricioara) 760 0.003 0.006 127 C 0.6 1145 173 740 66.5 5.8 751 259
16 Slobozia (Cra#u) 445 0.002 0.007 197 M 17 945 75 340 334 39.6 605 128
17 Lunca de Sus (Trot) 88 0.000 0.000 157 F 0.8 568 14.7 458 134 0.1 742 285
18 Goioasa (Troty) 781 0.003 0.007 185 F 1.0 1167 16.2 711 45.7 13.0 745 264
19 Asiu (Asau) 204 0.000 0.000 223 F 1.0 980 17.1 671 909 17 703 315
20 Valea Uzului (Uz) 150 0.007 0.015 1.96 F 1.0 906 15.7 605 771 0.0 743 350
21 Targu Ocna (Trots) 2091 0.009 0.022 242 F 1.0 1406 15.2 685 56.2 9.0 711 262
22 Feistrau (Oituz) 267 0.015 0.032 252 F 1.0 1206 15.0 684 65.8 1.3 709 367
23 Vranceni (Troty) 4092 0.010 0.022 2.82 F 16 1495 12.9 586 54.8 17.8 665 267
24 Helegiu (Tazlu) 998 0.004 0.009 2.64 M 16 1221 104 435 48.8 28.9 605 213
25 Ciuruc Gusita) 178 0.163 0.379 3.01 M 18 985 10.6 499 626 55 645 234
26 Tulnici (Putna) 313 0.236 0.623 253 F 1.0 1280 16.8 753 885 0.5 759 208
27 Nereju (Zibala) 263 6.091 20.430 2.83 F 11 1253 14.8 714 84.3 4.7 781 210
28 Colacu (Putna) 1087 2435 7.749 2.87 F 13 1508 149 719 710 48 735 164
29 Botartiu (Putna) 2450 1511 4,608 3.00 P&Q 15 1755 103 506 513325 642 117
30 Golesti (Milcov) 406 1.426 4.180 314 M 19 1219 10.3 472 55.8 26.0 595 55
31 Jiliste (Ramna) 398 0.611 1.482 3.14 P&Q 19 860 75 325 36.9 36.4 570 42.6
32 Tulburea (Ramnicu Bat) 187 1.610 4.652 314 M 1.6 1033 145 650 65.1 10.4 709 268
33 Tataru (Ramnicu Hat) 1048 0.659 1.727 295 P&Q 19 1375 5.1 242 26.151.0 569 76.2
34 Sita Buzu (Buzu) 360 0.144 0.329 2.19 F 10 1250 12.0 550 399 15 788 509
35 Potarnicheti (Calnau) 194 0.423 1.036 314 M 19 627 7.7 313 17.6 514 585 63.8
36 Cerriitesti (Slanic) 422 1.225 3.474 3.13 M 18 1210 12.0 521 356 25.1 661 103
37 Basca Rozilei (Basca) 783 2.126 6.561 2.62 F 10 1360 4 14.660 824 0.1 803 494
38 Varlaaam Il (Basca M) 239 3.339 10.435 2.72 F 10 1211 14.6 701 84.1 0.0 824 466

* F =flysch, P & Q = platform and Quaternary, €rystalline, V= volcanic, M = molasse
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Table 5. Pearson correlation matrix for catchment sedimeitlySY) and various catchment
characteristics (see Tables 3 and 4). ‘In’ indisateat the considered variable was
logarithmically transformed. Values in italic amsignificant p > 0.05), values in bold are

significant < 0.05), and values in bold and underlined arélkigignificant < 0.0001).

2 . 5 T . Q T 3 7 - =
T a ) g 3 o) s 5 T 3 4 4 z
<§ng§§%4§“§%g§§3<&%§§%
A
In(A) 0.89
ED* 013 -008
nEDy 012 003 074
cMD* 013 008 100 071
nCMDy 009 001 073 099 070
PGA  -004 006 048 079 045 076
n(PGA) 003 008 045 072 042 069 099
L 002 003 016 048 013 046 077 075
In(L) 002 006 019 047 017 044 079 079 098
R 070 081 019 025 019 029 006 003 -017 -0.18
n(R) 063 078 020 02 02 030 007 003 -017 018 099
Sope  -010 010 003 -020 005 019 -035 034 078 074 018 022
in(Sope) 007 009 005 -018 007 017 033 -032 075 070 019 022 099
MLR 002 002 019 000 021 002 023 023 071 068 037 041 094 094
nMLR) 000 001 017 002 019 000 023 023 070 066 035 040 094 096 099
Forest 009 -008 026 009 027 013 013 013 045 041 025 031 063 063 072 071
AL 017 021 010 006 -011 005 026 024 070 064 -014 -018 085 088 085 087 070
P 005 003 014 014 016 012 053 -055 087 084 027 029 079 079 079 078 050 -078
mP) 005 003 013 015 015 -013 -053 054 088 083 027 020 080 080 080 080 051 079 100
Ro 001 003 012 -030 -010 027 057 -056 077 072 021 023 060 061 058 059 045 069 085 084
(o) 005 002 014 042 012 039 060 -057 079 072 018 020 066 068 063 065 049 072 083 084 094
In(Sv) 005 005 054 075 051 072 086 08 08 082 00l 000 048 046 -036 036 023 046 057 057 063 068

* For catchments without any registered earthquakéiseir drainage area, a minimum value of 0.0a% wssumed
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Table 6. Fitted sediment rating curves for ten selected gaugtations, before and after the
1977 Earthquake (EQMw: indicates the contribution of the highest 2% ofatved daily
runoff discharges to the total runoff dischargetloé considered period and reflects the
importance of flood events in the total runoff diamge. n indicates the number of
observations. a and b are the coefficients of étieg curve (Eq. 1)ME is the corresponding
model efficiency (Nash and Sutcliffe, 1970). “BefdEQ” lists the rating curves based on all
observations made 5 years before the earthquaKkeer‘BQ” lists the rating curves based on
all observations respectively 1, 2 or 5 years dfterearthquake. “After Eq fixed ‘b™ lists the
fitted rating curves based on the same observatimraising the exponent b as “Before EQ”.
For characteristics of the gauging stations and tw@responding catchments see Tables 2

and 4.

Before EQ After EQ After EQ fixed 'b'

Vw2 n a b ME Vw2 n a b ME a b ME
lyr 53% 365 176 0.79 0.68 3.16 0.64 0.64

Golesti 33% 1825 2.28 0.64 0.22 2yr 40% 730 204 0.77 0.38 3.02 00636
5yr 33% 1825 139 0.86 0.46 263 0.64 0.40
lyr 17% 365 011 123 054 0.38 0.90 044

Nereju 22% 1158 0.11 0.90 0.42 2yr 18% 730 0.12 117 045 0@90 0.40
5yr 20% 1825 0.24 0.94 0.40 0.27 0.90 0.40
lyr 22% 364 192 0.82 0.40 176 0.86 0.40

Tulburea 22% 1824 147 0.86 0.24 2yr 24% 729 144 078 028 20 10.86 0.27
5yr 23% 1824 117 0.95 0.29 146 0.86 0.29
lyr 47% 365 791 0.65 0.67 942 0.57 0.65

Jiliste 38% 1825 12.88 0.57 0.03 2yr 44% 730 10.28 0.61 0.66 11.%7 ®.65
5yr 36% 1825 9.32 059 0.25 9.74 057 0.25
lyr 17% 365 0.07 0.64 0.11 0.04 0.83 0.10

Tulnici 18% 1825 0.06 0.83 0.36 2yr 15% 730 0.05 085 018 50.0.83 0.18
5yr 18% 1825 0.02 1.18 0.39 0.08 0.83 0.34
lyr 17% 365 0.00 176 0.70 0.02 140 0.65
Femstrau 20% 1523 0.01 1.40 0.75 2yr 14% 730 0.01 171 0.67 002 143 0
5yr 18% 1824 0.01 140 0.34 0.01 140 034
lyr 15% 365 0.07 0.58 0.02 0.05 0.85 0.02

Valea Uzului 18% 1825 0.03 0.85 0.24 2yr 13% 730 005 07650. 0.04 0.85 0.05
5yr 13% 1825 0.04 0.69 0.05 0.03 0.85 0.05
lyr 48% 365 0.81 0.68 0.39 039 0.85 0.35

Ciuruc 31% 1825 042 0.85 0.25 2yr 33% 730 0.65 0.72 0.06 04@5 0.06
5yr 29% 1825 0.38 0.82 0.09 0.35 0.85 0.09
lyr 13% 365 0.05 0.75 0.22 001 1.35 0.15
Dragmsa 19% 1825 0.01 135 0.31 2yr 15% 730 0.01 1.27 0.34 001 13 O
5yr 17% 1825 0.01 134 0.25 001 1.35 0.25
lyr 16% 365 0.19 053 0.12 0.07 0.87 0.07

Brodina 19% 1825 0.05 0.87 0.16 2yr 18% 730 025 054 014 9 0087 0.08
5yr 17% 1825 0.15 0.64 0.15 0.07 0.87 0.12
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FIGURES
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Fig. 1. Map of the study area. a) Subcatchments of the Sagn ( = 38, see also Tables 2
and 4) of which sediment yield observations werdus this study. Numbers correspond to
those of Table 2. Grey shadings indicate majooldgical units. b) Location of the Siret

basin within Romania. c) Seismic activity in theeSbasin. Grey shadings indicate the
expected peak ground acceleratiBGA) with a recurrence interval of 100 years (Lungu et
al., 2004) Superimposed are all earthquakes witlagnitude w) of 0.5 or higher,

registered between 1900 and 2010. Stars and iweesponding years indicate the epicenters

of major earthquakes indicated in Table 1.
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Fig. 2. Scatter plots of average catchment sediment y#&flgnd catchment characteristics
(see Table 3). Symbols are shaded according tddimenant catchment lithology. Dashed
regression line is insignificanp & 0.05; Table 5)PGA = expected peak ground acceleration

with a recurrence interval of 100 yeakss lithology scoreRo = averaged measured runoff

depth; Slope = average catchment Sléjes= percentage of arable land in 1990s

catchment area.
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Fig. 3. Comparison between observed catchment sediment{@él and sediment yield,
predicted with Eq. (3)JYpred for the 38 selected subcatchments (Tables 2 arfsiybols
are shaded according to the dominant catchmewiddy.
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Fig. 4. Evolution of the coefficient a and exponent b & ediment rating curves (Eq. 1) for

the indicated period before and after the 197 hgaeke (EQ). The lower histogram shows

the evolution of the coefficient a for rating cuswghere the exponent b was kept constant

(i.e. the fitted b-exponent, based on the datagbsybefore the EQ). See Table 6 for values.
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Fig. 5. Two examples of rating curves (RC), based on easiens of runoff discharge)
and sediment concentratio®C) five years before and two years after the 197thgqaake

(EQ). See Table 6 for details on the rating curves.

35



Final version available at: http://www.sciencediream/science/article/pii/S0169555X14001937

100E f t t t t f t t t E Gauging Station
(avg. distance from epicentre)
—4— 1: GOLESTI (16 km)
A 2: NEREJU (18 km)
Pid \\ 7/ e A —h 3: TULBUREA (20 km)
Y < - A F — 4:JILISTE (24 km)
b 5: TULNICI (28 km)
A —A . 6: FERASTRAU (45 km)
P N e ~aA- N N al 7: VALEA UZULUI (77 km)
ra e s 3] —— 8:CIURUC (133 km)
.1 | —e - 9: DRAGOSA (258 km)
E f - -=- - 10: BRODINA (258 km)
© \“A\S [
2
0.1+ ,"-__ -_-'.__- T
o NP 10
O\
0013 P 6.
] \ o~ A . 7t
\‘ , / . — L — -9 -0 U9
Y
0.001 } t t t t } } } t

1972- 1973- 1974- 1975- 1976- 1977- 1978- 1979- 1980- 1981-
1973 1974 1975 1976 1977 1978 1979 1980 1981 1982

year
Fig. 6. Trends in the coefficient a of rating curves (Ejjduring the 5 years before and after
the 7.4 Mw earthquake of 4 March 1977 for the teleted subcatchments. Each coefficient
a was fitted using a fixed exponent b value base@lbobservations made during the five
years before the earthquake (see Section 3.3 dnld Baand by considering all daily runoff
and sediment concentration observations made betdgeof March of the indicated year

and 4th of March of the next year.
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Fig. 7. Changes in the event efficiency indeXE(; Eq. 2) before and after the 7Mw
earthquake of 197 EEIl values before the earthquake were calculatedlifioad events (i.e.
when runoff discharge exceeded 1.25 times the teng- average discharge) during the 5
years before the earthqualeEl values after the earthquake where calculated Ifdtoad
events, respectively 1, 2 or 5 years after thengaeke. Stations are ordered according to the
average distance of the catchment from the epeehircolades indicate a significant (the
Wilcoxon test;p < 0.05) increase or decreaseHEl before and after the earthquake. The
number between brackets after the station nameatesi the number &El values included

in the boxplot.
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Fig. 8. Correlation between observed sediment yiehd) (and total percentage of water
discharged during flood events, i.e. daily runaBcttarge observations with an exceedance
probability of 2% Ww.) within the observation period. Stations for whict daily runoff
discharge were available are excluded from thiplygi@e. stations 34—-38, see Tables 2 and
4).
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