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Soil moisture conditions play a key role in runoff and sediment load dynamics in river catchments of contrasting
ecosystems. However, the highly marked seasonality of Mediterranean climate affects hydrological processes and
sediment transport strongly, as evapotranspiration determines a succession of wet, transition and dry periods
throughout a hydrological year. This study examines results of soil moisture, water and sediment fluxes during
five hydrological years in a representative small mid-mountain Mediterranean catchment. It aims to assess the
sediment load contribution and its variability at different temporal scales. Precipitation, runoff and suspended
sediment load were calculated at annual, seasonal and event scales to assess inter- and intra-annual variability.
A database with 45 events was used to identify the main controlling factors over sediment load thought bivariate
relationships and an analysis of soil moisture-discharge and discharge-suspended sediment concentration hys-
teresis. At the annual scale, lithology, land use and soil conservation structures characteristic of the catchment
caused low values of sediment yield, although inter-annual rates varied by up to three orders of magnitude
(0.08 to 11.86 t km—2y~!). Seasonal analysis of accumulated sediment load showed that 80% was generated dur-
ing the autumn and winter seasons. At the event scale, streamflow and soil moisture were the controlling factors
for the largest sediment load contributions. The highest frequency of clockwise discharge-suspended sediment
concentration hysteresis revealed that most of the sediment was generated from nearby sources, although the
largest sediment loads were contributed under wet antecedent conditions, as depicted by the soil moisture-

discharge hysteresis assessment.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Mediterranean landscapes are complex because of the local varia-
tions in topography, soils and surface water, which cause a lot of spatial
variability in soil depth, infiltration capacity, slope gradient and land use
characteristics (Geeson et al., 2002). As a result, Mediterranean catch-
ments are characterized by a wide diversity of hydrological regimes
(Oueslati et al., 2015) controlling sediment transport (Jaeger et al.,
2017). These regimes that have been modified during millennia through
deforestation, terracing and irrigation schemes, have seen intensified
change in recent decades with urban development, dam construction,
channelling of water, land abandonment, afforestation and reforesta-
tion (Hooke, 2006). In this physical context, an increase in soil water
content promotes favourable conditions for runoff (hereinafter R) and
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sediment load (hereinafter SL), because this context affects infiltration
capacity, soil water storage and especially soil moisture, which regulate
runoff generation processes more than rainfall (Seeger et al., 2004). R in
Mediterranean catchments may be caused by both Hortonian and satu-
ration processes, as the dominant processes may change with the
seasons (Kirkby, 2005). Although both mechanisms can co-exist within
a catchment, they are affected by soil moisture conditions enabling
greater hydrological response and sediment transport (Lana-Renault
et al, 2007; Estrany et al., 2009). Favourable soil moisture (hereinafter
SM) conditions occur during periods of maximum soil moisture content,
which may change from year to year depending on annual rainfall
distribution. Flood events outside this soil moisture window tend to
generate smaller R and SL contributions than events within the soil
moisture window because the former occurs under conditions of
lower moisture or relatively dry soil (Gémez et al., 2014). Antecedent
moisture conditions were evaluated by direct measurements, such as
monitoring soil moisture at the catchment scale (Seeger et al., 2004;
Favaro and Lamoureux, 2014; Pulley and Collins, 2019). Catchment
SM modelling (Bussi et al., 2014; Gémez et al., 2014), antecedent
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discharge or antecedent precipitation are also used as indirect measure-
ments of soil moisture conditions in non-Mediterranean catchments
(Palleiro et al., 2014; Rodriguez-Blanco et al., 2019) and Mediterranean
ones (Giménez et al., 2012; Taguas et al., 2013; Fortesa et al., 2020a).
Nevertheless, representative measurements of SM at the catchment
scale are still difficult to obtain because of the high spatial and temporal
variability and multiple factors relating to SM (i.e., soil texture, topogra-
phy, precipitation and vegetation; Zucco et al., 2014; Korres et al., 2015).
Although spatial optimization of the SM network reduces the number of
sampling points, monitoring difficulties leads to the use of previously
reported indirect measurements, which are easier to obtain and moni-
tor (Brocca et al., 2010). Penna et al. (2011) assessed the role of SM in
R generation in a small alpine headwater catchment, showing through
hysteretic loop direction how the timing of peaking between SM and
R identified wetness conditions prior to a flood event. The highest sed-
iment yields (hereinafter SY) in Europe were found in Mediterranean
and mountainous regions where more than 50% of records exceeded
200 t km—2 yr~! (Vanmaercke et al., 2011) due to a combination of
physical and anthropogenic factors. Consequently, case studies of the
role of soil moisture in runoff and sediment generation in Mediterra-
nean catchments are needed to verify the data obtained by indirect
measurements, modelling and remote sensing (Huza et al., 2014; Uber
et al,, 2018).

The aim of this paper is to assess the role of SM in SL and its variabil-
ity at the annual, seasonal and event scales over a 5-year period in the Es
Fangar Creek (3.4 km?; Mallorca, Spain), a representative small mid-
mountain Mediterranean catchment. Rainfall, soil moisture, runoff and
suspended sediment were evaluated through the analyses of several
variables. Soil moisture-discharge and discharge-suspended sediment
hysteresis at the event scale were carried used to determine the factors
controlling sediment load. The understanding of SL contributions re-
quires a prior understanding of SM changes, because moisture condi-
tions control hydrological processes and sediment transport directly.

2. Study area

Es Fangar Creek catchment (3.4 km?) is a headwater tributary of the
Sant Miquel River catchment (151 km?) in the north of Mallorca Island
(Fig. 1a, b and c). The lithology in the upper parts of the catchment
consists mainly of massive calcareous and dolomite materials from the
lower Jurassic (Lias) and dolomite and marl formations from the Triassic
period (Rhaetian). In the valley bottoms, marl and marl-limestone
formations from the middle-upper Jurassic (Dogger-Malm) and Creta-
ceous periods are dominant (Fig. 1d). Elevations range from 72 m.a.s.l.
to 404 m.a.s.l. The mean slope of the catchment is 26% and the length
of the main channel is 3.1 km (average slope of 22%). The drainage net-
work is natural at the headwaters, although at the valley bottom the
main stream was straightened and diverted in the past, with its banks
fixed with dry-stone walls. In floodplain areas, check-dam terraces
were also built in the past to control floods and prevent erosion
(Fig. 1d and e). The terraces conserve agricultural soils, which have
been identified as the main sediment source in the Es Fangar catchment.
Subsurface tile drains were also installed to facilitate drainage during
wet periods, hindering soil saturation and allowing agricultural activity.
Soil and water conservation structures affect 16% of the catchment,
supported by 32.4 km of dry-stone walls. Gradual abandonment of
farmland in marginal areas has led to afforestation since 1950. Land
uses in 1956 consisted of by rain-fed herbaceous crops (54%), forest
(31%) and scrubland (15%). Today, the main land uses (Fig. 1e) are
forest (63%, mainly located at the headwaters), rain-fed herbaceous
crops (32%) and scrubland (5%). The consolidation of this forest transi-
tion means that 54% of the terraced land is currently covered by forest
(Fig. 1e). The climate is classified on the Emberger scale (Guijarro,
1986) as Mediterranean temperate sub-humid. Mean annual rainfall
(1964-2017, Biniatr6 AEMET station; see Fig. 1c) was 927 mm y !
with a variation coefficient of 23% and a mean annual temperature of

15.7 °C. Rainfall of 180 mm in 24 h is calculated to have a recurrence pe-
riod of 25 years (YACU, 2002). Mean annual runoff was 87 mm and the
mean number of days with flow was 171 days during the hydrological
years 2012-2017. In Es Fangar, the hydrological regime is classified as
intermittent-flashy (Fortesa et al., 2020b).

3. Material and methods
3.1. Monitoring and data acquisition

Daily rainfall data have been obtained since 2012 from the B696
Biniatr6 AEMET station (Fig. 1e; 1 km from the catchment). In October
2014, a meteorological station was installed at Miner Gran (560 m.a.s.
1.). This was more representative of the rainfall dynamics of Es Fangar
headwaters. It was installed 1 m above the ground and connected to a
HOBO Pendant® G Data Logger - UA-004-64 that recorded precipitation
at 0.2 mm resolution. Linear regression was established (n = 978; R%:
0.88) for daily rainfall (2014-2017) between the Biniatré and Miner
Gran stations to reconstruct rainfall data series from 2012 to 2014 for
the Miner Gran station.

The gauging station of Es Fangar Creek was constructed in July 2012.
The cross-section has a rectangular broad-crested weir for low water
stages, which measures low flows well (see Fig. 1f). A Campbell Scientific
CR200X data logger measures the water stage continuously by a Camp-
bell CS451 pressure sensor, and measures turbidity by an OBS-3+ turbi-
dimeter with a double measurement range of 0-1000/1000-4000 NTU.
In October 2014, a Water Content Reflectometer (Campbell Scientific
(CS625) was installed in a rain-fed herbaceous crop, 3 m from the
gauge station. This provides continuous SM information at 0-30 cm
depth. The SM measurements are assumed to be representative of
those at the valley bottom (i.e., 32% of the catchment area). The deep
soils of this area (Fig. 1d) show high field capacity, which allows the
maintenance of an intermittent fluvial regime (i.e. 49% zero flow
days). The datalogger takes readings every minute and records average
readings every 15 min. Between 2012 and 2017, 17 direct flow velocity
measurements were taken during baseflow conditions and flood events
with a Q range between 0.004 and 2.166 m® s~!, by using means of an
OTT MF Pro electromagnetic water flow meter. These flow velocity mea-
surements were used to establish the stage-discharge relationship. In
addition, samples were collected with a rising-stage sampler modified
from Schick (1967) and manually during storm events and baseflow
periods. Samples (250 ml) were filtered with 0.45 pm filters, which
were subsequently dried at room temperature and weighed on high-
precision scales (i.e. 0.0001 g) to determine suspended sediment con-
centrations (hereinafter SSCs). Finally, SSCs derived from these samples
were used to calibrate the turbidity probe in a range of 0.4 to 860 mg 1!
(n = 38;R*>=0.81).

3.2. Rainfall - soil moisture - runoff - suspended sediment assessment

Precipitation (P), runoff (R) and suspended sediment load (SL) were
calculated at annual, seasonal, and event scales from continuous records
of P, Q and SSC during 5 hydrological years (2012-17) to assess their
temporal dynamics. SM was also used with the same aim but only cov-
ering three hydrological years (2014-2017). The SL was normalized to
catchment area to obtain the SY.

3.2.1. Flood events analysis

A database of 45 flood events was generated with data for P, SM, Q and
SS. A hydrological event was defined as when Q exceeded 0.036 m> s™!
(i.e. when water stage overflowed baseflow section). P-R-SSC were
assessed with the 45 events. P-SM-Q-SSC were assessed with 28 events.
The variables are summarized in Table 1 as (a) antecedent conditions
and (b) event conditions. Antecedent conditions refer to antecedent pre-
cipitation (1 and 3 days), whereas event conditions refer to P, SM, Q, SS
variables and the Normalized Soil Moisture Lag Time (hereinafter
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Fig. 1. Maps showing (a) the location of Mallorca in the Western Mediterranean Sea and (b) the location of Sant Miquel and Es Fangar catchments within the island. (c) Map of the Sant
Miquel River catchment with the location of rainfall stations used in this study. (d) Geological and (e) land use maps of the Es Fangar catchment, showing the fluvial network and the
locations of soil conservation structures and of the gauging station. (f) Upstream view of the cross-section at Es Fangar gauging station.

NSMLT). This last variable was computed as the time lag between storm
onset and soil moisture peak, normalized by dividing by the duration of
the rainfall event.

Bivariate statistical regressions were used to establish correlations
between variables from Table 1. These equations were used descrip-
tively for the P-R-SS-SM assessment. In order to identify the main

Table 1
Variables of antecedent and event conditions selected to analyse the soil moisture-rainfall-
runoff-suspended sediment relationships.

Antecedent conditions Event conditions

AP1d Antecedent precipitation 1 Peor
day before (mm)
AP3d Antecedent precipitation 3

Total precipitation (mm)

[Phax30  Maximum 30’ rainfall intensity

days before (mm) (mmh™)
R Runoff (mm)
R Runoff coefficient (%)
Qmax Peak discharge (m®s~")
SSCmax  Maximum suspended sediment
concentration (mg 1~ 1)
SSCin Mean suspended sediment

concentration (mg 1™ ")
SL Sediment load (t)
NSMLT Normalized Soil Moisture Lag Time
SM,, Soil moisture average (%)

factors driving SS transport, multiple relationships were calculated to
investigate the influence of R and SL on IPy,2x30, Qmax, NSMLT and SM,,.

The catchment response under different SM conditions was also
analysed. The values of R, Qmax and SL were used to create groups for
upper and lower Q50 and Q75 of average SM. The same grouping
was created for the upper and lower Q50 values of NSMLT, in order to
assess the timing of the SM peak in relation to SL contributions. The
Mann-Whitney test was applied to check whether significant differ-
ences (i.e. p < 0.01) between groups were due to different degrees of
SM average or NSMLT.

3.2.2. Hysteresis analysis

The spatio-temporal relationships between SM, Q and SSC were
analysed by a double hysteresis analysis. The first hysteresis analysis
focused on the relationship between Q and SSC, using the hysteresis
classification reported by Williams (1989). Hysteretic loops were
accordingly classified as single line (i.e., Q and SS peaks are at the
same time), a clockwise loop (i.e., SS peaks earlier than Q peak), a
counter-clockwise loop (i.e., SS peaks later than Q peak) and complex
(ie., clockwise and counter-clockwise combination). The second hyster-
etic analysis assessed the condition preceding of the R event. As a result,
an analysis of SM - Q hysteretic loops, following the method by Penna
et al. (2011), was used to identify dry or wet antecedent conditions.
During dry conditions, Q peaked before SM, leading to a clockwise hys-
teretic loop. During wet conditions, a counter-clockwise loop is seen
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when SM peaks earlier than Q. To investigate hysteretic patterns, R and
SS contributions were analysed by hysteresis type for Q-SSC and SM-Q.

4. Results
4.1. Hydrological response and suspended sediment transport

4.1.1. Annual to seasonal scale

The mean annual P (840.8 mmy~! 4+ 213 mmy ') recorded during
the five hydrological years was representative (—9%) of the long-term
(1964-2017) annual rainfall (927 mm y~' + 215 mm y~!), but
showed a high degree of variation (25% of variation coefficient, from
553 mmy ! to 1090 mm y~!). Positive linear relationships were ob-
served between annual P, R and SL (R? > 0.90, data not shown). Annual
R ranged from 16.1 mm to 139.2 mm (mean value = 87.3 mm); SL con-
tribution, from 0.3 tt0 39.7 ty~! (mean value = 18 ty~'); and SY, from
0.08 t0 11.86 t km™2 y ' (mean value = 5.38 tkm 2y~ ).

Due to the inter- and intra-annual rainfall variability, contrasted
amounts of R and SL were observed during the five years of the study
period (Fig. 2). The general behaviour of R and SL dynamics throughout
the hydrological year illustrated how, until late autumn-beginning of
winter (i.e. 15-20% of the time), R and SL accounted for <20% of the an-
nual amount. Although autumn had the widest range (11 to 42%) of SM
values, the median SM was higher than in spring and summer (Fig. 1
Appendix). During winter and early spring (i.e., 30% to 50% of the
time), R and SL accounted for an average of 77% and 76% respectively,
with 52% of the accumulated P. In winter, the highest maximum, me-
dian and minimum values of SM were recorded (Fig. 1 Appendix).

100

Table 2

Largest runoff and sediment load values at the event scale for each hydrological year, and
their relative contribution in each hydrological year and in the entire study period. The hy-
drological years 2013-14 and 2014-15 show two events because the maximum runoff
and sediment load contributions occurred in different events: the maximum of each var-
iable is in bold.

Hydrological Season of the Relative contribution Relative contribution
year event Hydrological year (%) Study period (%)
Runoff Sediment Runoff Sediment
load load
2012-13 Winter 208  43.1 31 1.1
2013-14 Autumn 35.0 6.9 54 1.2
Summer 6.6 771 1.0 12.8
2014-15 Winter 289 20.5 94 9.0
Winter 128 495 42 21.8
2015-16 Spring 149 4738 0.6 0.1
2016-17 Winter 207 374 6.9 13.6

From mid-spring and summer (i.e., after 60% of the time), a dry period
was established when P, R and SL averaged <17%, 4% and 18%, respec-
tively. At the end of this dry period, large amounts of SL (i.e., 77% of an-
nual yield) appear in the short term (i.e., 0.5% of the hydrological year),
as occurred in the last month of the 2013-14 hydrological year (Fig. 2c)
(Table 2).

Accordingly, the largest increases of cumulative R and SL in a short
period of time were related to specific flood events. The largest R and
SL during events were generated in winter, although SL contributions
were more varied than R.
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Fig. 2. Cumulative precipitation (mm), runoff (mm) and sediment load (t): (a) during the 5-year study period and (b to f) during each hydrological year.
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4.1.2. Event scale

4.1.2.1. Hydro-sedimentary response. The 45 flood events recorded in the
2012-2017 hydrological period were analysed for the SL contributions
at the event scale. The Q75 of the SL (corresponding to 1 t contribution)
was exceeded in 12 events (27%). The SL exported during these events
accounted for 91% of the total SL, although 73% was generated in only
5 events (Fig. 2 Appendix).

To identify those factors explaining SL variability at the event scale,
seasonal relationships between P, R, Qmax, average SM and SL were eval-
uated (Fig. 3). The relationship between P and SL (Fig. 3a) was highly
scattered and showed no significant correlation between variables, as
SL contributions >1 t were generated with P amounts from 10 to 100
mm. However, autumn and winter correlations increased to R%: 058
and R?: 0.46, respectively. In these seasons, P events >50 mm generated
SL> 1 t. In summer, P amounts between 30 and 40 mm generated vary-
ing SL contributions of 3 different orders of magnitude (i.e., 0.1 to 10 t).

Streamflow variables (R and Q,.x) showed the closest correlations
with SL (Fig. 3b and c). The R-SL relationship explained 67% of variance
(Fig. 3b), increasing for autumn (R?: 0.72) and winter (R%: 0.77) events.
Accordingly, the largest runoff events (R > 10 mm; SL > 0.4 t) occurred
mainly in winter and autumn. The Qu,ax-SL relationship illustrated the

100 5 |
1 | @ Autumn (a)
1| @ winter
7 | @ spring
1| @ summer
10 5
1 y=0.08x-1.00
4 R2=0.27
= ] n=45
° 1
&
o
§ 17 °
£ 1
5 ]
3 ]
%) 4
q [ ]
0.1 4
E o ©
] oo °
q [ ]
[ ]
0.01 i — ,
1 10 100
Rainfall (mm)
100
] (c)
1 [ ]
[ ]
10 4 y=1.43x14 ‘
3 R?=0.86
1 n=45
=1 ]
@
k]
= 14
S E
£ 3
£ ]
o ]
w 4
0.1 4
0.01 . . ,
0.01 0.1 1 10

Qprax (MP 57)

closest correlation, with little variability between seasons. Events with
Qmax > 1 m> s ! generated SL between 0.4 and 19.7 t.

The average SM during flood events explained 45% of variance
(Fig. 3d). Events with SM,, > 44% (only in autumn and winter) gener-
ated SL contributions >0.8 t. The SM,,-SL correlation increased in au-
tumn (R?: 0.77) and winter (R%: 0.75), in a similar way to R patterns.
On the contrary, the SM,,-SL relationship for spring and summer events
was much more scattered (Fig. 3d).

To analyse in detail the SS contribution at the event scale, IPy,1x30,
Qmax,» NSMLT and SM,, were added to the R-SL correlation (Fig. 4).
IPhax30 (Fig. 4a) did not have a large influence on the SL, as events
with P intensities ~ 30 mm h™! generated SL ranging from 0.1 to 10 t.
However, P intensities >40 mm h~ led to SL> 1 t. The combined anal-
ysis of R and Qnay illustrates how high values of these two variables
gave the highest SL contributions. Events with R > 5 mm and Qa5 >
0.8 m® s~ systematically resulted in SL > 1 t (Fig. 4b). Use of NSMLT
as the driving factor (Fig. 4c) made clear that higher values of NSMLT
were related to low R and SL and vice versa. Thus, high R and SL contri-
butions could be generated with low NSMLT values. A further assess-
ment of this relationship was developed by using values of R, Quax
and SL for the upper and lower Q50 values of NSMLT. These parameters
were compared and assessed with the Mann-Whitney test. Significant
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Fig. 3. Relationships at the event scale between (a) rainfall, (b) runoff, (c) maximum discharge and (d) soil moisture average with sediment load. Events are classified by seasons. Black

lines show significant (p < 0.01) fits with their respective functions.
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differences (p < 0.01) between upper and lower Q50 in the three vari-
ables were observed; i.e.,, NSMLT values < Q50 promoted higher values
of R, Qmax and SL.

The average SM was also a good indicator for those events able to
transport a larger amount of SL. Eight out of 9 events with SL > 1t
resulted in SM,, > 45% (Fig. 4d). The rest of the events with SL> 1t
occurred in summer (SM,,: 29%) with an intermediate P intensity
(19.6 mmh™).

To analyse the role of SM,, in R, Qmax and SL, event groups based
on upper and lower SM,, Q50 and Q75 were defined. For each group,
the average, median and standard deviations of R, Qy,ax and SL were
calculated. R, Qmax and SL were always significantly (according to the
Mann-Whitney test; p <0.01) higher for events with SM,, > Q50 (or
SMa,y > Q75) than for events with SM,, < Q50 (or SM,, < Q75)
(Table 3). In addition, R, Quuax and SL increased from SM,, > Q50 to
SM,, > Q75.

4.1.2.2. Discharge-suspended sediment concentration and soil moisture-
discharge hysteretic patterns. Different sediment sources were activated
throughout the year according to changing (linear, clockwise,
counter-clockwise and complex) hysteresis patterns of Q-SSC
(Table 4). The percentage distributions of linear, clockwise, counter-
clockwise and complex hysteresis were 16%, 58%, 18% and 9%, respec-
tively. In all seasons, clockwise loop behaviour was predominant, but
especially during winter (31% of hysteresis). Complex hysteresis was
not generated during spring and summer. The main R and SL contribu-
tions corresponded to clockwise (R: 57%, SL: 52%) and counter-
clockwise (R: 18%, SL: 31%) hysteresis (Table 4).
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Table 3

Average, median and standard deviation of runoff, Qy,,x and sediment load, considering al-
ternatively all events, events based on upper and lower SM,, Q50 and events based on up-
per and lower SM,, Q75.

Runoff  Qmax SL Runoff  Qmax SL
mm ms~! ot mm ms™! ot
Average Average
All events 6.8 0.80 24 All events 6.8 0.80 2.4
SM,, < Q50 1.7 0.23 0.2 SM., <Q75 2.6 0.31 0.4
SM,,>Q50 124 1.40 47 SM,,>Q75 17.8 2.07 7.5
Median Median
All events 25 0.35 04  All events 2.5 0.35 0.4
SM,, < Q50 1.1 0.20 02 SM,,<Q75 1.7 0.22 0.2
SM,, > Q50 59 1.19 24 SM, >Q75 174 1.89 6.2
SD SD
All events 9.6 0.95 4.6  All events 9.6 0.95 4.6
SM,, < Q50 1.6 0.18 03  SM,,<Q75 3.1 0.25 0.7
SM,, >Q50 11.6 1.06 58 SM, >Q75 124 0.92 6.3

SM - Q hysteresis revealed that 76% of the events were generated
under counter-clockwise hysteresis (i.e., wet antecedent conditions),
with 48% occurring in winter. 7% of events occurred under dry condi-
tions, with clockwise hysteresis; and the rest of the floods (17%) had a
complex hysteresis pattern (Table 4). The largest R and SL contribution
performed counter-clockwise (R: 50%, SL: 36%) and complex (R: 50%,
SL: 61%) hysteresis (Table 4).

To assess the highest R and SL contributions with the Q-SSC and
SM-Q hysteresis types, the R and SL contributions by hysteresis type
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Fig. 4. Relationship between runoff and sediment load at the event scale in light of a third variable represented as a colour scale: (a) IPyax30, (b) Qmax, (€) NSMLT, (d) SM,,.
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Table 4

Percentage of hysteresis types, in the event scale discharge-SSC and soil moisture-dis-
charge relationships. Percentage of runoff by hysteresis type for discharge-suspended sed-
iment concentration and soil moisture-discharge relationships. Percentage of sediment
load by hysteresis type for discharge-suspended sediment concentration and soil mois-
ture-discharge relationships.

Hysteresis shape ~ Hysteresis Runoff Sediment
type (%) yield by load by
hysteresis  hysteresis
type (%) type (%)
Discharge - SSC Linear 15.6 6.5 43
hysteresis Clockwise 57.8 56.8 52.2
Counter-clockwise 17.8 184 30.5
Complex 8.9 183 131
Soil moisture - Clockwise 6.9 0.7 0.2
discharge Counter-clockwise 75.9 49.6 38.5
hysteresis Complex 17.2 49.7 61.3

(Table 4) were compared to these events with the highest contributions
(i.e., events with NSMLT < Q50 and SM,, > Q50). Accumulated R and SL
in events with NSMLT < Q50 were 74% and 75%, respectively. Such
values increased to 91% (R) and 96% (SL) in events with SM,, > Q50.
In addition, the hysteresis type of both groups coincided with the
main observed hysteretic pattern (Table 4), as clockwise (57% in
NSMLT < Q50, 53% in SM,, > Q50) and counter-clockwise (67% in
NSMLT < Q50, 64% in SM,, > Q50) patterns were predominant in the
Q-SSC and SM-Q relationships, respectively. In addition, R and SL
contributions by hysteresis type also coincide between NSMLT < Q50,
SM,, > Q50 and the general pattern observed (Table 4).

The hydrological and sediment responses observed during the 5
flood events with the highest SL contribution (Fig. 5) covered a wide
range of P (44-115 mm) and R (4-39 mm) depths. The event that oc-
curred in September 2014 was characterized by the highest P intensity
(IPmax30 = 56 mm h™!), the highest SSC (2800 mg 1™!) and the lowest
R out of all the selected events (Fig. 5a). The other events (Fig. 5b to e)
occurred between late December and early February, the period with
the lowest evapotranspiration. Although a wide range of P can be
seen, R and Qu.x values were always higher than 20 mm and 2 m3
s~ 1, respectively. These flood events were characterized by similar
hydrograph shapes (i.e., long recession), SM,, > 45%, counter-
clockwise or complex SM-Q hysteretic behaviour, and in all cases, soil
saturation (i.e., the green line in Fig. 5). However, similar P (44 mm)
and SL (12 t) amounts can be seen in events occurring in different sea-
sons and under different SM conditions (Fig. 5a and e). For Q-SSC hys-
teresis, counter-clockwise hysteresis was associated with the highest
values of SSC (Fig. 5a and b), whereas SSC values were <300 mg 1!
for clockwise hysteresis.

5. Discussion

The role of SM in R and SL dynamics at the catchment scale is deter-
mined by initial moisture conditions in temperate, arctic, alpine and Med-
iterranean catchments (Seeger et al., 2004; Penna et al., 2011; Favaro and
Lamoureux, 2014; Rodriguez-Blanco et al., 2019). Nonetheless, the highly
marked seasonality of the Mediterranean climate is a key factor control-
ling hydrological processes and sediment transport (Lana-Renault and
Regiiés, 2009), as evapotranspiration determines a succession of different
hydrological seasons during the year (Gallart et al.,, 2002). Accordingly,
assessing event seasonality in the P-SM-R-SL relationships is crucial to
the understanding of SL variability (Regtiés and Gallart, 2004).

5.1. Inter- and intra-annual variability of water and sediment yield

High variations in annual R and SY in Mediterranean catchments
were due to the inter- and intra-annual variability of the P amount,
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Fig. 5. Rainfall, soil moisture, discharge and suspended sediment concentration for the five
largest events in terms of sediment load contribution. Discharge-suspended sediment
concentration and soil moisture-discharge hysteresis for each event are also shown.

which generated seasonal patterns of R and SY (Bonada and Resh,
2013; Smetanova et al., 2018; Fortesa et al., 2020a). Thus, short
datasets can lead to under- or over-estimates (Garcia-Ruiz et al.,
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2015). To record events of low frequency and high magnitude, me-
dium (i.e., 5 years) and long-term (i.e., 10-20 years) representative
databases are needed (Nadal-Romero et al., 2018; Esteves et al.,
2019).

In this study, five hydrological years (i.e., dry, average and wet
years) were studied to assess the role of SM in R and SS transport
in a mid-mountain Mediterranean catchment. Inter-annual variabil-
ity in the annual SY ranged from <0.1 to 11.9 t km? yr~! with an av-
erage of 5.4 t km? yr—!. These values are very low when compared
with the SY reported in European catchments by Vanmaercke et al.
(2011). Es Fangar can be classified in the catchment group with
lowest SY (i.e., <40 t km? yr—!). Es Fangar SY is comparable with
other Mediterranean catchments with similar characteristics in
terms of catchment area and climate, with their SY ranging from
0.1 to 14 t km? yr~! (Sala and Farguell, 2002; Estrany et al., 2009;
Pacheco et al., 2011; Calsamiglia et al., 2016; Garcia-Comendador
et al., 2017; Lépez-Taraz6n and Estrany, 2017). The low values of
SY can be explained by the spatial distribution of the physical driv-
ing factors (lithology and land cover), human structures (terraces)
and land cover changes in the catchment. Since 1950, farmland
abandonment of marginal areas and subsequent afforestation in-
creased rainfall interception and transpiration by shrubs and forests
(Keesstra et al., 2009; Lana-Renault et al., 2020). These changes, i.e.
when agriculture uses are displaced by forests, trigger a reduction
in R and SL amounts (Garcia-Ruiz, 2010; Buendia et al., 2016a,b).
Accordingly, cleaner water flowing from middle-upper forest parts
of Mediterranean mountainous catchments was measured (Nadal-
Romero et al., 2008a). The spatial distribution of land uses in Es Fangar
follows a common landscape pattern in Mediterranean regions;
i.e, forests at headwaters and agriculture in the valley bottom. This land
use distribution promotes a reduction effect in R and SS response, as the
steepest parts of the catchments are covered by natural vegetation. Fur-
thermore, carbonate materials and karst features led to lower R and SS
transport values due to higher infiltration rates and lower SS availability
than marls and schists did (Cantén et al., 2011; Li et al,, 2019). Low SS
availability is related to the low soil formation observed in karst areas
(ie., 0.2-55 tkm 2y~ '; Cao et al., 2020), when compared to the average
rate of soil formation in Europe (140 t km™2 y~!, Verheijen et al., 2009).
In Es Fangar, the middle and upper parts of the catchment are dominated
by these carbonate materials and karst features (i.e., 44% of the catchment
area). Marl materials are located in areas with the lowest gradient slopes
of the catchment but with agricultural uses. Hence, the highest SS avail-
ability is developed in agricultural soils in the middle and lower parts of
the catchment. In addition, in the more erodible areas within the agricul-
ture fields, check-dams and terraces were built, which avoided rill ero-
sion, laminated R and retained soil (Tarolli et al., 2014). In addition,
subsurface tile drains in flat areas facilitated drainage during wet periods
by reducing soil saturation (Estrany et al., 2010). However, the abandon-
ment and collapse of these structures may lead to increased R and
sediment pathways, as terraces are a potential source of sediment
(Calsamiglia et al., 2018, 2020).

Intra-annual SL variability can be seen better when major SS trans-
port takes place. In Es Fangar, 80% of the SL occurred in the autumn
and winter seasons, which were characterized by a higher soil moisture
interquartile range than spring and summer were. Similar dynamics
were observed in Mediterranean catchments, obtaining SL contribu-
tions ranging from 71% to 98% during the wet season (Estrany et al.,
2009; Taguas et al., 2013). That the highest amounts of SL occurred
during the wet season is a pattern of Mediterranean catchments
(Smetanova et al., 2018). Although during dry periods flood events
occur less frequently in Mediterranean catchments (Merheb et al.,
2016), when they do occur they are usually caused by high rainfall in-
tensities in a flashy form at the end of summer (Gaume et al., 2009).
These events move high amounts of SL in a short time period, as oc-
curred at Es Fangar at the end of the hydrological year 2013-14 (77%
of the annual yield in 0.5% of the time).

5.2. Event scale

5.2.1. Hydro-sedimentary response on the event scale

The sediment supply of a river follows a non-linear pattern. Thus,
few events are responsible for the main loads, as between 80% and
90% of the SS load is transported between 1% and 12% of the time in
both humid catchments (Zabaleta et al., 2007; Rodriguez-Blanco
et al., 2019) and Mediterranean ones (Rovira and Batalla, 2006;
Estrany et al., 2009; Lépez-Tarazoén et al., 2009). The same behaviour
was seen at Es Fangar, where 91% of the SL was transported in 5% of
the time.

The identification of SL driving factors can be explored through its
relationship with P, R, Quax and SM,,. The rainfall depth was not a
good SL predictor, as is seen in the R generation in Es Fangar and
other small Mediterranean catchments (Nadal-Romero et al., 2018).
However, flood events characterized by high values of R and Q. do
transport the largest amounts of SL (Lopez-Tarazon and Estrany, 2017;
Licciardello et al., 2019). Accordingly, in Es Fangar the variance explained
in the R-SL (67%) and Quax-SL (86%) relationships obtained the highest
values. The same key role was clarified by R and Q. in the SL,
explaining 70% and 68% of the variance, respectively, in a humid Medi-
terranean badland catchment (Nadal-Romero et al., 2008a). However,
R-SL and Qu,ax-SL correlations increased during dry periods (up to 92%
variance) in Nadal-Romero et al. (2008a), but in Es Fangar they increased
(up to 89% variance) during the autumn and winter periods. In Es Fangar,
this pattern is promoted by the favourable conditions of soil moisture
during the wet period. Consequently, the explained variance in the an-
nual average SM,,-SL relationship (45%) increased to 77% and 75% in au-
tumn and winter seasons, respectively. Consequently, seasonality plays a
key role in soil moisture conditions and, thus, in R generation (Lana-
Renault et al., 2007) and SL contribution, causing the highest R and SL
contributions (Nadal-Romero et al., 2008a). At Es Fangar, autumn and
winter relationships between SL and R, Qnax and SM,, explained 72%
to 89% of the SL variance. On the contrary, rainfall intensity was not
mainly related to R and SL generation; i.e., IP;,,,30 did not show
correlation with SL, except in one event characterized by high rainfall in-
tensity (56 mm h™1), large Qmax (2.4 m> s~1) and the greatest SSCax
(2641 mg 1™1), which generated a SL of 11.6 t. It is clear that this type
of event was infrequent and only occurred during the dry period, as
the infiltration excess processes were dominant due to high rainfall in-
tensities (Nadal-Romero et al., 2016).

The R-SL relationship combined with Qua.x, NSMLT and SM,,
showed how the highest SL contributions were generated when
flood events occurred in autumn or winter, R > 5 mm, Qax > 0.8
m3 57!, SM,, > 45% and NSMLT < Q50. The largest values of R and
Qmax generated the highest values of SL because the values of R
and Qqax were promoted by favourable SM antecedent conditions
and seasonality (8 out of 9 events occurred in autumn and winter)
(Nadal-Romero et al., 2018). It should be noted that events under
wet conditions triggered shorter travel time and lag time between
the beginning of the rainfall event and the water table peak than
events under dry conditions (Penna et al.,, 2011; van Meerveld
et al.,, 2019). At Es Fangar, events with NSMLT < Q50 had higher R,
Qmax and SL values than NSMLT > Q50, with bigger contributions
since catchment moisture was greater due to an expansion of the
wet stream length (Jensen et al., 2019). Situations of high catch-
ment connectivity occurred during the window of soil moisture,
promoting large R and SL contributions due to moist or saturated
soil. On the contrary, events out of the soil moisture window tended
to have smaller R and SL contributions because they occurred when
soil was less moist or relatively dry (Gémez et al., 2014).

5.2.2. Hysteretic patterns

Different sediment sources were probably activated according in
line with the changing hysteresis patterns of Q-SSC. Clockwise was the
most frequent hysteresis pattern, especially during the wet season,
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because lower rainfall intensities and higher vegetation cover reduced
sediment availability on catchment slopes, hindering bank erosion, mo-
bilization and depletion of in-channel sediment or nearby sediment
sources (Gellis, 2013) during low to medium-magnitude flood events.
This clockwise hysteresis is common in the wet season in Mediterranean
catchments (e.g., Seeger et al., 2004; Rovira and Batalla, 2006; Soler
et al., 2008; Giménez et al., 2012; Lépez-Tarazén and Estrany, 2017).
Assessing hysteresis behaviour in small catchments is an approach
that may improve understanding of sediment connectivity, as substan-
tial knowledge of small catchments exists in other studies (Keesstra
et al., 2019). The higher frequency and SL volume of clockwise Q-SSC
hysteresis confirm that SS in Es Fangar is mostly generated from sources
that are relatively close to the main channel system; i.e., agricultural
fields over marl materials where there is the highest SS availability.

At Es Fangar the combined effect of afforestation, soil conservation
structures and limestone lithology caused low sediment availability
and connectivity due to rainfall interception, sediment retention and
deep percolation, as has also been seen in other Mediterranean and
non-Mediterranean catchments (Haddadchi and Hicks, 2019;
Calsamiglia et al., 2020; Poeppl et al., 2020). Clockwise and linear hys-
teresis (i.e., 73% of hysteresis and 57% of SL) occurred due to sediment
released from nearby areas. That is, sediment generated within
bed-channel and agricultural fields activated a rapid SSC increase at the
beginning of the flood and decreased before the discharge peak, suggest-
ing rapid sediment exhaustion (Regiiés and Gallart, 2004). In addition,
the clockwise loop pattern was the most common hysteresis type in
small headwater catchments because flowpaths from the source areas
of the sediment are short (Nadal-Romero et al.,, 2008b; Aich et al., 2014).

A counter-clockwise pattern was observed in Mediterranean catch-
ments with highly erodible materials (Nadal-Romero et al., 2008b;
Soler et al., 2008; Tuset et al., 2016), in multi-peak events (De
Girolamo et al., 2015) and in a large catchment when the rainfall
event is located at the headwaters (Lopez-Tarazon et al., 2009). How-
ever, in Es Fangar counter-clockwise loops occurred between late au-
tumn and early spring when water reserves were high. These loops
were generated in the wet period when hydrological pathways were ac-
tive due to high or saturated moisture conditions; i.e., allowing a more
continuous sediment transfer which would not be available with less
moisture conditions (Seeger et al., 2004).

Figure-eight hysteresis was observed during transition periods
(Soler et al., 2008) and in multiple peak events occurring during wet pe-
riods (Nadal-Romero et al., 2008b). At Es Fangar, similarly to counter-
clockwise shapes, the figure-eight was observed during late autumn
and winter, being common under runoff coefficients >20%. The low fre-
quency of counter-clockwise (18%) and figure-eight (9%) hysteresis in-
dicates that antecedent wet conditions in some flood events activated of
hydrological pathways and consequently new sediment-contributing
areas (Seeger et al., 2004). As a result, these hysteresis shapes were re-
lated to both 37% of R and 44% of SL. In a very similar way, 76% and 17%
of the twenty-eight flood events used for analysing SM-Q hysteresis
were, respectively, counter-clockwise and complex in shape. These hys-
teresis types were related to 99% of R and SL during these 28 selected
events, highlighting again the significant role of wet antecedent condi-
tions (Penna et al,, 2011).

6. Conclusions

The assessment of soil moisture, runoff and sediment load dy-
namics at different temporal scales improved understanding of

erosion processes in a mid-mountain small Mediterranean catch-
ment. At the annual scale, low values of runoff and sediment load
were related to limestone lithology, afforested hillslopes and soil
conservation structures. Large inter-annual variability was ob-
served, with sediment yields in three different orders of magnitude
(0.08 to 11.86 t km™2 y~!). Intra-annual variability showed how
80% of sediment load was generated during the wet period and in
short period of time.

At the event scale, soil moisture significantly affected the hydrolog-
ical processes in Es Fangar, but mainly during wet periods, when the
highest values of runoff, peak discharge and sediment load occurred.
In addition, 73% of sediment load was generated in five of the 45 events,
with precipitation being a poor predictor. Runoff and peak discharge
showed the closest correlations with sediment load, correlations that
increased in autumn and winter.

The highest frequency of clockwise hysteresis in the discharge-
suspended sediment concentration relationship showed that the
main suspended sediment sources were close to the catchment
outlet, as there was limited sediment availability. Although
counter-clockwise patterns were less frequent, their occurrence
was linked to the wet period (i.e., high moisture content), when
the hydrological connectivity of the catchment was higher and
less available sediment sources could be activated. The soil
moisture-discharge hysteresis analysis confirmed that 76% of
flood events were generated under wet antecedent conditions
(i.e., 48% in winter), responsible for the highest amount of runoff
and sediment load.

Considering the complexity and spatial variability of Mediterranean
catchments, case studies are useful to improve the understanding of SL
contributions through SM assessment. Further studies analysing the
role of soil moisture in SL dynamics in representative small catchments
under different lithology and land use will deepen our grasp of this
relationship.
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Fig. 1. Quartile values of seasonal soil moisture recorded in 15-min steps during the hydrological years 2012-2017. Outliers are shown as black dots.
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