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Abstract

We assess annual and seasonal trends in runoff and sediment load resulting from climate and
afforestation in an upland Mediterranean basin, the Ribera Salada (NE Pre-Pyrenees). We
implemented a hydrological and sediment distributed model (TETIS) with a daily time-step
using continuous discharge and sediment transport data collected at a monitoring station during
the period 2009-2013. Once calibrated and validated, the model was used to reconstruct the
hydrosedimentary response of the basin for the period 1971-2014 using historical climate and
land use data. Reconstructed series were further used to (i) Detect sediment transport and
hydrologic trends at different temporal scales (annual, seasonal); (ii) Assess changes in the
contribution of extreme events (i.e. low and high flows) and (ii) Assess the relative effect of
forest expansion and climate variability on trends observed by applying a scenario of constant

land use.

The non-parametric Mann-Kendall test indicated upward trends for temperature, while
decreasing (although non-significant) trends were found for precipitation. Annua runoff
showed downward trends, as well as sediment yield, although results for the latter showed lower
levels of significance. When afforestation was not considered in the model, reductions in runoff
were less intense, while trends in sediment yield were reversed. Last, results also suggested that
an increase in the river’ s torrential behaviour may have occurred throughout the studied period,
with low and high flow events gaining importance to the annual contribution but its magnitude

being reduced over time.

Keywor ds: afforestation, climate change, Mediterranean, sediment yield, runoff, Ribera Salada.
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1. INTRODUCTION

Mountain areas are of major importance since water availability in downstream regions largely
depends on runoff generation in high-altitude areas (Viviroli and Weingarter, 2004). Their role
as source of freshwater is due to a higher specific runoff as a result of higher precipitation
coupled with lower evapotranspiration rates (Vanham and Rauch, 2009). These areas are
considered particularly vulnerable to temperature and precipitation changes, notably in arid and
semi-arid regions, where there is already a great dependence on water from mountains (L 6pez-
Moreno et al., 2008).

Climate change and population growth are expected to intensify the water scarcity and seasona
variability characteristic of the Mediterranean area (IPCC, 2013). However, along with varying
temperatures and precipitation patterns, other factors should be taken into account when
assessing observed hydrological and sediment transport trends. Particularly, land use has been
largely reported to affect the hydrosedimentary response of basins due to the ateration of
overland runoff (Zhang et al., 2001) and the baance between evaporation, groundwater
recharge and stream discharge (Chase et a., 2000; Benyon et al., 2006; Piao et a., 2007).
However, the relationship between land use and hydrology is complex, with linkages at a
variety of spatia and tempora scales which largely depend on the direction of the land-use
change: conversion to irrigated land, deforestation, afforestation, and urban development
(Calder, 1993; Gessesse et al., 2014).

Increasing urban and industrial development during the second half of the 20" century led to a
depopulation of Mediterranean mountain areas such as the Spanish Pyrenees. The abandonment
of agricultural fields constituted the main cause of change in vegetation cover in the headwaters
of most Pyrenean basins (Lasanta and Garcia-Ruiz, 1996). This vegetation growth, along with
management strategies thought to improve environmental forest services (e.g. MIMAM, 2000;
Marey-Pérez and Rodriguez-Vicente, 2008), have favoured the shift from crop fields and
meadows towards shrub and forested covers. Percentages of forest increase during this period
can reach values above 40%. For example, Arnaez et a., (2008) found an increase of 44% in the
Cameros area (west of the Iberian Peninsula) for a period of 45 years (1956-2001) and Gallart
and Llorens (2004) estimated an increase of 17% in 21 years (1970-1991) in the headwaters of
the Ebro basin (NE of Spain).

Forest expansion has been acknowledged to be an important driver of the runoff reductions
observed in the Iberian Peninsula (e.g. Begueria et al., 2006; Lopez-Moreno et a., 2008;
Moran-Tegjada et al., 2010). Decreasing trends in river flow have been detected in most of the
streams of the southern Pyrenees (Begueria et al., 2006; Delgado et al., 2010). For example, the
mean annua flow of the river Ebro has decreased c.a. 40% in 50 years due to increased
irrigation, climate shift and forest expansion. Each cause was estimated to contribute at a similar

proportion (c.a. 33%) to the streamflow decrease (Gallart and Llorens, 2003, 2004). Similarly,
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Buendia et al., (2015) recently reported that afforestation explained up to 37% of the flow

decrease observed in the Noguera Pallaresa, one of the Ebro’s main sub-catchments.

The interest in the assessment of the relative contribution of climate and forest growth mainly
stems from the vulnerability of water resources in the Mediterranean and its dependence on
impounded water bodies, whose life span has been severely reduced due to siltation problems
(e.g. LOpez-Tarazon et d., 2009, Buss et a., 2014). The major problem when assessing the
relative magnitude of the impact of land-use change and climate variability on river runoff and
sediment load is exacerbated by the scarcity of long-term records of flow and sediment transport
in river basins. Therefore, most of the studies are undertaken in experimental plots or at the
hillslope scale and few studies are done at the meso- and macro-scales. Results from these
studies provide evidence of the sensitivity of erosion to land use and human activity (e.g.
Garcia-Ruiz et al., 2008). However, their results need to be interpreted with caution since they

are only comparable within other data from the same experimental stations.

Given the lack of long-term sediment transport data in river basins, modelling tools are a useful
instrument for assessing the effects of land-use changes on the hydrological response and
sediment transport. In this study, we combined continuous flow and sediment transport data
with a modelling approach with the aim of understanding the effects of increased forested area
and climate variability on the hydro-sedimentary response of a meso-scale Mediterranean basin
(the Ribera Salada, NE Spanish Pre-Pyrenes). This work follows previous modelling efforts
undertaken in the basin (i.e. Mueller et al., 2009). However, the modelling approach presented
here is based on a larger and more detailed dataset consisting of a daily register of flow and
suspended sediment concentration, which was used to calibrate and validate the model used in
this study (TETIS, Frances et a., 2007, Buss et a., 2013). Furthermore, land-use change and
climatic variations were analysed jointly in an effort to quantify the impact of global change on
the water and sediment yields. Our specific objectives are: (i) Reconstruct water discharge and
sediment transport data for the period 1971-2014; (ii) Detect temporal trends in runoff and
sediment yield at the annual and seasonal time scales; (iii) Determine changes in the frequency
distribution and magnitude of low and high flow events; and (iv) Assess the relative effect of

forest expansion and climate variability on annua runoff and sediment yield.
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2. MATERIALSAND METHODS
2.1. Study Area

The hydrosedimentary response to increased forest cover was examined for the Ribera Salada at
Canalda (65 km” basin ared). The Ribera Salada is a typical Pre-Pyrenean mountainous basin
located in the NE of the Iberian Peninsula, which flows into the Segre River (in turn one of the
main tributaries of the Ebro River) at the Rialb Reservoir (Figure 1). The altitude in the basin
ranges from 420 m as.l in the southwest to 2385 m a.s.l. in the northeast. The mean annual
temperature is 11°C, with minimum temperatures reaching values below -10°C in winter (e.g. -
21°C registered at the summits) and temperatures above 30°C in the summer (e.g. 38°C in the
lowlands). Mean annual precipitation is 620 mm, with minimum values observed in winter (i.e.
atota of 160 mm for the whole season) and maximum values registered in the summits during

the spring and autumn seasons (i.e. up to 1200mm during the autumn months).

Soils in Canalda are shallow (soil depth varies between 30 and 70cm) calcareous and stony
(Estruch, 2001; Poch et al., 2002). Typic and Lithic Ustorthents and Udorthents prevail
throughout the basin (SSS, 1993; 2006; Ubalde et al., 1999) and are characterised by a low
water retention capacity and moderately high infiltration rates (Poch et al., 2002). Mean basin
slope is 40%, with nearly a 53% of the total basin area showing a slope value above 35%
(Estruch, 2001). Woodland occupies the major part of the basin (c.a. 70%) and consists mainly
of pine (Pinus sylvestris and Pinus uncinata) and deciduous oak forest. Agricultural areas
occupy less than a 4% of the basin, and are mainly located in the middle part. According to
Ubalde et a., (1999), the steep relief, together with the torrential character of the river and the
deeply incised river network, hinders the development of an aluvial plain in the lower-most
parts of the Canalda basin and hence the establishment of agricultural fields in this part.
Pastures and grassand occupies c.a. 20% of the area and are mainly located in the upper-most
part, above 1600 m a.s.l. The rest of the basin area (c.a. 8%) consists of bare soil and rocky

outcrops.

Ubalde et al., (1999) studied land-use changes between 1957 and 1993 for the Canalda basin
and reported a reduction in agriculture accompanied by land abandonment and subsequent
afforestation. Here, we assess the relative effects that these and subsequent changes in the

territory, have exerted on the basin’s runoff and sediment load.

2.2. Fidd measurements. Discharge and suspended sediment transport data

Water discharge was continuously measured at the Canalda section for the period January 2009-
December 2013. Water depth was measured by means of a pressure transmitter (Druck® 1730-
PDCR) at 5 minute intervals and subsequently converted to a discharge ratio using a rating
curve (h/Q relation). In May 2012 an Ultrasonic Doppler Instrument (Starflow® 6526, range 21
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mm/s to 4500 mm/s) was installed and was used for measuring continuous flow and velocity.
The discharge ratio associated with the different water stages was modelled using HEC-RAS®
V.4.1. (USACE, 2010). The results have been validated with data from starflow meter and
periodic manual gaugings using an electromagnetic flow metre (Valeport 801) during base and

flood flows.

Water turbidity measurements started later, in June 2011, when a turbitidy meter (ANALITE®
NEP9350; range: 0-3000 NTU) was set up at the monitoring station. In addition, an automatic
water sampler (1ISCO-3700) was installed close to the turbidity meter. Automatic water samples
were collected during flood events, while periodic manual samples were collected during low
flow conditions. A total of 308 water samples (0.51) were collected during the study period.
Water samples were used to convert turbidity data (NTU) to suspended sediment concentration
(SSC, mg I™") by means of lineal relation between NTU and SSC.

2.3. Modelling approach
2.3.1. TETIS model description

The TETIS hydrologica and sediment distributed model (Francés et al., 2007; Bussi et al.,
2013) was used to evaluate the effect of climate variability and land-use change on runoff and
sediment yield at the Canalda basin. This model was chosen because it has been largely used in
the Iberian Peninsula (e.g. Andrés-Domenech et al., 2010; Cowpertwait et d., 2013; Salazar et
a., 2013). In addition, previous applications were developed for a catchment located in Eastern
Pyrenean area (Riverv Esera, Buss et a., 2014), proving the applicability of the model for the
region of study. TETIS model is a spatially-distributed model, and thus allows the reproduction
of land-use variability in space. The split-structure of its parameters (Francés et al., 2007)
allows its calibration without atering the spatia structure of the parameter maps, including the

land cover.

The hydrological sub-model is based on a tank structure, where each of the tanks represents a
relevant process in the hydrological cycle, such as snow melt, canopy interception, soil static
storage, soil gravitational storage and aquifer storage. The total flow to the drainage network is
calculated by summing direct runoff, interflow and base flow, and then routed downstream
using the geomorphological kinematic wave methodology. The model calibration can be carried
out by adjusting up to twelve correction factors. The sediment sub-model is based on the
concept of balance between sediment transport capacity of the flow and sediment availability.
The sediment transport capacity of overland flow is computed by means of the modified Kilinc-
Richardson equation (Julien, 2010) and the total stream network transport capacity is computed
through the Engelund and Hansen (1967) equation. The transported material is divided into
three textural classes (sand, silt and clay). The sediment sub-model is calibrated through
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adjustment of up to three correction factors, which multiply the sediment transport capacity for

overland flow, gully flow and river channel flow respectively.

2.3.2. Model parameterisation and implementation
a. Model parameterisation

Data from atotal of five meteorological stations located near-by the Canalda basin were used in
this study (Figure 1). Three of these meteorological stations belong to public institutions (Ebro
Water Authorities and the Meteorological Service of Catalonia) and measure precipitation,
temperature and evapotranspiration at 15-min intervals. This meteorological network is
complemented by two rain-gauges set up in the basin by the Forest Sciences Center of
Catalonia, where only precipitation measures are recorded. All meteorological data was

aggregated to daily values for modeling purposes.

The TETIS model parameters at Canalda were estimated based on a 100x100m mesh. The
Digital Elevation Model (DEM) and the subsequent DEM-derived parameters were obtained
from the 1:5000 topographic map available at the Cartographic and Geological Institute of
Catalonia (ICGC). Soil parameters were obtained from previous studies on soil hydrology
undertaken in the basin (Estruch, 2001; Poch et a., 2002; Loaiza, 2007) and the soil types map
elaborated by Orozco (2003). Vegetation cover in the basin was represented by four different
land-use maps, which reproduced the historical forest expansion occurred in the basin since
1957. Maps from 1957 were obtained from Ubalde et al. (1999), who used aeria photographs
from the American flight of 56 (made by the Photogrammetric Service of the American army
between 1956 and 1957). Recent land-use maps (from 1993, 2005 and 2009) were derived from
the Land Cover Maps of Catalonia, eaborated by the Centre for Ecological Research and
Forestry Applications (CREAF). Map legends were homogenized to a simplified legend with
four cover classes: woodland, farmland, grassland and others (i.e. bare soil, scarce vegetation

and rocky outcrops).

b. Modd implementation and validation

Given the different time periods available for discharge and sediment transport data,
hydrological and sediment sub-model were validated using different time intervals. First, the
hydrological submodel was calibrated using data from January 2013 to December 2013. The
validation period covered the interval from January 2009- December 2012. Second, the
sediment sub-model was calibrated with data from January 2013 to December 2013 and
validated using the period from June 2011 to December 2012. The sediment sub-model
validation period falls within the validation time windows of the hydrological sub-model.
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The implementation of the TETIS model at the Canalda basin intends to simulate runoff and
sediment transport trends resulting from historical land-use changes. However, meteorol ogical
records at the selected stations started between 1996 and 2003, which provides arelatively short
time window to assess historical trends. Given this limitation, the dataset Spain02 v4 devel oped
by the Santander Meteorology Group (Herrera et a., 2012, 2014) was employed to reproduce
past meteorological conditions. This dataset is a series of high-resolution daily precipitation and
temperature data on a 12 km resolution mesh containing meteorological data from 1971 to 2008.
Unfortunately, the Spain02 dataset ends in 2008, while the water discharge records begin in
2009. For this reason, the model calibration and validation was carried out using point data from
the meteorologica stations showed in Figure 1 as input, while the historical analysis was carried

out using Spain02 as model input.

In order to implement Spain02 in the developed TETIS model, alinear g-g plot bias correction
(Dégué, 2007) was applied to the Spain02 precipitation and temperature series. The linear bias
correction was determined by comparing precipitation and temperature data from the
meteorological stations showed in Figure 1 and from the spatially distributed Spain02 dataset
from 2005 to 2008, and then applied to the whole series of Spain02 precipitation and
temperature data. The corrected temperature series were used to compute reference

evapotranspiration by means of the Allen et al. (1998) equation.

Once the corresponding corrections were applied to the Spain02 dataset, we applied TETIS for
the whole 1971-2014 period to obtain the historical hydrological and sediment transport record,
using the bias-corrected Spain02 series as model input from January 1971 to March 2008 and
the point data from the meteorologica stations from April 2008 to September 2014. In order to
account for the changes in the territory, we divided the 43-year period into four sub-periods and
applied the TETIS model in each using its corresponding land-use map. Therefore, the land-use
map from 1957 was used for modelling the period 1971-1985; for the period from 1986-2000
we used the 1993 map; for the period 2001-2008 the map from 2005; and last, the map from
2009 for the period from 2009 to 2013. Note that for the first period (1971-1985) the
meteorological record started later than the first land-use map available (1957). Therefore we
assumed this map to be the starting point of our data series given the lack of prior
meteorological data. However, the most important changes in the Pyrenees started during the
60's and 70's (Garcia-Ruiz and Lana-Renault, 2011) and hence agriculture and forest area

probably remained the same (or forest growth was till limited) during the 1957-1971 period.

In order to gain an insight on the relative effects of afforestation and climate change on annual
runoff and sediment yield, we used the TETIS model to simulate the hydrological and sediment
cycle, using climate data for the 1971-2014 period as input, but keeping the land use constant
over time, and equal to the 1957 map. In this way, we analysed a hypothetical scenario in which

the land use did not change, with the aim of isolating the effects of climate changes. The
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modelled data obtained using the sequence of different land-use maps (i.e. obtained changing
the land use over time) is referred to as “actual” dataset, while the hypothetical datais referred

to as“scenario” dataset.

2.4. Data analysis
24.1. Trend analysis

The non-parametric Mann-Kendall trend test was used to identify the statistical significance of
climate (temperature and precipitation), runoff and sediment yield trends. This test detects
monotonic increases or decreasing trends in a dataset by comparing differences between
successive values (Mann, 1945; Kendall, 1975). The Mann-Kendal's tau statistic (tuk)
indicates the strength and direction of the trend detected. It has been widely used to investigate
trends in hydro-climatological signals to assess randomness against linear trend since it is less
sengitive to outliers than parametric statistics such as Pearson's correlation coefficients
(Douglas et a., 2000; Kahya and Kalaci, 2004; Tao et d., 2011; Burn et al., 2012; Wang et a.,
2013). The Man-Kendall test was applied to climate data (total annual precipitation and mean
temperature) as well as total annual runoff (hm® y™) and sediment yields (ton y™*). All statistical

analysis were performed within the R environment (R Development Core Team, 2014).

2.4.2. Effects of climate and land use on annual runoff and sediment yield

Recongtructing runoff and sediment yield data driven exclusively by observed climate
variability permits the assessment of the dissmilarity between the observed and the
reconstructed data series. Such differences can be then used as a surrogate of the changes
occurred in the basin, and hence allow the evaluation of the streamflow and sediment yield
trends caused by both climatic and non-climatic effects for the period 1971-2014. First, aMann-
Kendall trend test was applied to the scenario dataset to determine the presence and direction of
the hypothetical trends if afforestation had not occurred (i.e. resulting from climate variability
aone). A linear regression was then applied to annual runoff and sediment yield for the actual
and scenario datasets. Analysis of Covariance (ANCOVA) was used to test whether the dopes
of linear regressions fitted on both datasets (actual and scenario) for runoff and sediment yield
differed. Then, in order to determine the changes driven exclusively by land use, trends in the
residual values (differences between the actual and scenario datasets) were also assessed.
Significance in residual trends indicates the change in the studied variables resulting from
afforestation alone (as per Gallart and Llorens, 2004).
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2.4.3. Contribution of extreme events

In order to assess the temporal changes in the contribution of different event magnitude ranges
to the total annual for rainfall, runoff and sediment yield, we followed the methodology used in
Osborn et a., (2000) and LOpez-Moreno et a., (2006). All days for each year for the studied
period (1971-2014) were sorted in ascending order for discharge and cumulative frequencies
were computed. We divided the ranked series into five main categories following US-EPA
(2011): (i) low magnitude events, containing up to 20% of the total annual accumulated; (ii) dry
conditions (from 20 to 40% of the tota accumulated); (iii) mid-range conditions (from 40 to
60%); (iv) moist conditions (from 60 to 80%); and (v) high-magnitude events (from 80 to
100%; i.e. values equalled or exceeded less than 20% of the time).

The resulting time series containing the contribution of each magnitude class to the annua
runoff, rainfall and sediment yield was tested for temporal trends using the non-parametric
Mann-Kendall test. This provided afirst approach into the evolution of high and low magnitude
events, and hence allowed to determine whether the contribution of the largest and lowest

annua values for each variable shows any temporal trend or remains stationary.

3.RESULTS
3.1. Land-use changes

Figure 2 and Table 1 show the main changes occurred in the Canalda basin between 1957 and
2009. Results showed that forest and grassland have been the main land use in the basin over
the years, together accounting for more than more 50% of the total basin area. A decrease in
farmland was observed, particularly between 1957 and 1993, when the area dedicated to
agriculture dropped from 9.1 to 3.9 km? (corresponding to a decrease of c.a. 60%). A decrease
was also detected in grassland area, with an overall decrease of 4.6 km? for the 43-year period
(26% in relation to 1956 values).

On the other hand, forested areas increased from 32 km? in 1956 to 44 km? in 2009. Major
changes in land use seemed to have occurred between 1957 and 1993. This period encompasses
the start of the process of field abandonment and so the early and quick forest growth (e.g.
Lasanta et al., 2000; Cerda and Lasanta, 2005), which seems to slow down and show a more
steady increase over the following decades. Note that no changes are observed between 2005
and 2009, athough it is unknown whether this pause is due to the short time lag or to the start of
the stabilization in forest growth.
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3.2. Hydrology and sediment transport

A summary of the hydrology and sediment transport for the monitoring period used for model
calibration and validation (2009-2013 for discharge and 2011-2013 for sediment transport) is
shown in Table 2. Mean discharge for the monitoring period was 0.41 m®s”, which can be
considered an average value for the basin (Vericat and Batalla, 2010). Discharge values ranged
from 0.04 m*s* (in March 2012) to 9.7 ms™ (in April 2013). Runoff varied markedly between
the studied period, with a minimum of 6.5 hm®y™ in 2012 to a maximum of 14.6 hm®y™ in
2010. Mean water yield equates to 272 mm y™* and a runoff coefficient of 35%, a value slightly
above the mean value for the whole Ebro basin (Vericat and Batalla, 2010).

Mean Suspended Sediment Concentration (SSC) for the monitoring period (in this case from
2011-2013) was 8 mg I, a relatively low value that suggests the low sediment availability in
the basin.A high variability between years was observed in terms of sediment yield. For
example total sediment yield in 2012 was 106 ton y™, while in 2013 sediment yield reached
values above 300 ton y™*. Mean annua sediment yield for the whole period was 212 ton y™,
which corresponds to a specific yield of 3,3 ton y™* km? a value that can be considered low
according to Batalaet d., (2005).

3.3. Modelling results

The hydrological sub-model calibration returned good results, as shown in Figure 3a. For the
calibration period, the model obtained a Nash and Sutcliffe (1970) efficiency (NSE) of 0.70 and
a volume error of +22%. For the validation period, the NSE value was 0.61 and the volume
error -9%. Overall, the adjustment between observed and modelled water discharge values is
very good, especialy regarding low flows. Nevertheless, the model seems to be underestimating

some of the major water discharge peaks (e.g. the flood event in April 2013, Figure 3).

The hydrological sub-model estimated that, overland flow was virtually absent (less than 1%).
The total flow at Canalda was composed by 19% interflow and 80% base flow. The high
proportion of infiltration contrasting with a small amount of overland flow was corroborated by
Poch et d., (2002), who reported very low runoff coefficients in the basin (e.g. lower than 5%).
According to these authors, low runoff values in the basin are the result of two main processes:
high interception and evapotranspiration losses (which may account up to 50% of losses,
Llorenset al., 1997) and the intense fracturing of the underlying cal careous conglomerates. This
is likely to affect soil erosion and so sediment export from hillslopes to the channel network,

which are mainly driven by surface runoff.

The sediment sub-model was calibrated by adjusting its correction factors in order to reproduce
the observed suspended sediment flow. The calibration obtained a NSE value of 0.33 and a

volume error of +12%. Model validation also obtained a NSE value of 0.33 and a volume error
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of +5%. According to Moriasi et d., (2007), these results are considered acceptable for a
sediment transport model.

Results from the sediment transport model are shown in Figure 3b. It can be seen that the
adjustment is particularly good for amost al the series, especially during peak flows. Thisis
particularly relevant, as large events play a mgjor role in soil erosion and sediment transport
processes (Gonzdlez-Hidalgo et a., 2010). Despite the acceptable performance of the model,
and similar to the results obtained in the hydrological model, a certain underestimation is
observed (for example during the event in April 2013). Obvioudy, both errors (water discharge
and suspended sediment discharge) are related, since an underestimation in water discharge
results in an underestimation of the sediment load. Also, suspended sediment concentrations
during low flows are in general overestimated for the period from June 2011 to June 2012.
However, the magnitude of the error is relatively small (Figure 3). Overall, the performance of
the sediment transport model was lower than the hydrological model, most likely due to the

non-linear relationship between water and sediment transport (Julien and Simons, 1985).

In order to validate further the model, a visual comparison of the observed and simulated
sediment discharge versus water discharge scatter plots is shown in Figure 4. The model is
capable of describing the general behaviour of the sediment cycle, being particularly accurate
for water discharges greater than 1 m3/s. The overestimation of low suspended sediment flows
isalso visiblein this plot, as for discharges between 0.1 and 1 m® s some errors can be devised.

Nevertheless, it can be stated that the performance of the model isin general satisfactory.

3.4. Annual trends
3.4.1. Overall trendsin climate, runoff and sediment yield

Figure 5 shows mean annua values for hydroclimatic variables considered between 1971 and
2014. A high inter-annual variability in the basin can be noted, with dry periods (below mean
long-term value) followed by relatively wet years (above the long-term mean line). Low
precipitation periods coincide with drought episodes that occurred in the Iberian Peninsula (e.g.
1980, 1983-1986, 1988-1992, 1998-1999 and 2005-2007) which largely affected rivers in the
Central Pyrenees (Lorenzo-Lacruz et a., 2013).

In spite of the inter-annual fluctuations, precipitation records seem to follow a decreasing
tendency, while temperature shows the opposite trends. Results of the Mann-Kendall test for the
whole period (1971-2014) are shown in Table 3. The test suggested a downward trend for
precipitation, although it did not prove to be significant at a reliable confidence level (i.e. p-
value >0.1). Conversely, positive trends in temperature proved to be very strong, with results

being significant at the 95% confidence level. TETIS model results for snowpack were also
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analysed, sinceit is an important driver of the hydrosedimentary response in this basin. Results

indicated a significant decrease in this variable at the 95% confidence level.

Long-term mean annual values (for the 43 year period) runoff and sediment yield in the Canalda
basin were 5.2 hm®y™ and 276 ton y™ respectively. Annual runoff series showed a significant
negative trend at the 95% confidence level. In contrast, results for the sediment yield were not
as clear, and despite showing a decreasing trend, results did not prove to be significant (i.e. p-
value >0.5).

3.4.2 Trendsin extreme events

Results indicated that most of the days contributed very little to the total amount of annua
precipitation, runoff and sediment yield (i.e. events corresponding to C1), while a high
percentage was concentrated in very few events (corresponding to C5; Figure 6). The number of
eventsin each class decreased progressively. For example in the case of runoff, 40% of the time
is required on average to accumulate 20% of the tota annual runoff; while the final 20%
(corresponding to high magnitude events) is transported during 6% of the time.

Results indicating the observed temporal trend in the contribution of each category to the tota
annud are shown in Table 4. Contrasting trends for each category were obtained, although most
of them did not provide adequate statistical evidence (i.e. large p-values) to reach solid

conclusions on trends in the data.

Small decreases in mid-range magnitude events (categories C2, C3, C4) were observed in
precipitation and runoff, although such trends showed a low level of statistical significance.
However, in the case of runoff, the contribution of category C3 seemed to show the largest
reductions over time. Contrary to such downward trends, categories corresponding to low and
high magnitude events (C1 and C5 respectively) showed a dlight increasing trend, although

again results did not prove to be significant.

In contrast, al categories but the low-magnitude one (C1) for annual sediment yield showed
increasing trends, with C2 (mid-range magnitude) and C5 (high magnitude) showing arelatively
high statistical significance. C1 was the only category for this variable that followed a fairly

strong downward trend.

In order to further prove temporal changes in the distribution of sediment transport and annual
runoff, we elaborated the cumulative frequency curve for both variables and for three
consecutive periods (Figure 7). These three periods were determined according to the different
land-use maps used in the modelling approach: 1971-1985; 1986-2000 and last 2001-2014

(since land-use changes in 2005 and 2009 were negligible, time intervals for these maps were

aggregated).



439
440
441
442
443
444
445

446
447
448
449
450
451
452
453

454
455
456
457
458

459
460
461
462
463
464
465

466

467

468
469
470
471
472
473

These curves indicated changes in the frequency distribution of discharge series over time.
Runoff proved to be more constant through time than sediment yield, which indicates that
sediment is transported during relatively few events. Overal, runoff cumulative curves seemed
to have moved left over time, suggesting that the same amount of runoff is generated during
shorter periods. For example, while for the period 1971-1985 50% of the runoff is generated
during approximately 20% of the time, for the most recent period (2001-2014) the same amount
of runoff is generated during 10% of the time.

In the case of the sediment transport, a high load during limited periods of time is observed,
which highlights the relevance of high magnitude events in sediment transport. For this variable,
curves aso seemed to move left-wards in the figure, although this pattern does not follow a
consecutive (chronological) order as clear as in the case of the runoff (i.e. the 1971-1985 curve
sits between the other two curves). This could be due to the fact that the periods 1971-1985 and
2001-2014 include two of the largest flood events that occurred in the basin during the whole
study period (i.e. events in 1982 and 2008, see Figure 5), which were responsible for the
majority of the sediment load transported during their respective time intervals.

A trend test was also performed in order to determine temporal changes in the mean value of
each magnitude category. Results indicated a decreasing trend in the mean value of al runoff
and rainfall categories as well as for sediment yield. Nevertheless, while changes in the
magnitude of runoff categories proved to be strong, trends in precipitation and sediment yield

did not prove to be significant.

Together, these observations may be suggesting an increase in the river’s torrential behaviour,
with an increase in the annual contribution of both, low flows and high flows, while the
contribution of mid-range flows seem to have decreased. Sediment yield seemed to decrease
over time, particularly during low-magnitude events, athough results were not strong enough to
reach firm conclusions. Last, a generalised reduction in runoff magnitude for all categories was
detected, although it could not be explained by changes in precipitation, since no significant

trends were found for this.

3.5. Seasonal trends

Results showing seasonal trends are shown in Table 6. Overall, positive significant trends were
detected for temperature and for all seasons. Results for precipitation were less clear and
seemed to follow a diverging seasonal behaviour: spring and summer showed strong significant
trends at the 90% confidence interval. In contrast, decreasing trends in winter were weaker and
not significant, while autumn showed and upward tendency at a very low confidence level (i.e.
p-value >0.6).
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Seasonal runoff trends mimicked the direction of annual changes for this variable. A strong
decrease was detected throughout the year at arelatively reliable confidence level (between 90-
95%) except for autumn, when decreasing trends did not prove significant. In the case of
sediment yield, only spring showed a significant decrease at the 90% confidence level. Summer
also showed a downward trend, while results suggested an increase during autumn and winter.
However, trends for these three seasons were very weak and the test yielded results with a very

low level of confidence.

3.6. Effects of climate change and affor estation

Results from the model using the scenario dataset (considering that no afforestation has
occurred and agricultural land has remained constant over time) are shown in Table 3b. When
runoff and sediment yield values of the actual and scenario datasets are compared, an increase
in both variables is observed when no afforestation is taken into account (Figure 8). The non-
parametric Kruskal-Wallis test was performed to test differences between values from the
scenario and actual datasets. Results indicated a significant difference for runoff and sediment
yield values for both datasets (H= 63.5 and p-value<0.001 for runoff and H= 5.6 and p-value =
0.01 for sediment yield). In the case of runoff, mean annual values for the whole period (1971-
2014) in the scenario dataset were 24% larger than the actual dataset: from a mean annual
runoff of 5.2 hm*y™ in the actual dataset to 6.4 hm®y™ in the scenario dataset. The increase in
mean annual sediment yield was aso notable, with annual sediment yield values in the scenario
dataset nearly 80% larger than the actual dataset (from 276 ton y ™ in the actual dataset to 506

ton y*in the scenario).

Also, when no afforestation is considered, the decreasing temporal trend in runoff is weaker and
becomes non-significant at the 95% confidence level. Results regarding annual sediment yield
showed a reverse in trend direction: instead of decreasing values over time, results from the
scenario dataset yielded positive trends, although they did not appear to be significant. Overall,
afforestation at the Canalda basin seemed to be intensifying runoff reductions as well as

preventing an increase in the sediment 1oad.

ANCOVA results indicated that regression slopes between the actual and scenario dataset
differed for both variables (F=197, p-value= <0.001 for runoff; and F=75, p-value= <0.001 for
sediment yield). This confirmed the diverging tendencies for runoff and sediment yield when
afforestation is not considered in the model. The relative effects of increased forested area were
assessed by assessing trends in the residuals (i.e. year-to-year differences between the actual
and the scenario datasets). Results confirmed previous results on the significant effect of

afforestation, since values for both runoff and sediment yield showing significant decreasing
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trends (tmk= -0.95 and p-value < 0.001 for runoff, and tyx=-0.41 and p-value<0.001 for
sediment yield).

Overall, areduction in runoff of c.a. 20% in comparison with 1971 was observed in the actual
dataset (including climate and land-use changes). However, such decrease can be almost
attributed only to increased forested area: areduction of around 1% is observed in the scenario
dataset, and aso such reduction did not prove to be significant. Thus, changes in runoff
observed may be mainly attributed to the increased forested cover, which has led to a decrease

of around 1.5 mm per unit of forest increase (in km?) for the period 1971-2014.

In the case of the sediment yield, a mean reduction of around 8% was observed in the actual
dataset in comparison with 1971 values. The sediment yield values from the scenario dataset at
the end of the study period almost doubled the values in 1971 (Figure 8), which corresponds to
an increase of almost 98%. However, such values should be interpreted with care, since none of
these increasing trends showed statistical significance. Despite this, the trends seem to reflect

the role of forest in protecting soil and hence preventing or reducing its erosion.

4, DISCUSSION
4.1. Climatetrends

Increasing trends were particularly strong for temperature at both time scales (i.e. annual and
seasonal), as has been already reported in previous studies in the Iberian Peninsula (e.g. de
Castro et a., 2005). In contrast, diverging results were found for precipitation. Total annua
values did not seem to decrease significantly for our study period. Lopez-Moreno et a., (2011)
also found similar results across the Ebro basin, where precipitation seemed to be relatively
stable over time and only a few small areas showed a statistically significant decrease. At the
seasonal scale, significant decreasing trends were found for spring and summer. The decrease in
summer precipitation and the risk of summer drought has been already reported for central
Europe and the Mediterranean area (IPCC, 2013; Meehl et al., 2007; Schneider et a., 2013) and
Climate models project substantial summer precipitation reductions in the Mediterranean region
(Bladéet d., 2011).

Results on the varying contribution of low and high magnitude rainfall events did not provide a
clear evidence of the change of their contribution to the total annual rainfall. A slight decrease
in the frequency of high-magnitude rainfall events was detected, athough such trend was not
significant in our case of study. The mean value of each rainfall magnitude category also
seemed to decrease, although trends were not significant for any of them. Despite the torrential
behaviour and the spatio-temporal variability in rainfall is an intrinsic characteristic of
Mediterranean weather, some projections from global scenarios have indicated an increase of
high intensity rainfall episodes (Stojkovic et al., 2014). For example, Alpert et al., (2009) also
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indicated for Spain that the rainfal categories at both distribution extremes (i.e. light and
heavy/torrential events) increased their contributions to the total annual rainfall.

Overall, precipitation trends were controversial, since annua values did not show a decreasing
significant trend, although such trends were relatively marked for spring and summer. In the
Iberian Peninsula, Gonzélez-Hidalgo et al., (2011) found important differences in the magnitude
and direction of precipitation trends, mainly driven by the length of the study period and the
geographical location studied (Llasat and Quintas, 2004). However, a spatially generalised
decreasing trend was reported for March and June in these studies. Such pattern was found to
lead to a redistribution of precipitation throughout the year, reducing the wet season length
(resulting from the negative tendency in March) and concentrating the precipitation at the

beginning of the wet season in October.

4.2. Trendsin streamflow

Our results indicated an overall decrease in annual streamflow in the Canalda basin of around
20%, which agrees with earlier studies in the Pyrenees (Gallart and Llorens, 2004, Garcia-Ruiz
et al., 2008, Lorenzo-Lacruz et al., 2012). For example, Begueria et a., (2006) reported a runoff
reduction of around 30% for the past 50 years in the Pre-Pyrenean region.

Decreasing trends were observed at the annual time scale and were also particularly strong for
spring and summer. To some extent, such reductions could be attributed to the reduced rainfall
also detected for these seasons as well as to the increased evaporative demand during summer
(Kundzewig et al., 2007). In addition, reductions in the snowpack observed in the basin may
also be influencing the observed decrease in spring. Several studies have already reported a
reduction in the snowpack in the Pyrenees during the second half of the 20™ century due to
increased winter temperatures (e.g. Lopez-Moreno, 2005), which subsequently results in less

snowmelt during this season.

The study of changes in the contribution of high flows suggested increasing trends in the
contribution of high and low flows to the total annual runoff, while the frequency of mid-range
flows seemed to decrease. Despite such results yielded a low significance level, frequency
curves seemed to confirm this observation. This could be indicating a possible increase in the
torrentia behaviour of the river, with a large proportion of the total annua flow accumulated
during shorter periods of time. Such pattern could be the result of the increase in the frequency

of torrential storms and an increase of occurrence of low-flow periods.

Some studies in the Mediterranean project that river flows in this region are likely to become
more intermittent in the future (e.g. Schenider et a., 2013), and hence tend to compress most of
the runoff in a few number of events. Despite this, our results diverge from those found in a

number of rivers in the Spanish Pyrenees, where a marked decrease in the contribution of high
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flows has been detected (LOpez-Moreno et al. 2006). Nevertheless, these studies also detected
an increase in the frequency of low flows and a decrease of moderate events, as observed in the
Canalda basin. The decrease in the contribution of moderate events may be influenced by the
increased in forest cover: while vegetation may not have relevant effectsin terms of interception
during very intense rainfall events, it might notably reduce the intensity of events with moderate
intensity (e.g. de Roo et al., 2003).

Discrepancies in the results regarding high flow events could be mainly due to the different area
studied. Previous studies have been undertaken in basins located in the northern part of the
Pyrenees, while the Canalda basin has a greater Mediterranean component. In addition, L épez-
Moreno et a., (2006), acknowledge some uncertainties at the catchment level: peak flow
occurrence may also be affected by other factors such as catchment size, forested area or
lithology, which have not been considered and may be influencing the different response of the

basins to extreme events.

The reduction of the magnitude of all flow categories was evident, particularly for low and high
flows. Such decrease cannot be explained by precipitation, since categories for these variables
did not show such a marked trend. Therefore, changes in the magnitude of flows shall be
attributed to the growth of forest occurred during the second half of the 20" century. This has
led to an increased importance of interception and transpiration, as already suggested in Lépez-
Moreno et a., (2006). The reduction of peak flows has resulted in a sabilization and
revegetation of flood plains and formerly active gravel bars, as has been observed in other
basins (Begueria et al., 2006) and can also be confirmed by field observations in the Canalda

basin.

4.3. Trendsin sediment yield

In spite of the significant scatter resulting from seasonal causes and hysteretic patterns,
discharge and suspended sediment transport have been reported to show a significant
relationship in the Canalda basin (Batalla et al., 2005). Therefore, overall reductions in
streamflow will consequently result in a decrease in the amount of sediment transport. The
temporal decrease in sediment load in Canalda was quite subtle. However, results from
sediment transport models usually show controversia results due the number of drivers
influencing soil erosion and sediment transport as well as deposition in the channel and the
flood plain. Also, low geomorphic activity, along with the wide variability in the annua
sediment yield reported in the basin (e.g. from 16 to 41800 tons y™* according to Batala et a.,
2005) may aso be influencing the identification of marked trends. Soil erosion rates of the
Ribera Salada River catchment are rather low compared to other Pyrenean or Mediterranean
catchments or plots (i.e. Gonzalez-Hidalgo et al., 2007), due to the high infiltration rates
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observed within the catchment. Specific sediment loads have also been reported to be relatively
low when compared with similar Mediterranean counterparts (i.e. 12 ton km? Vericat and
Batalla, 2010). Other studies have also indicated a reduction in sediment resulting from the
revegetation and stabilization of fluvial channels (Begueria et al., 2006), which have also been
observed along the mainstem of the Ribera Salada. Decreases in the annual sediment yield
found in our study are in line with results from other studies indicating a reduction in the
sediment transport, which has resulted in a decrease in siltation rates in the Pyrenean reservoirs

(e.g. Lépez-Moreno, 2003).

Mueller et a., (2009) applied the hydrological and sediment model WASA-SED (Mamede,
2008) in the Canalda basin for the years 1999-2000 with the aim of assessing the relative effects
of climate and land use change. Due to the limited amount of information available when their
study was carried out, the model was not calibrated, although its results were considered
plausible. In terms of water discharge, both models obtained similar results. For example, the
two largest events of the years 1999 and 2000 (12/11/1999 and 10/6/2000) were estimated to
have peak discharges of 4.2 and 2.1 m® s* respectively by TETIS, while for WASA-SED they
had a peak discharge of slightly above and slightly below 4 m® s* respectively. Concerning
sediment transport, Mller et a. (2009) provided values of suspended sediment yield of 0.315t
ha'yr! and 0.370 t ha yr* for the years 1999 and 2000 respectively, while the TETIS model
returned values of 0.130 5 ton ha® yr* and 0.136 ton ha' yr’ respectively. It is difficult to
establish which model obtained the most accurate results without knowing the observed value,
but it can be stated that, at least, both models returned values of the same order of magnitude,
which is a partialy satisfactory result, given the large uncertainty affecting this kind of
processes. Nevertheless, Miiller et al. (2009) acknowledged the limitations of their study by
stating that the lack of data did not alow giving a more accurate picture of the sediment
transport. To some extent, the present study attempts to fill this gap by employing more accurate
daily suspended sediment data to calibrate and validate the TETIS model, in order to provide a
more reliable tool for land-use change impact analysis. Despite the limitations, these authors
detected an increase in sediment yield of up to 76% when no changes in land use were
considered in the analysis (i.e. ho afforestation), a percentage of the same order of magnitude
that the one found in this study.

The frequency analysis indicated the same trends as in the case of runoff, with most of the
sediment transport concentrated in few events. However, in this case, low magnitude events
seemed to decrease its contribution to the total annual sediment load, which may be the result of
the reduced transport capacity of declining low flows. The amount of sediment transported by
large events a so followed a decreasing pattern, potentially driven by the decrease in peak flows
and hence the flow competence of large events (i.e. stream’s ability to transport sediment).

Altogether, results might be suggesting that, apart from showing an overall decrease, sediment
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transport becomes more compressed over time, and hence shows an increasing dependence on
flood events. For example, Batala et a., (2005) reported that the major part of the annual load
is transported by discharges equalled or exceeded less than 10% of the time. Bussi et a., (2014)
also reported a trend towards a dependence on large events under different scenarios of climate
change. These results highlight the increasing importance of floods in the long-term sediment

load of Mediterranean basins.

The relative role of woodland in annual sediment yield was evident when trends were compared
with a hypothetical scenario of no afforestation, under which annua sediment loads increased
markedly. Despite the low significance of the trends found, woodland proves to be preventing
the erosion in the basin and driving the observed reduction in sediment load. The way in which
afforestation has occurred may have also influenced the sediment patterns observed. Ubalde et
a., (1999) observed that most of the changes from agricultural areas to woodland were taking
place in north-facing and high slopes, while agriculture was concentrated in low-lands. This
may be suggesting that those areas more prone to erosion due to its increased slope have been

covered by forest, potentially leading to a decreased in soil loss.

5. FINAL REMARKS

Increased forest cover in mountainous basins has been reported to play a major role in the
hydrosedimentary response observed and hence determine the availability of water resources as
well as the amount of sediment load. Given the increased importance of water resources under
the projected climate scenarios in the Mediterranean, numerous studies have been undertaken in
order to provide new prospects on the relationship between climate, land use and hydrological
and sediment transport processes. Such studies have been undertaken at different spatial scales,
from experimental plots or basins to large catchment sizes (see Walling, 1999 for a
comprehensive review). Overall, results evidence the sensitivity of erosion and sediment
transport processes to changing climate and hydrological behaviour of basins. However, results
are dill controversia, mainly regarding the sedimentary response of basins, for which trends
may not be evident (as has been the case in our study). Given the complex relationship between
rainfall, runoff, soil detachment and subsequent transport, extrapolation of the results found at a
single basin may not be directly extrapolated to other basins. The identification of trends will
strongly depend on the geographical location of the basin, as well as the characteristics of the
basin and the length of the series analysed. Also, the scale at which the studies are undertaken
may greatly influence the trends observed. Rainfall and sediment yields in arid and semi-arid
areas have been reported to be highly scale-dependent, (e.g. Kirkby et al., 1996, Mayor et d.,
2011). This dependency, aong with the diverging results found, arises the question of which

scaleisthe most appropriate to assess changes in the hydrosedimentary response of basins. Such
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scale should be able to show the observed trends without being masked by a large intra- and

inter-annual variability.

In this paper we have provided an insight into the effects that recent forest growth and climate
change have exerted on the hydrological and sediment transport regime in the Canalda basin, a
mountai nous basin representative of the physical characteristics and land-use changes that most
southern Pyrenean basins have experienced in the last half of a century. Overall, results have
indicated that increased forest areas are the major driver of reduced streamflows and the
magnitude of peak floods. Precipitation seems to have remained constant over time, athough
redistribution throughout the year may be occurring, with reduced rainfall mainly in spring and
summer. Results regarding sediment loads were not significant, although decreases were
detected over the studied period.

Under future climate projections, soil erosion as well as availability of water resources are
among the main environmental problems in the Mediterranean areas. Climate scenarios in the
Mediterranean point towards an intensification of torrential and temporaly variable rainfal
events as well as an increased erosion and desertification. How such changes in combination
with changes in the territory will affect the response in river basins is not yet well understood,

particularly regarding the assessment of the effect on sediment loads.
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Figure 1. Location of (a) the Ribera Salada basin within the Iberian Peninsula and the Ebro
basin; (b) Canalda basin within the Ribera Salada. Location of the meteorological stations used
in the TETIS model and the monitoring station and the basin outlet is also shown.
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Figure 2. Land cover changes in the Canada basin between 1957 and 2009 for the Canada

basin.
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Figure: 3. Cdlibration and validation results for the hydrological (discharge, Q, m°s?) and
sediment transport sub-model (Suspended Sediment Concentration, SSC; mg:|™) at the Canalda
monitoring station. Left hand diagrams show observed vs. smulated values for each variable,
while the diagrams on the right show boxplots for observed and simulated val ues.
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Figure 4. Observed and simulated Q-SSC relationship.
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Figure 5. Annual series for (a) Precipitation (Prec; mm/year), (b) Temperature (Temp; °C); (c)
Runoff (R; hm?y™) and Sediment Yield (SY, ton y™). Red line indicated the smoothed series for
each variable (using LOESS with a time span of 0.2 —i.e. 8.6 years-); horizontal dotted line
indicate the long-term mean for each variable.

1200 14
(@) (b)
AlOOO B _ 12
‘T‘>‘ 9(3/
£ 800 - 10 -
E g
£ .
a
400 6
200 T T T T 4 T T T T
1970 1980 1990 2000 2010 1970 1980 1990 2000 2010
16 1000
ul© @
124 8001
— >
10 A g 600 -
— =
Es S 400
x 64 =
4 & 2004/ V w
2 0
O T T T T

1970 1980 1990 2000 2010 1970 1980 1990 2000 2010



1053
1054
1055
1056

1057
1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

Figure 6. Boxplots showing the number of days (in %) for each class and variable for the whole
study period (1971-2014). P: Precipitation (blue); R: Runoff (green) and SY: Sediment Yield
(grey). C1: 0-20% of the total annual accumulated; C2: 20-40%; C3: 40-60% C4: 60-80% and
C5: 80-100%.
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1070  Figure 7. Cumulative runoff and sediment yield (%) for each of the three periods considered.
1071  Solid linesindicate runoff values while dotted lines refer to sediment yield.
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1083  Figure 8. Annual runoff (R; hm®y™) and sediment yield (SY, ton y™) for the actual (grey) and
1084  scenario (red) datasets. Lines show the smoothed values using LOESS (time span: 0.2).
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Table 1. Area (A) occupied by each land use in the Canalda basin over the study period (in km?
and in relation to the total area -%-). The percentage of change (%A') is also shown with respect
to the previous land use map as well as with respect to 1957 (as indicated by the superindex ‘i’).
Note that land uses in 2009 have not changed in relation to the previous map from 2005 and so
percentages are kept the same.

1957 1993 2005 2009
Land use A(km?)  A(%) | AKm?) A®%) | %A | A (km?) A%) | %A®  %AY | A (km?)
Farmland 9.1 14 39 6 -57 26 4 -33 -71 2.6
Woodland 31.9 49 384 59 +20 44.2 68 15 +39 442
Grassland 17.6 27 15.6 24 -11 13.0 20 -17 -26 13.0
Non-productive 6.5 10 7.2 11 +10 5.2 8 -27 -20 52
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Table 2. Summary of discharge and sediment yield data in the Canalda basin during the
monitoring period (2009-2013). QmeatSD: Mean discharge and standard deviation; Qpmex:
Maximum discharge; Qmin: Minimum discharge; R: Annual Runoff; SSCiertSD: Annual mean
Suspended Sediment Concentration and Standard Deviation; SSCia: Maximum Suspended
Sediment Concentration; SY: Annual Sediment Yield; Prec: Precipitation. “Sediment transport
record starts in June 2011 (SY data for this year corresponds to the period June-December

2011).

Year | QueatSD | Qmac | Quin | R | SSCremn®SD | SSCrx | SY | Prec

ms? m’st | mst | hmPy?t mg | mg/ll | tony? | mm
2009 | 048+0.39 | 35 0.05 45 - - 820
2010 | 047+0.37 | 4.3 0.06 14.6 - - - 923
2011 | 029+025 | 1.9 0.05 9.22 7+3 390 65 703
2012 | 0.21+0.19 | 1.7 0.04 6.45 6+2 336 106 695
2013 | 057+0.89 | 9.7 0.06 | 13.59 12+3 408 360 697
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Table 3. Mean annual values and standard deviation for the studied variables and results from
the Mann-Kendall trend test (Kendal’s © and p-value) for (a) the actual dataset (including
climate variability and land sue changes) and (b) the scenario dataset (which considers a
constant land use over time). Note that climate variables are the same for both datasets. %A
indicates the percentage of change in mean annual values of runoff and sediment yield in the
scenario dataset in relation to the values obtained in the actual dataset

Variabl (a) Actual dataset (b) Scenario dataset
arl € )_(i()' TMK p'VaI ue )_(i()' TMK p'VaI ue
Precipitation (mm) 602+ 134 | -0.07 0.52
Temperature (°C) 88+18 | 045 <0.001
Snowpack (mm) 9.2+11.3 | -0.48 <0.001 - - -
Runoff (hm3y™) 52+35 | -011  0.06 6.4+45 -0.01 0.77
Sediment Yidld (tony?) | 276371 | -006 057 506 + 719 0.17 0.46




1155 Table 4. Tempora trends in the contribution of each class to the total annual precipitation,
1156  runoff and sediment yield.

Precipitation Runoff (hm3) | Sediment YiefPd)
M agnitude Category | % Accumulated tuk p-value | tyx p-value | tuk p-value
Low Cl 0-20% 0.004 0.97 0.06 0.61 -0.16 0158
Cc2 20-40% -0.04 071 | -0.04 059 0.19 0.07
Mid-range C3 40-60% -0.002 099 |-017 0.12 0.13 g%gg
Cc4 60-80% 0.06 059 |-003 082 0.11 .
High C5 80-100% 0.06 0.46 0.06 0.49 0.17 (1)%(13 o

1161



1162  Table5. Tempora trendsin the magnitude of each class.

1163

Precipitation Runoff (hm3) | Sediment Yield (t)
Magnitude Category | % Accumulated Twk  P-value | tyx p-value | tyk p-value

Low C1 0-20% -0.03 081 |-0.28 0.009 -0.2 0.11

c2 20-40% -0.04 066 |-015 016 -0.37 0.23

Mid-range C3 40-60% -0.07 048 |-026 0.01 -0.27 0.38

C4 60-80% -0.04 066 |-021 0.04 -0.29 0.45

High C5 80-100% -0.07 048 |-022 0.3 -0.28 0.16
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Table 6. Mann Kendall results for the analysis of seasonal trends for the period 1971-2014.

S N Precipitation Temperature Runoff (hm3) Sediment Yield (t)
Xtc  tyk Pp-value | Xt 1ux pvalue| X+oc 1y p-value X+o Ttk Pp-value
Spring | 206£76 -0.18 0.11 | 11+2 046 <0.001 | 15+1 -024 0.03 88+125 -0.21 0.06
Summer | 147+77 -0.11 010 | 17+¢2 0.28 0.008 | 0.8£t0.6 -0.25 0.02 27436 -0.09 041
Autumn | 19463 0.09 0.42 4+2 051 <0.001 | 1.3x1.8 -0.13 0.26 110+307 0.05 0.66
Winter | 7342 -0.05 0.67 2+2 045 <0.001 | 1.2+1.3 -0.19 0.09 67.7t137.4 0.11 0.32




