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Abstract 10 

Mediterranean mountain forests play a significant role in hydrological regulation. In this study, 11 

hydrological dynamics was examined at different temporal scales in a small mountain forest 12 

catchment in the Central Spanish Pyrenees (San Salvador), based on a 20-year dataset (1999-13 

2019). Mean annual runoff coefficient is 0.21, and ranged from 0.02 to 0.58. The catchment has a 14 

bi-modal hydrological behavior with two hydrological periods: a dry-period between July and 15 

December, and a wet-period between January and June. During the study period, only 108 floods 16 

were recorded, suggesting a low responsiveness of the catchment, with a high variable response. 17 

Spearman correlation analysis and stepwise multivariate regression suggest that the hydrological 18 

response in the San Salvador catchment is mainly depending on water table, with antecedent 19 

moisture conditions and rainfall depth as secondary factors. Seasonal differences were also 20 

observed: during dry season, the response was mainly related to rainfall depth and rainfall 21 

intensity; in contrast in wet season, the response was mainly related to antecedent conditions 22 

(previous rainfall and base flow). Thus, the already challenging water resources management in 23 

the Mediterranean basin is magnified by the key function of forests as natural modulators of water 24 

cycle. Consequently, the study of natural forested catchments is needed and long-datasets have to 25 
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be analysed to understand the role of natural Mediterranean forest in the hydrological dynamics 26 

and its evolution and adaptation in a context of Global Change. 27 
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1. Introduction 31 

Mountain headwaters play a significant role in the generation of runoff, acting as “water 32 

towers” or “islands of humidity” (Viviroli et al., 2003, 2007; Viviroli and Weingartner, 2004; 33 

Immerzeel et al., 2020). The dominant land cover of most of these mountain regions is composed 34 

of forests. In the Central Spanish Pyrenees, forest covers about 59% of the total mountain area and 35 

it occupies most of the territory between 1400 and 1700 m a.s.l. Over the last decades, a solid 36 

expansion of the forest in mountain regions has been observed as a consequence of the 37 

abandonment of agricultural lands and pastures, and afforestation programmes (Poyatos et al., 38 

2003; Lasanta et al., 2005; Tasser et al., 2007; Lasanta et al., 2015). This in turn has modified the 39 

water retaining and regulating functions of the forests. Recently, different studies have repeatedly 40 

highlighted the significant reduction of river flows (Beguería et al., 2003; García-Ruiz et al., 2011; 41 

Martínez-Fernández et al., 2013) due both to climate variations, and notably due to revegetation 42 

processes occurred after land abandonment and forest expansion. Such reductions in water 43 

resources jeopardize the already complex management of water-scarce basins such as the ones 44 

located in the Mediterranean region. In addition, Mediterranean mountains, are particularly 45 

exposed to climate change, as most models predict a significant increase of temperature and 46 

changes in rainfall patterns (Lionello and Scarascia, 2018), that would result in a large reduction 47 

of water availability during the summer. 48 

As noted above, water is a limiting factor in Mediterranean areas and a proper knowledge 49 

of forest water dynamics is required. Thus, the effects of forest cover in the hydrological response 50 

have been largely investigated (Bosch and Hewlett, 1982; Cosandey et al., 2005; Zabaleta et al., 51 

2010; Zabaleta and Antigüedad, 2013; Ferreira et al., 2016; Folton et al., 2019). It is widely 52 

accepted through experimental studies that forests regulate water yield, reduce the annual 53 
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catchment discharge due to a larger rainfall interception, increase transpiration and lower soil 54 

moisture regime (e.g. Vicente et al., 2018; Llorens et al., 2018), and modulates streamflow 55 

response to rainfall. However, spatial and temporal variability of water consumption and rainfall 56 

interception by forests are still natural sources of uncertainty. In that sense, Bathurst et al. (2018) 57 

concluded that despite the advances carried out in the last 50 years of research into the impacts of 58 

forest cover on catchment hydrological response (e.g. Andreássian, 2004; Cosandey et al., 2005), 59 

a number of key aspects remain partly understood, especially the impact of forests on floods 60 

catchment responses to rainfall. This is mainly because most studies have analysed the annual 61 

scale, while the event scale impact remains controversial. This is further aggravated by the scarcity 62 

of long-term experimental datasets, which allow measuring variability in hydrological processes. 63 

One of the most critical issues facing hydrological studies is related to the continuous record of 64 

long-term monitoring systems. Several authors (e.g. Burt and McDonell, 2015; Llorens et al., 65 

2018; Rodríguez-Caballero et al., 2018) highlighted the need of the continuity of field studies in 66 

catchment hydrology. Thus, as remarked by Llorens et al. (2018) and previously by other authors 67 

(e.g. Beven, 2016) “measurements and field work are unique tools for understanding observe 68 

trends”, and they are also needed to identify drivers controlling the hydrological response of these 69 

areas and to calibrate and validate models. 70 

Moreover, few studies have been carried out under Mediterranean mountain forest 71 

conditions, where the hydrological processes are particularly complex (e.g. Cosandey et al., 2005; 72 

García-Prats et al., 2016). The previous research on Mediterranean mountain forests indicated that 73 

forest areas play a key role in hydrological regulation (e.g. Serrano-Muela et al., 2008; Folton et 74 

al., 2018), highlighting that forest areas affect the water cycle balance due to soil infiltration or 75 

rainfall partitioning (among other reasons) (Llorens and Domingo, 2007; Petri et al., 2011). In 76 
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addition, in the near future, the role of forests in the Mediterranean mountain areas will be even 77 

greater due to the revegetation and forest expansion after farmland abandonment.  78 

In this context, it is of paramount importance to understand the hydrological response in a 79 

natural forest to provide tools for water management (natural revegetation is increasing and in few 80 

decades more mountain areas are going to be forested). San Salvador catchment can be considered 81 

as representative of a type of Mediterranean forest catchment in the Central Pyrenees, so it can 82 

give us some clues to understand the forest hydrology of Mediterranean forested mountain areas. 83 

Indeed, this research is a continuation of previous studies focusing on the analysis of the 84 

hydrological response in the San Salvador catchment (Serrano-Muela et al., 2008, 2010), and on 85 

the comparison of the hydrological response of various land covers at annual scale (García-Ruiz 86 

et al., 2008; Lana-Renault et al., 2018), and at event scale (Lana-Renault et al., 2010), and during 87 

an exceptional rainfall event in the Central Pyrenees (Lana-Renault et al., 2014). However, these 88 

previous studies were focused on short study periods (2-3 years) with a limited number of events 89 

involved, thus preventing the study of intra-annual variability of hydrological response and detail 90 

event analysis.  91 

Therefore, our research was designed to test these specific hypotheses: the hydrological 92 

response in a forest catchment is complex and a multivariate analysis (with a long-term database) 93 

is needed to recognise the main controlling factors affecting the hydrological response. The aim 94 

of this study is to analyse rainfall and runoff dynamics of a Mediterranean mountain forest, using 95 

a long-term database (1999-2019) from the San Salvador experimental catchment (Central 96 

Pyrenees). Specific objectives are: (i) to analyse rainfall, runoff and groundwater dynamics at 97 

different temporal scales during 20 hydrological years (1999-2019); (ii) to characterize rainfall 98 

events structure and to explore the relationships between pre-event, rainfall and hydrological 99 

5 
 



variables; (iii) to investigate the bonds between atmospheric patterns and rainfall and runoff 100 

generation to better understand the hydrological response; (iv) to implement a multivariate 101 

statistical analysis to model the explained relationships and to evaluate the regression models by 102 

plotting observed and estimated values; and (v) to briefly compare the hydrological response in a 103 

natural forest catchment to the response in other Mediterranean catchments. 104 

 105 

2. Material and Methods 106 

2.1. Experimental catchments in the Central Spanish Pyrenees 107 

The San Salvador catchment (92 ha, Figure 1) is an east-west oriented tributary of the 108 

Estarrún River in the upper basin of the Aragón River (Central Pyrenees, Spain). It is located in a 109 

mid-mountain environment, and consists of two regularized slopes facing in opposite directions 110 

(north and south). The outlet is at 830 m a.s.l. and the highest point is at 1295 m a.s.l. The lithology 111 

is composed of turbidity facies of Eocene Flysch. 112 

The climate is transitional, with characteristics of humid and continental Mediterranean 113 

climate. Average annual temperature is 10 °C, but with a high seasonal oscillation (-15 °C and 35 114 

°C). Mean annual rainfall is approximately 950 mm, and occurs mainly in autumn and spring. 115 

 The vegetation in the catchment is determined by the orographic disposition of the slopes 116 

with a contrasted vegetation on south- and north-facing slopes. The north-facing slopes are 117 

dominated by very dense pine forest (Pinus sylvestris) and beech forest (Fagus sylvatica) in wetter 118 

areas. On the south-facing slopes the forest is mixed pine and sub-Mediterranean gall-oak 119 

(Quercus gr. faginea) (Montserrat, 1971). Moreover, dense undergrowth (mainly composed of 120 

Buxus sempervirens in north-facing slopes, and mixed with Genista scorpius and Juniperus 121 
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communis) occurs throughout the catchment. No significant land use and land cover changes have 122 

occurred in the catchment in the last centuries. 123 

 The San Salvador catchment shows well developed and structured forest soils with 124 

differences between south- and north-facing slopes, being deeper and better developed in north-125 

facing slopes: phaeozems predominate on north-facing slopes, whereas kastanozems, regosols and 126 

cambisols can be found on south-facing slopes. 127 

 The results obtained in the San Salvador catchment were compared to those from other 128 

small catchments located in the same study area (see Figure 1), with the same climate conditions 129 

but different land covers (see García-Ruiz et al., 2008; Lana-Renault et al., 2018): (i) the Arnás 130 

catchment (284 ha, 900-1340 m a.s.l.) includes a complex mosaic of various shrubs and forest 131 

patches following farmland abandonment (in the late 1950s); (ii) the Araguás afforested sub-132 

catchment (12.4 ha, 920-1105 m a.s.l.) was cultivated with cereals in terraced field and then 133 

abandoned and afforested in the late 1960s with Pinus nigra and P. sylvestris; (iii) and the Araguás 134 

catchment (45 ha, 780-1105 m a.s.l.) characterised by a degraded dense network of badlands 135 

developed in marls in the lower part of the catchment (more information in Lana-Renault et al., 136 

2010; Nadal-Romero et al., 2016, 2018). 137 
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 138 

Figure 1. Location of the San Salvador catchment and the instrumentation implemented in the San 139 

Salvador catchment to study the hydrological dynamics (left). Location of the San Salvador, Arnás 140 

and Araguás catchments (bottom-right). 141 

 142 

2.2. Monitoring and field data acquisition 143 

 Field monitoring was initiated in the San Salvador catchment in 1999 to analyse the 144 

hydrological response in this Mediterranean forest area (see discharge magnitude-frequency plots 145 

in Supplementary Material, Figure 1S). The equipment was slightly changed over the study period, 146 

in order to solve technical problems and to upgrade the monitoring equipment. In addition, during 147 

this long-term period, technical problems (e.g. instrument failure due to severe storms) lead to 148 

missing data during certain periods of time. However, despite these difficulties, a consistent 149 

database was constructed and presented in this study. 150 

 Rainfall, water discharge and water table height were continuously measured at the gauging 151 

station, located at the outlet of the catchment. Rainfall data were measured using three tipping 152 
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bucket pluviometers located at 880, 1080 and 1270 m a.s.l. Water depth was measured at the 153 

gauging station of the catchment by means of an ultrasound sensor and a pressure-based probe 154 

(Lundhal DCU-7110 and Keller DCX-22-AA respectively). Discharge was eventually calculated 155 

using a stage-discharge rating curve method. 156 

 In addition, two piezometers (Keller DCX-22-AA) were installed to measure the depth to 157 

the water table in two slopes with opposite solar orientation (south- and north-facing slopes, since 158 

2005). Moreover, the monitoring of the catchment was complemented with a weather station 159 

(Campbell), and an automatic water sampler (ISCO 3700, with 24 bottles). All these instruments 160 

were connected to a datalogger that scanned information every 10 seconds and recorded average 161 

values every 5 to 20 minutes, for discharge and water table respectively. 162 

 Lastly, data about the partitioning processes in the San Salvador catchment were recorded 163 

during 3 years in three experimental plots under three plant cover types (Pinus, Fagus, and 164 

Quercus), although this information is not analysed in this study (for more information see 165 

Serrano-Muela et al. (2013)). 166 

 167 

2.3.  Methods 168 

 Different temporal scales analyses (annual, monthly, seasonal and event) were carried out 169 

to analyse the hydrological dynamics during the period 1999-2019 (see the Methodological flow 170 

chart in Supplementary Material, Figure 2S). The data were also used to determine individual 171 

runoff events, identified as a sudden increase in discharge that exceeded 1.5 times the baseflow at 172 

the beginning of the event (García-Ruiz et al., 2005). Stormflow was distinguished from initial 173 

discharge using the traditional method of Hewlett and Hibbert (1967), using a straight line of 174 

constant slope (1.83 l s-1 day-1 km-2) (Latron et al., 2008). For each runoff event, 17 variables were 175 
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obtained and grouped (based on similar studies, Nadal-Romero et al., 2018) as: (i) pre-event 176 

conditions (baseflow and rainfall depth accumulated during the 6 h, 1, 3, 7, 15 and 21 days before 177 

the event); (ii) rainfall (total rainfall (P) and maximum rainfall intensity (Imax) registered during 178 

the event); and (iii) runoff (time lags as duration of the event (Te), time between the beginning of 179 

the rainfall and peak discharge (Ti), time between the centroid of the rainfall and peak discharge 180 

(Tr), and recession limb, defined as the time between peak discharge and the time when discharge 181 

was equal to one third of the peak discharge (Tf), and accumulated stormflow, the stormflow 182 

coefficient, maximum peak discharge and mean discharge) (see Table 1). All these variables, along 183 

with daily water table time-series, were analysed to characterize the hydrological response of the 184 

catchment.  185 

Atmospheric conditions (hereafter, weather types, WTs), were analyzed for the different 186 

events. We used the weather types classification established by Jeckinson and Collison (1977), see 187 

more details in Peña-Angulo et al. (2019). Eight directional WTs (N, NE, E, SE, S, SW, W, NW) 188 

and cyclonic (C) and anticyclonic (A) types were identified. Each of the 108 events was associated 189 

with a WT, and the percentage of rainfall and stormflow produced was estimated over the whole 190 

period. 191 

 Finally, the results were discussed and compared with information from other small 192 

experimental catchments located in the same study area: the Arnás and the Araguás catchments 193 

and the Araguás afforested sub-catchment that have been instrumented since 1996, 2007 and 2004 194 

respectively. Each catchment is equipped with similar instrumentation to the one described in San 195 

Salvador catchment (more information in Lana-Renault et al. (2010) and Nadal-Romero et al. 196 

(2016, 2018)).  197 

 198 
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Table 1. Rainfall and hydrological variables (pre-event conditions, rainfall and runoff) used for the 199 

statistical analysis (based and modified from Nadal-Romero et al., 2018). 200 
 201 

Abbreviation Definition 
Qi Initial discharge rate measured at the start of the event (l s-1 km-2) 

Ap6h Rainfall depth (mm) accumulated during six hours before the event 
Ap1d Rainfall depth (mm) accumulated during 1 day before the event 
Ap3d Rainfall depth (mm) accumulated during 3d days before the event 
Ap7d Rainfall depth (mm) accumulated during 7 days before the event 

Ap15d Rainfall depth (mm) accumulated during 15 days before the event 
Ap21d Rainfall depth (mm) accumulated during 21 days before the event 

P Accumulated rainfall (mm) during the total event 
Imax Maximum 5-min rainfall intensity recorded during the event (mm h-1) 

Te Duration of the defined event (min) 
Ti Time lag between the beginning of the rainfall and the peak discharge rate (min) 
Tr Time lag between the centroid of the rainfall and the peak discharge rate (min) 
Tf Time interval between peak discharge and the time when discharge is equal to one-

third of the peak discharge rate (Lana-Renault et al., 2011) (min) 
SF Accumulated stormflow at the end of the event (mm) 
RC Stormflow coefficient: the ratio of the stormflow to the rainfall amount  

Qmax Maximum peak discharge recorded during the event (l s-1 km-2) 
Qmean Mean discharge recorded during the event (l s-1 km-2) 

 202 
 203 
2.4. Statistical analysis 204 

The statistical approach herein used combined various complementary analysis to obtain a 205 

global overview of the hydrological response recorded in the San Salvador catchment 206 

(Supplementary Material, Figure 2S). A descriptive analysis was firstly carried out with all the 207 

variables at different temporal scales (yearly, monthly, daily and event scales). Secondly, a 208 

Principal Component Analysis (PCA) was carried out based on the correlation matrix. On this 209 

basis, the PCA was used to identify which variables accounted for most of the variation on PC1 210 

and PC2. Likewise, the relationships between all the variables (pre-event conditions, rainfall and 211 

runoff) were also analysed using Spearman correlation. Finally, based on the analyses proposed in 212 

Nadal-Romero et al. (2018) a correlation analysis was performed. In that sense, a stepwise 213 

multivariate regression using Akaike's Information Criterion, with bidirectional elimination (i.e., 214 

a combination of forward selection and backward elimination, with testing at each step if the 215 

variables are to be included or excluded) was carried out among the dependent and independent 216 
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variables for runoff events (Qmean, Qmax and SF) to model the relationship (the number of events 217 

is 108) and to assess how well the model fits the dataset without over-fitting it. All statistical 218 

analyses were carried out using R software (R, version 3.2.3.). 219 

 220 

3. Results and Discussion 221 

3.1. Hydrological response at annual and seasonal scale 222 

 We present 20 years of hydrological data. Mean annual rainfall is around 926 mm and ranges 223 

between 505 mm (2011-2012) and 1580 mm (1999-2000). During 6 hydrological years, higher 224 

rainfall values than the average are recorded. The average runoff is 201.3 mm yr-1 and ranges 225 

between 16.5 and 551.1 mm yr-1. 226 

 Mean runoff coefficient is 0.21 and oscillates between 0.02 and 0.58 (see Figure 2). Large 227 

variations in the annual runoff coefficients have been also recorded in other Mediterranean areas 228 

(Latron et al., 2009; Nadal-Romero et al., 2018). Runoff coefficients are much lower than the ones 229 

calculated by Zabaleta et al. (2013) and Rodríguez-Blanco et al. (2019) for humid and temperate 230 

forested catchments, and they can be attributed to rainfall interception by the plant canopy, as well 231 

as, by the high capacity of the soils to storage water during long periods. Serrano-Muela et al. 232 

(2012, 2013) indicated that in the San Salvador catchment, vegetation reduces between 22 and 233 

28% of the rainfall reaching the soil. Similar results were observed in the Vallcebre catchments, 234 

where rainfall interception in forest represents about 24% (Gallart et al., 2002). In other 235 

Mediterranean regions, a comprehensive review of rainfall partitioning indicates that in forest 236 

mean relative throughfall is about 79% (Llorens and Domingo, 2007). 237 

 238 
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 239 

Figure 2. Annual hydrological response (total runoff, runoff coefficient and rainfall) during the 240 

study period (1999-2019) recorded in the San Salvador catchment. During the hydrological year 241 

2008-2009 different problems occurred in the catchment; for this reason, the data obtained during 242 

this year were not considered. 243 

 244 

 In addition, annual rainfall volume, as well as its distribution within the year (see Figure 3), 245 

strongly affects the hydrological response. Figure 3 shows mean monthly rainfall and runoff 246 

values, with a high variability among years. The seasonal rainfall distribution observed in the 247 

catchment is typical of a Mediterranean catchment (Latron et al., 2009; Folton et al., 2019). The 248 

relationship between rainfall and runoff is not linear, which can be explained by the potential 249 

evapotranspiration and water storage in the soils (Llorens et al., 2011). This fact results in moderate 250 

rainfall values in autumn (October and November), and high runoff values in late winter and spring 251 

(from February to May), coinciding with a second maximum rainfall period (March-May). The 252 

high hydrological response in spring is mainly due to the refilled of water reserves during autumn 253 

and winter, and the low evapotranspiration values. The summer period is very dry with rainfall 254 
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values lower than 50 mm month-1 and runoff less than 10 mm month-1, due to low rainfall and high 255 

evapotranspiration demand. Rainfall values increase in September but with a limited impact on the 256 

hydrological response.  257 

 258 

 259 

Figure 3. Mean monthly hydrological response (total runoff and rainfall) during the study period 260 

(1999-2019) recorded in the San Salvador catchment. Vertical error bars represent the standard 261 

deviation. 262 

 263 
 264 

3.2.  Hydrological response and water table  265 

 In Mediterranean mountain areas, water table information has been only used for 266 

improving the understanding of catchment hydrological behaviour (Latron et al., 2009). Figure 4 267 

shows the evolution of daily rainfall, runoff and water table depth from two consecutive 268 

hydrological years: a wet-rainfall year after three hydrological dry years (2012-2013, 1423 mm) 269 

(see Figure 2) and a dry-rainfall year (2013-2014, 810 mm). It is noteworthy that water table in 270 

both years shows: a high intra-annual variability, higher during the wet period of the year, and 271 

different responses to rainfall throughout the year. High and fast water table values were observed 272 
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from the end of January to the end of April. From the end of June, a decline of groundwater reserves 273 

was observed, that can be related to the increasing water deficit in the catchment and an increase 274 

in evapotranspiration, together with a decrease in rainfall volumes. Differences between 275 

expositions were also observed, indicating a high spatial variability, as it has been also reported 276 

for Mediterranean mountain areas (Llorens et al., 2011; Lana-Renault et al., 2013). 277 

 The correlation between streamflow discharge and the water table in both conditions was 278 

not statistically significant although a larger correlation was found with north-facing values. 279 

Discharges are really significant when the water table is close to soil surface (this fact is closely 280 

related to antecedent rainfall). High streamflows mainly occurred when the water table is high, 281 

especially during 2013-2014. Inverse situations were also observed: low discharges under high 282 

water-table values. During short periods water table was close to soil surface only in north-facing 283 

slopes. Contrary to the evolution recorded in the Arnás catchment (Central Pyrenees) (Lana-284 

Renault et al., 2013), a saturation period over winter and spring was never observed in the San 285 

Salvador catchment. The effect of water table dynamics on the stormflow and the absence of 286 

saturated areas in the catchment indicate the dominance of subsurface processes, especially active 287 

when the water table is high. 288 
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 289 
 290 

Figure 4. Streamflow, rainfall and depth to water table during (left) 2012-2013 and (right) 2013-291 

2014 recorded in the San Salvador catchment. 292 

 293 

3.3.  Hydrological response at event scale 294 

  There has been fairly little research into quantifying the impacts of Mediterranean forest 295 

on the response to rainfall events of different magnitudes. In that sense, the effects of forest cover 296 

on peak flows are more difficult to isolate and at the catchment scale the impact is less well 297 

understood due to the scarcity of experimental data (Bathrust et al., 2016; Petri et al., 2011). First, 298 

we described the events recorded in the catchment, and later we performed a Principal Component 299 

Analysis taking into account all the variables.  300 

  In the San Salvador catchment 108 runoff events were recorded throughout the study 301 

period. Based on this dataset a strong skew in seasonal distribution in terms of events is found: 39 302 

events in spring, 33 in autumn and winter, and only 3 events in summer. Due to this distribution 303 
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and to the annual hydrological dynamics (see Figure 4), we decided to split the dataset in two 304 

seasons: wet (from January to June, n=71) and dry (from July to December, n=37). This seasonality 305 

of the hydrological response has been also reported in other Mediterranean catchments (Llorens et 306 

al., 2011). It is based on an alternation between a wet period when the catchment is hydrologically 307 

active, and a dry period (mainly in the summer and the beginning of autumn) when the catchment 308 

is much less responsive to any rainfall. 309 

 The main characteristics of the events are shown in Figure 5. High variability was observed 310 

in the variables defining the events. Rainfall depth ranged between 0.4 and 191 mm, with 34 events 311 

having values > 10 mm and 6 events > 50 mm. The responsiveness was low during rainfall events 312 

lower than 10 mm (only 9 events) and lower than 20 mm (only 27 events). Stormflow varied from 313 

0.01 and 146.3 mm, and the stormflow coefficient between 0.001 and 1. The mean rainfall value 314 

for both periods (dry and wet) was 38 mm, and rainfall intensity was high during dry periods, 315 

although no significant differences were observed. High rainfall intensity events were associated 316 

to convective storms mainly during summer (only 3 events) and the beginning of the autumn. 317 

Additionally, a piecewise regression analysis of 108 events was carried out to evaluate the 318 

relationship between total rainfall and stormflow. The results show a single significant breakpoint 319 

at a P of 105.8 mm, indicating that from this rainfall threshold, there is a large change in the relation 320 

between rainfall and stormflow. This breakpoint could be considered a threshold for high-321 

magnitude low-frequency events; the few data above this threshold (only 5 events) prevent the 322 

generalization of this result. Above this break point the rainfall runoff slope was considerably 323 

stronger than the observed under the threshold. Below this point, stormflow was limited and only 324 

one event produced stormflow > 30 mm (see Supplementary Material, Figure 3S). The threshold 325 

found in the San Salvador catchment is relatively high if it is compared with other values obtained 326 
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in different environments (Palleiro et al., 2014; Rodríguez-Caballero et al., 2014; Nadal-Romero 327 

et al., 2018). 328 

  The stormflow values and stormflow coefficients tended to be higher during the wet period, 329 

suggesting higher soil moisture values in the catchment after autumn rainfalls (see Figure 5). Long 330 

events were recorded in the San Salvador catchment, similar to the ones observed in other 331 

vegetated catchments (Palleiro et al., 2014). The longest events occurred during the wet season 332 

(around 10 h) in response to high rainfall amounts. The time lags (rising limb) were lower during 333 

the dry season, and could be associated with the occurrence of intense and short rainfalls at the 334 

end of the summer and the beginning of the autumn. Long recession limbs were observed, 335 

suggesting a large contribution of a slow stormflow component (subsurface flow within the soil 336 

matrix). The recession limbs were longer during the wet season, indicating that significant 337 

contribution of subsurface flow can increase under wetter conditions, due to the presence of high 338 

soil water storage. Time lags and recession limbs were longer than the ones obtained in other 339 

Mediterranean catchments (Nadal-Romero et al., 2016, 2018). 340 

  Significant differences were also observed with some pre-event variables, such as the initial 341 

discharge (Qi) and total rainfall accumulated during 15 and 21 days before the event. These values 342 

were higher during the wet season (Figure 5). 343 
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 344 

Figure 5. Pre-event, rainfall and discharge values for wet and dry seasons (wet: from January to 345 

June; dry: from July to December). Total events 108: 71 during wet season and 38 during dry 346 

conditions. p-value < 0.05 indicate significant differences. The ends of the box are the upper and 347 

lower quartiles, so the box spans the interquartile range, the median is marked by a vertical line 348 

inside the box, the whiskers are the two lines outside the box that extend to the highest and lowest 349 

observations and the point outside of the whiskers are the outliers. Information about the variables 350 

can be found in Table 1. 351 

 352 
 353 
 The PCA of the 108 events revealed that only 50% of the variance is captured by the first two 354 

PC axes (see Figure 6). Similar results were observed in a small afforested catchment close to the 355 

San Salvador catchment (Nadal-Romero et al., 2016). The first component (determined by the pre-356 

event conditions) explained about 26% of the variance and was associated with high antecedent 357 

moisture conditions and the magnitude of the events, represented by Qmean and Qmax; while PC2 358 

was contributed by the time variables, rainfall variables and the volume of the floods (as 359 

stormflow). Figure 6 also shows the PC scores in the plane of PC1 and PC2. No strong 360 

discrimination is evident, but some small differences can be observed between wet and dry events. 361 

19 
 



Most of the wet events were distributed in the negative side of the PC1; however, most of the dry 362 

events were located in the opposite side (positive side of the PC1) characterized by high antecedent 363 

moisture conditions. 364 

 365 
 366 
Figure 6. Percentage of the explained variance explained by the different principal components 367 

(left). Eigenvectors from the Principal Component Analysis PCA and PC scores plots plotted in 368 

the plane of the first two components. Component 1 explains 26% of the variance and component 369 

2 explains 23.5% of the variance. Flood events are split in two seasons: wet season and dry season 370 

(right). Information about the variables can be found in Table 1. 371 

 372 

 Considering atmospheric conditions, the most frequent weather type in which flood events 373 

occurred were western, southwestern and cyclonic conditions (see Supplementary Material, Figure 374 

4S). The percentage of rainfall recorded by these three WTs was almost 60%, and the percentage 375 

of runoff was around 65%. However, the highest stormflow coefficients were recorded during 376 

southern and western atmospheric conditions, and the highest rainfall intensities were recorded 377 

during cyclonic and north-eastern WTs. 378 

 379 

3.4. Factors controlling the hydrological response at event scale 380 
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 Firstly, we explore the correlations between pre-event conditions, rainfall characteristics and 381 

hydrological variables by means of Spearman statistical analysis (see Figure 7). Secondly, we 382 

performed a multivariate analysis between these variables taken as dependent Qmax, Qmean and 383 

SF (see Figure 8). 384 

 385 
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Figure 7. Total (a) and seasonal (b,c) Spearman correlation (R values) between pre-event, rainfall 386 

and hydrological variables for the San Salvador catchment. Wet season (b) collects events recorded 387 

from January to June, and dry season (c) collects events recorded from July to December. Negative 388 

correlation: blue; positive correlation: red. No significant correlations: small cross (p-value > 389 

0.05). Size of the circle and the colour range indicates the value of Spearman’s correlation. x means 390 

no significant relationship was found. Information about the variables can be found in Table 1. 391 

 392 

 We performed Spearman correlation analyses of total (Figure 7a) and seasonal (dry season, 393 

Figure 7b; and wet season, Figure 7c) records to identify factors that influence the hydrological 394 

dynamics in the San Salvador catchment. Figure 7 shows the correlation matrix (total and seasonal 395 

results), and we only described and discussed the main results we have found. The analysis of total 396 

events indicated that there were significant and positive correlations between antecedent 397 

conditions (pre-event rainfall and Qi) and hydrological response variables (Qmean, Qmax and SF 398 

coefficients). These results suggest that antecedent conditions (catchment moisture) play an 399 

important role in the hydrological response, as has been frequently reported in other forested humid 400 

environments (Zabaleta et al., 2007; Rodríguez-Blanco et al., 2019). The correlation between 401 

rainfall amount, Qmax, SF and the time lags were also significant and positive. Significant and 402 

positive correlations were also observed between rainfall intensity and SF. 403 

 The correlations of these variables varied among the dry and wet seasons (Figures 7b and 7c). 404 

Thus, during the wet season, the hydrological response was more dependent to antecedent 405 

conditions; and contrary during the dry season, correlations were only observed with rainfall 406 

amount and rainfall intensity. These results are similar to the ones observed in a small afforested 407 

catchment located also in the Central Pyrenees (Nadal-Romero et al., 2016). However, the results 408 

are opposed to those reported in other catchments as Corbeira, where they observed that the 409 
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hydrological response in summer is more dependent to the antecedent conditions (Rodríguez-410 

Blanco et al., 2019). 411 

 A multivariate analysis was also applied to the dataset. Table 2 and Figure 8 show the 412 

multivariate regression models for Qmax, Qmean and SF for total events, and wet and dry seasons. 413 

The models have correlation coefficients between 0.686 and 0.934. The highest values are the ones 414 

associated with the Qmax considering all events (0.812) and in dry conditions (0.785), and with 415 

Qmean in wet conditions (0.943). In general, the highest coefficients were recorded for wet events. 416 

The stormflow models presented the lowest correlation coefficients, with a high number of 417 

variables. The values obtained in the San Salvador catchment were higher than the ones observed 418 

in other Pyrenean catchments (López-Tarazón et al., 2010; Tuset et al., 2016; Nadal-Romero et 419 

al., 2018), but similar to those described for some humid areas (i.e. Palleiro et al., 2014). The 420 

comparison of observed and predicted values by the models indicated that our models predicted 421 

more accurately low-magnitude events (high-frequency), although a high variability is observed.  422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 

 430 

 431 

 432 
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Table 2. All, wet and dry seasonal multivariate statistical analysis of the relationship between pre‐433 

event, rainfall, and run‐off variables with Qmax (left), with Qmean (middle), and with SF (right). 434 

All events 
Qmax   Qmean   SF   
Intercept -36.914 Intercept 14.303 Intercept -10.575 
Ap6h 2.736 Ap6h -1.056 P 0.409 
P 1.877 Ap3d 0.315 Imax -0.177 
Qmean 2.104 P -0.443 Qi 0.093 
Qi -0.738 Imax -0.422 Qmax 0.030 
Ti -0.009 Qi 0.432 Ti 0.001 
Tf -0.007 Qmax 0.343 Tf 0.001 
Adjusted R2 0.812  Ti 0.002 Adjusted R2 0.696 
     Tf 0.003   
  Adjusted R2 0.799   

Wet season 
Qmax   Qmean   SF   
Intercept -18.392 Intercept 9.256 Intercept -5.716 
Ap6h 5.004 Ap6h -2.067 Ap6h -0.287 
Ap3d -1.027 Ap3d 0.547 Ap3d 0.115 
Qmean 2.245 Qi 0.367 P 0.211 
Qi -0.893 Qmax 0.402 Qi 0.086 
SF 0.886 Ti -0.002 Qmax 0.018 
Adjusted R2 0.934 Adjusted R2 0.943 Ti 0.002 
        Tf 0.001 
        Adjusted R2 0.850 

Dry season 
Qmax   Qmean   SF   
Intercept -36.622 Intercept 20.171 Intercept -17.698 
P 1.949 P -0.373 P 0.506 
Imax 3.618 Imax -0.846 Qmean 0.211 
Qmean 2.402 SF 0.453 Adjusted R2 0.686 
Tf -0.038 Qi 0.694    
Adjusted R2 0.785 Qmax 0.189    
    Tf 0.007    
    Adjusted R2 0.743     

Note. Not statistically significant variables are not included (see Table 1 for definitions of variables). The 435 
values in bold and italic indicate that the variable is significant (0.05). 436 
 437 
 438 

 439 

 440 

 441 

24 
 



   

   

   
 442 
Figure 8. Observed and estimated values of the Qmax, Qmean and SF variables in all dataset, wet 443 

and dry season. Estimated values were from the multivariate regression models (Table 2). Note 444 

the use of different scales in each figure. Information about the variables can be found in Table 1. 445 

  446 
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 Seasonal multiple regression analysis confirmed the complex response in Mediterranean 447 

forest catchments. The results observed in wet conditions for Qmean and Qmax confirm the 448 

influence of antecedent conditions, but not the influence of rainfall intensity. Also, the fits were 449 

better for low-magnitude events. Similarly, the models confirm the influence of P and Imax during 450 

the dry period. The higher influence of antecedent conditions in the wet period reinforces the 451 

results obtained from the Spearman correlation analysis, and suggests that the hydrological 452 

response is better explained by the Dunne’s theory, that relates hydrological response with 453 

antecedent conditions and total precipitation (Dunne and Black, 1970), as has been observed in 454 

other Pyrenean catchments (López-Tarazón et al., 2010). The significance of antecedent conditions 455 

in hydrological response has been also commonly reported in humid temperate forested 456 

environments (Rodríguez-Blanco et al., 2012; Palleiro et al., 2014). It should be noted the lower 457 

coefficients obtained during the dry season, suggesting that during these months a high uncertainty 458 

occurred and a high variability of responses could be observed. 459 

 From these results, we can conclude that the pre-event conditions (antecedent moisture 460 

conditions) are the main factors explaining the hydrological response of the San Salvador 461 

catchment at the event scale. However, since the model explained around 81% of the variance of 462 

Qmax, Qmean, and SF, 19% of the variance is not explained in terms of the studied variables. 463 

 464 

3.5. Further implications of revegetation processes in Mediterranean mountain areas 465 

 It is widely accepted that forests control water yield and reduce the size of most streamflow 466 

response to rainfall (Consandey et al., 2005). In addition, the increase in revegetated and forested 467 

areas in recent decades in Mediterranean areas is expected to continue due to the natural 468 

revegetation processes observed in mountain areas after cropland abandonment and pasture 469 
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abandonment, and also due to afforestation programmes. Moreover, Mediterranean mountains are 470 

highly sensitive to changes, and these changes can lead to a reduction in water resources and annual 471 

flows (Beguería et al., 2003). 472 

 Decades of research in catchments with different land uses and land covers and process studies 473 

have shown that relative to other uses, forest reduces the annual catchment discharge because 474 

vegetation has higher rainfall interception rates and higher transpiration rates, especially during 475 

dry periods, and lower soil moisture regime (i.e. Petri et al., 2011; Bathurst et al., 2016). Figure 9 476 

shows the annual runoff coefficient in four catchments located in the Central Pyrenees. High 477 

variability is observed in the San Salvador and Araguás catchments (forest and badland areas, 478 

respectively). Mean annual runoff coefficient is higher in the Araguás catchment (degraded, 0.50), 479 

followed by the natural revegetated catchment (Arnás catchment, 0.28), the afforested catchment 480 

(0.23) and the San Salvador catchment (natural forest, 0.20). This is a relevant result because the 481 

precipitation is similar in the different catchments, so the differences must be related to the soil, 482 

vegetation characteristics and forest structure. The values obtained in the San Salvador catchment 483 

are lower than those observed by Merheb et al. (2016), who reported a mean value of runoff 484 

coefficient for a high number of selected Mediterranean catchments equal to 0.37, with a standard 485 

deviation of 0.27.  486 
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 487 

Figure 9. Annual runoff coefficient in San Salvador, Arnás, Araguás afforested and Araguás 488 

catchments (Central Spanish Pyrenees). Red line points represent mean values. 489 

 490 

 The number of floods per year can be also used as a useful parameter in making hydrological 491 

comparisons among different catchments. The first point that should be highlighted is the varying 492 

frequency in the number of floods observed in different Mediterranean land uses and the low 493 

frequency of floods in the San Salvador catchment: during twenty hydrological years only 108 494 

events were recorded. Recent literature provides several examples of the effect of land covers on 495 

flood generation. Tuset et al. (2016) identified 73 floods in 3 hydrological years at the Ribera 496 

Salada (Central Pyrenees). Nadal-Romero et al. (2018) recorded 414 events during ten 497 

hydrological years in the Araguás catchment. Nadal-Romero et al. (2006) compared the number 498 

of events observed in San Salvador and in an afforested catchment during the same study period: 499 

28 
 



10 and 44 respectively. Likewise, García-Ruiz et al. (2008) compared San Salvador with the other 500 

catchments and showed that in 2005-2006 only 6 floods were identified in the forest catchment, 501 

12 in the Arnás catchment and 44 in the Araguás catchment. With these results, we can conclude 502 

that forests reduce the number of floods, but still there is scientific debate about the effects of forest 503 

during extreme events (high-magnitude, low-frequency floods). 504 

 505 

4. Conclusions 506 

Our results corroborate the main characteristics of the San Salvador catchment, as an example 507 

of a natural Mediterranean mountain forest catchment: (a) low hydrological responsiveness, 508 

especially during summer and the beginning of autumn; (b) a non‐linear relationship of rainfall 509 

and runoff, since the antecedent moisture conditions play an important role in the hydrological 510 

response; and (c) inter-annual and intra-annual variability, in which no single variable explains the 511 

hydrological responses. 512 

 We reached the following conclusions: (i) annual runoff coefficients are overall rather low, 513 

reflecting the high interception of forest and soil infiltration capacity; (ii) at the event scale, the 514 

results showed that the hydrological response in the San Salvador catchment was highly dependent 515 

in pre-event conditions and to a lesser extent on rainfall amount, although seasonal differences 516 

were observed; (iii) the response is also related to the height of the water table which in turn is 517 

related to antecedent rainfall conditions; (iv) slow rise and prolonged recession limbs suggest that 518 

subsurface flow was the dominant process in the San Salvador catchment; (v) seasonal patterns 519 

have been identified: a wet period (from January to June) and a dry period (from July to 520 

December): during the wet period the responses mainly depend on antecedent conditions, while 521 

during the dry period in rainfall amount and rainfall intensity; (vi) a multivariate analysis 522 
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recognised the main factors that affect the hydrological response, but the proposed regression 523 

models underestimate the response during high-magnitude and low-frequency events. 524 

 Results obtained during the last two decades in the San Salvador catchment offer the 525 

possibility to understand the hydrological response of a natural Mediterranean forest and to find 526 

out the role of natural forests compared to other land uses/land cover in water resources generation 527 

in the Central Spanish Pyrenees. Nevertheless, our study also suggests that further research in the 528 

San Salvador catchment is needed. The information recorded in the San Salvador catchment will 529 

allow to apply eco-hydrological models, and simulate different scenarios (i.e. droughts, thinning 530 

practices, forest fires) to obtain new information to help assess the Global Change effects on water 531 

resources and hydrological dynamics in Mediterranean forest areas. In that sense, it is necessary 532 

to continue monitoring the hydrological response to obtain longer detailed datasets. 533 
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Supplementary Material 741 

 742 
 743 
Figure 1S. Discrete probability density function of the discharge magnitude during the period 744 

1999-2009 (left) and the period 2010-2019 (right) at San Salvador catchment. 745 

 746 

 747 
Figure 2S. Supplementary material. Methodological flow chart applied to the dataset to infer the 748 

global hydrological dynamics. 749 
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 750 
Figure 3S. Supplementary material. Piecewise regression analysis of the relationship between total 751 

rainfall and stormflow at the outlet of the San Salvador catchment (n = 108). The breakpoint was 752 

at P = 105.8 mm. 753 

 754 

 755 

 756 
Figure 4S. Supplementary Material. Contribution from different WTs to events, rainfall and 757 

stormflow during flood events recorded in the San Salvador catchment. WTs have been grouped 758 

by wind direction and anti-cyclonic and cyclonic types where not shown in the plots (numerical 759 
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information is included). For more information about WTs, please check Peña-Angulo et al. 760 

(2019). 761 
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