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Abstract: The sensitive mountain catchment of Portainé (Eastern Pyrenees, Iberian Peninsula) has
recently experienced a significant change in its torrential dynamics due to human disturbances. The
emplacement of a ski resort at the headwaters led to the surpassing of a geomorphological
threshold, with important consequences during flood events. Consequently, since 2008, channel
dynamics have turned into sediment-laden, highly destructive torrential flows. In order to assess
this phenomenon and to acquire a holistic understanding of the catchment’s behaviour, we carried
out a field work-based multidisciplinary study. We considered the interaction of the various
controlling factors, including bedrock geology, geomorphological evolution, derived soils and
coluvial deposits, rainfall patterns, and the hydrological response of the catchment to flood events.
Moreover, anthropogenic land-use changes, its consequential hydrogeomorphic effects and the role
of vegetation were also taken into account. Robust sedimentological and geomorphological
evidence of ancient dense debris flows show that the basin has shifted around this threshold, giving
rise to two different behaviours or equilibrium conditions throughout its history: alternating
periods of moderate, bedload-laden flows and periods of high sediment-laden debris flow
dynamics. This shifting could have extended through the Holocene. Finally, we discuss the possible
impact of climate and global change, as the projected effects suggest future soil and forest
degradation; this, jointly with more intense rainfalls in these mountain environments, would
exacerbate the future occurrence of dense sediment-laden flows at Portainé, but also in other nearby,
similar basins.
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1. Introduction

1.1. The Geomorphological Threshold Concept

The International Association of Geomorphologists, in its glossary compiled by Goudie [1],
defines geomorphological threshold as “a threshold of landform stability that is exceeded either by
intrinsic change of the landform itself, or by a progressive change of an external variable”. This
definition derives from the remarkable ideas of [2-5], among others, also compiled and discussed by
[6]. Gregory [7] defines thresholds as stages or tipping points at which essential characteristics change
dramatically. They are boundary conditions separating two distinct phases or equilibria conditions.
According to [8], equilibrium typically refers to a condition with no net change and is thus very
dependent on the time span being considered. Thus, the dynamic equilibrium concept assumes that,
in a basin, forms and processes adjust to convey water and sediment supply while maintaining a
balance with the erosional resistance and the stability characteristics of the banks [9,10]. If there is a
change in the balance of forces that control the state of the system, it may become unstable, a
threshold can be overpassed, and it can shift from a state of dynamic equilibrium to another state.
The last book chapters from [5], dedicated to thresholds and man, emphasize how human activities
can lead to overpass thresholds and modify geomorphic processes, such as accelerating erosion [11].

The hypothesis that a geomorphological threshold was exceeded because of anthropogenically
induced land cover changes can be applied very well to the mountain basin of Portainé (eastern
Pyrenees, Iberian Peninsula; see Section 1.2 and Figure 1). In response to an ordinary rainfall event
in 2008, the torrential dynamics turned dramatically into heavily sediment laden, destructive flows
(Section 1.4).

Gregory [7] considers that a holistic view acknowledges the need to understand how a land
surface system operates, as well as to know the relation of its component parts. In Portainé, the
dynamics reveal a complex connectivity among water-soil-rock processes. Specialised research, only
focused on geomorphology, hydrology, or flow dynamics, does not capture the complexity of the
processes in this mountain environment. Thus, the problem should not be considered exclusively by
a single discipline, but in the wider context, by looking at relationships as a whole. Consequently,
our approach is based on our previous, specifically focussed works carried out with different
methods and with conclusive proofs and results [12-22] and also considers the complexity of the
system as suggested by Kondolf and Piégay [23], by working with the convergence of evidence. From
this scope, this paper integrates and synthesizes the results of multidisciplinary research carried out
in the basin of Portainé, as only through this holistic approach can the hypothetical surpassing of the
geomorphic threshold after flood events be detected and characterized.
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Figure 1. Study area: (a) Geographic and geological location of the Axial Pyrenees; Pre-Variscan
materials, on which the study area is located, stand out. (b) Geomorphological setting and delineation
of the Portainé drainage basin, including sub-areas of the study; specific location of studied sediments
and anthropogenically significant elements cited throughout the article. (c¢) Locations of the rain
gauges used in this study.
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1.2. Study Area

The Portainé basin (Figure 1) (5.7 km?) is located in the Pyrenees (Pallars Sobira County,
Catalonia, Spain), with elevations ranging from 2439 m a.s.l. (Torreta de 1'Orri peak) to 950 m a.s.L.
(Romadriu river and Vallespir hydropower dam). It includes the Portainé mountain torrent, its
tributary Reguerals and, downstream, their confluence (at 1285 m a.s.l.), the lower reach named
Caners (4.3, 3 and 1.5 km long; 25.2%, 31.3% and 23.1% average gradient, respectively). The ski resort
of Port Ainé was set up at the headwaters and was inaugurated in 1986; its access road follows the
hillslopes, repeatedly crossing the channels.

In this region, as the altitude increases, the montane forests are dominated first by Quercus
pubescens Willd (and less frequently by Quercus petraea (Mattuschka) Liebl), second by Pinus sylvestris,
which is sometimes mixed with Abies alba Miller and, in the subalpine belt, by Pinus uncinata Ramond
ex DC. With respect to soil moisture conditions in ravines and rivers, Fraxinus excelsior L. forests and
mixed deciduous forests with Tilia platyphyllos Scop and Corylus avellane L. are developed [24]. There
are some bushes and herbaceous crops at medium altitudes and, from 2100 m upwards, there are
pastures with patches of Rhododendron ferrugineum L. bushes.

The climate is Alpine Mediterranean, strongly influenced by the orography and characterized
by high humidity, large variations in temperature, and irregular rainfalls (mean annual rainfall of
800 mm, mean annual temperature of 5-7 °C, [25].

1.3. Data Constraints

As rainfall is the primary trigger of torrential events, the main constraint of this study is the lack
of long and continuous time series in the basin. There has been a meteorological station in Portainé
(at 1985 m a.s.l.) only since 2011. Thus, for the present work, data from other stations in the region,
presented in Figure 1 and Table 1, were used. There are no river gauging stations in the basin. This
lack of local data determined the hydrometeorological approach (see Section 5).

Table 1. Basic information on the rain gauges and data used in this study. Data used for long series
construction (see Section 5.1.1.) correspond to the stations highlighted in bold characters.

Rain gauge AltltudeDistance to the Portainé basin (km)Measurmg interval (yyyy)
(m a.s.l.) Start End
Portainé 1985 0 2011 -
Montenartro 1322 2.4 2010 -
Llagunes 1300 6.3 2008 -
Sort 679 6.9 2009 -
Llavorsi 850 8 1915 1999
Saloria 2451 16.2 2004 -
Capdella 1083 18.8 1932 1959
La Seu d’Urgell 849 19.22 1996 -

1.4. The 2006 and 2008 Trigger Events

Two significant torrential events occurred in 2006 and 2008. In May 2006, the Reguerals ravine
obliterated the access road to the ski resort at its highest intersection. At that time, the drainage
infrastructure consisted of a pipe of approximately 80 cm in diameter that was blocked by sediments,
causing the passage of the dense flow over the road. This is the first documented road blockage in
the area, and most likely reflects system disequilibrium around the geomorphological threshold. The
night of 11 to 12 September 2008, the largest torrential event known in the Portainé basin occurred. It
coincided with earthworks at the ski resort and resulted from ordinary rains (43 mm at Saloria station,
see Section 5.1.3). The talus supporting the road (earth embankment) at the highest crossing of the
Portainé stream became saturated and collapsed. This created an erosive breach along the ravine
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slopes downstream (Figure 2). Highly destructive debris flows moved along both torrents of Portainé
and Reguerals, sweeping everything along its path and damaging the Vallespir dam. All intersections
of the access road were damaged by the clogging of the drainage passages and the consequent
deposition on the road. Since then and until 2017, nine destructive torrential avenues occurred in the

basin (Table 2).

Figure 2. Helicopter view of the erosive breach created by the trigger event of 11-12 November 2008.
Image property of ICGC (Institut Cartografic i Geologic de Catalunya).

There is barely any documented information on destructive torrential events in the Portainé
basin prior to 2006; they were mostly unknown until the works presented here (see Section 6).
However, since 2009 (notably, since the 2008 events), 6.6 M€ has been invested in road works and 0.5
ME in mitigation measures, including flexible sediment retention barriers along the streams (Figure

1) [19].

Table 2. Historical record for the occurrence of recent torrential flows in the Portainé catchment and
their effects on road intersections, indicated by their altitude (TO: total obstruction of the culvert; PO:
partial obstruction of the culvert; C: talus collapse; w: water circulation) and by the downstream

debris cone (E: erosion; D: deposition).

Portainé Reguerals Caners
Event Date 1965 1700 1665 1465 No. of Total Road Debris
1450 1035 .
(day month year) m m m m Obstructions Cone
ma.s.l. mas.l.
a.s.l. a.s.l. a.s.l. a.s.l.
May 2006 TO 1
1112 igg;ember TO,C TO,C TO TO,C TO w 5 D
02 November 2008 TO 1

22-23 July 2010 TO, C TO 2 E D
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12 August 2010 TO, C TO 2 E, D

05 August 2011 PO TO, C w w 0 D
23 July 2013 TO TO TO 3 E,D

20 August 2014 0

30 August 2014 PO TO 1

21 August 2015 PO TO 1 E

29 August 2016 PO PO 0

2. Methodology

To address the problem, a secular time scale, useful for land use management purposes, was
considered appropriate. Then, the threshold control factors can be divided into those that remain
unchanged at this timescale (lithological and main macro-geomorphological characteristics), and
those susceptible to change (land use, vegetation and hydrometeorology), the former representing
the intrinsic control factors and the latter the extrinsic ones [20]. The catchment’s hydrological
response, its alteration due to the anthropogenic land-use change, and the consequent
hydrogeomorphic effects must have been a consequence of the evolution, interaction and change in
balance among these control factors. Thus, three levels of analysis were performed: the first being the
identification and characterisation of the causes of the change, the second the characterisation of
particular, local effects and the third the holistic integration of all the acquired knowledge (Table 3).

Table 3. Synthesis of the methodology used to carry out the present research, with 3 levels of analysis and

considering causal control factors, local effects and global consequences in the studied basin.

1st Level of Analysis: Characterisation of Causes of Change

Causes Control Factor Study Method Result
. Dipping of remarkable planes.
) Fieldwork. Pping .. .. p
Lithology: Substratum . Characterisation of joints and
Structural analysis. . L.
discontinuity planes.
Geomorphology:
Intrinsic . . . Characterisation of main forms,
) Fieldwork: Evidence collection. . .
Area evolution: landforms Geomorphological mapping and deposits, soils.
and deposits. P 8 . ppimg Recognition of erodible deposits
analysis. . . .
and soils and ancient deposits.
Morphometry. GIS morphometric analysis. Basin characterisation.
Land Use and Land
Cover Changes:
Historical data analysis: population
Recional and economic activities evolution. Forest evolution: regeneration
wonat.
g Aerial photograph series and densification.
comparison.
Fieldwork: evidence collection and
ing. Land- h
Headvonters. ~ mapping . and-use ¢ ang?s _
—— GIS aerial photograph series characterisation.
photointerpretation and analysis.
Precipitation:
Statistical trend lysis of Regi 1 ipitati
Regional precipitation. atistical trend analysis o egional precipitation
historical rainfall series. characterisation.
Local, basin precipitation Elaboration of synthetical Calculated precipitation return
modelling. hyetographs. periods.
Out o f,basfm local Simulated and real data .
precipitation data . Validation.
o comparison.
consideration.
2nd Level of Analysis: Characterisation of Local Effects
Different,
Particular Observed Change Study method Result

Effects
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Headwater’s hydrological

Changes in hydrology: ~ modelling with different land cover Validation of changes.
conditions.
Hydrogeomorphic
effects:
Hydrogeomorphic Erosion characterisation.
processes at the Fieldwork: evidence collection. Runoff concentration
headwaters. characterisation.

Hydrogeomorphic

Observed Effect i ) Record of road damages. .
processes in the main . . Sediment balance.
LiDAR analysis.
channels.
Fieldwork:

Dendrogeomorphological sampling;
geomorphological and
topographical mapping; (Total
station, GNNS RTK).
Dendrogeomorphological analysis.
GIS analysis.

Effects in the
downstream stretch.

Record of torrential dynamics
changes downstream.

3rd Level of Analysis: Discussion and Knowledge Integration

Holistic Comprehension of the Effects of Change

Geomorphological Threshold Overcoming Corroboration

3. Intrinsic Control Factors: Lithology and Geomorphology

3.1. Lithological Characterisation

Insofar as the terrain properties are a conditioning factor for the soil development and hydrological
behaviour of systems, we have carried out a specific geological and structural analysis of the study area.

The Pyrenees is an Alpine intracontinental fold and thrust belt that resulted from the convergence between
the Iberian and European tectonic plates from Late Cretaceous to Oligocene times [26]. In the Pyrenees, rocks
ranging in age from Late Neoproterozoic to Mississippian form an elongated strip in the backbone of the chain
known as the Axial Zone, which is unconformably overlain by Mesozoic and Cenozoic rocks (Figure 1). The
rocks that crop out at the Portainé catchment are deformed Cambro-Ordovician metapelites from the Serdinya
formation [27], also known as Seo [28] or Jujols [29]. The performed analysis consisted in measuring the
structural surfaces of the bedrock at fifteen outcrops, but also in studying any other deposits found within the
catchment.

The bedrock consists of slates and phyllites with a principal foliation plane, but also showing several other
mesoscale surfaces. On the one hand, we recognize four structural fabrics: SO bedding (11/019), S1 cleavage
(49/203), Sr/S2 regional cleavage (40/026), and S3 subtle cleavage (53/316). These suggest several deformational
episodes, with the most remarkable planes (SO and S2) gently dipping to the north subparallel to the bedding
and to the topographic surface (Figure 3; Figure S1 in the supplementary material). On the other hand, we have
identified two types of fractures: tectonic jointing (two subvertical sets, parallel and perpendicular to Sr, and
usually filled with hydrothermal quartz), in addition to non-tectonic fractures (opened). The latter occur much
more intensely near the topographic surface or in vertical road slopes (Figure 3). Moreover, near the topographic
surface the bedrock often displays considerable weathering.
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Figure 3. Regional cleavage of the Cambro-Ordovician bedrock subparallel to the topographic

surface. Gradual transition from bedrock (S) to colluvium (C). The black square delineates the area in
the right picture.

3.2. Geomorphological Characterisation

3.2.1. Evolution of the Area and Present Features

The main geomorphological features of the area are relict remains of Neogene planation surfaces [30,31]
(and references therein), small glacial cirques in the highest areas, and active fluvio-torrential and slope
processes affecting the whole territory (Figure 1). The residual planation surfaces correspond to smooth
mountain ridges with gentle slopes (<15°), like the one extending around the flat top of Torreta de ’Orri [28].
The incision of the main Pyrenean rivers dissecting these surfaces rejuvenated the relief [30]. On a more local
scale, the Romadriu river and its tributaries, like those of the Portainé basin, originated high reliefs
(500-1000 m) with narrow valleys and steep slopes (see Section 1.2.). Furthermore, during the Late
Miocene, the paleoclimate was warm and humid, [32], favouring intense chemical weathering.

Pleistocene glaciations affected the whole Pyrenees [33]. Around Torreta de I'Orri, four cirques
—including the one forming the headwaters of Portainé basin— are the southernmost glacial features
in the area. Tills and younger rock glacier moraines cannot be clearly observed as they have been
eroded, reworked, and incorporated into the slope deposits by postglacial processes, and recently,
by construction at the ski resort. The large areas not occupied by glaciers were affected by intense
periglacial processes, which produced a large amount of debris that is widely found as thick soils
overlaying the bedrock. In the headwaters, there are grezes litées stratified slope deposits (Figure S2).
Downwards, up to 10 m thick unconsolidated colluvium covers the hillslopes (Figure 2). Lastly, torrential
deposits are accumulated along the valley bottoms and in the Portainé basin in the alluvial cone at the end of
the stream, coming from the erosion of the bedrock or the colluvium. All of this large quantity of deposits and
the superficially highly altered substratum are susceptible to erosion and to be entrained in the torrential floods.

3.2.2. The Basin’s Propensity to Torrential Dynamics

The susceptibility of the basins to produce floods or dense flows is constrained by their morphometric
characteristics. The method developed by [34] distinguishes between basins prone to torrential floods that can
convey some bed load, hyperconcentrated flows or debris flows. The method is based on the relation among the
following morphometric catchment parameters: i) area, ii) length from the cone apex to the most distal point, iii)
basin relief (vertical drop from the highest point to the cone apex), iv) the Melton ratio (reliefNarea), and v) relief
ratio (relief/length). [35] have already validated this method in Catalonia in more than 50 documented active
torrential catchments, including Caners (Figure S3).
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The Caners catchment has a length of 5.05 km and a Melton ratio of 0.62 km/km, which indicates its
morphometric propension to generate hyperconcentrated flows.

Therefore, the basin is prone to generating, in a wide sense, dense flows, both because its morphometry
and due to the availability of erodible material. This is also supported by sediment evidence: the depositional
cone at the Portainé confluence with the Romadriu river (see next section). However, it is worth noting that in
recent decades, before 2006, the basin produced no dense flows that mostly transported some bedload with no
damaging consequences.

3.2.3. Former Evidence of Geomorphological Disequilibrium

Consistently with the torrential basin proneness, solid evidence of ancient dense flows in the basin exists
in the form of characteristic sedimentary deposits, which are presented in the following subsections.

Evidence of large debris flows. Evidence of ancient, large debris flows exists at the lower end of the study
area. As will be discussed in Section 7, in this case, ancient means that these dense flows could be generated since
the middle of the 20th century and extend back to, at least, the entire Holocene. Some deposits crop out at the
right margin of the Romadriu river, in front of the Caners confluence and at an altitude ranging from 5 to 10 m
above the channel (Figure 1). They consist of matrix supported, disorganized and unconsolidated deposits, with
heterometric sub-rounded to sub-angular clasts ranging from millimetres to decimetres, protected from erosion
inside substratum cavities (Figure S4). Their facies correspond undoubtedly to debris flow deposits. They do not
present enough ancient organic detritus and are highly bioturbed by insects and by the roots of the plants
growing around, and so they could not be dated by ™C or by OSL techniques. Nonetheless, their high
topographic position indicates that they do not correspond to the recent activity of the Portainé basin.

On the other hand, in the 21 August 2015 torrential event, the sediment entrained in the Portainé stream
(Table 2) was mostly retained by the flexible barriers [18]. Thus, unloading of the flow produced erosion
downstream in the lower reach of Caners, with the outcropping of ancient sediments (Figure 1) that had been
covered by younger torrential deposits. These sediments are shown and described in Figure 4 and correspond
undoubtedly to debris flow facies. Up to three flow waves can be distinguished in some outcrops. They were
preserved, as in the previously described case, in sheltered topographic irregularities of the margins and the
stream channel.

Evidence of dense overflows. At an altitude of approximately 1300 m a.s.l, at the “la Borda de Sim¢”
location (Figure 1), there is solid evidence for ancient dense flows. The terrain is shaped in a clearly decametric
lobed morphology (Figure S5), product of these dense flows that had overflown their streams and deposited in
this gentler sloped area.

It has not been possible to date the age of the lobes to date, but some trees that grow in them have been
dated. Ten Pinus sylvestris were sampled; their maximum age is slightly more than 71 years and their average
age is a little over 61 years. Even though the precise age of these overflow deposits is unknown, it is prior to the
establishment of the trees, i.e., prior to the middle of the 20th century.
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Figure 4. Study of the torrential deposits in the right margin of the lower reach of the Caners stream.

(A) Photo of the outcrop and location of the sketch and the column. (B) Panoramic sketch with the

interpretation of materials and torrential episodes. (C) Stratigraphic column with the description of

the sedimentary packages identified, and the interpretation of the torrential process that generated

each of them.

4. Land-Use Changes

4.1. General Forest Regeneration: Vegetation Changes in the Lower Part of the Basin

Depopulation was a significant phenomenon throughout the twentieth century in the Pyrenees and,

specifically, in the Pallars Sobira County. Table 4 illustrates the evolution of the population of the
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municipality of Rialp since 1920, where Portainé belongs. Note the decrease in population, with a minimum
in 1950, and a subsequent increase to the present day. Variations in population were associated with the
mortality related to the civil war (1936-1939), with previous and later migration and with changes in
economic activities, with the abandonment of agriculture and livestock and the birth and growth of tourism
mostly since the nineties [36]. The resulting decrease in the use of the land favoured the forest regeneration.
Inferring from the ages estimated in [21] (see Section 6.3.), most of the trees were progressively established
in the Portainé alluvial cone since the beginning of the 1950s. During previous decades, the left bank of the
stream was intensely cultivated and when this stopped, present vegetation colonized the area.
Summarising, the forest mainly grew and densified in the area, downward from the ski resort (Figure S6).
In this regard, one inhabitant (Mr. ]. Montserrat) commented about the Romadriu River: “Not having cattle,
there are more trees and the trees drink water when it rains and the floods are smaller”. The densification of the
vegetation cover suggests that torrential floods in the Portainé basin should be smaller now than in the
middle of the 20th century, but what happens is just the opposite.

Table 4. Evolution of the population of the Rialp municipality since 1020 [37].

Year 1920 1930 1940 1950 1960 1970 1981 1991 2001 2011
Inhabitants 704 593 460 382 495 659 415 466 537 664

4.2. Land-use Changes in the Headwaters

The headwater vegetal land cover has been severely disturbed since the ski resort development, as can be
clearly seen in Figure 5. We conducted a detailed mapping of the land use (at several year intervals) based on
vertical aerial photographs and orthophotos from 1956 to 2014 (Figure S7). Simplified land cover changes are
shown in Table 5. Thus, while the forest densified in the region (see previous section), the increase in the area
without vegetal cover in Portainé headwaters over time stands out, obviously leading to a decrease in infiltration
and water concentration increases (see Section 5.2.).

Table 5. Areas corresponding to the different types of vegetation and areas without vegetation
calculated from the headwater maps (Portainé and Reguerals bsubbasins) and their increments
(examples in Figure S7). A expressing increment.

Type of Vegetation 1956 1996-1997 2008 2014 A 2014-1956
(Area: km?)
Without plant 0.08 0.38 0.47 0.52 0.43
cover
Meadows 0.71 0.48 0.43 0.39 -0.32
Bushes 0.36 0.15 0.12 0.12 ~0.24
Open forest 0.92 0.79 0.77 0.76 -0.16

Dense forest 0.66 0.93 0.93 0.92 0.26
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Figure 5. Google earth image (2008) of the headwaters, where the Port Ainé ski resort is located.
Impact on vegetation is clearly visible.

One of the most significant land cover changes is the substitution of the Rhododendron ferrugineum bushes’
cover by the ski tracks (Figures 5, S7 and S8). This bushes’ cover frequently overlaps a moss and herb cover that
grow in quite well-developed organic soil. During rainfall episodes, this vegetal cover intercepts and retains
water and the soil facilitates infiltration. Conversely, devegetated ski runs favour surface saturation, runoff and
water concentration. Fieldwork conducted in October 2014 allowed us to ascertain that, two days after a rainfall,
the mosses under the bushes’ cover were still wet while the ski runs were already completely dry. Thus, this
land cover substitution favours a decrease in interception and infiltration and aggravates all processes related
to water concentration and erosion.

Besides, water drainage channels were dug obliquely to the ski slopes. This is a technique used to avoid
rainwater concentration and erosion along the tracks. The water is collected and diverted to the side of the runs.
In Portainé, however, this produces undesired side effects because of the channelized runoff erosion (see Section
5.2.). In the ski resort, from 2005 to 2007, 0.24 km of channels was dug, 6.52 km more from 2007 to 2011, and 1.58
km more still from 2011 to 2013, giving a total of 8.34 km of such channels (Figure S8). These channels also
concentrate the surficial water that is redirected to the Portainé and Reguerals streams.

5. Analysis of Rainfall and Hydrological Response

5.1. Analysis of Rainfall Behaviour

Taking into consideration the lack of rainfall and discharge data in the basin (see Section 1.3), two
complementary studies were carried out. The first explores long-term rainfall data series to detect changes in
rainfall patterns. The second models synthetic hyetographs. Both are presented in the following sections. Finally,
the available data corresponding to the recent torrential events were compared with previous modelling.

5.1.1. Trend Analysis of Historic Rainfall Time Series

The temporal evolution of rainfall during the last hundred years was studied. The goal of this task includes
detecting important changes in the precipitation patterns at the beginning of the 21st century, if they occurred.
Daily precipitation was assessed, since these types of records represent the only time interval that is available
for the historical records.
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One of the major concerns in the analysis of rainfall trends is the creation of a long time series. As stated
above, the Portainé rain gauge was installed in 2011 and only a discontinuous time series is available. Thus, data
from other stations are needed to construct the time series (Figure 1; Table 1).

Fortunately, the Llavorsi rain gauge, which is located approximately 7 km north of the Portainé basin,
includes data from 1917 to 1999. However, there is a large gap between 1932 and 1959 because of the Spanish
Civil War. The main criterion to fill this gap and to extend the time series until the present was to take into
account the data of the closest available rain gauge. Finally, data from four different rain gauges were used (Sort,
Llavorsi, La Seu d'Urgell, and Capdella).

As a first step, the daily rainfall values of two gauges are compared for the time span of available data at
both of them (Figure S9). The results show that the correlation between Llavorsi and Capdella is especially poor,
while the other correlations are acceptable from a meteorological point of view. The disagreement between
Llavorsi and Capdella, which is reflected by the much higher daily precipitation at Capdella, is caused because
this rain gauge is located in another river valley (Figure 1) and at a higher altitude (Table 1). These circumstances
produce higher annual precipitation at Capdella (approximately 1250 mm) than at Llavorsi (720 mm). Thus, a
correction to the Capdella records is necessary to fill the gap of the Llavorsi time series.

Finally, a linear regression model between the two rain gauges is applied to estimate the daily rainfall of
the final time series. The gap between 1999 and the present was directly filled by the rainfall records measured
at La Seu d'Urgell and Sort.

The daily precipitation records between 1917 and 2017 for the Portainé region were used to analyse the
general patterns and to detect some important changes in rainfall conditions (Figure S9). This complete time
series includes two days with rainfall depths larger than 100 mm/d and seven days with values larger 80 mm/d.

From a general point of view, no change in extreme events is visible. For a detailed analysis, the occurrence
of heavy rainfall events was evaluated at annual and decadal periods. The number of daily rainfall events that
accumulated more than three critical values, Pcr, were calculated (Pcr equal to 30, 40, and 50 mm/d). The results
do not show any significant increase in heavy rainfalls during the last hundred years. Performing a linear
regression analysis, the three data series only reveal small augmentations (Figure 6b) and very low R2?-values.
For Pcr = 50 mm/d the slope of the trend line is almost zero, while the one for Pcr = 30 mm/d is 0.01. Although
this analysis is simple and preliminary, the results show that the higher torrential activity observed in the
Portainé basin seems to be related to other factors than a recent increase in rainfall activity (discussed in
previous/subsequent sections of this paper). However, a more sophisticate statistical analysis of the rainfall time
series may be implemented in a future study applying tests like Mann—Kendall (see [38]).
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Figure 6. Analysis of rainfall trends for the Portainé area. (a) Complete time series of daily rainfall

(Pg). (b) Number of heavy rainfall events exceeding critical daily rainfall (Per) per year. Linear

regression models are included with the same colour as the bars. (¢) Number of heavy rainfall events

exceeding P per decade.

5.1.2. Elaboration of Synthetic Hyetographs

To compare the hydrological response of the basin before and after the settlement of the ski resort (see
Section 5.2), synthetic hyetographs were calculated [16]. As the objective was to compare two different time
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scenarios, a rainfall regionalisation procedure, complementary to the previous analysis (see Section 5.1.1), was
considered useful enough. Based on the official publication “Maximum daily precipitation in the Peninsular
Spain” [39], we used MAXIN software [40] to consistently obtain the rainfall return periods’ regionalisation. The
SQRT-ETmax extreme-distribution function was used and the maximum daily rains associated with the 10, 50,
100, and 500 year return periods (T) were obtained: 85, 118, 133, and 172 mm/day, respectively.

Next, the rainfall intensities were calculated from the annual maximum daily rainfall for a time interval
equivalent to the concentration time (tc) based on the formulation of [41]. For each one, a centred hyetograph
was created to represent the variation of the intensity of the precipitation over 24h (Figure 7). Other asymmetric
patterns of hyetographs (event beginning biased and event end biased) were also tested but discarded.
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Figure 7. Synthetic hyetographs for return periods of 10, 50, 100, and 500 years.

These synthetic hyetographs obtained were used to evaluate the changes in hydrological behaviour in the
headwaters of the basin, as input of rainfall-runoff models, as explained in Section 5.2.

5.1.3. Other systematic and non-systematic knowledge on precipitation

In the Pallars Sobira county, maximum intensity and frequency rainfall events occur in spring and summer,
mainly as convective storms [25]. Orography controls the generation of convective cells at the top of the drainage
basins [42] which enhances precipitation, as in the Portainé summit. The torrential events in Portainé, thus, are
mostly related to intense and localized convective summer rainstorms (witnesses’ pers. comm.) and [25].

From 2011 to 2017, six rainfall events that produced floods were recorded at several meteorological stations
at hourly intervals, including Portainé. Values vary widely, mostly due to the rainfalls” convective nature. The
comparison of daily synthetic hyetographs values (T10) with the real, recorded rainfall values (Figure 8 A) show
that the recorded ones are smaller than the synthetic ones, which is logical because the real precipitation occurs
almost annually. But when comparing the hourly rainfall intensities (Figure 8.B), the real values are higher than
the T10 synthetic ones, highlighting that very intense rainfalls occur almost yearly.
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Figure 8. Comparison among the daily (A) and maximum hourly (B) rainfall intensity per event for
the different meteorological stations close to and including Portainé. The calculated T10 daily rainfall
value and the T10 hourly rainfall value extracted from the hyetographs, presented in Section 4.2.2, are
shown with a red line.

5.2. Changes in the Hydrological Behaviour of the Basin’s Headwaters

The hydrological response of the basin before and after the settlement of the ski resort was compared. The
methodology used is presented broadly in [16]. To perform this comparison, hydrological methods of rainfall-
runoff transformation were chosen. Two basin models were generated with GIS tools and basin model schemes
were created with the HEC-HMS 4.0 software for the scenario prior to the ski resort settlement and for the current
one. Three runoff models were created by using the “Curve Number” (CN) method of the U.S. Soil Conservation
Service [43,44], implemented in the HEC-HMS software. The generated synthetic hyetographs (see Section 5.1.2)
were used as input meteorological model. Integrating all these and by using the HEC-HMS 4.0 software, three
hydrological rainfall-runoff models were built: (i) 1956, prior to the ski resort development; (ii) 1996, after
completion of the ski resort; and (iii) the current scenario. To simulate the net rainfall transformation into runoff,
the SCS Unit Hydrograph method was chosen; a non-existent base flow was considered since there are no
permanent rivers and the torrential ravines are very dependent on the rains. For the flow wave propagation, the
Muskingum method [45] was applied (the parameters x and k, needed for the method, were calculated with the
NWS FLDWAYV model and are shown in Table S1). Several control points, shown in Figure 9 and considered in
Table 5, were used for the hydrological simulations.
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Legend:
#s Subbasin — Present reaches
8¢ Junction 7 Present basin limit

Figure 9. Portainé and Reguerals modelled basins and sub-basins using HEC-HMS software. The
junctions or “control points” J3, J5, J6, J7, and J8 corresponding to Table 5 are highlighted.

The results (Table 6) show that there are significant differences in peak flows at the confluence of the
Portainé and Reguerals torrents (J6). In general, the greater ones are detected in T10, mainly due to the soil cover
influence (and therefore the CN) in response to the smaller rainfalls. Therefore, the differences decrease with
increasing return periods. The land-cover alterations produced between 1956 and present are larger in Portainé
than in the Reguerals headwaters. Therefore, the control point J3 is the one showing the major increase in
discharge, reaching up to 26% for T10 and coinciding with the largest increase in the ski slopes’ surface in recent
years (Figure S10). Meanwhile, at point J8 in Regerals, a reduction of 11% is observed, which is likely due to an
increase or densification in the forest cover. In general terms, the models show an increase in discharge of 15%
for T10 at point J6. This increase in discharge can only be interpreted by taking into account the land-cover
transformation.
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Table 6. Hydrological modelling results. The different return periods considered and the consequent
peak flow discharges (m?s) at the control points J3, J5, J6, J7 and J8 are shown. % indicates the
percentage of change between the 1956 and present situations.

Control Points (Junctions)

. . J6 J5 J3 ]J8 J7
Tr  Situation Peak o Peak % Peak o Peak o Peak o
flow flow flow flow flow
Present 8.1 5.6 4.6 2.2 1.9
10 1996 7.8 15 5.4 23 4.44 26 2.1 -9 1.8 -11
1956 6.9 4.3 34 24 2.1
Present 20.5 12.9 10 6.7 5.2
100 1996 20.3 7 12.8 14 9.9 15 6.3 0 5.1 7
1956 19.1 11.1 8.5 6.7 5.6
Present 324 19.5 14.7 11.2 8.5
500 1996 32.3 4 19.5 9 14.8 10 10.5 2 8.4 4
1956 31 17.7 13.2 11 8.9

6. The Present Hydrogeomorphic Effects

6.1. The Processes in the Headwaters

Elimination of vegetation and anthropic modifications lead to changes in the headwaters’ processes,
increasing erosion and leading to water discharge concentration downwards.

The initial effects of rainfall water concentration over the ski slopes are rill erosion and flow sediment load
increase derived from the eroded, stratified soils (see Section 3.2.1), thus generating heavily loaded flows. These
entrained sediments deposit as accumulations and lobes of angular, coarse gravels when the flow energy
decreases, so when the slope angle is reduced, or the flow decelerates because of obstacles. However, when the
flow unloads, the cleaner, concentrated water continues moving downwards (Figure S11) and contributes to
increasing discharges in the Portainé and Reguerals streams.

The drainage water channels dug on the ski runs (Section 4.2) concentrate rainfall waters efficiently. The
undesired side effects are the deepening of the channels and soil degradation, new incisions, channel head new
development and enhanced rill and gully erosion (deeper than 1 m) at the margins of the ski runs (Figure 10),
also observed by Fidelus-Orzechowska et al. [46] and Risti¢ et al. [47] in the Southern Poland and East Serbia ski
resorts and deeply studied and characterized by Wrénska-Watach et al. [48] in a ski resort in Poland. In the case
of Portainé, this also leads to higher water concentrations and an increase in the discharges at the lower end of
the facility, coherently with the hydrological modelling (see Section 4.2).

Figure 10. Pictures of the erosion on the basin headwaters due to land-use changes and enhanced by
drainage water channels and concentration of runoff. (A) drainage water artificial channel and (B)
gully erosion downstream; for a better appreciation of the scale, note the person in the channel
highlighted with a red arrow.
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6.2. Hydrogeomorphological Processes along the Main Channels

Hydrogeomorphological activity reaches its maximum intensity along the intermediate and lower reaches
of the torrents, posing a severe risk to road infrastructures (e.g., road intersections). These processes have been
assessed during post-event field surveys [15,49,50], but they are restricted to specific debris flow or flood events.
The geomorphic change detection and quantification in this area has been systematically performed by the
comparison of sequential bare-earth Digital Terrain Models (DTMs) obtained from airborne LiDAR data from
2009, 2011, and 2016 [22].

LiDAR-based DTM differencing shows a complex erosion-deposition pattern of the channels throughout
time during the studied period. Erosion was the predominant dynamics along valley bottoms. The material that
is eroded from the torrent bed and banks is susceptible to being transported by the flow, thus increasing its
sediment load, especially during high discharge events. Other localized incisions have been identified, such as
downstream and lateral scouring at sediment retention barriers, and enhanced entrenchment downstream of the
road intersections. Depositional processes rather prevailed locally and mostly correspond to human-altered
stretches. Indeed, these phenomena occurred due to the filling of the barriers, to the obstruction of underground
drainage channels at road intersections, or to sediment being deposited in the alluvial cone during extraordinary
torrential events.

During the 20092011 period, 22,042 m® and 19,204 m® of material were eroded and accumulated,
respectively (-2838 m? sediment budget), whereas, in 2011-2016, even if the time period was considerably longer,
the activity was less intense, and the erosion and deposition volumes were only 8308 m® and 8161 m? (-147 m?
sediment budget). Budget segregation analyses showed the spatio-temporal distribution of those geomorphic
changes (Figure 11). The Portainé torrent is the most erosive one. Caners tends to be aggradational, and
Reguerals varies over time. It is noteworthy that erosion prevails in the upper sector of the catchment
(headwaters). When dividing the drainage network into shorter reaches, a complex hydrogeomorphic dynamic
arises as a result of the interference between the natural channel evolution and the influence of barriers.
Moreover, 2008 post-event field data revealed that the most intense erosion occurred along two specific stretches
of the Portainé torrent (1930-1645 m a.s.l. and 1555-1387 m a.s.l.), which became predominantly depositional
after barriers were installed in 2010. These differences prove the undeniable geomorphic impact of the structural
measures, that significantly alter flow hydrodynamics.
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Figure 11. Sediment budget segregation by dividing the channels according to different criteria:
drainage network (torrents), mean channel gradient (catchment sectors) and road intersections. Blue
arrows indicate flow direction.

6.3. Record of Changes in the Torrential Dynamic in the Downstream Stretch

A dendrogeomorphological study was carried out in the cone, at the downstream stretch of Caners [21].
One hundred and sixty-six samples from 67 trees belonging to 10 different species were analysed, which are
representative of the broadleaf forest in the downstream stretch (Figure 12). The main identified macroscopic
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indicators of flood damage were wounds, decapitations (loss of the main stem), tilting, stem burial and dead
trees. Sampling mainly consisted of extracting cores using a standard Pressler increment borer; additionally, we
also obtained some wedges from heavily damaged or dead trees. We dated 364 Flood Dendrogeomorphological
Evidence (FDE), mainly scars and decapitations, growth changes and tree ages.

We also determined ten well-defined Dendrogeomorphological Years (DYs), when the events that affected
the trees were identified by the temporal overlaps of many FDEs. The patterns of FDE distribution are subject to
uncertainties because of the limitations of the method, for example, the different tree-ages. However, the
maximum and average ages of many tree species were similar, indicating their first establishment in the 1950s.
In addition, these data were compared with the available documentary record. This multi-evidence data about
temporal distribution of torrential floods and event-to-event intervals from the last 60 years demonstrate the
recent change in frequency of destructive torrential flows (Figure 12f).

These dendrogeomorphological event-to-event intervals determined between 1969-1970 and 2009-1910 are
shown in Figure 12f. The average recurrence interval is 4.5 years and the median, 4 years. In contrast, the
documented data available on local rainfalls and debris events from 2006 to 2016 show that the average
recurrence interval was almost 1 year (Figure 12f). No interval of such a high frequency occurred before, during
the second half of the 20th century. Even though it is not possible to derive the type of torrential flow and its
density from the FDE, the obtained results show an undeniable increase in destructive flows over the last decade.
These results are in agreement with the hyPgothesis ofJ sintulrpassiné a geomorphological threshold.
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Figure 12. (a) Geomorphic forms at the Portainé cone and location of the 67 sampled trees. Black boxes
show the stream stretches enlarged in (b), (c), (d), and (e) that show the main geomorphic forms and
materials as well as the sampled trees, with the species indicated by colours and the estimated age by
numbers. In the southern part of the study area, the scattered trees are identified with the species code
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and the estimated age. Species code: AC— Acer campestre L., BP— Betula s.p. L., FE— Fraxinus excelsior
L., JR—Juglans regia L., PA—Prunus avium L., PN—Populus nigra L., PT—Populus tremula L., QP —
Quercus petraea (Matt.) Liebl., SC— Salix caprea L., TP — Tilia platyphyllos Mill. (f). Number of dated FDE
(columns in orange) and documented events of regional (light blue clouds) or local (dark blue clouds)
rainfalls. The arcs represent the well-defined event-to-event intervals determined by the Flood
Dendrogeomorphological Evidence (arcs in orange colour) and by the documented local events
rainfalls since 2006 in the Portainé stream (arcs in grey colour).

7. Discussion

The Portainé basin shows a very complex set of factors that characterize it and drive its dynamic behaviour.
As pointed out by [51], interrelationships and scale effects may be difficult to capture in model cascade
approaches. Our work presents an alternative to this model cascade approach. Next, all the factors presented
above are related and compared in order to acquire a holistic understanding and to corroborate the surpassing
of a geomorphological threshold in the basin.

Firstly, the lithological and geomorphological characteristics (Sections 2.1 and 2.2) define a basin prone to
sediment-laden torrential flows. The folded and fractured bedrock—with major structures gently dipping
subparallel to the topography, and with open fractures near the surface and major weathering —on the one hand
favour its erodibility and, on the other hand the formation of deep soils and colluvial deposits. The relief
evolution, together with chemical and physical weathering, produces these deposits, and so the material
available to be entrained by the flows is effectively unlimited [52]. In addition, the basin morphometry also
indicates its tendency to generate dense flows (see Section 2.2.2; [34]. The sediment-laden flows’ activity is not
continuous and uniform over time but is intermittent and episodic. There must be coinciding critical values of
the hydrometeorological parameters (intensity or duration of rain, soil moisture, runoff concentration...) for
them to take place. Solid evidence for the occurrence of ancient, non-dated debris flows, and the existence of, at
least, a period with not very dense flows in the basin, between the middle of the 20th century and 2006 (see
Sections 1.4 and 5.3), suggests the shifting of the torrential dynamics from highly active periods, producing very
dense, sediment-laden flows, to other less active periods, with more or less bed load transport depending on the
flood magnitude. Thus, the adaptive cycle [53] of this system shows that it may exist in at least two steady states,
flipping from one to another as its geomorphological threshold is transgressed, as acknowledged by [7] for
multiple steady state systems. In that sense, the extrinsic threshold of [52], corresponding to a certain
precipitation value that triggers dense flows, can change over time depending on the state of the basin, being a
lower value when steady state conditions are similar to the current ones and, thus, favour sediment-laden
torrential flows.

As a first approximation, it should have been presumed that the flood magnitudes had been similar to
those nowadays during the last hundred years, since rainfall does not show significant pattern changes, as seen
in Section 5.2.1. It is worth noting that the values of the rainfall return periods obtained from the historical rainfall
time series (Section 5.2.1) are very consistent with those obtained from synthetic hyetographs (Section 5.2.2),
which makes our analyses robust. In addition, our results coincide well with those obtained by [54], who describe
a period of low frequency and intensity of precipitation from 1917 to 2012, recorded in the varved sediments of
Montcortés Lake (approximately 20 km southwest of Portainé). In their study, these varved sediments included
clastic layers deposited because of heavy rainfalls; the dating provided by the varved layers corresponds very
well to the 80-90 mm rainfall events recorded at the Capdella meteorological station, which corresponds to 2-5
years return period rainfalls. However, in Portainé, changes in discharges happen, as revealed by the
hydrological modelling (Section 5.2), and they are due to land cover changes. Discharge changes due to ski resort
land cover changes are evaluated quantitatively in the present work, being this pioneer in such evaluation in ski
resorts. Among these changes, the anthropic land cover alteration due to the ski resort settlement is obvious:
while the forest densified because of the cattle decrease during the last half of the 20th century (Section 4.1), the
area without vegetal cover in the headwaters grew (Section 4.2). This caused a significant increase in discharges
downstream, additionally enhanced by the drainage channels of the ski slopes (Section 4.2). This is consistent
with the observations of [48], where drainage channels redirect water from the ski runs and link with the adjacent
valley system, producing a new hydrological state and reactivating erosion processes downstream. When the
geomorphological threshold of the basin is overcome, discharges are more effective in eroding, entraining
sediment, and transporting it in the form of sediment-laden flows. The effects are similar to those observed by
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[47] throughout the Zubska riverbed, with the demolishing of bridges, filling of road culverts with sediment,
and the destruction of the road system. It should also be recalled that the high intensity of convective,
characteristic summer storms (Section 5.1.3) occur almost yearly (corresponding to a calculated return period of
>T10). This indicates that the discharge increases expected for T10 (Section 5.2) can, in fact happen yearly,
enhancing and aggravating the occurrence of debris and hyperconcentrated flows. As it is in hydrology, the
processes and their effects are non-linear [51,55], and so it may be that this increase is even higher. Moreover,
the multi-evidence dendrogeomorphological analysis, which also detected the change in flood frequency since
2006 and especially since 2008, but not before (Section 6.3), also supports the disturbance of the
geomorphological equilibrium, occurred when the human induced flow concentration coincided with both the
earthworks at the ski resort and intense but no extraordinary rainfalls. This type of paleohydrological evidence
is especially useful in mountain basins, being a complement to, an alternative, or even the only source of data
when there is no systematic and instrumental information available [56].

The erosion becomes particularly effective since the triggering events of 2006 and, especially, of 2008, which
swept away the torrential margins’ vegetation cover, which had stabilized the ravines until that moment, and
created the erosive breach that left the fractured and weathered bedrock and colluvium deposits unprotected
and therefore susceptible to erosion (Section 1.4). Thus, vegetation seems to play a key role in the stability of the
basin and its dynamics in several ways and over several scales in this small basin, including its influence on the
parameters that control discharges (interception, soil moisture, infiltration...) and the stability of the torrent
margins. As it was pointed out by [51,57], abrupt changes in watershed response can occur as a result of land-
use change and can be particularly severe at small scale basins. Our study also corroborates this statement.

Lastly, it should be noted that the recent human intervention in the torrents, with the installation of
sediment retention barriers, causes complex dynamics, where the sediment balance is altered (less sediment is
exported from the basin), some very erosive stretches have turned into sedimentary ones, and vice versa. Indeed,
the barriers attenuate some of the geomorphic effects. Nevertheless, it must be pointed out that sediment-laden
torrential flows still occur and could continue occurring if the steady state of the basin remains. To help reverse
these dynamics, the land use of the headwaters should be re-considered, and the vegetation cover re-established.
This could favour a shift to other steady state characteristics of the basin, less prone to generating dense flows.

Regarding ancient dense flows, they could have been related to periods of decreased vegetal cover,
especially in the headwaters. The Holocene variation of the treeline ecotone, or the zone of contact between
subalpine forest and alpine meadows without arboreal vegetation, was studied through interdisciplinary
palynological and charcoal study methods by Cunill et al. [58] at the upper Cardds river valley, just to the north
of the Romadriu valley. Their results show well-established forests up to 2200 m a.s.1. since the beginning of the
Holocene, reaching 2460 m a.s.l. from 9600 to 7600 cal BP. The first openings in the forest occur at approximately
7500 cal BP. From 5100 to 2200 cal BP, there is clear archaeological evidence of human occupation in the high
mountains and there were related recurrent burns in order to maintain pastures. In the 6th century (1400 cal BP),
there was a generalized intensification in human activity, with more creation and preservation of pastures and
altitude cereal crops. The period of maximum deforestation occurred between the 15th and 16th centuries (500
400 cal BP), and at the end of the 19th century the forest recovered favouring a higher treeline. However, their
data from charcoals show that there has been an almost uninterrupted history of fires from 10,800 cal BP until
the mid-20th century, which could have been from natural on anthropic origin. Taking this into consideration,
the ancient debris flows in the Portainé basin could have occurred at any time during the Holocene, related to
natural or anthropic forest fires deforestation of the headwaters. Human activity since the Middle Ages and
consequent clearing make the generation of these dense flows more likely. Unfortunately, it has not yet been
possible to date these deposits, as commented in Section 3.2.3.

On the other hand, it is well known that mass movements are widely linked to climate change, for instance,
to the melting and retreat of the glaciers (decompression of the glacial deposits and water addition) [59]. This
could have been the case for the Portainé ancient, large debris flows. Furthermore, Abrantes et al. [60] recognised
an early period (900-1100 years CE) characterized by intense precipitation/flooding and warm winters. Llasat et
al. [61] distinguish an increase in flood events in Catalonia for the periods 1580-1620, 1760-1800, and 1830-1870
A.D. that coincide with different Western Mediterranean area basins and demonstrate a singular but common
answer to climatic anomalies. These wet periods could also have favoured the generation of the Portainé ancient,
undated dense flows, especially because of their coincidence with deforestation. In conclusion, while it has not
been possible to precisely date the ancient Portainé debris flows deposits, their generation could have been
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related to anthropic or natural forest fires and deforestation, to particularly wet periods, or to a combination of
both factors.

Finally, it must be considered that climate change, alteration of atmospheric composition, land-use
changes, wildfires and biological invasions threaten forests in the entire Mediterranean basin. Each one of these
factors or a combination of them have led to land degradation, vegetation regeneration decline, and expansion
of forest diseases [62] recently. One example is the pine processionary caterpillar that is currently spreading
throughout the Pyrenees [63]; it can accelerate tree mortality and favour fires and deforestation. In the Pyrenees,
according to [64], the frequency and intensity of heat waves is projected to increase, and so the risk of forest fires
is expected to increase as well. Furthermore, precipitation is predicted to globally decrease but the number of
intense rainfall episodes will increase [65]. All these projections point to future degradation of the forest cover,
the soil and, consequently, this would enhance the generation of dense sediment-laden flows in Portainé and
other similar basins in the area.

The establishment of quantitative thresholds for variables that condition the triggering of slope movements
is a necessary scientific exercise, and even an essential technique [66]. But when the systems are more complex
(such as in this case study), combining sudden floods and dense washout flows, the establishment of thresholds
must be approached from a multidisciplinary and multivariate perspective, not only in magnitude, but in time.

8. Conclusions

The Portainé basin shows a very complex set of factors, described, characterised and analysed by means of
the multidisciplinary research presented here, that determines its flood dynamic behaviour. The holistic
understanding of this complex watershed can only be appreciated by taking into account the interactions of the
lithosphere, atmosphere, hydrosphere, biosphere, and anthroposphere. This means considering the bedrock
geology, the geomorphological evolution, the derived soils and colluvial deposits, the rainfall characteristics,
and the hydrological response. Its alteration due to the anthropic land-use change, the consequent
hydrogeomorphic effects, flood characteristics and the role of vegetation must not be misunderstood. The
consideration of all the interactions leads us to conclude that a geomorphological threshold has been overcome
recently (2006-2008), producing a shift in the torrential dynamics of the basin that turned into very dense, highly
erosive sediment-laden flows. Moreover, the basin has shifted around this threshold, giving rise to the two
distinct behaviours or equilibrium conditions likely throughout all its Holocene history, as demonstrated by
periods of moderate, bed load-laden flow dynamics and by the existence of deposits of ancient debris flows.

Present conditions and projected climate change suggest that the current dynamics are likely to continue
despite the efforts to stabilise the most active torrent stretches. In order to avoid worse effects in the future,
interventions in the headwaters with close surveillance should be carried out, particularly focussing on
revegetation. Moreover, in future research, other nearby, similar basins should be studied in order to check
whether they could suffer the same type of threshold surpass and therefore change in flood dynamics.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/sl. Figure S1: Regional
cleavage of the Cambro-Ordovician bedrock subparallel to the topographic surface. Figure S2: Gréze Litée type
deposit located in the headwaters of the Portainé basin. Figure S3: Diagram showing the Melton ratio versus the
watershed length and the different types of torrential flows proposed by Wildford et al. (2004). Figure S4: A
picture of one of the large, ancient and undated debris flow deposits located at the right margin of the Romadriu
River, downstream from the Vallespir dam and in front of the confluence of the Caners stream. Figure S5: Lobed
terrain morphology at the area of La Borda de Sim¢ corresponding to overflow deposits of dense flows. Figure
S6: Evolution of the vegetation downstream from the ski resort since 1945-1946, showing an increase in trees
and dense forest until the present. Figure S7: Land cover maps of the Portainé basin headwaters for 1956, 1996,
and present. Figure S8: Drainage channels built since 2005 and up to 2007, 2011, and 2013 in order to divert
runoff and avoid erosion on the ski slopes. Figure S9: Availability of rainfall records for the four rain gauges and
comparison of daily rainfall, Pd, measured at different rain gauges. Figure 510: General view of the Rhododendron
ferrugineum cover located near the ski slopes and of a devegetated ski run. Figure S11: Results of the runoff
concentration and sediment deposits at the ski resort. Table S1: Muskingum parameters values (x and k) used
for each reach (Cn) of each stream (Reguerals and Portainé), and for the network situations on 1996/56 and at
present. The parameters were calculated by using the NWS FLDWAYV model. A constant value of x = 0.35 was
assigned because the high longitudinal river slope, with null attenuation; the equation K = 0,7xtc was used for k
values estimation for each propagation reach (where tc is the time of concentration).
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