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Abstract: 14 

Mediterranean mountains have been extremely vulnerable to land degradation and soil erosion 15 

due to climate factors (summer hydric stress, high storminess) and the long history of human 16 

pressure on these terrestrial ecosystems. The short-time span of instrumental monitoring 17 

datasets limits our ability to obtain a full depiction of the long-term drivers controlling flood 18 

intensity and frequency and soil erosion in Mediterranean watersheds. Here we have applied a 19 

novel methodology based on detailed microfacies analyses on annually-laminated (varved) 20 

lacustrine sediments to reconstruct floods and seasonal sediment yield and denudation rates in 21 

a mountainous Mediterranean watershed during the last 2775 years. The sediment yield 22 

reconstruction in this study agrees reasonably well with soil erosion rates from Pyrenean 23 

experimental watersheds supporting the validity of this methodology to assess the soil erosion 24 

and sediment production from a long-term perspective. The comparison with instrumental 25 

precipitation datasets demonstrates the different seasonal sensitivity of sediment yield to heavy 26 

rainfall magnitudes mostly depending on soil moisture conditions, soil and regolith erodibility 27 

and vegetation cover. During periods of reduced human impact in the watershed, the seasonal 28 
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maxima in sediment production occurred in autumn that corresponds to the season with more 29 

frequent and intense heavy rainfall in the region. The highest soil erosion rates occurred during 30 

periods with higher human impact in the watershed due to sustained burning, overgrazing and 31 

cereals cultivation that modified the seasonal sediment yield distribution, with the highest 32 

sediment production occurring in winter. The most significant periods of increased sediment 33 

yield occurred during the Middle Ages (1168-1239 CE) and the 19th century (1844-1866 CE) due 34 

to an interplay between increased heavy rainfall frequencies and magnitudes and intensive 35 

agropastoral activities in the lake´s watershed.  This study highlights the potential of seasonally-36 

resolved archives to adequately evaluate the environmental drivers and mechanisms controlling 37 

flood dynamics and soil erosion at decadal to centennial time-scales in areas with strong 38 

seasonality. 39 

KEYWORDS: soil erosion, paleofloods, Mediterranean watershed, seasonality, sediment budget 40 
 41 

HIGHLIGHTS: 42 

 43 

-First Late Holocene seasonal yield reconstruction in W Mediterranean 44 

-Sediment yield variability is driven by an interplay between land use changes and heavy rainfall. 45 

-Fires and overgrazing have a significant impact on long-term soil erosion 46 

-Human activities have modified the seasonality of natural sediment yield variability 47 

-Large spatial and temporal sediment yield heterogeneities in W Mediterranean karstic 48 

watersheds 49 

 50 

 51 

 52 
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INTRODUCTION: 53 
 54 
Land degradation due to soil erosion is a main environmental consequence of extreme floods in 55 

Mediterranean watersheds, since sediment yield in these regions mostly occurs during flood-56 

related run-off events (González-Hidalgo et al. 2007, Nadal-Romero et al. 2012, Nadal-Romero 57 

et al. 2012, Rodriguez-Lloveras et al. 2017). The projected increase in heavy rainfall events would 58 

cause an increase in surface runoff and soil erosion and redistribution of water within 59 

watersheds that may reduce crop yield and impact on water security in western Mediterranean 60 

watersheds (Eekhout et al. 2018). Therefore, a detailed understanding of the hydro-sedimentary 61 

processes controlling soil erosion under different anthropogenic and environmental scenarios 62 

are needed in the Mediterranean realm. To tackle this issue, monitoring of experimental 63 

watersheds in Mediterranean mountains have significantly contributed to the evaluation of the 64 

main drivers controlling soil erosion and their relationships with hydroclimate and land use 65 

changes (Cerdà and Lasanta 2005, González-Hidalgo et al. 2007, García-Ruiz et al. 2008, García-66 

Ruiz 2010, Nadal-Romero and Regüés 2010, Nadal-Romero et al. 2012, Nadal-Romero et al. 67 

2012, Lana‐Renault et al. 2014, Garcia-Ruiz et al. 2015). However, monitoring data at these 68 

locations barely span the last few decades, impeding adequately assessment of the long-term 69 

hydroclimate evolution and drivers of soil erosion under different environmental scenarios. The 70 

few attempts to provide temporal rates (since late 19th century) of sediment yield in 71 

Mediterranean regions were supported on hydro-sedimentary modelling approaches and/or 72 

paleolimnological studies in artificial reservoirs (Valero-Garcés et al., 1999; Diodato et al. 2012, 73 

Rodriguez-Lloveras et al. 2017). These studies show the critical role of the inter-annual variability 74 

of heavy rainfall events on reactivating erosion and sediment connectivity through the 75 

watersheds, and the enhancing erosion effects of historical land use changes.   76 

 Natural sedimentary archives have been used in different Mediterranean regions to 77 

evaluate the millennial-scale sediment yield variability following climate and human-driven land 78 

use changes (Bonneau et al., 2014; Walsh et al., 2019) as well as to reconstruct flood variability 79 
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beyond the instrumental period (Woodward et al., 2001; Benito et al., 2015; Wilhelm et al., 80 

2019). In this context, lacustrine sedimentary archives stand as a valuable tool to investigate the 81 

long-term sediment yield related to extreme flood events in mountainous watersheds beyond 82 

the instrumental period (Einsele and Hinderer 1998, Arnaud et al. 2016, Roberts et al. 2018). 83 

Mountainous watersheds strongly contribute to global sediment yields mainly due to the 84 

connection between local relief and denudation and the reduced sediment storage on high 85 

gradient and rugged hillslopes (Ahnert, 1970; Milliman and Syvitski, 1992).  In the Iberian 86 

Peninsula, only a few paleolimnological studies in small mountainous watersheds have been 87 

investigated as natural laboratories to understand how sediment dynamics have responded to 88 

a variety of factors at decadal to centennial time-scales, including geomorphological processes, 89 

major flooding events and vegetation cover changes (Corella et al. 2011, Barreiro-Lostres et al. 90 

2017). Moreover, the sedimentological information at the investigated sites are restricted to 91 

decadal to centennial averages of annual sediment yield, which is not sufficient to depict 92 

adequately the hydro-sedimentary processes and flood variability in climates with a marked 93 

seasonality such as the western Mediterranean. To overcome these limitations, annually-94 

laminated (varved) sediments provide information of past human-climate-environment 95 

interactions (Valero-Garcés and Corella et al., 2018) such as the occurrence of flood-related run-96 

off events with seasonal resolution (Mangili et al. 2005, Czymzik et al. 2010, Swierczynski et al. 97 

2012, Czymzik et al. 2013, Vannière et al. 2013, Wirth et al. 2013, Roberts et al. 2018). 98 

In this study, we use a varve record to reconstruct the long-term sediment yield 99 

evolution related to extreme floods in a Western Mediterranean watershed where the long 100 

history of human impact has played a major role in the dynamics of soil erosion and landscape 101 

transformations during the last millennia. This novel approach comprises detailed microfacies 102 

and sedimentological analyses on the Lake Montcortès varved record (NE Iberian Peninsula) to 103 

reconstruct the Late Holocene seasonal sediment yield  in the lake´s watershed. The 104 

comparisons of the seasonal sediment yield evolution with detailed documentary and 105 



5 
 

palynological archives of land use changes in the watershed (Rull et al. 2011, Rull and Vegas-106 

Vilarrúbia 2015, Montoya et al. 2018, Trapote et al. 2018a) have allowed the role of the main 107 

drivers (climate, land cover, land use) controlling sediment yield to be evaluated. 108 

 109 
2. REGIONAL SETTING  110 

2.1 Lake Montcortès. The lake (42°19.50′N, 0°59.41′E, 1027 m a.s.l.) is located in the southern 111 

Central Pyrenees (NE Spain) emplaced between Les Nogueres and the South Pyrenean structural 112 

units, composed of Mesozoic and Tertiary carbonate and conglomeratic sedimentary units 113 

tectonically thrusted southwards. The watershed has a total surface area of 1.39 km2 lying 114 

mostly on Oligocene conglomerates and siliciclastic, carbonate and evaporitic Mesozoic rocks 115 

(Keuper and Muschelkalk facies). Hypovolcanic ophite bodies outcrop in the southern areas of 116 

the watershed while Quaternary sediments (i.e. ancient lake shore terraces) are present around 117 

the lakeshore (Rosell., 1994; Corella et al. 2011). The lake was formed by karstic processes on 118 

evaporite-bearing formations (Corella et al. 2011). Lake Montcortès (LM) has a surface area of 119 

0.14 km2 and a maximum water depth of 32 m (Fig. 1). Lake margins are very steep, particularly 120 

in the northern shores, limiting their sediment production into the lake. The central deepest 121 

area (>18m water depth, 0.07 km2) is almost flat and represents the main sediment sink area of 122 

the lake. The lake can be considered as a closed basin with a small ephemeral outlet in the 123 

northern shore of the lake. The lake's water column has permanent annual stratification that 124 

allows the preservations of biogenic varves. These varves are composed of calcite layers that 125 

precipitate due to enhanced bioproductivity during warm season (June-September) algal 126 

blooms, and organic detritus deposited throughout the year (Corella et al. 2012, Trapote et al. 127 

2018b). Two ephemeral streams in the southern margin of the lake reactivate during heavy 128 

rainfalls draining the lake watershed and eventually providing water and sediments to the lake 129 

basin. The sediment-laden flows enter the lake via i) over and/or interflows through low-density 130 

currents or ii) as underflow events when the hyperpycnal currents are denser that ambient lake 131 

https://www.sciencedirect.com/science/article/pii/S0277379114000985#fig1
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/calcite
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/algal-bloom
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/detritus
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water (Corella et al. 2014). These inorganic sediment-laden flows are recorded as clastic laminae 132 

interbedded within the carbonate and organic couplets (Corella et al. 2014).  133 

 134 

Fig. 1. (A) Location of Lake Montcortès (red circle) in the Iberian Peninsula and location of other 135 

sites discussed in the text (black circles correspond to other karstic sites and the grey square to 136 

experimental watersheds in the central Pre-Pyrenees). 1: Lake Estanya; 2: Lake Arreo; 3: Lake La 137 

Parra; 4: Lake El Tejo; 5: Lake Zoñar. (B) Photograph of the lake (source: Teresa Vegas-Vilarrúbia) 138 

(C) Land use map – Corine (EEA 2000) of Lake Montcortès watershed area. (D) Bathymetric map 139 

of Lake Montcortès and coring sites. In red the reference core of this study. 140 

 141 

2.2 Vegetation and land use evolution in the lake watershed. The present-day landscape in the 142 

watershed mainly consist of cereal crops, meadows and pasture in the lowlands (60% of the 143 
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total area) and deciduous and conifer forests in elevated areas (30%) (Corella et al. 2014) (Fig. 1). 144 

Meadows and pastures around the lake are characterized by hay meadows and calcicolous, 145 

mesophilous and xerophilus grasslands. Shrublands are primary represented by Buxus, Genista 146 

and Thymus. Forested areas in the watershed are dominated by Quercus species while Fraxinus, 147 

Populus and Salix species are also present. Hygrophytic communities colonize the lakeshore. 148 

Human-modified landscapes consist of intensive pastures, crop fields, fruit-tree orchards and 149 

ruderal communities (see detailed description of vegetation around the lake in (Mercadé et al. 150 

2013, Rull et al. 2017). Cultivation of wheat, oat, barley, olives, rye, hemp and legumes as wells 151 

as livestock husbandry (cattle and sheep) have varied through time during the last few centuries 152 

(Rull et al. 2011, Rull and Vegas-Vilarrúbia 2015, Montoya et al. 2018, Trapote et al. 2018a).  153 

Two main agricultural phases A1 (9th–14th centuries) and A2 (16th–19th centuries) have 154 

been documented in LM watershed. A1 was characterized by a decline of arboreal pollen from 155 

~60 to ~30 % and the cultivation of the cereals Secale and Triticum/Avena, alternating with 156 

pastures dominated by Artemisia, in a ca. 60 years land use rotation scheme (Rull and Vegas-157 

Vilarrúbia 2015). This phase also coincided with a transition from intensive agriculture to shifting 158 

cultivation practices (Rull and Vegas-Vilarrúbia 2015). The onset of A2 was characterized by 159 

hemp cultivation, which attained a maximum in the post-modern age, as well as increases in 160 

cereals, ruderals and nitrophilous taxa from approximately 1500 to 1900 CE (Trapote et al. 161 

2018a). Three phases of increased charcoal influx to the lake indicating widespread loss of 162 

woodland by fire occurred at B1 (830-970 CE), B2 (1670-1830 CE) and B3 (1850-1900 CE). 163 

Additionally, four main periods of high grazing pressure in the lake watershed have been 164 

characterized by increases of coprophilous fungi in the lake´s sedimentary record (G1: 830–865 165 

CE, G2: 1120–1290 CE, G3: 1530–1795 CE and G4: 1865–1880 CE) (Montoya et al., 2018). On the 166 

other hand, the pollen record shows different periods with low to moderate human impact (LHI) 167 

in the region. LHI1 (8th century BCE-8th century CE) experienced a subtle intensification of cereal 168 

cultivation in the lowlands of the Prepyrenean mountains although stockbreeding and grazing 169 

https://www.sciencedirect.com/science/article/pii/S0277379114000985#fig1
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pressure were very reduced (González-Sampériz et al. 2017). LHI2 (15th century) coincided with 170 

the onset of the Little Ice Age, when a great social crisis with wars and plagues led to the 171 

depopulation of the zone and the recovery of the forest (Rull et al. 2011, Rull and Vegas-172 

Vilarrúbia 2015). LHI3 (20th century) coincided with massive emigration to large cities, promoted 173 

by the growing industrialization with the subsequent reduction of agro-pastoral activities and 174 

field abandonment in LM watershed (Trapote et al. 2018a). 175 

2.3 Climate. The study area is emplaced within the sub-Mediterranean bioclimatic domain, 176 

between the Mediterranean lowlands and the Middle Mountain belt (Rull et al. 2011). The 177 

climatic regime is characterized by a strong seasonality with the warmest temperatures 178 

occurring in July (mean temperature of 23.3 °C) and the coldest in January (mean temperature 179 

of 2.9 °C) (Corella et al. 2014, Trapote et al. 2018b). The mean annual rainfall is 825 mm, with 180 

the largest storms (>100 mm) occurring mainly in autumn and secondly in winter (Martin-Vide 181 

et al. 2008). Heavy rainfall events (> 80mm Maximum Daily Precipitation (MDP) during the cold 182 

season (October-May) are mostly associated with i) mesoscale convective systems fed by 183 

Mediterranean moisture and enhanced by the orography of the eastern pre-Pyrenean 184 

Mountains (Llasat and Puigcerver 1994) and ii) frontal Atlantic systems leading to persistent 185 

rainfall during the autumn and winter months (Corella et al. 2016). Warm season storminess are 186 

mainly caused by localized convective storms, a consequence of thermal related low pressure 187 

over the Iberian Peninsula (Campins et al. 2000). 188 

3. MATERIAL AND METHODS 189 

3.1 Bathymetric, seismic and coring surveys. A detailed bathymetric survey was carried out 190 

using a SonarMite echosound connected to a DGPS. A total of 8500 depth points distributed in 191 

several N-S and E-W depth transects were processed using ArcGIS 10.3 Extension 3D Analyst. 192 

The seismic survey was conducted with an Edgetech 424-SB sub-bottom multi-frequency profiler 193 

using a frequency range of 2–10 kHz for 20 ms. Fifteen seismic profiles were obtained although 194 
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penetration was limited to the upper meter in the northern distal area due to gas blanking. In 195 

the upper 1m of sediment, seismic profiles displayed parallel reflectors indicating undisturbed 196 

sediments. Long Kullenberg cores (MON04-1A-1K, MON04-1A-3A and MON04-1A-4A) and 197 

UWITEC gravity cores (MON12-3A-1G, 78 cm length, and MON12-2A-1G, 106 cm length) were 198 

retrieved from the deepest part of the lake using the coring equipment from the Limnological 199 

Research Center (University of Minnesota, USA) and the Pyrenean Institute of Ecology (IPE-CSIC) 200 

in 2004 and 2012 respectively (Corella et al. 2011, 2014).  201 

3.2 Core correlation and sediment microfacies description. The cores were split in two halves 202 

lengthwise and imaged with a DMT core scanner and correlated using physical properties and 203 

sedimentary facies (lithological units and well-visible layers; Fig. 2). Cores MON12-3A-1G, 204 

MON12-2A-1G, MON04-3A-1K and MON04-4A-1K were selected to conduct microfacies 205 

analyses and to obtain an undisturbed composite sedimentary sequence (Corella et al. 2011; 206 

2014). Microfacies analyses were carried out by detailed inspection of thin sections using the 207 

MNCN-CSIC microscopy lab. For this purpose, large-scale thin sections (120 mm × 35 mm) were 208 

prepared from a composite sequence of 543.5 cm after sampling in aluminium trays, freeze-209 

drying and impregnation in Epoxy resin (Corella et al. 2012). Sediment compositional parameters 210 

and layer thickness measurements were performed using a Nikon Eclipse E600 microscope.  211 
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 212 

 213 

Fig. 2. Stratigraphical correlation between cores MON04-1A-1K, MON04-3A-1K and MON04-4A-214 

1K. Light grey bands indicate the main lithostratigraphic units and grey lines represent the well-215 

visible layers. Dark grey squares represent slumped material 216 

 217 

3.3 Age-depth model. Varve counting performed on thin sections throughout the 543.5 cm-long 218 

composite sedimentary sequence resulted in an independent absolute varve chronology from 219 

2012 CE to B 763 BCE and was previously presented in (Corella et al. 2012; 2014; 2016). The 220 

varve chronology is in agreement with two independent dating - based on AMS 14C (Corella et 221 

al. 2011) and 210Pb (Corella et al. 2014) -  supporting the robustness of the varve chronology 222 

(check above-mentioned references for further details on the Lake Montcortès age-depth 223 

chronology). 224 

3.4 Calculation of seasonal sediment fluxes and denudation rates in the Lake Montcortès 225 

watershed. Clastic sediments are mainly delivered from the watershed by flood runoff flowing 226 

to the lake and they are deposited as detrital layers intercalated between the annual biogenic 227 

sediment (calcite and organic layers). The relative position of detrital layers within biogenic 228 
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varve couplets make it possible constrain the seasonality of the detrital layers (Corella et al. 229 

2016). Since calcite precipitates during the warm period (Trapote et al. 2018b), detrital layers 230 

intercalated within calcite layers are related to summer run-off events. In contrast, detrital 231 

layers embedded beneath, within and/or above the organic layer represent sediment fluxes 232 

during the cold season floods occurring in autumn, winter and spring, respectively.  233 

The calculation of sediment fluxes originating from soil erosion in the watershed has 234 

been carried out following the approach proposed by (Einsele and Hinderer 1998) and (Barreiro-235 

Lostres et al. 2017). Sediment volume delivery for annual and seasonal runoff (VolDL) has been 236 

estimated considering the thickness of detrital layers and the lake depositional surface. The lake 237 

depositional area (Ad) has been defined as the distal, flat areas below 18 m water depth to avoid 238 

overestimation due to some sediment focusing (i.e. sediment remobilization) on the bypass 239 

talus areas. Detrital layer thickness in the lake mostly depends on the sediment delivery 240 

although some variability in the deposited thickness may depend on the core location. Core 241 

correlation performed in the upper 4 m of sediment of Kullenberg long-cores highlighted that 242 

mean sedimentation rates in core MON04-3A-1K were 7.5 and 25% higher with respect to cores 243 

MON04-1A-1K and MON04-4A-1K (Fig. 2). Therefore, correction factors have been applied to 244 

estimate mean detrital layer thickness in the lake. In the estimation of Mass Denudation rates 245 

(DR) in the watershed we assume that the annual mass denudation (Md) equals the mass 246 

accumulated in the lake (Ml) per year, since the lake is a closed system.  However, we have not 247 

considered minor fractions of terrigenous material that might be trapped in the littoral lake´s 248 

shores and/or lowlands in the watershed. Therefore sediment delivery efficiency will not reach 249 

the 100% and estimated DR values only reflect minimum thresholds. The minimum Md was 250 

estimated on the basis of the annual sediment volume deposited in the detrital (minerogenic) 251 

layers and their mean density (ρ= 1 g cm-3; Corella et al. 2017) that may resemble the mineral 252 

fraction of the surface soil in the lake´s watershed. Area specific sediment yield (Sy) from the 253 

watershed (hereafter defined as sediment yield sensu lato) is subsequently calculated from Md 254 
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and the watershed area (Wa) while lowering rates or denudation rates (DRt) variability in the 255 

watershed is calculated considering only VolDL and Wd. 256 

Md>Ml/ Ad = VolDL X ρ = [t yr-1] 257 

Sy=Ml/ Wa = [t km-2 yr-1] 258 

DRt= VolDL X Wd  [mm yr-1] 259 

4. RESULTS 260 

4.1 The seasonal sediment yield in Late Montcortès during the Late Holocene 261 

The analyses of the different variables (Md, Sy DRt) related to the sediment remobilization in 262 

the lake watershed and subsequent storage in the lacustrine basin have been applied to the 263 

1220 clastic layers distributed over the 819 years within the studied period (last 2775 years) that 264 

represent Late Holocene sediment-laden flood events during heavy rainfall events in the area. 265 

The mean Md, Sy and DRt during the Late Holocene are 43.9 t yr-1, 31.5 t km-2 yr-1 and 3.1 X 10-266 

2 mm yr-1 respectively. These values hide a large variability during the main climate periods 267 

described for the North Atlantic region. All these variables show maximum values during the 268 

warm Medieval Climate Anomaly (MCA, 900-1350 CE (Moreno et al. 2012)) – and during the 269 

Industrial Period (1850-Present day) with mean annual sediment yield of 94.7 and 54.6 t km-2 yr-270 

1, respectively (Fig. 3).  Short phases of very high annual sediment yield occurred during these 271 

periods at 921-989, 1030-1046, 1070-1107, 1168-1239, 1256-1261, 1278-1285, 1299-1315, 272 

1340-1362 and 1844-1866 CE. The highest sediment yield occurred at 1168-1239 CE with mean 273 

annual sediment yield of 197.4 t km-2 yr-1. During this period, the most extreme event in terms 274 

of sediment yield occurred in 1182 CE mobilizing 1704.7 t of sediment that were deposited in 275 

the lake basin. A significant decrease in annual sediment yield occurred during other past well-276 

known climatic periods in NE Spain such as the Little Ice Age (LIA, 1300-1850 CE; Morellón et al. 277 

(2012)), the Dark Ages Cold Period (DACP; 450-900 CE; Corella et al. (2013)), the Late Antiquity 278 

Little Ice Age (LALIA; 536-660 CE; Buntgen et al. (2016); Corella et al. (2016)) and the Ibero-279 
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Roman Humid Period (IRHP; 650 BCE- 350 CE; Martín-Puertas et al. (2009), Corella et al. (2013) 280 

with mean annual sediment yield of 14.6, 30.5, 6.6 and 11.8 t km-2 yr-1 respectively. During these 281 

periods very low sediment yield was recorded at 679-560, 474-347 and 147-17 BCE and 34-139, 282 

257-297, 356-590, 1362-1499, 1540-1563, 1658-1677, 1690-1713, 1755-1838 and 1927-2012 283 

CE. The two periods with the lowest annual sediment yield occurred between 358 and 590 CE 284 

and since 1927 with mean annual sediment yield of 2.5 and 2.7 t km-2 yr-1 respectively.  285 

 286 

 287 

Fig. 3. From left to right: occurrence of heavy-rainfall-induced layers (Maximum Daily 288 
Precipitation events >80mm during the 20th century). Black lines represent the 31-yrs running 289 
average of layer occurrence ranging from 0 to 1 (mean values of 0.44 layers/year) (Corella et al. 290 
2016). Lake Montcortès detrital layer thicknesses (DLt); Mass denudation rates (Md); Calculated 291 
annual sediment yield (Sy) and total denudation rates (DRt) in the lake watershed. Vertical 292 
colour bars represent the different land use phases described in section 2.2. Blue (LHI), green 293 
(A), yellow (B) and red bars (G) represent phases of low human impact, intensive agriculture, 294 
burning and overgrazing in the watershed, respectively. 295 
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 296 

The sediment yield variability is consistent with the different anthropogenic landscape 297 

scenarios reconstructed in the area (Rull et al. 2011, Rull and Vegas-Vilarrúbia 2015, Montoya 298 

et al. 2018, Trapote et al. 2018a). Thus, the lowest annual sediment yield occurred during 299 

periods of low to moderate human impact in the watershed (LHI) with mean annual sediment 300 

yield of 11, 8 t km-2 yr-1 (mean annual sediment yield of 12, 8.3 and 14.9 t km-2 yr-1 during LHI 1,2 301 

and 3 respectively). The highest annual sediment yield is recorded during periods of high human 302 

impact associated to agricultural phases (mean annual sediment yield y = 52,2 t km-2 yr-1), 303 

burning phases (mean annual sediment yield = 80.9 t km-2 yr-1) and grazing periods (mean annual 304 

sediment yield = 84.6 t km-2 yr-1) (Fig. 3). Mean annual sediment yield shows significant positive 305 

correlations with charcoal fluxes and percentages of meadows and pastures (ρ=0.39 and 0.40 306 

respectively), and negative correlations with percentages of scrubland and trees (ρ= -0.438 and 307 

-0.41 respectively). 308 

 309 

4.2 Sediment yield seasonality 310 

Seasonality was determined in 41% of the years with detrital layers occurrence, recording 114, 311 

139, 42 and 91 runoff events in autumn, winter, spring and summer respectively. The highest 312 

sediment yield corresponded to autumn and winter floods (mean Sy per event of 47.7 and 62.6 313 

t km-2 yr-1 respectively) while mean SY during spring and summer accounts for mean annual Sy 314 

of 27.3 and 34.2 t km-2 yr-1 respectively. Nevertheless, the seasonal distribution of sediment yield 315 

strongly varied over the past 2775 years in response to different historical land use settings (Figs 316 

4 and 5). During LHI phases, and particularly during the 20th century, autumn runoff produced 317 

most of the detrital inputs with up to 58.5% of the total annual sediment delivery, followed by 318 

winter (17.9%) summer (14.9%) and spring (8.6%). On the contrary, the highest sediment 319 
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production occurred during winter (always more than 50%) during phases of higher human 320 

activities, namely grazing, agricultural and burning (Fig. 5).  321 

 322 

 323 

 324 

Fig. 4. From left to right: occurrence and seasonality of detrital layers related to rainfall events 325 

per decade; Sediment yield (Sy) during autumn, winter, spring and summer for the last 2775 326 

years. Vertical colour bars represent the different land use phases described in section 2. Blue 327 

(LHI), green (A), yellow (B) and red bars (G) represent phases of low human impact, intensive 328 

agriculture, burning and overgrazing in the watershed respectively. 329 
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 330 

Fig. 5. A and B) Mean annual sediment yield (Sy) during the different Late Holocene climatic 331 

phases and during the different cultural landscape changes. C) Relative seasonal contribution to 332 

annual sediment yield (%). 333 

 334 

4.3 Sediment yield from Lake Montcortès watershed during the Instrumental Period 335 

The comparison of the sediment yield associated with heavy rainfall events in the lake 336 

watershed with the instrumental daily rainfall record from the Cabdella meteorological station 337 

(15 km north of the lake) during the period 1917-1994 CE has shown a relation between floods 338 
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in the watershed related to heavy rainfall and sediment delivery to the lake. Clastic layer 339 

deposition has always occurred since 1917 CE when rainfall events exceeded 80 mm MDP 340 

(Maximum Daily Precipitation) (Corella et al., 2014). A detail seasonal analysis set MDP minimum 341 

thresholds to 91.5, 80, 84 and 107 mm for autumn, winter, spring and summer sediment yield 342 

events, respectively (Fig. 6). The analysis of the annual sediment yield produced by these heavy 343 

rainfalls does not show any significant trend (Fig. 6). Nevertheless, the seasonal patterns of these 344 

extreme events may suggest an annual sediment yield increase with heavy rainfall magnitudes 345 

in autumn, winter and summer (Fig. 6).   346 

 347 

 348 

Fig. 6. Relation between annual maximum daily precipitation events measured in Cabdella 349 

meteorological station (15km north of the lake) and sediment yield during heavy rainfall events 350 

in Lake Montcortès watershed. Arrows indicate the sediment yield seasonal trend in relation to 351 

heavy rainfall magnitudes. 352 

 353 

5. DISCUSSION 354 
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 355 
5.1 Effects of heavy rainfall events and land use on sediment yield variability 356 

The relation between heavy rainfall variability, vegetation changes and sediment yield in LM 357 

watershed highlights the interplay between hydroclimate and flood variability and human-358 

driven land use changes as the main drivers controlling the sediment yield in mountainous 359 

Mediterranean watersheds. A better understanding of the long-term seasonal patterns of 360 

sediment yield significantly contributes to elucidate the relative contribution of these drivers 361 

during the Late Holocene: 362 

5.1.1. Hydroclimate: The analysis of detrital layers deposited in LM during the time-span of 363 

Cabdella meteorological dataset provides further links between rainfall amount and sediment 364 

yield in the context of low human disturbances that characterize the 20th century. To our 365 

knowledge, only a few studies have attempted to compare instrumental hydrological datasets 366 

with the amount of sediments deposited in lake basins, highlighting certain relationships 367 

between flood events magnitudes and sediment volumes (Schiefer et al. 2011, Kämpf et al. 368 

2015, Wilhelm et al. 2018, Evin et al. 2019). In Lake Montcortès, all runoff events delivering 369 

sediment to the lake since 1917 CE occurred during heavy rainfalls > 80 mm MDP (Corella et al., 370 

2014). The 11 events occurring within the instrumental period show a weak statistical 371 

correlation between sediment yield and the amount of daily precipitation due to a strong sample 372 

dispersion (Fig. 6). A close look at the seasonal subsets suggests a proportional-type response of 373 

seasonal Sy to heavy rainfall amount, although these trends are based on a limited number of 374 

data points (Fig. 6). This differential behavior may be explained by the seasonal changes on soil 375 

properties, sediment connectivity and erodibility in relation with soil moisture, temperature, 376 

sediment availability and vegetation cover.  Once again, it shows the paramount interest of 377 

considering seasonality in palaeoflood studies using paleolimnological approaches. The 378 

percentage-base distribution of seasonal sediment yields during 20th century (autumn: 58.5%; 379 

winter: 17.9%; spring: 8.6%; summer: 14.9%) agrees with the recorded heavy rainfall distribution 380 
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in the region, namely the highest in autumn (50.0% of the cases), followed by winter (22.1%), 381 

spring (13.1%) and summer (14.8%) (Martin-Vide et al. 2008). Interestingly, during the 382 

instrumental period the highest and the lowest sensitivity of Sy occur in autumn and winter 383 

seasons respectively (Fig. 6), which might be explained by more developed and softer regolith 384 

favouring hortonian runoff sediment-laden flows at fall while this regolith is mostly washed-out 385 

in winter. 386 

On longer time-scales, there is a lack of high-resolution quantitative climatic 387 

reconstructions in the Pyrenees that impede further assessments of the climate effect on 388 

sediment yield. The higher sediment delivery recorded during the warmer MCA (Moreno et al., 389 

2012) may suggest that climate warming could have accelerated soil erosion by altering soil 390 

properties and vegetation coverage in Mediterranean areas. Nevertheless, during the recent 391 

global warming sediment delivery has not increased, implying that temperature by itself is not 392 

significant driver controlling soil erosion in Mediterranean watersheds. Therefore, increased 393 

sediment yield would be mostly controlled by heavy rainfall variability at decadal to centennial 394 

time-scales. 395 

5.1.2. Land use. The sediment delivery and denudation rates in the watershed also agree 396 

reasonably well with the anthropic activities phases in the LM watershed (Figs. 3, 5 and 7), 397 

implying that human impact has greatly controlled the sediment delivery to the lake. The highest 398 

sediment yield occurred during burning and grazing phases with an 8-fold increase with respect 399 

to low human impact phases. This correspondence would suggest that fire incidence and 400 

overgrazing had similar impacts on soil erosion at decadal to centennial time-scales. This 401 

hypothesis is further supported by the significant positive statistical correlations between 402 

annual sediment yield and charcoal fluxes and percentages of meadows and pastures in LM 403 

watershed.  404 
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The impact of overgrazing as a dominant factor to increase soil erosion has already been 405 

reported in other lake sequences from the Alps from a historical perspective (Giguet-Covex et 406 

al. 2012, Giguet-Covex et al. 2014, Arnaud et al. 2016, Doyen et al. 2016). In Mediterranean 407 

areas higher soil erosion rates and run-off episodes coincide with increasing grazing activities. 408 

Two factors occur synergistically; i) soil compaction by overgrazing trampling impeding the 409 

development of vegetation cover in meadows and pastures that could even lead to badland 410 

formation; ii) Cattle raising feeding reduce grassland and vegetation cover protecting the soil 411 

and ultimately increasing run-off (e.g Garcia-Ruiz and Lopez-Bermudez 2009). In the Pyrenees 412 

Meadows and pastures expansion in steep slopes and above the forest line has historically led 413 

to an increase in erosive processes and mass movements (Montserrat, 1992; García-Ruiz and 414 

Valero-Garcés., 1998). Fires also have a strong impact on soil properties increasing soil 415 

repellence, reducing infiltration rates, degrading the soil structure and eventually increasing the 416 

soil erodibility (Cerdà et al. 1995, Mataix-Solera and Doerr 2004). The fact that the highest 417 

sediment delivery occurred during burning phases points to slash and burn practices as the most 418 

critical factors on soil erosion. It also underlines the importance of management practices to 419 

adapt agricultural systems to the growing food and water demands. Periods of sustained 420 

agricultural practices had also an impact on the sediment delivery to the lake with a 5-fold 421 

increase with respect to LHI phases. On the other hand, the strong negative correlation between 422 

annual sediment yield and shrubland and forest percentages shows that land abandonment (and 423 

shrubland recolonization and forest recovery) are primary drivers to diminish soil degradation 424 

and sediment yield in the watershed.  425 

Land use changes also have a significant impact of the seasonal trends of sediment yield. 426 

The periods with low human impact in the watershed shows a seasonal sediment delivery 427 

distribution that parallels the seasonality of heavy rainfall frequencies during the instrumental 428 

period (Figs. 4 and 5). In the other hand, the sediment yield seasonality distribution in the 429 

different anthropogenic scenarios (grazing, agricultural and burning phases) followed a different 430 
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seasonal trend with the highest contribution during the winter season (always more than 50%). 431 

Agricultural phases exert a key influence on seasonality of sediment yield since cereal cropping 432 

(wheat or barley) involves traditional tillage practices during autumn after the first rains, and 433 

once the plants sprout the croplands were cleaned of weeds. These agricultural tasks likely 434 

contributed to a greater vulnerability of soil erosion during the winter season, particularly in 435 

years with late rains.  436 

5.1.3. Comparison with experimental watersheds in the Pyrenees: Sediment yield recorded in 437 

LM watershed reasonably agrees with recorded sediment production on experimental 438 

monitoring stations in the Southern Pyrenees under similar physiographic and 439 

hydrometeorological characteristics in terms of mean slopes, precipitation and temperature 440 

regimes, watershed areas and elevation ranges and comparable land use changes (Table 1) 441 

(Cerdà and Lasanta 2005, García-Ruiz et al. 2008, López-Vicente et al. 2008, García-Ruiz 2010, 442 

Nadal-Romero and Regüés 2010, Nadal‐Romero et al. 2013, Lana‐Renault et al. 2014).  Indeed, 443 

the comparison of Sy from active shifting agriculture and cereal plots with those from the 444 

abandoned meadows and dense shrub cover plots were up to one order of magnitude different 445 

in these experimental watershed s (García-Ruiz 2010, Nadal‐Romero et al. 2013), in agreement 446 

with LM watershed results. The lower sediment yield values recorded in LM watershed 447 

compared to San Salvador and Arnás watersheds are expected since LM watershed sediment 448 

yield represents minimum sediment production where sediment trapping and storage in the 449 

distal basin  do not reach 100%. This sediment delivery delay has been observed in other karstic 450 

lakes (Barreiro-Lostres et al. 2017) due to the interplay between several factors, including: i) The 451 

littoral vegetation may act as a sediment barrier facilitating the deposition of the finer sediments 452 

during low-magnitude flood events along the palustrine areas before reaching the lake´s distal 453 

basin; ii) sediment trapping in geomorphic barriers disconnected from the main hydrological 454 

network as seen in other karstic lacustrine watersheds in the Pyrenees (López-Vicente et al. 455 

2013, Corella et al. 2018) and the Iberian Range (Barreiro-Lostres et al. 2017) and; iii) LM 456 
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sedimentary sequence only records sediment yield from heavy rainfall events missing sediment 457 

produced during low magnitude floods that do not reach the lake. Nevertheless, studies from 458 

these experimental stations highlight that extreme events are the main contributors to the 459 

annual sediment yield (González-Hidalgo et al. 2007, Nadal-Romero et al. 2012, Nadal-Romero 460 

et al. 2012).  461 

In the same hydroclimatic region (Estanya, ca. 50 km from LM), (López-Vicente et al. 462 

2008) estimated annual soil losses in an agricultural landscape using RUSLE model and rainfall 463 

records (1997-2006) obtaining rates of 33.4 t km-2 yr-1, similarly to the LM watershed values (31.5 464 

t km-2 yr-1). Mean annual sediment yield during periods of low to moderate human impact in LM 465 

watershed (9.1 t km-2 yr-1) have also very similar values to erosion rates of 8.9 t km-2 yr-1 reported 466 

for experimental plots on abandoned farmlands (García-Ruiz et al. 1995, Cerdà and Lasanta 467 

2005). At the event scale, the largest event recorded in LM watershed during a period of intense 468 

human pressure and land degradation estimated to be 1704.7 t km-2 compares with a similar 469 

exceptional rainfall event in the highly degraded soils and soft regolith of the Araguas 470 

experimental station with the total amount of sediment mobilized in the station estimated on 471 

1392.2 t km-2 (Nadal-Romero and Regüés 2010, Lana‐Renault et al. 2014). 472 

The dense shrub cover from experimental plots in the Aísa experimental station had very 473 

moderate hydrological and geomorphological effects, with little sediment yield (Nadal‐Romero 474 

et al. 2013). This observation agrees with the negative correlation between shrublands and 475 

annual sediment yield in LM watershed, highlighting that a dense shrub cover enhances 476 

infiltration and decreases runoff and erosion. In this experimental station, active shifting 477 

cultivation plots also triggered very high sediment yield (Nadal‐Romero et al. 2013) as seen in 478 

LM watershed during periods with shifting cultivation in the area (Rull et al. 2011, Rull and 479 

Vegas-Vilarrúbia 2015). The 8-fold increase in annual sediment yield measured in LM 480 

sedimentary record during burning phases are also in agreement with experimental monitoring 481 

stations in the Pyrenees that monitored the long-term erosion rates after fire measuring up to 482 
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10 times greater postfires erosion rates (Cerdà and Lasanta 2005).  In quantitative terms, the 483 

mean annual sediment yield (81 t km-2 yr-1) during this burning phases are in the same order of 484 

magnitude of erosion rates measured in a burn plot from Aínsa Experimental Station one and 485 

two years after a fire event (64.3- 104.1 t km-2 yr-1 respectively) (Cerdà and Lasanta 2005).  486 

 487 

5.2 Late Holocene flood-related sediment yield evolution in Lake Montcortès watershed  488 

The detailed microfacies analyses carried out on the LM sedimentary sequence has contributed 489 

to an improved understanding of the evolution of sediment yield and denudation rates in a 490 

mountainous Mediterranean watershed during the Late Holocene. Periods with reduced annual 491 

sediment yield are interpreted as phases with low sediment production in the watershed due to 492 

reduced human impact and/or lowered flood intensity and frequency.  493 

5.2.1 Iberian and Roman period (6th century BCE- 5th century CE): During periods of low human 494 

impact in the landscape prior to Roman times, the annual sediment yield variability would 495 

mostly reflect the magnitude of heavy rainfall evetns and the greatest storminess recorded 496 

during the onset of the Iron Age (763-672 BCE). The reduced annual sediment yield in lake 497 

Montcortès during the Iberian and the Roman Periods would suggest a moderate human impact 498 

in the watershed and relatively lower flood intensity. Nevertheless, there are no vegetation 499 

reconstructions for the Montcortès watershed during this period and so, it is not possible to 500 

explore directly the relationships between annual sediment yield variability and land use 501 

changes at that time. Nevertheless, regional vegetation reconstructions from nearby lake 502 

records highlight a relatively low-degree of anthropogenic impact in the Central Pyrenees 503 

including reduced pastoral and grazing activities (González-Sampériz et al. 2017).  504 

5.2.2. The Migration period and the Middle Ages (6th century CE- 14th century CE): The lowest 505 

sediment yield of the entire studied period occurred at 356-590 CE coinciding with the collapse 506 

of the Roman Empire in NE Iberian Peninsula and the Migration period. This time span coincides 507 
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with a sharp decline of heavy rainfall events in the area that persisted until the 7th century 508 

(Corella et al. 2016) as well as lower flood frequency in western Mediterranean rivers (Benito et 509 

al. 2015). The progressive increase in annual sediment yield since 650 CE lasted until 990 CE with 510 

the highest values recorded during the 10th century. This period experienced a higher human 511 

pressure in the lake´s watershed documented from historical sources (Marugan and Oliver 512 

2005), overlapping grazing and burning phases G1 and B1 characterized by shifting cultivation 513 

and a peak in local fire incidence that led to an increase in fungal spores Neurospora crassa, 514 

Cooniochaeta and Gelasinospora with low dispersion capacity (Montoya et al. 2018). In this 515 

period, other studies point out to a dramatic reduction in woodland (Rull and Vegas-Vilarrúbia 516 

2015) and the beginning of livestock farming and pastures activities in the watershed recorded 517 

by an increase in coprophilous fungi (Fig. 7) (Montoya et al. 2018).  518 

Sediment delivery and denudation rates remained high during the Middle Ages until 519 

1362 CE coinciding with a phase of agricultural expansion (A1) that began after intensive 520 

woodland clearance by fire and lasted until the 14th century (Rull and Vegas-Vilarrúbia 2015). 521 

Hydrologically this coincides with the highest frequency of flooding events in NE Iberian 522 

Peninsula (Corella et al. 2016). The cultural landscape during this period was characterized by 523 

Cannabis, cereals and Castanea cultivation together with the maximum abundance and diversity 524 

of weeds (Rull and Vegas-Vilarrúbia 2015). The highest annual sediment yield of the entire 525 

sequence (1168 and 1239 CE) is synchronous with the expansion of cattle farming in the 526 

watershed (increase in palynological “dung” indicators; (Montoya et al. 2018) and coincided 527 

with the period with the highest population density documented in the area (Marugan and 528 

Oliver 2005).  During this period, a single event was able to mobilize 1704 tons of sediment as a 529 

consequence of the severe soil degradation due to the higher human pressure. Indeed, shifting 530 

cultivation was replaced at that time by a more controlled and permanent land exploitation. This 531 

land use change eventually led to increased soil degradation even though crop rotation were 532 

applied to reduce soil impoverishment (Rull and Vegas-Vilarrúbia 2015). 533 
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 534 

 535 

Fig. 7. Comparison between annual sediment yield (Sy) in Lake Montcortès watershed (11 yrs 536 

running average) with Lake Montcortès palynological proxies previously published in Rull and 537 

Vegas-Villarubia (2015) and Montoya et al., (2018). Glomus percentage represent the 538 

abundance of this fungal ascospore indicating higher erosion processes in LM watershed 539 

(Montoya et l., 2018). The different land use phases are also indicated with horizontal and 540 

vertical bars. The grey arrow indicates the degree of human disturbance in LM watershed. 541 

 542 

The progressive decrease in annual sediment yield since the mid-13th century also 543 

coincided with a decrease in herb crops and a dominance of cultivated trees (Rull and Vegas-544 

Vilarrúbia 2015). During the mid-14th century, the black death pandemic (1348 CE) triggered a 545 

depopulation and a drastic reduction in human pressure characterized by the disappearance of 546 

cereal cultivation and livestock raising in the lake watershed (Rull and Vegas-Vilarrúbia 2015). 547 

This reduced human pressure was most likely responsible for the abrupt reduction annual 548 

sediment yield in the watershed after 1362 CE.  549 

5.2.3. Modern period (15th century CE- 18th century CE): The reduced sediment yield during the 550 

Modern Age contrasts with an intensification of agricultural practices in the watershed since 551 

1500 CE. During this period the LM watershed vegetation reconstruction showed a 552 
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diversification of land uses in concordance with historical sources that documented slash-and-553 

burn activities to create and maintain agricultural fields and cattle from 1500 to 1700 CE 554 

(Marugan and Rapalino 2005, Ferrer Alòs 2017, Trapote et al. 2018a). Therefore, the only 555 

plausible explanation for the low annual sediment yield recorded during this period is an abrupt 556 

decrease in the frequencies of autumn and winter heavy rainfall events (Corella et al. 2016) (Figs. 557 

5 and 6). The lower frequency or even absence of large floods since mid-17th to mid-18th 558 

centuries has also been reported in other Mediterranean watersheds based on palaeofloods 559 

(Wilhelm et al. 2012, Machado et al. 2017) and historical records (Barriendos and Martín-Vide 560 

1998). 561 

5.2.4. Industrial period (19th century CE- 20th century CE): A higher number of flood layers during 562 

the second half of the 19th century corresponds to intensive pastoral activities, higher fire 563 

incidence and agricultural practices. High annual sediment yield recorded in the lake between 564 

1844 and 1866 CE also coincided with the highest demographic pressure in most mountain 565 

valleys of the Spanish Pyrenees (Ayuda and Pinilla 2002, Fillat et al. 2008) leading to common 566 

slash and burn practices, cultivation of steep slopes and shifting cultivation (Lasanta, 1989). The 567 

increase in annual sediment yield in LM watershed is also in agreement with a maximum in river 568 

flood frequency and magnitude in NE Spain since the Middle Ages, occurring between 1840 and 569 

1870 CE (Llasat et al. 2005, Barriendos and Rodrigo 2006). The interplay between extreme run-570 

off events, deforestation and grazing activities controlling the increase in sediment yield has also 571 

been highlighted in artificial historical reservoir watersheds in western Mediterranean (Puentes 572 

and Valdeinfierno reservoirs) (Rodríguez-Lloveras et al., 2017) and the Southern Pyrenees 573 

(Valero-Garcés et al., 1999) since the 19th and the early 20th centuries respectively. 574 

Reduced storminess and a significant decrease of human presence indicators in LM 575 

record explained by depopulation in the Pallars region (Farràs 2005, Corella et al. 2016, Trapote 576 

et al. 2018a) contributed to low annual sediment yield values during the 20th century, and 577 
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particularly since 1927 CE. Indeed, the demographic migration to urban areas during the last 578 

decades has caused a drastic reduction in human pressure in the lake´s watershed with an 579 

abandonment of grazing and agricultural activities and a considerable reduction of fire and 580 

forest management (Farràs, 2005; García-Ruiz, 2010; Trapote et al. 2018a). 581 

 582 

5.3 Sediment yield in other mountainous Mediterranean watersheds 583 

In the Iberian Peninsula, there are several karstic lakes emplaced in small watersheds with 584 

similar limnological and physiographic characteristics in terms of water depths and bedrock 585 

lithology composition that could be used as a comparison to LM data set: Lake Arreo (Northern 586 

Spain; Corella et al., 2013); Lake Estanya (Southern Central Pyrenees; Morellón et al., 2009; 587 

2011); Lakes Tejo, La Parra, Tobar and Taravilla (Iberian Range; Barreiro-Lostres et al., 2015; 588 

2017) and Lake Zoñar (Southern Spain, Martin-Puertas et al., 2009). Sediment delivery to these 589 

karstic systems shows a great variability with significant differences in the timing and magnitude 590 

of the periods of enhanced sediment delivery to the lake basins.  591 

Sediment yield reported in karstic lake watersheds from the Iberian Range, namely lakes 592 

Tejo, La Parra and Tobar with sediment yield values of 69, 103 and 111 t km-2 yr-1 respectively 593 

(Barreiro-Lostres et al. 2017) are higher than the long-term mean Sy in LM watershed. These 594 

three lakes have a large range of watershed/lake surface area ratios, which explain these higher 595 

production rates. In addition, it is important to note that a different methodological approach 596 

was applied in these systems using mean sedimentation rates to estimate soil erosion-related 597 

parameters for the investigated watersheds. This approach does not decouple endogenic lake 598 

production from the allochthonous sediment delivery to the lake basins and it may overestimate 599 

mean annual Sy values during period oh higher bioproductivity in the lakes (Barreiro-Lostres et 600 

al. 2017). Other karstic lake from the Iberian Range (i.e. Lake Taravilla) displayed lower sediment 601 

yield (7 t km-2 yr-1) than Lake Montcortès. These lower values are explained by intrinsic factors 602 
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of lake Taravilla watershed with the presence of creeks and large palustrine areas acting as a 603 

sediment sink and thus, impeding the coarser material to reach the lake bottom (Barreiro-604 

Lostres et al., 2017). 605 

 606 

 607 

 608 

Fig. 8. Comparison between sediment yield (Sy) in Lake Montcortès watershed (11 yrs running 609 

average) with terrigenous input proxies to other karstic lakes in the Iberian Peninsula. From 610 

left to right: Lake Montcortès (This study); Lake Estanya (Morellón et al., 2009; 2011); Lake 611 

Arreo (Corella et al., 2013); Lakes La Parra y El Tejo (Barreiro Lostres et al., 2015; 2017); Lake 612 

Zoñar (Martín-Puertas, Jiménez-Espejo et al. 2010). Blue horizontal bars highlight the highest 613 

sediment fluxes to Lake Montcortès.  614 

 615 

Besides karstic lakes from the Iberian Range, there is a lack of Late Holocene annual 616 

sediment yield reconstructions in the Iberian Peninsula to compare with. Nevertheless, there 617 

are several geochemical proxies (Ti/Ca and Rb/Al ratios (Martín-Puertas et al. 2010, Corella et 618 
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al. 2013) and/or further statistical treatments of geochemical datasets (e.g. Principal 619 

Component Analyses, PCA; (Morellón et al. 2009; 2011; Barreiro-Lostres et al. 2017)) that 620 

reconstruct qualitatively the sediment delivery to karstic lake systems (Fig. 8). Thus, karstic 621 

sequences from the Pre-Pyrenees and the northern Ebro Basin (i.e. Lakes Montcortès, Estanya 622 

and Arreo) show a reasonably similar trend with higher and lower sediment delivery within the 623 

Middle Ages and the Modern Age respectively (Fig. 8). The similarities are most likely explained 624 

by an analogous hydroclimate regime in NE Spain with higher and lower frequency of heavy 625 

rainfalls during the MCA and the LIA respectively and a parallel population and cultural history, 626 

with the onset of higher human impact controlled by the advance southwards of Christian 627 

kingdoms. Certain differences in periods of higher clastic input shown in these sequences most 628 

probably response to the different land uses and convective storms affecting each lacustrine 629 

system differently. Particularly, Lake Montcortès shows characteristically lower SY during the 630 

1400 – 1800 CE not shown in Arreo or Estanya. The lower elevation of these two sites likely 631 

explains higher human impact during the LIA in the watersheds.  632 

On the other hand, a different trend in the sediment remobilization and delivery to the 633 

sink (i.e. the lake basin depocentre) is observed in Lake Zoñar, located in Southern Spain, and in 634 

karstic lakes from the Iberian Range (Martín-Puertas et al. 2010, Barreiro-Lostres et al. 2017) 635 

(Fig. 8). Although some phases of high sediment yield in the Iberian Range occurred during 636 

medieval times, the highest sediment yield occurred later, during the 15th–16th and it was also 637 

quite intense during the 18th–19th centuries and continued in the 20th century (Barreiro-Lostres 638 

et al., 2017). In southern Spain, the Lake Zoñar sedimentary sequence showed the highest clastic 639 

input during the IRHP (Martín-Puertas et al. 2010). These dissimilarities are probably explained 640 

by the different land uses and precipitation regimes recorded throughout the Iberian Peninsula. 641 

Indeed, the higher clastic input in Lake Zoñar coincides with the flourishing of the Iberian culture 642 

and the Roman conquest that brought and intensification of agropastoral activities in southern 643 

Spain (Carrión et al. 2007, Martín-Puertas et al. 2009). Secondly, the IRHP is known as the Late 644 
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Holocene´s most humid period in Southern Spain (Martín-Puertas et al. 2009) while more arid 645 

conditions prevailed in Northern Spain at that time (Corella et al. 2013). These hydroclimate see-646 

saw patterns coupled with different land use changes at the investigated sites may explain the 647 

large differences in the sediment dynamics in southern and northern Iberian karstic watersheds. 648 

In other Western Mediterranean regions such as the French Alps, human-driven 649 

influence on erosion at a local scale has been also been documented for the last three millennia 650 

(Arnaud et al., 2016). In this region, Lake Bourget can argueably be considered as a reference 651 

record of continuous soil erosion fluxes in the Alp (Debret et al., 2010; Arnaud et al., 2012; Evin 652 

et al., 2019). This lacustrine records highlights two erosive periods with increase sediment yield 653 

in the Rhone river watershed at 350-650 CE and 1150-1900 CE. These results greatly differs from 654 

the long-term erosive trends reconstructed in Southern Pyrenean records shown in this study 655 

that can be partially be attributed to the glacier control on the hydrological processes in the 656 

Rhone river watershed that ultimately controls the regional soil erosion. An increase in soil 657 

erosion has also been reconstructed in Eastern Mediterranean during the last 2500 years using 658 

a varved lake record from central Anatolia (Roberts et al., 2018). In this lacustrine records, 659 

Roberts et al, (2018) inferred that watershed erosion was mostly controlled and changes in land-660 

cover, with a significant decrease in soil erosion when forest cover expanded between 650 and 661 

950 CE and higher sediment delivery to the lake between 950 and 1250 CE.  662 

The impact of progressive woodland clearance followed by overgrazing in seasonally dry 663 

climates has resulted in high soil erosion rates across the Mediterranean (Woodward et al., 664 

1995) with average sediment loads have increased by a factor of 2 to 10 since the onset of 665 

human-driven widespread deforestation and farming (Milliman and Syvitsky., 1992). In this 666 

study, a large heterogeneity in soil erosion is depicted across the Mediterranean from the 667 

comparison between different lacustrine records during the Late Holocene. In the other hand, 668 

at longer time-scales, a recent meta-data analyses of soil erosion patterns in the Mediterranean 669 

during the entire Holocene highlights that dominant erosion phases occur contemporaneously 670 
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across a number of Mediterranean regions during some periods that could be attributed to 671 

climate changes (Walsh et al., 2019). Therefore, more homogenised paleoenvironmental 672 

reconstructions are still needed to understand the complex patterns and environmental forcings 673 

controlling soil erosion in the Mediterranean at different temporal and spatial scales. 674 

 675 

6. CONCLUSIONS 676 

Lake Montcortès sedimentary sequence has recorded flood events related to heavy rainfall at 677 

seasonal resolution during the Late Holocene. Sedimentological analyses using varved 678 

sediments from Lake Montcortès (NE Spain) have been applied to provide, for the first time, 679 

mass accumulation rates in lake basins as well as minimum flood-related sediment yields  and 680 

denudation rates  in a Mediterranean watershed with seasonal resolution during the last three 681 

millennia. The agreement between Lake Montcortès sediment yield reconstruction and 682 

sediment yield variability measured in experimental watersheds in the Southern Pyrenees with 683 

similar physiographic and hydroclimate conditions and land use configuration highlight that 684 

paleolimnology is a valid approach to estimate watershed sedimentyield and denudation rates. 685 

Nevertheless, in Mediterranean areas with a strong seasonal hydroclimatic regime and a long 686 

history of human occupation, detailed microfacies analyses using annually laminated sediment 687 

are required to unravel the long-term sediment yield seasonal patterns. 688 

The interplay between storminess frequencies and magnitudes, flood occurrence and 689 

land use changes are the main drivers controlling long-term soil erosion during the Late 690 

Holocene. The comparison of LM watershed sediment yield with the instrumental 691 

meteorological datasets indicate that sediment yield show a different sensitivity to heavy rainfall 692 

magnitudes at the seasonal scale mostly depending on the different seasonal soil properties in 693 

terms of soil moisture, available regolith and vegetation cover. On longer time-scales, the 694 

highest sediment yield and denudation rates occurred during two periods, the Middle Ages and 695 

the 19th century, whereas the lowest corresponded to the Migration Period (5th -7th centuries) 696 



32 
 

and the 20th century, coinciding with periods of high (low) agropastoral activities in the 697 

watershed and higher (lower) heavy rainfall in the region. Burning and grazing activities have 698 

triggered an 8-fold increase in sediment yield causing severe land degradation in the watershed 699 

sustained for decades. Agricultural practices such as shifting cultivation and cereal production 700 

have also increased sediment yield in the watershed, while land abandonment and forest 701 

expansion contribute to reduce soil erosion in the lake´s watershed.  702 

Flood events are always needed to remobilize the sediment in the lakes watershed. 703 

Nevertheless, the quantitative relation between the magnitude of the extreme hydrological 704 

event and the sediment yield in the watershed may vary under different land-use scenarios. The 705 

comparison of the sediment production and transport reconstructed from the different karstic 706 

sequences from mountainous Mediterranean areas in the Iberian Peninsula highlights a large 707 

spatio-temporal sediment yield variability. These dissimilarities in the sediment budget are 708 

mainly controlled by the hydroclimate and flood variability at the regional scale as well as the 709 

varied history of the vegetation cover related to land use changes. 710 

 711 

7. TABLES 712 

 713 

Table 1: Main morphological, geological and hydro-sedimentological characteristics of the Lake 714 

Montcortès watershed and Central Pyrenees experimental watershed s (data from San Salvador 715 

and Arnás watersheds based on García-Ruiz et al., (2008) and Lana-Renault et al., (2014). 716 

Watershed San Salvador Arnás Montcortès 

Location 42°37′N, 0°36°W 42°38′N, 0°34′W 42°19′N, 0°59′E 

Drainage 
area (km2) 

0.92 2.84 1.39 

Maximum 
elevation 
(m a.s.l.) 

1295 1340 1300 

Minimum 
elevation 
(m a.s.l.) 

830 910 1027 

Mean 
elevation 
(m a.s.l.) 

1063 1125 1120  
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Mean slope 
(°) 

14 12  

Precipitation 
(mm/a) 

935 926 860 

Dominant 
Geology 

Flysh Flysh Keuper and Muschelkalk 
Fm 

    

Land cover (%)   

Woodland 98 20 30 

Bare soil 1 2 0 

Shrubs or 
cultivated 

lands 

1 71 60 

Lake area (%)   10 

    

Sediment yield   

t km  yr− 1 140 160 31.5 

Periods of high human impact in LM 
watershed 

 113.9 

Periods of low human impact in LM 
watershed 

 9.1 

    

Exceptional rainfall event   

Sed. yield (t km2) 68,9 1704,7  (flood in 1182 CE) 

 717 

 718 
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