Factors influencing the presence or absence of tributary-junction fans in the Iberian Range, Spain
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Abstract

This paper analyses the factors which influence the presence or absence of tributary-junction fans in the Iberian Range, northern Spain. Two valleys were selected, both characterised by wide variations in lithology, altitude, land use and plant cover. Two groups of factors were studied: those related to the internal characteristics of the drainage basins, which particularly control sediment generation; and those related to the characteristics of the depositional area which control accommodation space and main river power. Among the internal factors, the development of alluvial fans was related to: (i) the capacity of the basin to yield large volumes of sediment, (ii) the occurrence of intense human pressure until recent times, a good indicator of sediment yield, and (iii) the capacity of the basin to quickly increase discharge during rainstorms (discharge density and torrentiality). It is suggested that the areas that were intensively cultivated in the past and have therefore been affected by intense erosion have played a decisive role on the development of alluvial fans. This would imply that many of these alluvial fans have a relatively recent origin, perhaps related to the beginning of a widespread deforestation. The basins without alluvial fans are characterized by relatively steep hillslope gradients (that is, slopes that never were subjected to historical cultivation), low drainage densities and dense forest and shrub cover, mostly coinciding with high altitude basins composed of quartzite and shale bedrocks. Regarding the external factors, the shape, size and longitudinal gradient of the main river to which the fans are tributary are the most relevant conditioning factors determining the development of alluvial fans.

Keywords: Alluvial fans; Sediment supply; Basin morphometry; Depositional area; Land use change; Iberian range.

1. Introduction

Mountains are high-energy environments that encourage sediment transfer from hillslopes and, hence, the potential for development of tributary-junction fans. Avalanche channels, mass movements and active ravines move large volumes of heterometric sediment, especially during intense rainstorm events. In steep ravines a wide variety of sediment transfer processes occurs, ranging from streamflow to debris flow (Wells and Harvey, 1987; Blair, 1987; Gómez-Villar and García-Ruiz, 2000; Crosta and Frattini, 2004), with sediment accumulation especially occurring at the mouths of mountain torrents (Harvey, 1990, 1997). Many studies have related the characteristics of alluvial fans (size and gradient, sedimentary structure) to those of the basin (size, sediment yield, plant cover, type of sediment transfer) (Bull, 1962; Hooke, 1968; Harvey, 1990 and 2002; Gómez-Villar et al., 1994; Gómez-Villar, 1996; Sorriso-Valvo et al., 1998; Ritter et al., 2000; Mills, 2002), confirming the complex relationships between geomorphic and hydrological processes on the hillslopes, sediment transfer and fan occurrence. Nevertheless, in mountain areas, alluvial fans do not develop at the mouths of all torrents. Their spatial distribution seems to be random, although it is in fact related to a number of environmental factors, particularly past and present sediment yield (Rachocki and Church, 1990; Mack and Leeder, 1999; Mather et al., 2000; Harvey, 2003; Harvey and Wells, 2003) and the characteristics of the depositional area. Thus, studies should address the factors that determine the development of alluvial fans and their absence at the mouth of many ravines. This will contribute to an understanding of the spatial organisation of landscapes and will help to evaluate future geomorphic hazards under scenarios of climate and land use change.

This paper analyses the factors that are related to the presence or absence of alluvial fans in a mountainous area: the Iberian Range, northern Spain. Two valleys were selected (the Oja and Najerilla valleys), both characterised by wide variations in lithology, altitude and plant cover variability, with the intention of explaining through such factors the presence or absence of tributary-junction fans. The factors analysed were both physical and human-related, including distinct morphological, geological and land-use characteristics, as well as features of the depositional setting.

2. Study area

The study was carried out in the basins of the Oja and Najerilla rivers, with both upland and lowland sectors (Fig.1). The former corresponds to the Sierra de la Demanda, in the north-westernmost part of the Iberian Range, with smooth divides (old planation surfaces) at around 2000 m a.s.l. (Arnáez and García-Ruiz, 1990). The entrenchment of the fluvial network results in long, regularised hillslopes, with slopes around 25-30º, covered by screes that are still active close to the highest divides (Arnáez, 1987).

The Sierra de la Demanda is a Paleozoic massif uplifted by Alpine tectonics and is composed mainly of Cambrian shales, quartzites, quartzitic sandstones and small outcrops of dolomitic limestones (Colchen, 1974) (Fig. 2). Toward the north, the Oja and Najerilla rivers cross a short calcareous, intensively tectonized Mesozoic sector with some clayey and gypsiferous outcrops. The lowland sector corresponds to a part of the Ebro Depression, where the altitude decreases sharply to 600-500 m, crossing Tertiary conglomerates, sandstones and clays, within a landscape dominated by smooth gradients of pediments and terraces (García-Ruiz et al., 1987). Conglomerates are especially relevant, since they are widespread in both basins and are a principal source of sediment, affecting for example the size and sorting of the sediment carried by the Oja River (García-Ruiz et al., 1987). There are two types of conglomerates (Muñoz, 1992): those belonging to the Ojacastro facies, characterised by a high resistance attributable to calcareous cement content, and those belonging to the Santurdejo facies, whose siliceous matrix produces a tendency for deep mass movements (García-Ruiz, 1985).

In the headwaters the climate can be described as mountainous oceanic, wet and cold, with more than 1550 mm of average annual precipitation above 1500 m (Cuadrat, 1994). Snow covers the upper hillslopes between December and April. Forests cover a large area of both basins, with Fagus sylvatica, Pinus sylvestris and Quercus pyrenaica, as well as dense shrubs such as Genista florida, Cytisus scoparius and Erica arborea (Fernández-Aldana et al., 1989). The highest parts are dominated by open scrub, with block fields in the divides and screes on the steepest slopes. In the Ebro Depression the climate is Mediterranean, with an average annual precipitation of about 450-600 mm (Arnáez, 1987). Exceptionally, the study area can record intense rainstorm events (García-Ruiz et al., 1988), especially within the mountain sector, though floods are mainly related to long rainfalls of frontal origin.

Human activities have deforested many hillslopes so as to provide summer pastures for livestock (Fig. 3). The main deforestation period seems to be related to the expansion of transhumant sheep flocks during the Middle Ages, as was suggested by Montserrat (1992) in other mountain areas of northern Spain. Cultivation remained limited to the valley bottoms and the lower hillslopes, especially in the Oja Valley, though many intermediate slopes were also cultivated in the past and later abandoned, as human pressure decreased.

3. Methods

3.1. Database

In the Oja and Najerilla valleys all those sub-basins that drain directly into the main rivers and tributaries and have a minimum area of 0.2 km2 were selected, giving a total of 293 basins. Such a minimum size was required to allow visual aerial photo analysis to be used for the detection of alluvial fans at the basin mouths (Fig. 4). A data base was built for each basin, containing information on several parameters that define the hydromorphological functioning of the basins. Three groups of parameters were considered:

1) Morphometric characteristics, including the following basin variables: (i) area (in km2); (ii) basin relief, that is, the difference in height (m) between the highest point of the basin and the lowest point in the channel; (iii) length, distance (km) between the mouth of the channel and the farthest point in the divide of the basin; (iv) gradient, resulting from dividing the relief of the basin by its length; (v) basin relative relief number, that is, the relief of the basin divided by the square root of the basin area, which indicates the ruggedness of the basin (Melton, 1965). Crosta and Frattini (2004) have defined this as the basin ruggedness number. The fan apex was considered the lowest point of the catchment for basins with alluvial fans.

2) Characteristics of the drainage network: (i) average gradient of the main ravine of the basin (%); (ii) drainage density, the quotient between the total length of the streams and the area of the basin; (iii) coefficient of torrentiality, calculated by dividing the number of first-order ravines by the area of the basin. This coefficient reflects both the rapidity of runoff concentration during the rainstorm and the capacity for sediment transport.

3) Geo-environmental characteristics of the basins. For each basin the percentage of area characterised by the following attributes was calculated: (i) altitude, using four categories according to different land use-land cover altitudinal belts (500-900 m, 900-1300 m, 1300-1700 m and >1700 m); (ii) slope, categorised as smooth (0-20%), steep (20-40%), very steep (40-60%) and very strong (>60%); (iii) aspect, determined as one of four categories (N/NE/NW, E, W, S/SE/SW); (iv) intensity of erosion, according to the prevailing geomorphic processes, i.e. very severe (active headwaters of ravines, gullies and dense networks of rills), severe (severe sheet-wash erosion) and moderate/no erosion (hillslopes densely covered by vegetation, mild sheet-wash erosion); (v) land use (as % of the total area), i.e. cultivated fields, abandoned fields, grasslands, shrubs, human-induced reforestations and natural forests; (vi) lithology (as % of the total area), i.e. shale, quartzite, conglomerate, limestone, sandstone.

In addition, the characteristics of the deposition areas were analysed to establish whether they control the development of alluvial fans. Thus, three factors were studied: (i) the junction angle between the ravine and the main valley (Schick and Lekach, 1987), classed as one of four categories (30º, 45º, 65º and 90º); (ii) the availability of space for the development of fans, defined by the width (m) of the main valley with cross- profiles (García-Ruiz et al., 1987); and (iii) the competence of the main river, expressed by its longitudinal gradient.

The database was then divided into two cohorts: Group 1, basins with alluvial fans; and Group 2, basins without alluvial fans.

3.2. Statistical analysis

A Student’s t-test was used to determine the differences between the two groups (basins with and without alluvial fans). The variables analysed included morphometric characteristics of the basin (internal factors), the junction angle and the availability of space for the development of a fan (external factors). The null hypothesis for the test was that the mean of the groups was equal for each one of the variables. The confidence level for the test was set at a low value ( =0.01), in order to reduce the probability of rejecting the null hypothesis by chance due to the high number of variables involved in the analysis (Bonferroni correction).

Linear discriminant analysis (LDA) was used to find the linear combination of variables which best separates between basins with and without alluvial fan. A forward stepwise procedure was used to progressively introduce independent variables in the discriminant model, rejecting those less significant between the two groups of basins. The results of this analysis were supposed to reinforce the previous ones.

Since the data set analysed showed a great variety of basin types, we performed a k-means clustering to partition the sample into subsets (clusters) according to their altitudinal and lithological characteristics. The number of clusters was chosen so as to maximize the distance between groups in the cluster dendrogram. A contingency analysis based on a chi-squared distribution was conducted in order to determine the significance of the differences found between the proportions of basins with alluvial fan in the different groups and the values expected assuming an equal distribution of basins with alluvial fan among the groups. LDA analysis was also applied to the clusters to detect likely differences in the factors concurrent with the development of alluvial fans between them.

All the analyses described here were performed using SPSS statistical software.

4. Results

Alluvial fans were detected in 165 of the 293 basins analysed. In the remaining 128 basins, the mouths of torrents flow directly into the main rivers.

4.1. Internal environmental conditioning: influence of basin characteristics
The spatial distribution of fans is very irregular. Fig. 4 shows that in both the Oja and Najerilla basins the highest density of fans is recorded in the northernmost part of the study area, whereas large areas of the Najerilla basin have no fans whatsoever. Figs. 5 and 6 show that lithology and altitude may, in part, be responsible for this irregular distribution of fans, with a large proportion located on conglomerates and quartzites/shales, as well as in basins located at low and middle altitudes.

The Student’s t-test showed that the basins with alluvial fans had significantly higher average values of the following variables: drainage density, coefficient of torrentiality, area occupied by conglomerates, area occupied by cultivated and abandoned fields, low and moderate gradients (0-20 and 20-40%), and low altitude (500-900 m a.s.l.) (Table 1). In the case of basins without alluvial fans, the variables with significantly higher average values were ravine gradient, basin relief, basin relative relief number, area occupied by shales and quartzites, area covered by shrubs, gradients over 45% and altitudes above 1300 m a.s.l. 

A Discriminant Analysis was then conducted to differenciate between basins with and without fans was then conducted. A stepwise procedure selected 10 variables (Table 2). The percentage of cases correctly classified was 78.5% (Table 3). The factors with the greatest influence on the presence or not of fans were drainage density, basin area, torrentiality, reforestation, the presence of very steep gradients (greater than 60%) and eastern exposures. The factors with the lowest influence were basin relief, the presence of quarzites and shales, moderate erosion and high altitudes (>1700 m). Fig. 7 shows, in %, the importance that the different groups of variables, selected by the Discriminant Analysis, have in the Discriminant function, by adding together the magnitude of the values of the standardized coefficients of Table 2. The morphometric and hydromorphological parameters were responsible almost for the 60% of the total discrimination power.

Bearing in mind the determinant role that altitude and lithology play in triggering geomorphic processes, and determining sediment yield and  land-use, we sub-divided the data set according to altitude and lithology, and studied the effects of all other variables for each group thus created. A Cluster Analysis allowed us to classify the basins into three groups based on their altitude, which for convenience were named High Basins (134 basins with an average altitude above 1450 m), Middle Basins (106 basins with an average altitude between 1100 and 1450 m), and Low Basins (53 basins with an average altitude between 800 and 1100 m). Four groups were distinguished based on lithology: basins dominated by shales and quartzites (147 basins), conglomerates (96 basins), limestones (35 basins) or sandstones/clays (15 basins).

Alluvial fans were less common than expected in High Basins and more common in Low Basins (Table 4). With respect to lithologies, conglomerates were the most prone to alluvial fan development, such that the number of alluvial fans recorded was also greater than expected. Clays and sandstones also favoured fan development, while quartzites and shales precluded it.

A new Discriminant Analysis was applied to the basins classified according to altitude (Table 5) and lithology (Table 6). In the highest basins the factors that correlated positively with alluvial fan development were drainage density, percentage of reforestation, percentage of moderate gradients, coefficient of torrentiality and basin gradient. Basin relief correlated negatively with alluvial fan development. In the case of middle altitude basins, positive correlations were found with basin gradient, percentage of reforestation, coefficient of torrentiality, percentage of conglomerates and presence of abandoned fields. The basin relative relief number, the percentage of shales and the percentage of meadows correlated negatively with the development of alluvial fans. In the lower basins, the factors which allowed to distinguish basins with alluvial fans were large basin area, and high percentages of sandstones/clays, reforestation or areas with severe erosion. High drainage density played an inhibiting role.

When the basins were classified according to the prevailing lithology (Table 6), the factors that correlate with the occurrence of alluvial fans in conglomerate basins were seen to be basin relative relief number, percentage of areas with severe erosion, altitude between 900 and 1300 m, and percentage of shrubs and grasslands. Steep basin gradients, drainage densities and large basin area were the most relevant factors in basins without alluvial fans. In limestone basins, the significant factors related to fan development were a high coefficient of torrentiality and a high percentage of shrubs, whereas  unfavourable factors were a steep basin gradient and large areas of eastern and western exposures. In the case of quartzite/shale basins, the factors that correlated positively with fan development were basin gradient, percentage of reforestation, percentage of abandoned fields, percentage of areas with severe erosion, drainage density and percentage of shrubs. Altitudes between 1700 and 2000 m and basin relative relief number also correlated negatively with the occurrence of alluvial fans.

4.2. External conditioning factors: The depositional area

In some cases it was observed that alluvial fans do not occur despite favourable catchment characteristics. We hypothesized that this is due to the special conditions required at the catchment mouth. Thus, the characteristics of the depositional area were also analysed in order to identify other factors related to fan development. We considered the junction angle between the ravine and the main valley (Schick and Lekach, 1987), and the presence or absence of sufficient area for fans. The capacity of the main river to remove the material supplied by the tributaries (Leeder and Mack, 2001), summarized by its longitudinal gradient, was also taken into account.

The junction angle. There was a greater proportion of right angle junctions amongst basins with alluvial fans, regardless of the lithology but especially in the case of conglomerates (Table 7). The opposite occurred with junction angles around 65º, which tended to impede the development of fans; this was especially relevant for conglomerates and shales. It is important to consider that:

- Junctions around 65º occur most frequently when the largest basins of the Group 2 type (basins without alluvial fans) flow into streams of a similar order.


- Right angle junctions occur when the two streams are of different orders, especially when the difference in order is high (Abrahams, 1984).

Space for alluvial fan development. Once sediments are carried by tributaries to the main channel, their permanence  in this channel is conditioned by the availability of space and by the carrying capacity of the main river. These two factors are related to lithology: the morphology of the valley is affected by rock substratum, and channel patterns confirm the structural control that lithological outcrops play (Howard, 1967; Leeder and Mack, 2001). Thus:

(i) around the headwaters of the Oja and Najerilla rivers and in the middle stretch of the Najerilla river, the main streams develop deep valleys, with incised meanders dominated by craggy walls. The valley bottom is very narrow. Under these conditions, the development of alluvial fans is very difficult; furthermore, the longitudinal gradient of the main stream is strong enough to carry the sediment supplied by the tributaries;

(ii) the middle stretch of the Oja river and the valleys of the Cárdenas and Tobía rivers (Najerilla valley),on quartzitic substratum, show a more mature appearance, with a U-shaped section and smoother longitudinal gradients (3.8% in the Oja river; 2.4% in the Cárdenas river; and 3.6% in the Tobía river). These valleys are infilled by their own sediments, especially in the case of the Oja river, where braided channel starts when tributaries form many alluvial fans;

(iii) valleys in clays and sandstones areas have wide bottoms with smooth gradients, explaining why only two of such basins are found in Group 2 (basins without alluvial fans);

(iv) Valleys formed in limestone formations are deep and narrow, and the arrival of sediment to these valleys occurs through very steep ravines leading to little sediment deposition. Only in exceptional cases, where the valley occasionally enlarges and where the sediment supply has been of exceptional volume, will well-developed alluvial fans occur (i.e., Ciloria and Brieva valleys);

(v) basins located in Cenozoic conglomerate formations drain into large flat bottomed valleys, especially in the Santurdejo facies, where the valleys are infilled by sediments and the tributaries develop large alluvial fans. The main valleys (Oja and Najerilla rivers) decrease their longitudinal gradient below 2%.

5. Discussion and conclusions

This paper focuses on the analysis of factors influencing the presence or absence of tributary-junction fans. The results of the statistical analysis suggest a complex concurrence of factors on the genesis of alluvial fans, which is in accordance with other authors (Harvey, 1988; Sorriso-Valvo et al., 1998; Crosta and Frattini, 2004). Two groups of factors were studied: those related to the internal characteristics of the basins and those related to the characteristics of the depositional area.

Considering the internal factors (morphometric characteristics of the basins), the following genetic mechanisms can be hypothesized:

(i) the capacity of the basin to yield large volumes of sediment  is highly determinant for fan formation (e.g. Oguchi and Ohmori, 1994) which is, in turn,  determined by lithology to a large extent. This study found that the matrix-siliceous conglomerates (Santurdejo facies) occasionally evolve into mass movements (García-Ruiz, 1985), confirming studies by Pierson (1980), Wells & Harvey (1987), Gómez-Villar (1990) and Crosta and Frattini (2004), which have reported that many alluvial fans have been produced by means of the massive supply of valley-confined debris flows and even large mass movements (Sorriso-Valvo, 1988). Calvache et al. (1997) have stressed the influence of lithology, since some substrata (especially those affected by a dense fracture network) result in a greater drainage density and also provide a high amount of detrital material;

(ii) the occurrence of intense human pressure until relatively recent times and land use / land cover changes has probably played a role on fan formation. Human occupation usually introduce rapid geomorphic changes and increases sediment yield (García-Ruiz and Valero-Garcés, 1998). This would imply that many alluvial fans have a relatively recent origin, most probably linked to the beginning of widespread deforestation, although this extreme was not addressed by our study. In the Central Spanish Pyrenees, recent changes in the evolution of alluvial fans have been mainly attributed to human-induced reforestation and the shrinkage of the most active geomorphological sectors caused by farmland abandonment on steep slopes (Gómez-Villar and García-Ruiz, 2000);

(iii) the capacity of the basin to yield high discharges during intense rainstorms is also required for fan formation. This would explain why high drainage density and torrentiality were found related with the development of alluvial fans. At this respect, the contribution of basin gradient is contradictory. For instance, slopes with gradients higher than 40% were not characteristic of fans, whilst hillslopes between 20 and 40% apparently do favour their development. Hillslopes with such moderate gradients were extensively cultivated in the past, thereby yielding high amounts of sediment, as demonstrated in other mountain environments (García-Ruiz et al., 1995; García-Ruiz and Valero-Garcés, 1998), and this might be the cause of the observed relatioship.

Large basins were also related to the development of alluvial fans, especially for upper and middle altitude basins. Under these conditions, steep gradients ensure high sediment yield toward the torrent mouth; consequently a larger area implies greater yield. In contrast, this variable was not related to fan occurrence in basins located at lower altitudes, where gradients are smoother, encouraging the presence of temporal sediment accumulations that delay sediment output.

Among the factors that impeded the development of alluvial fans, the following can be highlighted:

(i) lithological factors. The strongest negative factor was the presence of a high proportion of quatzites and shales. Although these substrates produce large volumes of sediment, this is usually very fine-grained and can be easily moved to the main river (García-Ruiz et al., 1987);

(ii) topographic factors. These factors are indirectly related to land use, i.e. high proportions of land located above 1700 m a.s.l., with a low drainage density and with strong gradients (40-60%), covered by forest or dense shrubs, which has not been cultivated in the past;

(iii) geomorphic factors. Surprisingly, a strong gradient in the ravine was negatively correlated with fan development. This is probably due to (i) co-occurrence with small basins and with the predominance of quartzites and shales, and (ii) the rapid transport of sediment into the main river.

Regarding external factors, our results suggest that depositional area exerts a strong morphological control, with direct implications for the occurrence of alluvial fans:

(i) narrow and incised V-shaped valleys, with strong gradients and high energy limit the possibilities for the development of alluvial fans. This can explain the predominance of Group 2 catchments (without fans) in the headwater of the Oja valley, the middle stretch of the Najerilla River and all its headwater tributaries (Portilla, Urbión, Neila, Gatón and Calamantío rivers);

(ii) large, flat-bottomed valleys, with a relatively low longitudinal gradient can be thought to favour the development of alluvial fans. This would be the case of basins located on the middle stretch of the Oja River, and of conglomerate basins at the contact between the Iberian Range and the Ebro Depression.

In summary, basins with alluvial fans are predominant in areas where sediment is likely to be transported by ravines, due to the characteristics of the substratum and the consequences of past human activities. This explains why alluvial fans in our study area are mainly associated with conglomerates, dense drainage networks, abandoned fields and reforestation, middle altitude basins and moderate gradients (where human pressure on slopes was relatively stronger), providing that the characteristics of the depositional area enable sedimentation at the mouth of the torrent. Basins without alluvial fans are characterised by rough relief and strong gradients, low drainage densities and dense forest and shrub covers, mostly coinciding with high altitude basins and quartzite and shale outcrops.

This paper indicates that the areas dominated by conglomerates are a fragile environment that is prone to yield much coarse sediment, as reported by other authors in studying the dynamics of the River Oja sediment (García-Ruiz et al., 1987). However, intensive land use, with deforestation and recurrent wildfires may favour the development of alluvial fans in any lithological context. This was the case of a short, extremely intense rainstorm in the middle Najerilla valley in September 1986, which occurred 20 days after a forest fire. The consequence was the development of a new alluvial fan (in the Pitare ravine; see Fig. 2) and several debris flows that did not reach the main river (García-Ruiz et al., 1988; Gómez-Villar, 1990).

Acknowledgements

Support for this research was provided by the following projects: PIRIHEROS (REN2003-08678/HID) and CANOA (CGL2004-04919-C02-01), both funded by CICYT, the Spanish Ministry of Education and Science. The maps were made with the help of the Mapping Service at the University of León. The authors also acknowledge comments from Adrian M. Harvey and Andrew J. Plater, whose suggestions contributed very much in improving the final text.

References

Abrahams, A.D., 1984. Channel networks: A geomorphological perspective. Water Resources Research 20, 161-188.

Arnáez, J., 1987. Formas y procesos en la evolución de vertientes de la Sierra de la Demanda (Sistema Ibérico). Cuadernos de Investigación Geográfica 13, 1-153.

Arnáez, J., García-Ruiz, J.M., 1990. Mapa geomorfológico de España. Hoja 240 (Ezcaray). Geoforma Ediciones, Logroño, 28 pp.

Blair, T.C., 1987. Sedimentary processes, vertical stratification sequences and geomorphology of the Roaring River alluvial fan, Rocky Mountain National Park, Colorado. Journal of Sedimentary Petrology 57, 1-18.

Bull, W.B., 1962. Relations of alluvial fan size and slope to drainage basin size and lithology in western Fresno County, California. United States Geological Survey, Professional Papers 450 B, pp. 51-53.

Calvache, M.L., Viseras, C., Fernández, J., 1997. Controls on fan development – evidence from fan morphometry and sedimentology; Sierra Nevada, SE Spain. Geomorphology 21, 69-84.

Colchen, M., 1974. Geología de la Sierra de la Demanda, Burgos/Logroño, España. Instituto Geológico y Minero de España, Madrid, 436 pp.

Crosta, G., Frattini, P., 2004.  Controls on modern alluvial fan processes in the Central Alps, Northern Italy. Earth Surface Processes and Landforms 29, 267-293.

Cuadrat, J.M., 1994. El clima. In: Geografía de La Rioja, Vol. 1, Geografía Física. Caja de Ahorros de La Rioja, Logroño, pp. 129-163.

Fernández-Aldana, R., Lopo, L., Rodríguez-Ochoa, R., 1989. Mapa forestall de La Rioja. Gobierno de La Rioja, Logroño, 72 pp.

García-Ruiz, J.M., 1985. Movimientos en masa en los conglomerados del contacto Depresión del Ebro/Sistema Ibérico en La Rioja. Actas del I Coloquio sobre Geografía de La Rioja, Instituto de Estudios Riojanos, Logroño, pp. 69-80.

García-Ruiz, J.M. Valero-Garcés, B., 1998. Historical geomorphic processes and human activities in the Central Spanish Pyrenees. Mountain Research and Development 18, 309-320.

García-Ruiz, J.M., Gómez-Villar, A., Ortigosa, L., 1987. Aspectos dinámicos de un cauce fluvial en el contexto de su cuenca: el ejemplo del río Oja. Instituto Pirenaico de Ecología and Instituto de Estudios Riojanos, Jaca, 112 pp.

García-Ruiz, J.M., Arnáez, J., Gómez-Villar, A., Ortigosa, L., 1988. Debris flows subsequent to forest fire in the Najerilla River valley (Iberan System, Spain). Pirineos 131, 3-24.

García-Ruiz; J.M., Lasanta, T., Ortigosa, L., Ruiz-Flaño, P., Martí, C., González, C.. 1995. Sediment yield under different land-uses in the Spanish Pyrenees. Mountain Research and Development 15, 229-240.

Gómez-Villar, A., 1990. Distribución superficial del tamaño de los sedimentos en dos conos aluviales generados por una tormenta (Alto Valle del Najerilla). Cuadernos de Investigación Geográfica 16, 7-30.

Gómez-Villar, A.,1996. Conos aluviales en pequeñas cuencas torrenciales de montaña. Geoforma Ediciones, Logroño, 191 pp.

Gómez-Villar, A., García-Ruiz, J.M., 2000. Surface sediment characteristics and present dynamics in alluvial fans of the Central Spanish Pyrenees. Geomorphology 34, 127-144.

Gómez-Villar, A., Montserrat, G., Ortigosa, L., García-Ruiz, J.M.,1994. Colonización vegetal y actividad geomorfológica en abanicos aluviales del Pirineo español. Cuaternario y Geomorfología 8, 53-63.

Harvey, A.M., 1988. Controls on alluvial fan development: The alluvial fans of the Sierra Carrascoy, Murcia, Spain. In: Harvey, A.M., Sala, M. (Eds.), Geomorphic processes in environments with strong seasonal contrasts. Vol. II: Geomorphic systems. Catena Suppl. 13, 123-137.

Harvey, A.M., 1990. Factors influencing Quaternary alluvial fan development in South-East Spain. In: Rachocki, A.H., Church, M. (Eds.), Alluvial fans: A field approach. Wiley, Chichester, pp. 247-269.

Harvey, A.M.,1997. The role of alluvial fans in arid zone fluvial systems. In: Thomas, D.S.G. (Ed.), Arid zone Geomorphology: Process, form and change in drylands. Wiley, Chichester, pp. 231-259.

Harvey, A.M., 2002. The relationships between alluvial fans and fan channels within Mediterranean mountain fluvial systems. In: Bull, L.J., Kirkby, M.J. (Eds.), Dryland rivers: hydrology and geomorphology of semiarid channels. Wiley, Chichester, pp. 205-226.

Harvey, A.M., 2003. The response of dry-region alluvial fans to the late Quaternary climatic change. In: Alsharhan, A.S., Wood, W.W., Goudie, A.S., Fowler, A., Abdellatif, E.M. (Eds.), Desertification in the Third Millennium. Balkema, Rotterdam, pp. 83-98.

Harvey, A.M., Wells, S.G., 2003. Late Quaternary alluvial fan development, relations to climatic change, Soda Mountains, Mojave Desert, California. In: Lancaster, N., Enzel, Y., Wells, S.G. (Eds.), Environmental Change in the Mojave Desert, Geological Society of America, Sp. Paper 368, 207-230.

Hooke, R.L., 1968. Steady-state relationships on arid regions alluvial fans in closed basins. American Journal of Science 266, 609-629.

Howard, A.D., 1967. Drainage analysis in geologic interpretation: A summation. American Association of Petroleum Geologist Bulletin, 51, 2246-2259.

Leeder, M.R., Mack, G.H., 2001. Lateral erosion (“toe-cutting”) of alluvial fans by axial rivers: implications for basin analysis and architecture. Journal of the Geological Society 158, 885-893.

Mack, G.H., Leeder, M.R., 1999. Climatic and tectonic controls on allouvial fan and axial fluvial sedimentation in the Plio-Pleistocene Palomas half graben, southern Río Grande Rift. Journal of Sedimentary Research 69, 635-652.

Mather, A.E., Harvey, A.M., Stokes, M., 2000. Quantifying long-term catchment changes of alluvial fan systems. Geological Survey of America Bulletin 112, 1825-1833.

Melton, M.A., 1965. The geomorphic and paleoclimatic significance of alluvial deposits in southern Arizona. Journal of Geology 73, 1-38.

Mills, H.H., 2002. Controls on form, process and sedimentology of alluvial fans in the central and southern Apalachian, southeastern U.S.A. Southeastern Geology 29, 281-313.

Montserrat, J., 1992. Evolución glaciar y postglaciar del clima y la vegetación en la vertiente sur del Pirineo: Estudio palinológico. Instituto Pirenaico de Ecología, Zaragoza, 147 pp.

Muñoz, A., 1992. Análisis tectosedimentario del Terciario en el sector occidental de la cuenca del Ebro (Comunidad de La Rioja). Instituto de Estudios Riojanos, Logroño, 347 pp.

Oguchi, T., Ohmori, H. 1994. Analysis of relationships among alluvial fan area, source basin area, basin slope, and sediment yield. Zeitschrift für Geomorphologie N.F. 38, 385-403.

Pierson, T.C., 1980. Erosion and deposition by debris flows at Mt. Thomas, North Canterbury, New Zealand. Earth Surface Processes 5, 227-247.

Rachocki, A.H., Church, M., 1990. Alluvial fans: A field approach. Wiley, Chichester, 161 pp.

Ritter, J.B., Miller, J.R., Husek-Wulforst, J., 2000. Environmental controls on the evolñution of alluvial fans in Buena Vista Valley, north central Nevada, during the late Quaternary time. Geomorphology 36, 63-87.

Ruiz-Flaño, P., 1993. Procesos de erosión en campos abandonados del Pirineo: El ejemplo del valle de Aísa. Geoforma Ediciones, Logroño, 191 pp.

Schick, A.P., Lekach, J., 1987. A high magnitude flood in the Sinai Desert. In: Myer, L., Nasch, O. (Eds.), Catastrophic flooding. Allen and Unwin, Boston, pp. 381-409.

Sorriso-Valvo, M., 1988. Landslide-related fans in Calabria. In: Harvey, A.M., Sala, M. (Eds.), Geomorphic processes in environments with strong seasonal contrasts. Vol. II: Geomorphic systems. Catena Suppl. 13, 109-122.

Sorriso-Valvo, M., Antronico, L., Pera, E.L., 1998. Control on modern fan morphology in Calabria, Southern Italy. Geomorphology 24, 169-187.

Wells, S.G., Harvey, A., 1987. Sedimentologic and geomorphic variations in storm-generated alluvial fans, Howgill Fells, northwest England. Geological Society of America Bulletin 98, 182-198.

FIGURE CAPTIONS

Fig. 1. Study area, showing  the sectors studied in the Oja and Najerilla river basins.

Fig. 2 Lithological map of the Oja and Najerilla valleys.

Fig. 3. Land uses in the Oja and Najerilla valleys.

Fig. 4. Location of alluvial fans in the Oja and Najerilla river basins.

Fig. 5 Distribution (total number) of fans according to lithology in the Oja and Najerilla valleys.

Fig. 6. Distribution (total number) of fans according to altitude in the Oja and Najerilla valleys.

Fig. 7. Weight (%) of the discriminant function in the different groups of selected variables

Table 1. Mean values of variables in Group 1: Basins with alluvial fans, and Group 2: Basins without alluvial fans 
Basins with 
Basins without 

alluvial fans
alluvial fans

n=165
n=128
	
	Mean
	Stand. Dev.
	Mean
	Stand. Dev.

	Morphometry /Drainage network
	
	
	
	

	Gradient of ravine (%)
	25.2
	11.37
	29.03
	10.8

	Drainage density (km/km2)
	3.3
	0.75
	2.5
	.48

	Basin relief (m)
	489.4
	220.5
	699.3
	215.8

	Gradient of the basin 
	.270
	0.108
	.310
	.098

	Basin Relative relief number
	.467
	.185
	.569
	.187

	Coefficient of torrentiality
	7.3
	3.5
	4.2
	2.11

	Lithology (%)
	
	
	
	

	Shales
	8.9
	23.41
	18.2
	31.26

	Shales/quartzites
	20.9
	35.73
	54.8
	43.07

	Conglomerates
	49.5
	46.95
	13.8
	28.3

	Land use (%)
	
	
	
	

	Cultivated fields
	3.5
	9.52
	1.4
	5.56

	Abandoned fields
	27.7
	31.88
	13.9
	21.6

	Scrub
	20.4
	29.05
	37.1
	29.5

	Topography (%)
	
	
	
	

	Gradient of the slope (0-20%)
	14.1
	21.5
	6.8
	14.76

	Gradient of the slope (20-40%))
	57.6
	28.87
	38.4
	21.88

	Gradient of the slope (40-60%)
	23.4
	26.7
	44.4
	22.98

	Gradient of the slope (> 60%)
	4.9
	13.63
	10.5
	17.02

	Altitude (500-900 m)
	24.1
	33.76
	6.3
	15.21

	Altitude (1300-1700 m)
	21.9
	27.86
	39.7
	22.75

	Altitude (> 1700 m)
	6.2
	17.6
	11.9
	18.27

	
	
	
	
	


Only shown are those variables where the differences between basins with fans (Group 1) and those without fans (Group 2) are significant at the 1% level.

Table 2. Discriminant Analysis results for basins with and without alluvial fans

	Ranked variables
	Value*

	Drainage density (km/km2)
	.742

	Basin relief (m)
	.689

	Basin area (km2)
	.672

	Coefficient of torrentiality
	.656

	Reforestation
	.645

	Shales/quartzites
	.636

	Gradient of the slope > 60%
	.633

	Moderate erosion
	.629

	Altitude > 1700 m
	.625

	Exposure E
	.623

	
	


Significance of the Discriminant function
	Function
	Eigenvalue
	Percentage of the variance
	Canonic correlation
	Chi square

	1
	.604
	100.00
	.613
	.623


Standardized coefficients of the Discriminant Function

	Drainage density (km/km2)
	.434

	Basin area (km2)
	.290

	Coefficient of torrentiality
	.279

	Reforestation
	.250

	Gradient of the slope > 60%
	.133

	Exposure E
	.106

	Altitude >1700 m
	-.148

	Moderate erosion
	-.177

	Shales/quartzites
	-.232

	Basin relief (m)
	-. 536

	
	


	
	Function 1

	Basins with alluvial fans
	-682

	Basins without alluvial fans
	-.879


* Weight that the Discrtiminant Analysis gives to each selected and ranked variable

Table 3. Results of the classification using the Discriminant Analysis 
	Predicted groups

	Basins
	Cases
	1
	2

	Basins with alluvial fans
	165
	124 (75.2%)
	41 (28.8%)

	Basins without alluvial fans 
	128
	22 (17.2%)
	106 (82.8%)



Percentage of cases classified correctly
78.5%

Table 4. Observed and expected frequencies of basins with and without alluvial fans

Basins with alluvial fans
Basins without alluvial fans

	
	Obsev. F.
	Expec. F.
	Obsev. F.
	Expec. F.

	A) According to altitude
	
	
	
	

	High altitude basins
	56*
	76*
	78*
	59*

	Middle altitude basins
	      62
	      59
	44*
	      46

	Low altitude basins
	47*
	30*
	6*
	23*

	B) According to lithol.
	
	
	
	

	Basins in quartzi/shale
	51*
	83*
	96*
	64*

	Basins in conglomerate
	80*
	54*
	16*
	42*

	Basins in limestones
	      21
	      20
	      14
	      15

	Basins in sandst./clay
	     13
	8
	2
	7


Significant difference (p ≤ 0.001)

Table 5. Standardized coefficients of the Discriminant Function and coordinates of the centroids for the basins classified according to altitude (significance >99 %). 

HIGH ALTITUDE BASINS

	Drainage density (km/km2)
	0.507

	Reforestation
	0.477

	Gradient of the slope (20-40%)
	0.458

	Coefficient of torrentiality
	0.340

	Gradient of the basin
	0.311

	Abandoned fields
	0.271

	Basin relief (m)
	-0.507

	
	Function 

	Basins with alluvial fans
	0.844

	Basins without alluvial fans
	-0.606


MIDDLE ALTITUDE BASINS

	Gradient of the basin
	0.922

	Reforestation
	0.795

	Coefficient of torrentiality
	0.716

	Conglomerates
	0.447

	Abandoned fields
	0.414

	Forest
	0.412

	Sandstones/clays
	0.307

	Gradient of the slope (0-20%)
	0.290

	Gradient of the slope > 60%
	0.238

	Grasslands
	-0.196

	Shales
	-0.358

	Basin relative relief number
	-0.861

	
	Function 

	Basins with alluvial fans
	0.850

	Basins without alluvial fans
	-1.197


LOW ALTITUDE BASINS

	Area of the basin (km2)
	0.442

	Sandstones/clays
	0.425

	Reforestation
	0.359

	Severe erosion
	0.296

	Drainage density (km/km2) 
	-0.507

	
	Function 

	Basins with alluvial fans
	-0.235

	Basins without alluvial fans
	1.845


Table 6. Standardized coefficients of the Discriminant Function and coordinates of the centroids for the basins classified according to lithology (Significance > 99%).  

CONGLOMERATES

	Gradient of the basin
	-0.972

	Drainage density (km/km2)
	-0.551

	Area of the basin (km2)
	-0.365

	Exposure W
	-0.293

	Grasslands
	0.220

	Scrub
	0.231

	Altitude (900-1300 m)
	0.327

	Severe erosion
	0.333

	Basin relative relief number
	0.812

	
	Function 

	Basins with alluvial fans
	-0.417

	Basins without alluvial fans
	2.088


LIMESTONES

	Coefficient of torrentiality
	0.897

	Scrub
	0.508

	Exposure E
	-0.297

	Exposure W
	-0.227

	Gradient of the basin
	-0.647

	
	Function 

	Basins with alluvial fans
	0.803

	Basins without alluvial fans
	-1.205


SHALES/QUARTZITES

	Gradient of the basin
	0.772

	Reforestation
	0.692

	Abandoned fields
	0.508

	Very severe erosion
	0.337

	Drainage density (km/km2)
	0.333

	Coefficient of torrentiality
	0.294

	Scrub
	0.241

	Altitude (1700-2000 m)
	-0.539

	Basin relative relief number
	-0.486

	
	Function 

	Basins with alluvial fans
	1.048

	Basins without alluvial fans
	-0.557


Basins dominated by sandstones/clays are not included because no variable showed significant differences

Table 7. Distribution (in %) of junction type between tributaries and main channels

	Junction

angle
	Shales
	Shales/Quartzites
	Conglomerates
	Limestones
	Sandstones/Clays

	
	G1
	G2
	G1
	G2
	G1
	G2
	G1
	G2
	G1
	G2

	30º
	
	4.5
	
	5.4
	
	
	
	
	
	

	45º
	23.7
	4.5
	
	
	6.2
	
	
	
	
	

	65º
	15.3
	41
	10.4
	24.3
	12.5
	56.25
	9.5
	28.6
	23.1
	50

	90º
	61
	50
	89.6
	70
	81.3
	43.25
	90.5
	71.4
	76.9
	50


G1: Basins with alluvial fans
G2: Basins without alluvial fans

