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ABSTRACT. Measurements of gullies and rills were carried out in an olive or-
chard microcatchment of 6.1 ha over a 4-year period (2010-2013). No tillage 
management allowing the development of a spontaneous grass cover was imple-
mented in the study period. Rainfall, runoff and sediment load were measured 
at the catchment outlet. The objectives of this study were: 1) to quantify erosion 
by concentrated flow in the catchment by analysis of the geometric and geomor-
phologic changes of the gullies and rills between July 2010 and July 2013; 2) to 
evaluate the relative percentage of erosion derived from concentrated runoff to 
total sediment yield; 3) to explain the dynamics of gully and rill formation based 
on the hydrological patterns observed during the study period; and 4) to improve 
the management strategies in the olive grove. Control sections in gullies were 
established in order to get periodic measurements of width, depth and shape in 
each campaign. This allowed volume changes in the concentrated flow network 
to be evaluated over 3 periods (period 1 = 2010-2011; period 2 = 2011-2012; and 
period 3 = 2012-2013). The cumulative precipitation values were 610 mm, 219 
mm and 406 mm for period 1, 2 and 3, respectively, whereas the sediment ratios 
of rill erosion to total sediment yield were 44% and 118%, respectively, with a 
negative value (as a result of the volume reduction of rills and gullies) in period 3 
when the total load was equal to 0.4 t ha-1. The increased development of the gu-
lly network was associated to intense events with a return period of the maximum 
intensity in 30 minutes greater than 2 years. A high dependency on the sequence 
of events according to their intensity values could explain the sedimentary bud-
get in the catchment. Most of the events generating runoff in the catchment could 
contribute to interrill and rill erosion, but only very intense events would allow 
the runoff to transport sediment to the outlet. In addition to the grass cover, 
control measures in the gullies would substantially improve the sustainability of 
the farm. These gullies are important sediment sources, particularly in autumn 
when there is no vegetation cover and intense rainfall events occur.
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Características e importancia de la erosión en cárcavas y regueros: un caso de 
estudio en una microcuenca de olivar

RESUMEN. En este trabajo se han realizado medidas de cárcavas y regueros en una 
microcuenca de olivar de 6.1 ha durante un período de 4 años (2010-2013). El manejo 
en la finca durante el período de estudio ha sido no laboreo permitiendo el desarrollo 
de la cubierta espontánea en las calles. Además del volumen de regueros y cárcavas, 
medidas de lluvia, escorrentía y descarga de sedimentos en la salida de la cuenca han 
sido registradas. Los objetivos de este estudio han sido: 1) la cuantificación de la ero-
sión por flujo concentrado en la cuenca a partir del análisis de los cambios geomé-
tricos y geomorfológicos de regueros y cárcavas; 2) evaluar el porcentaje relativo de 
la erosión por escorrentía concentrada sobre las pérdidas de suelo de la cuenca; 3) 
explicar la dinámica de la formación de regueros y cárcavas a partir de los patrones 
hidrológicos observados para mejorar las estrategias de manejo. Una serie de sec-
ciones de control fueron establecidas en las cárcavas para tomar medidas periódicas 
de anchura, profundidad y forma en cada campaña. Así, los cambios de volumen en 
la red de regueros y cárcavas fueron observados en los tres años intermedios a las 
medidas (período 1 = 2010-2011; período 2= 2011-2012 y período 3= 2012-2013). La 
precipitación acumulada fue de 610 mm, 219 mm and 406 mm para los períodos 1, 2 
y 3, respectivamente, mientras que los porcentajes de la erosión por flujo concentrado 
sobre las pérdidas de suelo en la salida de la cuenca fueron 44%, 118% y tuvo signo 
negativo como consecuencia de la reducción del volumen de regueros y cárcavas 
en el período 3, cuando las pérdidas de suelo fueron de 0.4 t ha-1. El incremento del 
desarrollo de la red de cárcavas podría estar asociado con la generación de eventos 
con intensidades máximas de precipitación en 30 minutos con períodos de retorno 
superiores a 2 años. Una alta dependencia en la secuencia de eventos de acuerdo a 
sus valores de intensidad podría explicar el transporte y redistribución de sedimentos 
en la cuenca de forma que sólo los eventos intensos permitirían el transporte de sedi-
mentos a la salida. Además de la cubierta espontánea, las medidas de control de las 
cárcavas y regueros mejorarían o completarían sustancialmente la sostenibilidad en 
la finca, particularmente en otoño cuando la cubierta está ausente e intensos eventos 
tienen lugar, siendo la principal fuente de sedimentos la red de regueros y cárcavas.

Key words: concentrated runoff, rills, ephemeral gullies, total sediment load, 
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1. Introduction

Knowledge on how soil erosion rates are linked within a catchment to the sediment 
yield at its outlet is essential, not only for accurately predicting sedimentary budgets, but also 
for investigating the movement of nutrients, contaminants and associated soil degradation 
processes and for developing suitable scenarios and efficient management strategies (USDA, 
1983; Walling, 1983; Nunez et al., 2009; Vigiak et al., 2012). Sources of sediment must be 
identified in order to evaluate their contribution, and to plan an adequate program (structure 
design, treatment) for reducing downstream sediment supply. The relative importance of 
the sediment sources differs on the different spatial and temporal scales and in different 
environmental conditions (Lane et al., 1997; Lu et al., 2006). Therefore, an appropriate 
diagnosis allows to optimize cost and effort, particularly in agricultural areas where economic 
or management restrictions are frequent.

Land use is determined to some extent by the kind of soil. For instance, agricultural 
areas are usually located on well-developed soils in order to obtain suitable income levels, as 
in the case of the current intensive olive plantations. However, traditional olive orchards were 
cultivated in hilly areas where other Mediterranean crops were scarce or less productive. Both 
the erosivity derived from the climate and the flow energy associated to the high slopes, and 
the low soil cover related with water competition lead to a high susceptibility to water erosion 
and therefore, a major risk of soil and water degradation (Gómez et al., 2014a). Despite the 
agro-environmental measures applied since the early 2000s to reduce soil erosion, more 
effort is needed to provide clear management strategies adapted to the geophysical features 
of the farms as well as its economic restrictions (Taguas et al., 2011a; Castillo et al., 2013). 
Therefore, the dominance of different erosive processes in the farms such as splash and inter-
rill, rills, ephemeral gullies, gullies or bank failure, have led to a number of control measures 
and economic investment. Gómez et al. (2011) underlined the lack of specific criteria for 
protection measures in a complex environmental context such as Andalusia, which can be 
extrapolated to the rest of the Mediterranean basin where the olive orchard is cultivated. 
On the other hand, the economic limitations, particularly on commercial farms located in 
mountainous areas with lower yields and incomes are another aspect illustrating the need for 
a suitable diagnosis of the main sediment sources and the urgency for developing appropriate 
control strategies. 

The aim of most studies on soil losses in olive orchard land uses has focused on 
quantifying inter-rill erosion at the plot scale (e.g. Pastor et al., 2001; Francia et al. 2006; 
Gómez et al., 2004, 2009) or total sediment load at the catchment scale (Taguas et al., 
2009; Gómez et al., 2014b). In few studies has the identification of the dominant erosive 
processes and its dynamic on commercial farms been explored. For instance, Ramos et 
al. (2008) evaluated by topographical measurements the soil redistribution in a sloping 
olive tree area in Jaén (Spain). They underlined the fact that the sediment transport was 
accelerated by tillage with modern heavy machinery. Gómez et al. (2008) mapped and 
quantified the volume of soil loss associated to rills and ephemeral gullies generated in 
the year 2008 in an olive orchard microcatchment of 8 ha with a vertic soil in Córdoba 
(Spain). These authors identified that most of the sediments came from the rills and 
gullies. Guzmán et al. (2013) compared the erosion rates at the plot scale on one of the 
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steepest slopes of the catchment on the same farm. The soil losses were 5.5 times greater 
on the hillslope than in the plots as a result of the generation of rills and ephemeral 
gullies, which increased the connectivity in the catchment.

On the other hand, surveys carried out on other agricultural land uses in the 
Mediterranean area have also justified the description of soil losses resulting from 
concentrated flow to protect production and sustainability (e.g. De Santisteban et al., 
2006; Raclot et al., 2009; Castillo, 2012). In a review by Poesen et al. (2006), the 
contribution of gully erosion to the total sediment budget was reported to be between 
47-83 % for Mediterranean areas.

In Taguas et al. (2011b), the SEDD model (Ferro and Minacapilli, 1995) was 
calibrated for the period April 2005-April 2008 to evaluate the sediment redistribution 
in an olive orchard catchment as well as the most erosion-sensitive hillslopes to 
concentrate soil protection measures. As a continuation, in this work the characteristics 
and the contribution of the ephemeral gully network to the overall sediment balance 
were quantified and described over a period of 4 years with considerable variability 
in precipitation. The particular objectives were 1) to evaluate the geometric and 
geomorphologic changes of rills and gullies in the study catchment in the period between 
July 2010 and July 2013, 2) to evaluate the potential contribution of the concentrated 
runoff erosion to the total sediment yield, 3) to analyze the rain and runoff event patterns 
observed during the study period to describe the dynamics of gully and rill formation. 

2. Material and Methods

2.1. Study site

The “Puente Genil” catchment (PG; 37.4° N, −4.8° W) is located in the south-
west of the province of Cordoba, Spain (Fig. 1a). Its drainage area is 6.1 ha and it has 
been described in different studies (e.g. Taguas et al., 2010, 2011b). Its mean elevation 
is 239 m.a.s.l., while the mean slope is 15%. It is characterized by the subtype of the 
Mediterranean climate (Csa; Köppen classification) with an average annual rainfall of 
around 400 mm. The average temperature in the warmest month is recorded in July 
(26.5°C) while the coldest is in January (8.4°C). The soil type is Cambisol (FAO 
classification) with a loamy sand texture (14% clay, 57% sand and 29% silt fractions). The 
areas close to the outlet are old terraces with abundant calcareous coarse materials. The olive 
trees were planted in 1999, and were spaced 7 m × 7 m apart. A no-tillage system with 
spontaneous grass cover growing in winter and spring has been the applied management 
system since 2005. The spontaneous vegetation is usually controlled once a year (in 
March/April/May) using a tractor to mechanically kill the vegetation or by applying 
herbicide around every tree (or combining both; Table 1). Although tillage operations 
were not applied and the gullies were not covered on purpose, the traffic might move 
or disturb the ground surface, mainly during harvesting operations and during the 
mechanical treatment of the spontaneous grass cover. The impact on the soil surface (and 
on gullies) derived from the management operations was described in the field during 
the study period.
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Table 1. Management operations applied during the study period in the catchment.

Year Winter Spring Summer Autumn
2010 Herbicidal treatment in 

the lanes (glyphosate)
Harvesting- Buggies 
and tractor passes

2011 Tractor passes for 
mechanical killing 
of weeds; Foliar 
fertilisation (N, Mg, Fe)

Harvesting- Buggies 
and tractor passes

2012 Tractor passes for 
mechanical killing 
of weeds; Treatment 
with herbicide in SE 
hillslope; 

Harvesting- Buggies 
and tractor passes

2013  Tractor passes for 
mechanical killing 
of weeds. Herbicidal 
treatments around trees

Harvesting- Buggies 
and tractor passes

The catchment outlet is equipped with a gauging station, described in Taguas et al. 
(2010, 2013), where runoff and sediment loads of the events are measured (Fig. 1a). The 
relationships intensity-duration-frequency for the catchment were calculated in Taguas 
(2007). An “event” is defined as a rainfall period separated by a minimum interval of 
6 h without any rainfall in between (Renschler et al. 1999; Domínguez et al., 2007). 
Precipitation is measured at the outlet of the catchment with one gauge (Hobo Event 
7852M) with an accuracy of 0.2 mm. The runoff is estimated through a critical flow 
depth flume (Clemmens et al., 2001) where the water level is measured by an ultrasonic 
sensor (Milltronics Ultrasonics). Finally, an automatic sampler (ISCO 3700C) is used to 
take samples of the sediment concentration during the events and to calculate the total 
sediment load (Taguas et al., 2010).

2.2. Gully measurements

The procedure followed in this study is summarized in Fig. 2. Measurements of rills and 
gullies (Fig. 1b-c) were carried out annually in the catchment from July 2010 to July 2013 
(4 years). 147 reference sections were established in the first survey (July 2010), and these 
have been measured and compared periodically in the rest of the measurement campaigns. 
Additionally, new measurements were taken to describe new gullies present in the catchment 
in each of the surveys. The criteria for defining gullies were the geometric characteristics: 
wider and deeper than 30 cm or with a cross section greater than 0.929 cm2 (Poesen et al., 
1993). In July 2010 and July 2011 (sample dates corresponding to period 1) a tape and a 
submetric GPS (planimetric precision of 30 cm) were used to describe (shape, depth, width; 
Fig. 3a) and to locate gully sections. In period 1, 153 sections were described while in July 
2012 and July 2013, when a GPS of planimetric and altimetric precision of 1 cm ± 2 ppm 
and 2 cm ±2 ppm expressed as root square mean error was used, the number of sections 
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was 523 and 225, respectively. For the gullies identified in the field, total length, drainage 
area at their head and volume were also determined. A DEM of 1.5 m x 1.5 m x 0.001 m 
(altimetric precision of 0.20 m) derived from an ortophotogrammetric flight was considered 
to determine the drainage areas. Moreover, all the changes observed were described and 
possible correlations tested. The total volume was calculated as the sum of volumes between 
two control sections. The soil losses equivalent to the difference of volumes between each 
year were calculated considering the mean value of bulk density in the first horizon between 
0 and -10 cm (1.61 ± 0.11 g cm-3; Taguas et al., 2010).

2.3. Analysis of the hydrological patterns on the gully and rill formation

Finally, the total sediment yields measured between two surveys were calculated 
and compared to the equivalent soil losses associated to the volume changes of the 
gullies. On the annual and event scales, possible patterns explaining the contribution 
of gullies to the total soil losses in the catchment were studied. At the annual scale, a 
descriptive analysis of the cumulated values of precipitation, evapotranspiration, runoff 
and sediment load was also carried out, whereas at the event scale, statistics of the event 
attributes were calculated: precipitation, duration, erosivity, maximum rainfall intensity 
in 30 minutes (I30), return period of maximum I30, runoff rate, runoff coefficient, peak 
flow, sediment concentration and total sediment load. In addition, a correlation analysis 
was carried out to describe possible hydrological patterns associated to the development 
of gullies in the study catchment.

Figure 1. Images of the catchment: a) Location in Spain; b) View of the gauge station with the 
measuring equipment; c) View of a gully in the catchment; d) Aerial ortophotography with the 

catchment limits and the gullies identified during the period 2011-2012.
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Figure 2. Summary of the procedure.

3. Results

3.1. Geometric and geomorphologic attributes of gullies

In the year 2010, 14 gullies, equivalent to a volume of 33.1 m3, were described 
(Fig 3a, Tables 2 and 3). The mean values of width and depth of gullies were 44.0 cm 
and 5.2 cm, respectively, while the total length was equal to 75.0 m. During period 1 
(July 2010-July 2011), an accumulated precipitation of 610 mm was recorded. This is 
almost 50% higher than the long-term average annual precipitation and resulted in a 
notable growth in the gully and rill network (Fig. 3b). New links were observed between 
previously disconnected rills and gullies: A and C, D and F and M and N (Fig. 3b and 
Table 3). The average widths and depths increased (51.2 cm and 5.9 cm, respectively) as 
well as the total length and volume (79.8 m and 45.9 m3, respectively). Although only 219 
mm of rainfall was measured in the period 2 (Fig. 4a), much lower than the average, a 
small, new gully O was identified. In addition, gullies A and C were fully linked, while 
the small gullies B and H were filled and subsequently removed. The total volume was 
greater than the previous years (55.8 m3; Table 2) while the total length was shorter (977 
m) due to the filling-in of these two gullies.
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Table 2. Summary of the gullies and rills measured in each campaign: number, total volume 
and length and equivalent soil losses corresponding to the measured volume.

July 2010 July 2011 July 2012 July 2013
Number 14 13 12 9
Total volume (m3) 33.1 45.9 55.8 33.8
Total length (m) 1049.2 1037.6 977.0 787.3
Equivalent soil losses (t) 53.0 73.4 89.3 54.1

Figure 3. Rills and gullies identified in the catchment in the different measurement campaigns: 
a) Reference –July 2010; b) July 2011 (Cum P= cumulative precipitation between measurement 

periods; the numbers indicate the code of the sections).

Finally, the precipitation recorded in the last year was 406 mm, which is close to 
the long-term mean value in the catchment. In this year, the gully and rill network was 
notably simplified, and gullies H, I, M and N disappeared from the area close to the 
outlet. This area has a gentler slope and is usually used by the tractors to cross the field 
(Fig. 4b, Table 3). However, a small, new gully P was identified (Table 3). It is worth 
noting that greater values of average width and depth (64.1 cm and 8.4 cm) did not 
result in a greater total volume (33.8 m3) than the previous year (Tables 2 and 3), mainly 
because of the filling-in of various gullies.

The mean values of the slope, the local slope in the gully heads and the drainage area 
in the gully heads were equal to 12.2%, 15.4% and 755 m2, respectively. The variations 
of the mean were explained by the variations in the number of gullies and its location on 
the hillslope (Table 3).
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Figure 4. Rills and gullies identified in the catchment in the different measurement campaigns: 
a) July 2012; b) July 2013 (Cum P = cumulative precipitation between measurement periods).

Table 3. Main attributes and statistics (St. Dv= standard variation; CV= coefficient of 
variation) of the rills and gullies measured in the study catchment per year.

Year Code
Average 
Width 
(cm)

Average 
Depth 
(cm)

Total 
Length 

(m)

Drainage 
area at 
headcut 

(m2)

Mean 
slope 
 (%)

Local 
slope at 
headcut 

(%)

July 2010 
(Fig. 3a)

A 73.20 7.90 138.05 1690.0 7.79 11.15
B 54.33 1.00 12.21 90.0 11.63 11.29
C 56.91 7.91 119.89 360.0 10.52 11.26
D 43.00 4.00 8.24 2380.0 7.16 7.16
E 38.33 4.00 41.25 180.0 9.87 12.42
F 68.74 11.84 163.71 1080.0 10.60 20.85
G 30.14 3.86 92.14 490.0 10.80 15.15
H 23.50 2.00 7.16 400.0 19.13 19.13
I 27.25 3.00 28.75 1040.0 18.16 18.49
J 44.17 6.08 76.53 360.0 8.23 11.72
K 47.56 7.36 316.23 340.0 8.49 15.38
L 15.50 4.50 6.91 1040.0 23.01 23.01
M 40.00 6.00 6.92 110.0 19.66 19.66
N 53.71 3.00 31.22 20.0 11.69 15.47

Mean 44.02 5.18 74.94 684.3 12.62 15.15
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Year Code
Average 
Width 
(cm)

Average 
Depth 
(cm)

Total 
Length 

(m)

Drainage 
area at 
headcut 

(m2)

Mean 
slope 
 (%)

Local 
slope at 
headcut 

(%)

St. Dv. 16.64 2.88 87.62 686.3 5.12 4.56

July 2011
(Fig. 3b)

A1+C1 57.25 9.36 129.48 2210.0 4.79 8.77
A2 32.92 3.42 26.02 1690.0 7.96 11.15
C2 58.44 5.22 70.26 360.0 9.38 11.26
B 36.33 0.53 12.21 90.0 11.63 11.29

D+F 76.51 8.97 186.52 1610.0 9.10 18.02
E 46.67 4.17 41.25 60.0 9.87 12.42
G 45.04 2.62 102.26 480.0 10.17 14.03
H 47.50 4.50 7.16 400.0 19.13 19.13
I 27.38 4.50 28.75 1040.0 18.16 18.49
J 59.73 6.31 76.89 360.0 8.19 11.72
K 75.58 12.55 312.60 320.0 9.22 23.45
L 15.50 4.50 6.91 1040.0 23.01 23.01

M+N 86.29 10.29 37.26 20.0 12.99 15.47
Mean 51.16 5.92 79.81 744.6 11.82 15.25
St. Dv. 20.61 3.42 87.85 710.2 5.20 4.77
July 2012 O 64.39 4.90 3.58 1280.0 10.06 10.06
(Fig. 4a) A+C 60.66 7.25 227.03 370.0 5.63 8.36

D 70.28 4.70 9.47 2370.0 12.33 16.38
E 80.64 2.57 6.01 2260.0 13.04 12.71
F 77.21 8.89 191.97 990.0 14.11 13.12
G 45.38 3.61 43.29 480.0 13.62 19.39
I 60.02 4.28 14.27 1040.0 17.90 18.08
J 70.20 7.79 73.75 350.0 9.87 21.16
K 161.94 12.66 300.34 150.0 2.58 14.64
L 54.43 6.12 19.88 5.0 19.03 22.32
M 74.92 8.21 24.72 1010.0 18.77 18.41
N 59.99 8.17 62.69 10.0 13.41 18.66

Mean 73.34 6.60 81.42 859.58 12.5 16.11
St. Dv. 29.66 2.80 100.75 802.87 5.0 4.37
July 2013 O+D 46.95 7.28 3.66 880.0 11.37 11.37
(Fig. 4b) A+C 73.08 8.63 222.83 160.0 5.43 14.34

E+F 84.62 9.35 229.46 1070.0 10.11 20.21
P 35.20 8.09 15.25 830.0 14.39 12.74
J 87.00 6.59 26.10 380.0 18.25 16.19
K 57.72 10.49 290.03 1080.0 10.39 15.64
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Year Code
Average 
Width 
(cm)

Average 
Depth 
(cm)

Total 
Length 

(m)

Drainage 
area at 
headcut 

(m2)

Mean 
slope 
 (%)

Local 
slope at 
headcut 

(%)

Mean 64.10 8.41 131.22 733.33 11.7 15.08
St. Dv. 20.96 1.41 129.64 378.93 4.3 3.09

Global 
Statistics

Mean 56.58 6.20 85.58 755.0 12.24 15.43
St. Dv. 24.71 2.98 95.68 677.4 4.87 4.29
CV(%) 43.7 48.1 111.8 89.7 39.8 27.80

Min 15.50 0.53 3.58 5.0 2.58 7.16
Max 161.94 12.66 316.23 2380.0 23.01 23.45

No significant correlations were found between the gully attributes, with the 
exception of the average width with the average depth (Fig. 5a; r = 0.63, p<0.05), on  
the one hand, and with the total length, on the other (Fig. 5b; r = 0.70, p<0.05).

A relatively constant width-depth ratio (WDR) of about 12 was observed for the 
first three years, while in the last year this lowered to 8. In all cases, these WDR values 
are much higher than those of ephemeral gullies observed by Casalí et al. (1999) in 
Navarra or by Poesen et al. (1993) in the Belgian loess belt. This indicates that rill and 
gully incision in this area are clearly limited by the shallow soil depth and relatively hard 
sedimentary rock of the C horizon.

Figure 5. Scatter plots between the average depth and the average width (a) and the total length 
and the average depth corresponding to the gullies and rills identified in the catchment. (All the 

study periods and attributes of table 2 were considered). 

3.2. Analysis of the hydrological patterns on the gully and rill formation

Table 4 shows how in period 1 (July 2010-July 2011), the maximum values of 
precipitation (610 mm) and erosivity (992 MJ mm ha-1 h-1) resulted in the maximum 
runoff coefficient (10%) and total sediment load (7.8 t ha-1) of the period studied. In 
contrast, period 2 (July-2011-July 2012) with the minimum values of precipitation and 
erosivity (219 mm and 271 MJ mm ha-1 h-1, respectively) did not correspond to the 
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smallest runoff coefficient and soil losses (7% and 2.2 t ha-1), which were observed 
in period 3 (July 2012-July 2013), with an annual precipitation close to the mean 
value in the catchment. It is worth noting that the contribution of sediments from rills 
and gullies to the sediment yield in the catchment could not be calculated because 
the origin of the sediment in the outlet is not known. Thus, only the volume and the 
fractions of sediment volume from rills and gullies to annual sediment yield are shown 
in table 4 The difference between gully and rill volumes was equivalent to 44% of the 
total sediment load in period 1, 118% in period 2 and to a negative value in period 
3, as a result of the removal of gullies. This shows that the sediment budget in this 
relatively small catchment is complex and highly dynamic over time. During period 
2, sediment production due to rills and gullies within the catchment was much higher 
than sediment yield (118%), which points to the fact that an important deposition took 
place before reaching the catchment outlet. The actual deposition should be even 
higher if sediment production due to interrill erosion or bank failure in the stream, 
which were not measured in this study, was taken into account. Finally, during the last 
period, the concentrated flow network did not contribute to the overall sediment yield 
as no net erosion took place here.

Table 4. Annual values of rainfall, evapotranspiration (ETP), erosivity, runoff, runoff 
coefficient (Runoff/Precipitation x 100), total sediment yield (TSY), soil losses equivalent to the 
differences of volume in subsequent years from rill and gullies (SCF) and contribution of gully 

and rill erosion to total sediment yield (SCF/TSL x 100), corresponding to the periods July 
2010-July 2011 (Period 1), July 2011-July 2012 (Period 2), July 2012-July 2013 (Period 3).

Measurements Period 1 Period 2 Period 3
Cum. Rainfall depth (mm) 609.5 218.5 406.2
Cum. ETP (mm) 1394.1 1424.5 1266.9
Cum. Erosivity (MJ mm ha-1 h-1) 991.9 271.4 529.9
Cum. Runoff (mm) 60.1 16.1 10.9
Runoff coefficient (%) 9.9 7.4 2.7
Total Sediment Yield (outlet, t ha-1) 7.8 2.2 0.4
Sediment Concentrated Flow (t ha-1) 3.4 2.6 -5.8
Fraction of rill and gully erosion on TSY (%) 44 118 -

The temporal distribution of the events and their features, shown in Table 5, helps to 
understand this complex dynamics. For instance, it is remarkable to note how in period 
1 only two events that occurred during the fall caused 89% of the total sediment yield. 
The most relevant properties of these events were the maximum rainfall intensity, whose 
return periods were greater than 2 years. Despite the fact that period 2 was notably dry, 
a unique event occurring on 2 September 2011, with a return period of 4.5 years, caused 
76% of the total sediment load. Finally, no intense events were observed for period 3, 
as it is shown by the return periods/frequency of the maximum rainfall intensity, which 
were lesser than 1 year (Table 5).
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The correlation analysis presented in Table 6 illustrates the importance of the 
maximum rainfall intensity on the runoff and erosive responses of the catchment.  
The maximum rainfall intensity in 30 minutes showed the greatest correlation coefficients 
with the runoff (0.80, p<0.05), runoff coefficient (0.80, p<0.05) and sediment load (0.80, 
p<0.05). In contrast, the rainfall depth showed very poor correlations (Table 5).

Table 6. Correlation coefficients between the event features for the study period (EI30 = 
erosivity; I30 = maximum intensity in 30 minutes; I10 = maximum intensity in 10 minutes).

Correlation  
coefficients Peak flow Runoff Runoff 

coeff.
Sediment 

Load
Sediment 

Concentration

Rainfall depth 0.41 0.38 0.33 0.32 -0.30
I30 max 0.89 0.80 0.80 0.80 -0.10

Return period -I30 0.84 0.77 0.74 0.78 -0.08
EI30 0.85 0.79 0.79 0.73 -0.22

Duration -0.13 -0.11 -0.18 -0.13 -0.13

Correlations marked in bold are significant at p < .05.

4. Discussion

The growth of rill and gully networks in the catchment seemed to be controlled 
by single events that generate a relatively large runoff volume, which might happen 
also in dry years. It is worth noting how the ephemeral gully network varied each year, 
possibly as a result of scour and filling processes. The mechanical impact of the tractor 
traffic is another factor to mention regarding the variations of gully volumes. However, 
in our study, there were no appreciable reductions in width associated to the impact of 
traffic (Fig. 6a). In fact, rill and gullies were not generated over tractor tracks. In Fig. 
6 the distribution of widths and depths of the permanent sections are shown for all the 
measurement campaigns. It is worth noting how in Fig. 6a the widths increased every 
year, with the exception of the last one, when they remained the same. The greatest depths 
were observed in the last two years while the first ones (measured in 2010 and 2011, 
period 1) were shorter and showed very close values (Fig. 6b). As described in table 1, 
the traffic on the hillslope paths was not intense and therefore did not substantially limit 
our conclusions. Authors such as Luk et al. (1993) determined, in a semi-arid rangeland 
plot in Arizona, that for shallow rills, local variations in hydraulic conditions may lead to 
deposition of sediment derived from upslope. They explained that due to limited runoff 
and sediment from interrill areas associated to low antecedent soil moisture conditions, 
part of the sediment was deposited in the tributary rills. In the study catchment, most 
of the events generating runoff in the catchment contribute to interrill and rill erosion. 
However, only very intense events would allow the runoff to transport sediment all 
the way to the outlet. In other cases, there might be intermediate deposition within the 
network itself. Therefore, there should be a high dependency on the sequence of events 
according to their intensity values to explain the sediment budget in the catchment. 
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In this context, Lu et al. (2006) demonstrated by modeling that interactions between 
rainfall attributes (intensity, duration, intermittency) were determinant in explaining the 
spatial variability of sediment delivery. Reaney et al. (2007) also used the Connectivity 
of Runoff Model to study the impact of rainfall event features on runoff discharge in 
semi-arid areas. They underlined that long periods of unbroken high intensity (such as a 
period of 30 minutes for a catchment of 6.1 ha with an approximate concentration time of 
10 minutes), resulted in high runoff coefficient values. If the high-intensity rainfall was 
fragmented, then the runoff would infiltrate in a short distance down slope, which could 
be associated with filling of the gully network. 

Figure 6. Box-whiskers of widths (a) and depths (b) of the permanent sections in all measure-
ment campaigns.

On the other hand, a unique intense event (2-Sep-11), that belonged to the 2011-2012 
dataset (period 2) of a very dry year (with only 5 events generating runoff, see Table 5), 
caused approximately five times the total sediment load corresponding to the year 2012-
2013 (period 3). These features have been typically observed in semi-arid catchments in 
numerous studies around the world (Lane et al., 1997; Cammeraat, 2004). Moreover, 
in this catchment, the high correlation between runoff/peak flow and the maximum 
rainfall intensities in 30 minutes are clearly associated to the Hortonian flow derived 
from the high slopes in the Western part of the catchment, where impervious rock 
outcrops and shallow soils (<30 cm) are abundant (Taguas et al., 2013).

The influence of spontaneous grass cover and soil moisture at the time of the rainfall 
event are other factors to take into account with respect to the response patterns of the 
catchment. In table 4 it can be observed how there are very few events generating runoff 
in spring, when the cover can present values close to 50% (Aguilera et al., 2013) and 
the monthly water deficit (difference between accumulated precipitation and potential 
evapotranspiration) can be greater than 50 mm (Aguilera et al., 2013). This leads to 
consider a dry soil surface in spring. Particularly in the year 2012-2013, despite the fact 
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that 31% of precipitation was concentrated in March, the accumulated runoff was only 
2.6 mm, whereas soil losses were also very low (equal to 0.06 t ha-1; Table 5).

Finally, although a complete sediment budget was not established, since interrill 
erosion and sediment deposition were not measured, the comparison of the rill and 
gully erosion rates versus the total sediment yield (Table 4) allows us to evaluate the 
relative importance of the former. For example, for period 1 with 13 events (8 of which 
reached an accumulated rainfall greater than 20 mm), rill and gully sediments amounted 
to approximately 44% of the total sediment yield. Sediment sources other than gullies 
(sheet erosion from hillslopes or banks of streams) can be expected to contribute to the 
total soil losses in the catchment. Luk et al. (1993) found that when flow depth increases 
in response to the equilibrium runoff associated to wet conditions, net scouring was the 
dominant process in the rills. The maximum development of the gully and rill network 
during period 1 could be explained by such process.

In contrast, in a dry period such as 2011-2012, characterized by a precipitation value 
below the average, but concentrated in few intense events, most sediment must have come 
from the gullies, because a great quantity of sediment had previously been deposited, 
which could be transported by these events with enough energy. Unfortunately, there 
were no measurements to confirm this hypothesis. Table 4 shows how equivalent soil 
losses from gullies were 118 % of the total sediment load. This low, direct contribution of 
sediment from the hillslopes can additionally be related to trapping by the spontaneous 
grass cover and the redistribution favoured by the half-moon shaped hollows dug at the 
base of the olive trunks (Taguas et al., 2011b). Finally, during the last year 2012-2013, 
a high deposition and fill is expected as a result of a distribution of events of intensities 
with a return period of less than 1 year. This agrees with the mean sediment delivery 
ratio of 4% determined by the SEDD model (Taguas et al., 2011) for a period of 3 years 
(2005-2008), with a pattern of 1 or 2 very intense events per year. 

5. Conclusions

The rill and ephemeral gully network, as well as its geometric features, varied 
each year, possibly as a result of scour and fill processes. A high dependency on the 
sequence of events according to their intensity values might explain the sediment budget 
in the catchment. In fact, a good correlation of runoff and peak flow was observed in 
the catchment with the maximum rainfall intensities in 30 minutes of the events, related 
with the Hortonian flow. For storms with limited runoff, most of the sediment would be 
deposited in the tributary rills, whereas only very intense events would allow the runoff 
to transport sediment to travel to the outlet.

The growth of the rill and gully network was associated to intense events with 
a return period of the maximum intensity in 30 minutes greater than 2 years. It was 
significant how in a year with an accumulated precipitation of only 219 mm, only two 
events were responsible for a volume change equivalent to 2.6 t ha-1. It is expected that in 
hydrological years with a similar pattern, the gullies will be one of the main sources of 
sediments. In the current context of climate change (with less accumulated precipitation 
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but more erosive events; Spanish Ministry of Environment, 2005), controlling gullies 
should be considered an interesting complement to spontaneous grass cover as a tool to 
maintain sustainability in the field.
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