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ABSTRACT: The dynamics of suspended sediment transport were monitored continuously in a large agricultural catchment in 
southwest France from January 2007 to March 2009. The objective of this paper is to analyse the temporal variability in suspended 
sediment transport and yield in that catchment. Analyses were also undertaken to assess the relationships between precipitation, 
discharge and suspended sediment transport, and to interpret sediment delivery processes using suspended sediment-discharge 
hysteresis patterns. During the study period, we analysed 17 fl ood events, with high resolution suspended sediment data derived 
from continuous turbidity and automatic sampling. The results revealed strong seasonal, annual and inter-annual variability in 
suspended sediment transport. Sediment was strongly transported during spring, when frequent fl ood events of high magnitude 
and intensity occurred. Annual sediment transport in 2007 yielded 16 614 tonnes, representing 15 t km−2 (85% of annual load 
transport during fl oods for 16% of annual duration), while the 2008 sediment yield was 77 960 tonnes, representing 70 t km−2 
(95% of annual load transport during fl oods for 20% of annual duration). Analysis of the relationships between precipitation, 
discharge and suspended sediment transport showed that there were signifi cant correlations between total precipitation, peak 
discharge, total water yield, fl ood intensity and sediment variables during the fl ood events, but no relationship with antecedent 
conditions. Flood events were classifi ed in relation to suspended sediment concentration (SSC)–discharge hysteretic loops, comple-
mented with temporal dynamics of SSC–discharge ranges during rising and falling fl ow. The hysteretic shapes obtained for all fl ood 
events refl ected the distribution of probable sediment sources throughout the catchment. Regarding the sediment transport during 
all fl ood events, clockwise hysteretic loops represented 68% from river deposited sediments and nearby source areas, anticlockwise 
29% from distant source areas, and simultaneity of SSC and discharge 3%. 

KEYWORDS: agricultural catchment; temporal variability; sediment transport; hysteretic loops; fl ood events

Introduction

Suspended sediment transport has been identifi ed as the main 
global mechanism of fl uvial sediment transport. Walling and 
Webb (1986) estimated that the global amount of suspended 
sediment transport is about 3·5 times higher than that of 
solutes, while the bedload represents only a small component 
of fl uvial transport. Suspended sediment transport from agri-
cultural catchments to stream networks is responsible for 
aquatic habitat degradation, reservoir sedimentation and the 
transport of sediment-bound pollutants (pesticides, particulate 
nutrients, heavy metals and other toxic substances). Quantifying 
and understanding the dynamics of suspended sediment trans-
fer from agricultural land to watercourses is essential in con-
trolling soil erosion and in implementing appropriate mitigation 
practices to reduce stream suspended sediment and associated 

pollutant loads, and hence improve surface water quality 
downstream (Heathwaite et al., 2005). Appropriate assess-
ment of suspended sediment yield is of particular importance 
for the purpose of catchment management and therefore inter-
est in the dynamics of suspended sediment transport has 
increased in recent decades (Alexandrov et al., 2003a).

So far, many studies on suspended sediment transport 
dynamics have been conducted in small-scale agricultural 
catchments of less than 100 km2 (Gao et al., 2007; Lefrançois 
et al., 2007; Estrany et al., 2009; Deasy et al., 2009). However, 
little attention has been paid to sediment dynamics in large 
agricultural catchments, where there are many diffi culties 
such as spatiotemporal variability in climatic conditions, land 
use and soil texture. Moreover, fi eld measurements and 
collection of data on suspended sediment are generally 
diffi cult tasks, rarely achieved over long timescales in large 



catchments. Understanding of the catchment-scale dynamics 
of suspended sediment transport is limited by this lack of data 
and by the high spatial and temporal variability of sediment 
output, which in turn is associated with various factors such 
as precipitation characteristics, the connectivity of sediment 
sources varying with physical settings and human activities, 
changes in contributing areas and hydraulic boundary condi-
tions (Schmidt and Morche, 2006).

Analysis of the relationships between sediment transport, 
precipitation and discharge characteristics can help in under-
standing the factors and processes determining sediment 
responses (Zabaleta et al., 2007; Nadal-Romero et al., 2008). 
The study of hysteretic loops in a single fl ood event also helps 
to better interpret the spatial distribution of catchment sedi-
ment sources within a drainage system (Peart and Walling, 
1982; Dickinson and Bolton, 1992; Kostrenzewski et al., 
1994; Lefrançois et al., 2007).

The Gascogne area, southwest France, located in highly 
contrasting zones with various climatic infl uences (the moun-
tain region, the Atlantic and the Mediterranean), has been 
dominated by anthropogenic activities, particularly intensive 
agriculture, causing severe erosion in recent decades. This 
poses a major threat to surface water quality, since sediment 
transport within the catchment is the main factor in transport-
ing contaminant sediments. Therefore, the 1110 km2 Save 
catchment located in the Gascogne area was selected for this 
study.

The objective of this study was to analyse the temporal 
variability in suspended sediment transport and yield in a large 
agricultural catchment. Analyses were also undertaken to 
assess the relationships between precipitation, discharge and 

suspended sediment transport, and to interpret sediment deliv-
ery processes using suspended sediment-discharge hysteresis 
patterns.

Materials and Methods

Study area

The Save catchment, located in the area of Coteaux Gascogne, 
is an agricultural catchment of 1110 km2 and has its source 
in the piedmont zone of the Pyrenees Mountains (southwest 
France) at an altitude of 600 m, joining the Garonne River 
after a 140 km course with a linear shape and an average 
slope of 3·6‰ (Figure 1).

This catchment lies on detrital sediments from the Pyrenees 
Mountains. It is bound on the east by the Garonne River, on the 
south by the Pyrenees and on the west by the Atlantic Ocean 
(Echanchu, 1988). Throughout the Obligocene and Miocene, this 
catchment served as an emergent zone of subsidence that 
received sandy, clay and calcareous sediments derived from the 
erosion of the Pyrenees Mountains, which were in an organic 
phase at that time. The heterogeneous materials were of low 
energetic value and produced a thick detrital formation of 
molasse type in the Miocene. From the Pleistocene onwards, the 
river became channelized, cutting broad valleys in the molasse 
deposits and leaving terraces of coarse alluvium (Revel and 
Guiresse, 1995). The substratum of the catchment consists of 
impervious Miocene molassic deposits.

In this area, which has been cultivated since the Middle 
Ages, mechanical erosion by ploughing has had a greater 

Figure 1. Location, land use and topographical maps of the Save catchment. This fi gure is available in colour online at 
wileyonlinelibrary.com/journal/espl



impact on downward soil displacement than water erosion, 
with a major impact on surface relief, mainly on levelling and 
soil distribution (Guiresse and Revel, 1995). Very weak erosion 
has led to the development of calcic luvisols (UN FAO soil 
units) on the tertiary substratum and local rendosols on the 
hard calcareous sandstone beds. On hillsides with very gentle 
slope, the calcic cambisols have been subjected to moderate 
erosion. Non-calcic silty soils, locally named boulbènes, rep-
resent less than 10% of the soil in this area. Calcic soils are 
dominated by a clay content ranging from 40% to 50%, while 
non-calcic soils are silty (50–60%). The upstream part of the 
catchment is a hilly agricultural area mainly covered with 
pastures and small amount of forest, while the lower part is 
fl at and devoted to intensive agriculture, mostly pasture and 
a rotation of corn, sunfl ower and winter wheat (90% of the 
area used for agricultural purposes) (Figure 1).

The climatic conditions are oceanic, with annual precipita-
tion of 700 to 900 mm and annual evaporation of 500 to 
600 mm. The dry period runs from June to August (the month 
with maximum defi cit) and the wet period from October to 
May (Ribeyeix-Claret, 2001). The hydrology regime of the 
catchment is mainly pluvial, i.e. regulated by rainfall 
(Echanchu, 1988), with maximum discharge in May and low 
fl ows during summer (July to September).

The catchment substratum is relatively impermeable due to 
its high clay content. Consequently, the river discharge is 
mainly supplied by surface and subsurface runoff, and ground-
water is limited to alluvial and colluvial phreatic aquifers. The 
maximum discharge for the long-term period (1985–2008) is 
210 m3 s−1 (14 June 2000), while summer discharge sustained 
by a nested canal at the catchment head is 0·004 m3 s−1 at a 
point 100 km downstream since water is used for irrigation 
along its course. The mean monthly 31-year discharge (1965–
2006) is 6·29 m3 s−1.

Instrumentation and sampling method

A Sonde YSI 6920 (YSI Incorporated, Ohio, USA) measuring 
probe and Automatic Water Sampler (ecoTech Umwelt-
Meßsysteme GmbH, Bonn, Germany) with 24 bottles of one 
litre were installed at the Save catchment outlet (Larra bridge) 
in January 2007. The Sonde was positioned near the bank of 
the river under the bridge, where homogeneity of water move-
ment was properly considered for all hydrological conditions. 
The pump inlet was placed next to the Sonde pipe. The dis-
solved oxygen content, electrical conductivity, nitrate, pH, 
turbidity and water level were recorded at 10-minute intervals. 

The values of the different parameters in water were detected 
by sensors on the Sonde YSI and the data then transferred to 
the ecoTech memory. We programmed the Sonde to pump 
water when there were water level variations, Δx (in centime-
tres), ranging from 10 cm to 30 cm, based on seasonal hydro-
logical conditions for both the rising and falling stage. This 
sampling method provided high sampling frequency during 
storm events. Manual sampling was also carried out using a 
two litre bottle lowered from the Larra bridge, near the Sonde 
position, at weekly intervals when water levels were not 
remarkably varied. During the study period, several technical 
problems such as sensor derivation and crushing led to occa-
sional diffi culties in measuring continuous water turbidity. We 
missed continuous measurements for some fl ood periods 
(15% of the total study period), but we carried out intensive 
manual sampling, particularly during the fl ood events, in order 
to get reliable estimates of suspended sediment load during 
the missing time.

Data source, treatment and analysis

Hydro-climatological data
Rainfall data from fi ve meteorological stations in the catch-
ment (Figure 1) were obtained from Meteo France. The mean 
total rainfall depth and intensity in the whole catchment were 
derived using the Thiessen Polygon method. Total annual 
rainfall during the study period in 2007 and 2008 amounted 
to 603 and 787 mm, respectively. Data on hourly discharge 
were obtained from CACG (Compagnie d’Aménagement des 
Coteaux de Gascogne), which is responsible for hydrological 
monitoring in the Gascogne region.

The discharge was plotted by the rating-curve in which 
water level was measured hourly by pressure at Larra gauging 
station in the form of a rectangular weir (length 12 m), then 
transferred by teletransmission. The mean total water yield of 
the two study years, 2007 and 2008, was 98 mm and 120 mm, 
respectively. These values are below the long-term mean 
value of 136 mm for the period 1985–2008. A year was con-
sidered dry if the annual water yield was below the long-term 
value. Within this context, both years can be classifi ed as dry 
but the fi rst year 2007 is very dry, since no major fl oods 
occurred in autumn. During the whole study period, between 
January 2007 and March 2009, there were 20 fl ood events 
and we had a reliable total of 17 recorded fl ood events with 
continuous measurement of turbidity (Figure 2). Mean dis-
charge during the fi rst year was 3·45 m3 s−1 and 4·23 m3 s−1 

Figure 2. Hourly discharge (in m3 s−1) within 17 recorded fl ood events between January 2007 and March 2009.



during the second year. These values are below the mean 
annual discharge of the long-term discharge (1985–2008), 
which was 4·79 m3 s−1. Maximum instantaneous discharge 
during fl oods ranged from 6·75 m3 s−1 (observed on 11 
December 2007) to 112·60 m3 s−1 (27 January 2009).

Suspended sediment concentration (SSC) and turbidity 
data processing
During the study period, we obtained 246 water samples 
through our manual and automatic sampling methods. These 
water samples were analysed in the laboratory to determine 
suspended sediment concentration (SSC) using a nitrocellu-
lose fi lter (GF 0·45 μm) and drying at 40 °C for 48 hours. 
Volumes of water ranging from 150 to 1000 ml were fi ltered 
according particle load. SSC data determined from samples 
collected manually and by automatic sampling over a range 
of hydrological conditions and turbidity levels throughout the 
study period were used to generate a calibration equation 
between turbidity and SSC data.

The relationship between SSC and turbidity is generally a 
power function SSC = a(Turbidity)n (Gippel, 1995; Lewis, 
2003). However, in this case, the SSC–turbidity relationship 
was polynomial because of the light weight of the particles. 
Figure 3 illustrates the SSC–turbidity relationship for the Save 
catchment (best fi tted with a second-order positive polynomial 
equation SSC = 0·0033(Turbidity)2 – 0·0582(Turbidity) + 
67·601, where SSC is measured in mg l−1 and turbidity in NTU 
(nephelometric turbidity units). Continuous SSC data were 
derived from this equation for the turbidity range between 0 
and 800 NTU, beyond which turbidity saturation occurred. 
For values of turbidity higher than 800 NTU (5% of fl ood 
periods) and during missing continuous measurements of tur-
bidity, a linear interpolation method was applied between two 
close sampling points to construct the continuous SSC series.

Calculation of fl uxes
High frequency SSC records were derived from the relation-
ship between SSC and turbidity. The sediment loads were 
calculated as the product of the hourly discharge and the cor-
responding SSC:
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where F is daily suspended sediment fl ux (in tonnes per day); 
Qi is the hourly water discharge (in m3 s−1), SSCi is the corre-
sponding suspended sediment concentration (in mg l−1) and 
0·0864 is the conversion factor. Accumulated suspended sedi-
ment fl uxes (monthly to annual load) were calculated as the 
sum of fl uxes during the period considered.

Statistical analyses

To assess the relationships between precipitation, discharge 
and sediment transport, statistical analyses were performed. A 
database was generated for each fl ood event and contained 
four groups of variables: antecedent conditions to the fl ood 
conditions, precipitation, discharge and suspended sediment 
during the fl ood. Variables used in the characterization of 
fl oods are summarized in Table I. Antecedent conditions are 
described by accumulated precipitation one day before the 
fl ood (P1d), fi ve days before (P5d), and ten days before (P10d), 
by beginning basefl ow (Qb) before the fl ood and by the ante-
cedent fl ood corresponding to the fl ood (Qa).

Precipitation that caused the fl ood was characterized by 
mean total precipitation (Pt) and hourly maximum intensity of 
the precipitation (Imax). Total water yield (Wt) during the 
fl ood was expressed by the total water depth of the event, total 
duration of the event (Td), and mean (Qm) and maximum 
discharge (Qmax) corresponding to the time of rise to reach 
the peak discharge (Tr). The discharge speed to reach the peak 
fl ow during a fl ood event is defi ned by fl ood intensity, If [If = 
(Qmax − Qb)/Tr]. Sediment load was expressed as the mean 
SSC (SSCm) derived from the SSC–turbidity relationship, the 
maximum SSC of the event (SSCmax) and the total suspended 
sediment yield transported during the fl ood event (SST). The 
relationships between all these variables were investigated 
using statistical techniques (Pearson correlation matrix) in the 
STATISTICA package.

Analysis of SSC–discharge dynamics

Relationships between SSC and discharge during fl ood events 
were studied using continuous measurements. We use the 
term ‘fl ood’ to mean a complete hydrological event with rising 
and recession limbs. The typology of the SSC–discharge rela-
tionship during fl oods generally depends on the simultaneity 
or interval between the SSC peak and the discharge maximum. 
Typology interpretation is not unique, but varies according to 

Figure 3. Relationship between recorded turbidity (in NTU) and suspended sediment concentration, SSC (in mg l−1) at Larra sampling station.



the study context. We used a typology with three classes, 
inspired by Williams (1989).

In the fi rst class, peaks of SSC and discharge arrive simul-
taneously. The SSC–discharge plot is symmetrical between 
rising and falling limbs, with little or no hysteresis. In the 
second class, the SSC peak arrives before the discharge peak 
and the relationship between SSC and discharge describes a 
clockwise hysteretic loop. In the third class, the SSC peak 
arrives later than the discharge peak and the SSC–discharge 
relationship describes an anticlockwise hysteretic loop 
(Williams, 1989). Typology interpretation can also depend on 
other fl ood characteristics. We complemented this typology 
with an analysis of the range of SSC versus discharge during 
the fl ood. The SSC maxima depended simultaneously on 
stream transport capacity and discharge, and also on the avail-
ability of particles to be mobilized by the discharge (Lefrançois 
et al., 2007). We focused on SSC maxima versus discharge to 
compare the variation in particle availability during the differ-
ent fl ood events. During recession fl ow, a decrease in dis-
charge leads to sediment deposition. We focused on SSC at 
the discharge maxima to compare the deposition capacity of 
the stream during the falling stage of different fl ood events.

Results

General description of fl ood events analysed

During the study period, 17 fl ood events were analysed (Figure 
3): six events occurred in winter (January to March), fi ve in 
spring (March to June) and six in autumn (October to 
December). The longest event (event 16; 351 hours) occurred 
on 27 January 2009 with total rainfall depth 74·54 mm, reach-
ing an hourly peak discharge of 116·6 m3 s−1. This event is 
noteworthy since there was a 10-year return period and it 
represented a major fl ood event in winter 2009. During this 
event, sediment transport reached 23 374 tonnes. However, 
the event that the maximum sediment transport (event 10) took 
place in early June 2008, when the fl ood intensity was the 
highest of all the events observed during the study period. A 
total of 41 750 tonnes of sediment were transported during this 
extreme episode. Table II summarizes the main characteristics 
of fl ood duration, time of rise, fl ood intensity, precipitation, 

discharge and SSC associated with the fl oods analysed, which 
are described in detail later.

• The duration of the fl ood events varied between 105 and 
351 hours, with an average value of 191 hours (Table II). 
Seven events were longer than average duration, while 10 
events were shorter. The event on 1 June 2008 took the 
shortest time (16 hours) to reach the peak, while the general 
rising time of fl oods in our observed events varied from 16 
hours (minimum) to 84 hours (maximum), with an average 
value of 41 hours. Sediment transport in early June 2008 
showed the most extreme value observed during the study 
period (41 750 tonnes).

• The maximum discharge during fl ood events varied from 
6·75 m3 s−1 to 112·60 m3 s−1, with an average peak value 
of 33 m3 s−1 (median = 27·57 m3 s−1; standard deviation 
(SD) = 25·05 m3 s−1). Rainfall amount varied from 7·46 mm 
to 74·54 mm (median = 20·25 mm; SD = 17·18 mm). 
Average rainfall intensity in the whole catchment ranged 
between 1·32 and 17·23 mm h−1 (median = 3·97 mm h−1; 
SD = 3·72 mm h−1).

• Peak SSC during fl ood events varied from 158 mg l−1, 
recorded on 13 February 2007, to 15·74 g l−1 on 1 June 
2008 (median = 691 mg l−1; SD = 565 mg l−1). A signifi cant 
quantity of suspended sediment was transported during 
fl oods, mainly in spring season when fl ood magnitude was 
signifi cant. The sediment load ranged from 177 to 41 750 
tonnes (median = 1642 tonnes; SD = 5820 tonnes), indicat-
ing that 65% of each event transported more than 1000 
tonnes.

• In terms of the typology described in the previous section, 
68% of total sediment transport during all fl ood events 
demonstrated clockwise hysteresis, 29% anticlockwise and 
3% simultaneity of SSC and discharge.

Temporal variability in suspended 
sediment transport

Within-event sediment variability
So far, due to differences between the catchments, there is 
only partial understanding of the internal dynamics of sus-
pended sediment variability, even though many studies have 
been conducted on SSC–discharge relationships for individual 

Table I. Names, abbreviations and units for the variables used to characterize fl ood events and 
to perform Pearson correlation matrix and factorial analysis

Abbreviation Unit

Antecedent conditions
Accumulated precipitation 1 day before the fl ood P1d mm
Accumulated precipitation 5 days before the fl ood P5d mm
Accumulated precipitation 10 days before the fl ood P10d mm
Basefl ow before the fl ood Qb m3 s−1

Antecedent maximum discharge Qa m3 s−1

Flood event conditions
Flood duration Fd hours
Time of rise (time to reach maximum discharge) Tr hours
Total precipitation during the fl ood Pt mm
Maximum rainfall intensity of the fl ood Imax mm h−1

Flood intensity If m3 min−2

Total water yield Wt mm
Mean discharge Qm m3 s−1

Maximum discharge Qmax m3 s−1

Mean suspended sediment concentration SSCm mg l−1

Maximum suspended sediment concentration SSCmax mg l−1

Total suspended sediment yield in tonnes SST tonnes
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events (Mossa, 1996; Williams, 1989; Sichingabula, 1998; 
Rovira and Batalla, 2006). The scatter in SSC reported is attrib-
uted to the exhaustion of sediment available in the channel 
or to differences in sediment availability at the beginning and 
end of the fl ood (Walling and Webb, 1982; Steegen et al., 
2000; Steegen and Govers, 2001; Hudson, 2003). As a result, 
SSC and discharge during a fl ood often present hysteretic 
behaviour, related to a time lag between peak discharge and 
sediment transport. For clockwise hysteresis, SSC on the rising 
limb of a storm hydrograph is higher than that measured at 
equivalent fl ows on the falling limb (Rovira and Batalla, 2006). 
For instance, in event 16 (27 January 2009), the 50 m3 s−1 
discharge of the rising limb contained 1817 mg l−1, while the 
50·28 m3 s−1 discharge of the falling limb discharge contained 
only 881 mg l−1. The beginning of the discharge wave is sup-
plied by easily available sediment in the channel and nearby 
source areas. As SSC reaches its maximum value before peak 
discharge, it is obvious that reduction in the amount of avail-
able sediment occurred on the falling limb. Moreover, an 
increase of portion of basefl ow on the falling limb may cause 
dilution of SSC. In the case of anticlockwise hysteresis, the 
SSC for a given discharge on the falling limb is higher than for 
the same discharge on the rising limb (Salant et al., 2008). As 
can be seen from fl ood event 4 (25 March 2007), the same 
discharge of 9·59 m3 s−1 contained 251 mg l−1 for the falling 
limb and 71 mg l−1 for the rising limb. The suspended sedi-
ment transport in the Save catchment was also infl uenced by 
sediment exhaustion, as can be observed from three succes-
sive events which appear to show a progressive exhaustion of 
sediment supply (events 13, 14 and 15) and a decrease in 
sediment availability in the channel. These successive events 
were recorded on 26 November 2008 (Qmax = 27·57 m3 s−1; 
SSCmax = 1613 mg l−1), 6 December 2008 (Qmax = 
19·77 m3 s−1; SSCmax = 569 mg l−1), and 14 December 2008 
(Qmax = 26·74 m3 s−1; SSCmax = 501 mg l−1).

Seasonal, annual and inter-annual variability
In terms of the temporal dynamics in suspended sediment 
transport, the Save catchment showed strong seasonal, annual 
and inter-annual variability during the study period (Figure 4). 
These seasonal variations can be analysed by considering 
seasonal climatic variations and weather forcing. Sediment 
yield in both years increased sharply in spring and slightly 
during summer and autumn. As can be seen in Figure 4, sedi-
ment transport from June to December 2007 nearly remained 
constant due to the absence of major fl ood events. The slope 
breaks of the sediment and discharge curve in early June 2008 
showed drastically different conditions, since the sediment 
delivery during these extreme fl ood events reached 50 000 
tonnes (63% of the annual sediment budget).

Suspended sediment transport in autumn 2007 (October to 
December) was only 2% of annual sediment load, whereas in 
autumn 2008 it was 13% of annual load. This was because 
there was only a minor fl ood event (Qmax = 6·75 m3 s−1) in 
autumn 2007, while many fl ood events reaching peak dis-
charge of 27·57 m3 s−1 occurred during autumn 2008. The 
sediment was strongly transported during spring (March to 
June), a period when there were many fl ood events with strong 
fl ood intensity and high amplitude occurring together with 
tillage operations in this agricultural catchment. In spring 
2007, 79% of annual sediment load was transported, while 
spring 2008 accounted for 70% of annual sediment load. 
During summer, there were no major rainfall events that could 
cause fl oods and therefore sediment transport in summer 2007 
and 2008 represented only 2% and 9% of the annual budget, 
respectively. During the study period there was signifi cant 
seasonal variability, with sediment transport during autumn 



2007 being signifi cantly different from that in the correspond-
ing season in 2008. Similar variations were observed in winter 
2007, 2008 and 2009. Sediment transport during fl ood events 
in winter 2009 was strongly signifi cant due to the high mag-
nitude of two fl ood events (event 16 and 17), which yielded 
30 241 tonnes, equivalent to 182% and 39% of mean total 
annual load in 2007 and 2008, respectively.

The sediment transport in 2007 accounted for 16 614 tonnes 
(85% of annual load transport during fl oods for 16% of annual 
duration) while transport in 2008 amounted to 77 960 tonnes 
(95% of annual load transport during fl oods for 20% of annual 
duration). Although there was only a non-signifi cant differ-
ence of 18% between total water yield in 2007 (98 mm) and 
2008 (120 mm), the sediment yield in 2008 was 4·7 times 
higher than in 2007. In one extremely eroding event in early 
June 2008 (event 10), sediment transport contributed 63% of 
the total annual sediment budget.

Relationships between precipitation, discharge 
and sediment variables

In order to assess the relationships between precipitation, 
discharge and suspended sediment transport, which might 
explain the hydrological and sedimentological responses 

during the fl ood events in the Save catchment, a Pearson cor-
relation matrix and factorial analysis that included all the 
above-mentioned variables (Table III) were generated for the 
16 fl ood events. Event 10 (1 June 2008) was excluded from 
the matrix because it was an extraordinary event.

Table III shows the relationships between precipitation, dis-
charge and suspended sediment transport in the Save catch-
ment. Total precipitation (Pt) showed signifi cant correlations 
with mean discharge (Qm) (R = 0·83), maximum discharge 
(Qmax) (R = 0·87), total water yield (Wt) (R = 0·85), maximum 
suspended sediment concentration (SSCmax) (R = 0·76) and 
suspended sediment transport (SST) (R = 0·89). The discharge 
variables, Qm and Qmax, were well correlated with total 
rainfall (Pt), but antecedent discharge (Qa) and basefl ow (Qb) 
had only slight correlations with total precipitation (Pt).

Maximum suspended sediment (SSCmax) and suspended 
sediment transport (SST) showed strong relationships with total 
precipitation (Pt). SSCmax was well correlated with fl ood 
intensity (If) (R = 0·72) and fl ood duration (Fd) (R = 0·72). SST 
was found to be signifi cantly correlated with total water yield 
(Wt) (R = 0·97) and discharge variables (Qm and Qmax). 
Weaker correlations were found between sediment variables 
and maximum rainfall intensity (Imax). Suspended sediment 
did not show any relationship with antecedent fl ow (Qa, Qb) 
or antecedent precipitation (P1d, P5d and P10d).

Figure 4. Cumulative water yield (in millimetres) and sediment transport (Mt) during (a) 2007 and (b) 2008.



Taking all these data into account, principal component 
analysis (PCA) was performed. This analysis (Figure 5) grouped 
in the fi rst factor Fd, Qm, Qmax, Pt, Wt and SST, explaining 
46·70% of the variance. In the second factor, If, SSCm, 
SSCmax and Imax were grouped, explaining 16·83% of the 
variance. In a 1–2 factorial plane, total sediment yield during 
fl ood events (SST) showed a strong relationship with these two 
factors, although the correlation was better with factor one, 
and no relationship was found with antecedent conditions to 
the fl ood event. The results indicate a direct response of the 
catchment to rainfall events in terms of discharge and sus-
pended sediment transport during fl ood events.

SSC–discharge hysteresis patterns

The behaviour of suspended sediment and changes in SSC 
during fl ood events are not only a function of energy condi-
tions, i.e. sediment is stored at low fl ow and transported under 
high fl ow conditions, but are also related to variations in sedi-
ment supply and sediment depletion. These changes in sedi-
ment availability result in so-called hysteresis effects (Asselman, 
1999).

The relationship between discharge and SSC was analysed 
for all the individual fl ood events observed in the Save catch-
ment. In general, we found highly variable relationships 

Table III. Pearson correlation matrix among all variables (n = 16)

Fd Tr If Pt Imax P1d P5d P10d Qa Qb Qm Qmax Wt SSCm SSCmax SST

Fd 1·00
Tr 0·23 1·00
If 0·78 −0·25 1·00
Pt 0·72 0·61 0·50 1·00
Imax 0·16 0·12 0·27 0·37 1·00
P1d 0·04 −0·42 0·31 −0·23 −0·36 1·00
P5d −0·06 −0·18 0·03 −0·28 −0·28 0·79 1·00
P10d −0·12 −0·39 0·13 −0·27 0·38 0·22 0·45 1·00
Qa 0·29 0·16 0·32 0·29 0·28 −0·39 −0·33 −0·04 1·00
Qb 0·36 −0·09 0·28 0·13 0·02 −0·38 −0·42 −0·19 0·69 1·00
Qm 0·84 0·34 0·71 0·83 0·25 −0·16 −0·36 −0·29 0·53 0·52 1·00
Qmax 0·88 0·37 0·75 0·87 0·21 −0·05 −0·24 −0·26 0·37 0·32 0·96 1·00
Wt 0·84 0·40 0·68 0·85 0·20 −0·07 −0·29 −0·29 0·34 0·28 0·96 0·98 1·00
SSCm 0·43 0·05 0·55 0·35 0·56 −0·08 0·09 0·39 0·26 0·07 0·29 0·38 0·24 1·00
SSCmax 0·72 0·21 0·72 0·76 0·35 −0·04 −0·05 0·00 0·21 0·15 0·66 0·77 0·66 0·76 1·00
SST 0·85 0·39 0·72 0·89 0·33 −0·04 −0·23 −0·17 0·24 0·14 0·90 0·97 0·97 0·40 0·77 1·00

Note: Correlation is signifi cant at p < 0·01 level for bold numbers and p < 0·05 for italics.

Figure 5. Location of variables included in the correlation matrixes in the factorial plane of principal component analysis. The fi gure is available 
in colour online at wileyonlinelibrary.com/journal/espl



between discharge and sediment response during different 
seasonal fl ood events (Figure 6). The different patterns of hys-
teresis express various probable sources of sediment spreading 
throughout the catchment. Seven of 17 fl ood events recorded 
during the study period showed clockwise hysteretic loops 
(class 2) (Figure 6b), while seven events displayed anticlock-
wise hysteretic loops (class 3) (Figure 6c). Two events pre-
sented class 1 behaviour (Figure 6a), indicating that SSC and 
discharge arrived simultaneously. However, one event (event 
10, which occurred in early June 2008), showed complex 
mixing of clockwise and anticlockwise loops (Figure 6d) when 
there were multiple peaks of discharge together with multiple 
peaks of SSC during a fl ood event, coinciding with extreme 
rainfall intensity.

Discussion

Temporal variability of suspended sediment 
transport and yield

The analysis of the SSCs collected at different temporal scales 
(within events, seasonal and annual variability) in the Save 
catchment provides an insight into the characteristics of the 
suspended sediment load variability in a large agricultural 
catchment in southern Pyrenees region. Increasing SSC on the 
falling limb during fl oods may be related to sources of rela-
tively more available sediment with lower soil aggregate sta-
bility. Such sediment sources are located at the far end of the 
area contributing to surface runoff, and thus sediment reaches 
the stream mainly during the falling limb. This may be due to 
soil particles, eroded within the catchment, not reaching the 
stream during previous rainfall-runoff events and settling on 
the slope, before being transported by surface runoff into the 
stream during the next event. The variability in event sediment 
transport during successive peaks of similar magnitude is infl u-
enced by sediment exhaustion effects. The Save catchment 
shows a pattern similar to that observed in other catchments 
in the Mediterranean region, e.g. in the Tordera catchment 
(Rovira and Batalla, 2006). An example is the progressive 
reduction in suspended load at different temporal scales 
(within fl oods and within multiple-peak events, during a suc-
cession of events, and seasonally) related to the exhaustion of 
sediment availability. Alexandrov et al. (2003b) observed that 
due to a sediment exhaustion effect, SSC levels during second-
ary fl oods in the Nahal Eshtemoa basin (Israel) were lower 
than those observed during a primary fl ood. This can be attrib-
uted to the role of in-channel sediment storage, which controls 
suspended sediment transport during inter-fl ood periods of 
stable fl ow (Smith and Dragovich, 2008). Therefore, after a 
period of relatively high sediment transport (supply-rich 
fl oods), sediment becomes less and less available from the 
channel (exhaustion phenomenon) and sediment concentra-
tions recorded during successive fl oods events are conse-
quently lower (Walling, 1978).

The total specifi c sediment yields in 2007 and 2008 
amounted to 15 t km−2 and 70 t km−2, respectively. This may 
be linked to the different characteristics of fl ood events, such 
as fl ood duration, rainfall intensity and fl ood amplitude, and 
other controlling factors related to soil conditions and agricul-
tural practices in the Save catchment during both study years. 
The fi rst hydrological year of the study (2007) was very dry, 
since there were very few rainfall events during autumn and 
less sediment was transported during fl oods with low duration 
and fl ood magnitude. Flood intensity is also a main factor to 
determine sediment transport. The maximum fl ood intensity 

in 2007 was only 1·27 m3 min−2, while one event in spring 
2008 exhibited the maximum fl ood intensity of 2·48 m3 min−2, 
yielding a suspended sediment load of 63% of annual sedi-
ment yield in 2008. Sediment was slightly transported by 
basefl ow during summer (2% of annual load in 2007, 9% in 
2008). Although there were some rainfall events in summer 
during the study period, soil conditions were dry and little 
runoff was generated, as large amounts of rainfall infi ltrated 
into the soil.

The annual total specifi c sediment yields in the Save catch-
ment (15–70 t km−2) are within the range of specifi c yields 
reported for the Garonne River, which vary from 11 to 
74 t km−2 yr−1 (Coynel, 2005), but lower than the values for 
Mediterranean basins of the Iberian Peninsula (100–
200 t km−2 yr−1) reported by Walling and Webb (1996). 
Located in the same Gascogne region as the Save catchment, 
with the same climatic conditions, geology (molasse) and 
agricultural land use, the 1330 km2 Baïs catchment and the 
970 km2 Gers catchment have specifi c sediment yields (63 
and 41 t km−2 yr−1, respectively) that are of a similar order of 
magnitude to that of the Save catchment (Maneux et al., 
2001). In comparison with other French catchments of similar 
size in the Mediterranean area, the Save values are higher than 
those reported for the 1100 km2 Dronne upstream catchment 
(8–13 t km−2 yr−1) but similar to those in the 1172 km2 
upstream catchment at Ariège (57–59 t km−2 y−1) (Veyssy, 
1998). The Save values are also comparable to those of the 
900 km2 Tordera catchment (50 t km−2 yr−1) in northeast Spain 
(Rovira and Batalla, 2006), but much lower than the 
414 t km−2 yr−1 reported for the 445 km2 Isábena catchment 
(southern central Pyrenees). However, the latter catchment is 
highly erodible and experiences frequent fl oods (López-
Tarazon et al., 2009).

Sediment delivery process using 
SSC–discharge hysteresis

SSC–discharge hysteresis patterns are the outcome of the 
complex interaction of processes and controls that determine 
event discharge and catchment erosion and sediment trans-
port. These patterns refl ect the combination of sediment 
supply from dominant sources with the capacity of fl ows to 
transport the supplied sediment to the catchment outlets. 
Sediment delivery processes can be interpreted using SSC–
discharge hysteresis patterns. For class 1, only two events were 
recorded in late winter and mid-autumn (events 2 and 13). 
This class is classically interpreted as the mobilization and 
transport of particles with unrestricted availability during the 
fl ood for the range of discharge concerned (Jansson, 2002). So 
far, there is little literature describing the sediment sources 
from this class. However, according to Hudson (2003), at low 
discharge sediment could come from fi ne deposited sediment, 
whereas at high discharge sediment could originate from 
coarser deposited sediment and/or from bank and channel 
hydrological erosion. When discharge is principally linked to 
surface runoff, sediment could originate from remote areas, 
particularly via surface soil erosion (Lefrançois et al., 2007). 
Topsoil sources are therefore likely to dominate drain fl ow 
sediment in agricultural catchments (Foster et al., 2003).

Clockwise hysteretic loops (class 2), which were observed 
in seven events in the Save catchment, generally occurred in 
late winter and mid-autumn, particularly in November when 
early seasonal rainfall started. During the periods when sedi-
ment was stored in the channel and distributed within the 
catchment tributaries, these sediments were transported only 



Figure 6. Examples of different types of hysteresis observed in the Save catchment during the study period (2007–2009).



after there were fl ood events with suffi cient transport capacity. 
Therefore, this class could be explained by the transport of 
nearby available sediment and deposited sediment within the 
riverbed during the previous season. This can be also classi-
cally interpreted as the mobilization of particles with restricted 
availability during the fl ood event for the range of discharge 
concerned. Particles are believed to come from the removal 
of sediment deposited in the channel, with decreasing avail-
ability during the event (Lenzi and Lorenzo, 2000; Steegen et 
al., 2000; Jansson, 2002; Goodwin et al., 2003). Particle pro-
duction by erosion cannot resupply the decrease in sediment 
stock deposits. The hypothesis of an important contribution by 
hillslope soils can be dismissed. Various patterns of hysteresis 
have been reported previously in the literature, with clockwise 
hysteretic loops being the most common (Walling, 1977; 
Klein, 1984; Williams, 1989; Jansson, 2002; Hudson, 2003; 
Rovira and Batalla, 2006). Klein (1984) assumed that clock-
wise hysteresis occurred when the sediment source area is the 
channel itself or an adjacent area located close to the catch-
ment outlet, with runoff triggering the movement of sediment 
accumulated in the channel during the previous seasons and 
with little or no contribution from the tributaries. López-
Tarazon et al. (2009) also emphasized that the clockwise 
phenomenon was found preferentially when rainfall was 
mostly located near the catchment outlet. For instance, in the 
Save catchment, this was the case for clockwise fl ood events 
in early autumn (events 1 and 12) and late winter (events 7, 
16 and 17). For event 6, which happened on 11 December 
2007 (late autumn), clockwise fl ood events were also found, 
since there was only one fl ood event during this season and 
sediment was apparently transported from deposited sediment 
along the channel. The role of agricultural practices in down-
stream areas of the Save catchment, which are mainly domi-
nated by a crop rotation of corn, sunfl ower and winter wheat, 
was also a key determinant of sediment sources. Tillage activi-
ties here are generally carried out in April and September. Soil 
was eroded and then transported to the stream networks near 
the catchment outlet, characterized by a clockwise pattern 
when there were fl ood events reaching the capacity to bring 
those sediments to the outlet.

Heidel (1956) and Williams (1989) reported that for small 
streams, the maximum SSC usually occurs prior to peak dis-
charge. However, other authors have suggested that clockwise 
hysteresis refl ects a progressive decline in sediment availability 
during the fl ood event or an early-stage depletion of suspended 
sediment (Van Sickle and Beschta, 1983; Klein, 1984; Lenzi 
and Lorenzo, 2000; Sayer et al., 2006). These explanations are 
considered to be unlikely in the Save catchment, as they imply 
events related to high water volume associated with the hydro-
logical response across the entire catchment (Nadal-Romero 
et al., 2008). In contrast, the arrival of clean water from the 
forested headwater area in the Save catchment could partly 
dilute fl ow to reduce SSC but not total transport.

Regarding class 3, anticlockwise hysteretic loops take place 
when sediment sources are widely spread throughout the 
catchment and sediment is not rapidly exhausted. Due to the 
very long thin shape of the Save catchment, sediment transport 
from upstream and far tributaries may take a long time to reach 
the catchment outlet. This type of hysteretic loop was mainly 
found in the Save catchment in spring and late autumn, when 
there were high fl ood magnitudes with the suffi cient capacity 
to transport sediments from distant areas of the upstream 
catchment to the outlet. As the upstream part of the catchment 
is a hilly agricultural area mainly dominated by pastures and 
a small amount of forest cover (Figure 1), the source of sedi-
ment could be distant sediments, hillslope soil erosion and 
upstream areas (Braisington and Richards, 2000; Goodwin et 

al., 2003; Orwin and Smart, 2004). Tillage in upland pasture 
areas of the Save catchment is generally performed in April, 
a period of strong rainfall causing the major fl oods in the 
spring season. Thus sediment yield could be strongly trans-
ported from far upstream in an anticlockwise pattern. 
Suspended sediment can also originate from processes with 
slow dynamics (slower than the discharge rise), e.g. banks may 
collapse when bank material is suffi ciently saturated. Williams 
(1989) suggested that anticlockwise hysteresis results from at 
least one of the following causes: (i) a difference between the 
fl ood wave velocity and the mean fl ow velocity that carries 
the suspended sediment, (ii) a high soil erodibility in combina-
tion with a prolonged erosion process during the fl ood, and 
(iii) a seasonal distribution of sediment production within the 
drainage basin. Although there was no serious investigations 
of bank collapse along the Save river, bank erosion was taken 
into account in supplying sediment sources, particularly 
during major fl oods with high fl ood intensity, e.g. the event 
in early spring 2008 (If = 2·48 m3 min−2).

Conclusions

The dynamics of suspended sediment transport and sediment 
yield were analysed at different temporal scales with high 
resolution through two years of data collection. Analysis of 
the variability in SSC at different temporal scales (event, sea-
sonal, annual and inter-annual) monitored at catchment outlet 
(Larra sampling station) provided insights into the characteris-
tics of suspended sediment transport in the Save catchment in 
southwest France. The temporal dynamics of suspended sedi-
ment transport in the Save catchment showed strong within-
event, seasonal, annual and inter-annual variability. The 
sediment was strongly transported during spring, when many 
fl ood events with high magnitude and intensity occurred and 
tillage work was performed. Sediment transport in 2007 
yielded 16 614 tonnes (85% of annual load transport during 
fl oods for 16% of annual duration), while the 2008 yield was 
77 960 tonnes (95% of annual load transport during fl oods for 
20% of annual duration).

Statistical analyses revealed a signifi cant correlation 
between total precipitation, peak discharge, total water yield 
and sediment variables during the fl ood events, but no rela-
tionship with antecedent conditions. These results indicate a 
direct response of the catchment to rainfall events, discharge 
and fl ood intensity, as well as suspended sediment transport 
during the fl ood events. The variability over different temporal 
scales of discharge and SSC resulted in different hysteretic 
patterns. Two classes (classes 2 and 3) were the most common 
types observed in the Save catchment. Clockwise hysteresis 
(class 2) mainly occurred in late winter and mid-autumn, 
particularly in November, while anticlockwise hysteresis 
(class 3) was mostly found in spring and late autumn. The 
hysteretic shapes obtained for all fl ood events refl ected the 
distribution of probable sediment sources throughout the 
catchment. Of sediment transport during all fl ood events, 
clockwise hysteretic loops represented 68% from river depos-
ited sediments and nearby sources areas, anticlockwise 29% 
from distant source areas, and simultaneity of SSC and 
discharge 3%.

With only two years of recordings, it is diffi cult to character-
ize inter-annual variability in a large agricultural catchment 
like the Save due to strong seasonal and annual hydrological 
variations. Therefore, modelling work should be conducted to 
characterize long-term variability in fl ux and to study past soil 
erosion following the identifi cation of critical sediment source 
areas in the catchment.
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