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CHAPTER 4 

The	  fluvial	  sediment	  budget	  
of	  a	  dammed	  river	  (Upper	  
Muga,	  Southern	  Pyrenees)	  
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ABSTRACT 

 

Many rivers in the Mediterranean region are regulated for urban and 
agricultural purposes. Reservoir presence and operation results in flow 
alteration and sediment discontinuity, altering the longitudinal structure of 
the fluvial system. This study presents a 3-year sediment budget of a highly 
dammed Mediterranean river (the Muga, Southern Pyrenees), which has 
experienced flow regulation since the 1969 owing to a 61-hm3 reservoir. 
Flow discharge and suspended sediment concentration were monitored 
immediately upstream and downstream from the reservoir, whereas bedload 
transport was estimated by means of bedload formulae and estimated from 
regional data. Results show how the dam modifies river flow, reducing the 
magnitude of floods and shortening its duration. At the same time, duration 
of low flows increases. The downstream flow regime follows reservoir 
releases that are mostly driven by the irrigation needs in the lowlands. 
Likewise, suspended sediment and bedload transport are shown to be 
notably affected by the dam. Sediment transport upstream was mainly 
associated with floods and was therefore concentrated in short periods of 
time (i.e. 90% of the sediment load occurs in less than 1% of the time). 
Downstream from the dam, sediments were transported more constantly 
(i.e. 90% of the load was carried during 50% of the time). Total sediment 
load upstream from the dam equalled to 23,074 t, while downstream it was 
< 1,000 t. Upstream, sediment load was equally distributed between 
suspension and bedload (i.e. 10,278 and 12,796 t, respectively), whereas 
suspension dominated sediment transport downstream. More than 95% of 
the sediments transported from the upstream basins were trapped in the 
reservoir, a fact that explains the sediment deficit and the river bed 
armouring observed downstream. Overall, the dam disrupted the natural 
water and sediment fluxes, generating a highly modified environment 
downstream. Below the dam, the whole ecosystem shifted to stable 
conditions owing to the reduction of water and sediment loads. 
 

 

KEYWORDS  sediment budget, suspended sediment transport, bedload, 
dams, Mediterranean basin, River Muga 
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INTRODUCTION 

A sediment budget describes and quantifies the spatial and temporal 
distribution of sediment produced, eroded, stored and transferred within a 
drainage basin and, ultimately, exported out of it (Dietrich and Dunne, 
1978; Dietrich et al., 1982; Slaymaker, 2003). Rivers and their sediment 
loads are central components of basins’ sediment budgets, and provide 
useful information of the effects of human interventions in the catchment 
such as: reservoir siltation and the consequent sediment deficit below dams; 
instream gravel mining; and river training among others (e.g. Kondolf, 
1997; Vericat and Batalla, 2006). Sediment budgets have also proven to be 
fundamental for interpreting biophysical processes in river channels, e.g. 
fish habitat suitability, riverbed structure and clogging, and invertebrate 
drift and vegetative succession (e.g. Merz et al., 2006; Buendia et al., 2014; 
Trimble, 2004). The amount of sediment generated in a basin, and 
subsequently transported through the drainage network, depends on the 
catchment area, climate, lithology, land uses and, in general, related human 
activities (e.g. Kesel et al., 1992). Overall, atmospheric factors play a 
central role in controlling runoff generation and soil erosion, and are the 
main cause of the intra-annual variability in sediment yields (Nadal-Romero 
et al., 2015). In particular, and from a worldwide perspective, erosive 
processes are relatively more intense in Mediterranean basins, as has been 
reported extensively (e.g. Inbar, 1992; Walling and Webb, 1996; Gallart, et 
al., 2005; Lopez-Saez et al., 2011; López-Tarazón et al., 2011; Vanmaercke 
et al., 2011; García-Ruiz et al., 2013; Vachtman et al., 2013), while most of 
the sediment is generally transported during few events (i.e. time-
compression of erosion processes is acute; e.g. Gonzalez-Hidalgo et al., 
2007; 2013). 

Sediment budgets have mainly focused on the particulate sediments that are 
transported in suspension (Richards, 1982), but dissolved and bed loads 
may also represent an important proportion of the total sediment load. The 
dissolved load in a river is the product of inputs from rainfall and dry 
deposition (Meybeck, 1983), rock and soil weathering (Drever, 1982) and 
biogeochemical processes derived from natural processes and human 
activities (Farley and Werritty, 1989). Dissolved load dominates the 
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denudation processes in forested areas of humid climates (Sala and 
Wheeler, 1988; Farley and Werritty, 1989). Bedload is usually a small part 
of the total load (around 10%, on average), but values range from below 1% 
in lowland rivers to up to 70% in mountain streams (Richards, 1982). 
Transport of fine sediments occur in relation to erosional processes in the 
upstream basin, and are referred as wash-load, typically transported in 
suspension almost continuously (concentrations may be high even in some 
low flows; e.g. López-Tarazón et al., 2011).  

Suspended sediment transport was typically measured by means of direct 
sampling until the 1980s, when continuous records could be obtained 
through optical turbidity sensors (Downing, 2006). The main advantage of 
continuous measurements is that they allow improved estimations of 
sediment loads, in comparison to the statistical procedures that must be used 
when only discrete samples are available. However, turbidity records 
require individual and in-situ calibration, since several factors affect sensor 
readings (Downing, 2006; Minella, et al., 2008; Merten et al., 2013; Regüés 
and Nadal-Romero, 2013). Unlike suspended sediment, bedload transport is 
not continuous and generally occurs only during floods. The measurement 
of bedload has numerous technical difficulties (Hubbell et al., 1987) and 
bedload data are sparse and discontinuous. In the light of these practical 
shortcomings, a number of equations have been developed, most of them 
derived from flume experimental data (e.g. Brown, 1950; Hamamori, 1962; 
Wong and Parker, 2006), whereas others also considered field observations 
(Gomez and Church, 1989). Numerous equations focus in the bedload 
discharge prediction in gravel-bedded rivers in which the role of armour 
layers and the grain size distribution of sediments mixture need to be 
carefully determined prior to model application (e.g. Bathurst, 2007). 
Several works have been undertaken to test the predictive power of bedload 
equations and its applicability to the estimation of rivers’ load (e.g. White et 
al., 1975; Batalla, 1997; Habersack and Laronne, 2002; Barry et al., 2008; 
López et al., 2014; 2015). 

Fluvial sediment budgets have been developed at different scales, ranging 
from the catchment (e.g. Loughran, 1992; Batalla et al., 1995; Lobera et al., 
2016), to regional (e.g. Vanmaercke et al., 2011; Buendia et al., 2016), and 
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continental/planetary (e.g. Walling, 2008) scales. In Europe, dissolved load 
dominates in rivers of temperate regions, while European Mediterranean 
rivers are controlled by suspended loads, owing to the more intense erosion 
processes in the basin (Milliman, 2001). There, rainfall episodes are often 
short but intense, triggering soil detachment and transport in sparse 
vegetated areas. Further, the water scarcity in this region has historically 
triggered the building of reservoirs for agricultural and urban purposes, so 
most rivers in the Western Mediterranean are dammed (Beaumont, 1978). 
One of the main effects of dams is the reduction of flood magnitude and 
frequency (e.g. in California, Kondolf and Batalla, 2005; in the 
Mediterranean, Batalla et al., 2004; Piqué et al., 2016) and, consequently, 
the sediment budget of the dammed river becomes altered (e.g. Williams 
and Wolman, 1984; Vericat and Batalla, 2006). Typically, the large part of 
the sediment transported through the fluvial network is retained in the 
reservoir and the sediment transfer is interrupted downstream, particularly 
the bedload, which is completely trapped. In addition, the lack of riverbed 
disturbance in reaches downstream from dams progressively leads to 
stabilisation (e.g. Vericat et al., 2006; Draut et al., 2011; Lobera et al., 
2016). The reduction of hydrologically active areas and substratum 
heterogeneity and complexity has implications for the ecosystem 
functioning, since energy fluxes change, potential habitat is reduced (Graf, 
2006; Batalla and Vericat, 2013) and water quality is altered (Goodwin et 
al., 2006). 

A greater understanding of the effects of global change on river basins 
requires further efforts to quantify flow and sediments fluxes through 
drainage networks. Working hypothesis are that the water and sediment 
budgets are highly altered by the presence of dams, and that these changes 
generate a reduction of delivered sediments and alter the overall 
downstream sedimentary dynamics. Within this context, studies focusing on 
basins in Mediterranean regions are still scarce and, to address this 
shortcoming, we constructed the sediment budget of a highly regulated 
river, the Upper River Muga (Southern Pyrenees, NE Iberian Peninsula, 
NW Mediterranean Sea). Among the NW mesoscale Mediterranean 
catchments that flow directly into the sea, the Muga is one of the most 
altered due to dam presence in terms of hydrology (Piqué et al., 2016). In 
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addition to the dam, the river is affected by changes in climate and other 
anthropic pressures (i.e. rising water demands), making it representative of 
the hydro-sedimentary dynamics of rivers in the region. We therefore 
considered to i) construct the sediment budget of a highly regulated 
Mediterranean river; ii) determine the role of the reservoir on the upper 
basin water and sediment dynamics; and iii) quantify the sediment deficit 
downstream from the dam. In order to achieve these objectives, the study 
has considered obtaining the water yield and the sediment transport of the 
two main sub-catchments draining into the reservoir; and the water and 
sediment released from the dam. Besides flow discharge, this paper 
quantifies the suspended sediment transport as well as the bedload, in order 
to achieve a more complete evaluation of the sediment fluxes. The findings 
provide a detailed view of the structural physical changes that affect river 
dynamics below dams, producing valuable information potentially 
applicable for management plans in highly modified fluvial environments. 

STUDY AREA 

The River Muga is located in the NE of the Iberian Peninsula. It drains an 
area of 758 km2 of the south-easternmost section of the Pyrenean and the 
Albera ranges (Figure 4.1). The altitude of the basin varies from 1,443 m 
a.s.l. at Montnegre (NW) to the sea level at the Gulf of Roses in the 
Mediterranean Sea (SE). The basin belongs to the Mediterranean climate 
domain, and displays a notable variation in temperature and precipitation. 
Mean annual temperature in the Empordà Depression (i.e. centre of the 
basin) is 14.5ºC, whereas in the headwaters it varies from 11ºC to 13ºC. 
Mean annual precipitation shows a W-E gradient, ranging from > 1,100 mm 
in the headwaters to 600 mm at the river mouth. The river flow is regulated 
by the Darnius-Boadella Dam, a 61 hm3 (i.e. 1 hm3 = 1×106 m3) 
impoundment built in 1969 to ensure water supply mostly for agricultural 
and urban uses in the lowlands, but also to produce hydropower and for 
flood control. The dam was constructed at the confluence of the mainstem 
River Muga and its tributary Arnera (Figure 4.1). For the purpose of this 
study, the analysis has been restricted to the upper part of the catchment 
(Upper Muga), which includes i) the Arnera, ii) the Rimal, iii) the Muga 
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upstream from the dam (hereafter Mugaup) sub-basins, and iv) part of the 
basin downstream from the dam. However, the Rimal was not monitored, 
and therefore it is not included in the sediment budget. This tributary had a  
minor role in the hydro-sedimentary dynamics of the basin, since the Arnera 
and the Mugaup sub-basins together comprise 90% of the upstream basin 
area. The terminology we use along the paper refers both to the sub-basin or 
to the specific sampling sites; as such, the sampling site for the Arnera sub-
basin is EA051, the site for the Mugaup sub-basin is EA050, and the 
sampling point downstream the dam is EA012 (see Figure 4.1 for the exact 
location of these sites). 

The Arnera is 60.5 km2 and is laying on Palaeozoic granites and marls, 
while the Mugaup is 84.1 km2 and overlies Paleogene and Cretaceous marls 
and conglomerates. Forest constitutes the main land cover in both sub-
basins, occupying > 90% of the area and increasing up to 95% if scrubland 
is included. The Impoundment Runoff ratio of the reservoir (as per Batalla 
et al., 2004) is 0.99 (Piqué et al., 2016), indicating that the reservoir 
regulates virtually all of the Upper Muga basin’s annual runoff. The 
riverbed material in the mainstem Muga (both upstream and downstream 
from the reservoir) is composed by a mixture of sands and gravels, with a 
well-developed armour layer in both cases. Channel slope is 0.80% and 
0.84%, respectively. The median size of surface river bed material (D50) 
upstream from the dam (EA050 site) is 75.0 mm for the surface and 37.4 
mm for the subsurface material, while D84 equalled 127.1 mm and 72.8 mm, 
respectively. The armouring ratio is of 2, which indicates that the river bed 
is armoured. Downstream the dam, median surface particle size is 54.9 mm, 
and subsurface material is 13.84 mm. D84 is 123.1 mm and 44.4 mm for 
surface and subsurface material, respectively. The armouring ratio is 4, 
indicating strong armouring. The downstream reach of the Arnera flows on 
bedrock and sands, with a mean channel slope of 0.85%. River bed is 
mainly composed by sands and bedrock, with a D50 particle size of 1.0 mm 
and D84 of 6.4 mm. 



 

 

 
Figure 4.1. a) Location of the River Muga basin in the Iberian Peninsula; b) Altitudinal distribution of the Muga basin, with the 

main sub-basins represented; c) Location of the study sites upstream and downstream from the Darnius-Boadella Reservoir. Grain 
size distribution graphs are shown for each site. 
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The basin has a rain-fed hydrological regime, with marked seasonality. 
Mean monthly flows before dam construction showed two peaks (in spring 
and autumn) and a minimum in summer, reflecting the Mediterranean 
nature of the river, while after dam construction they are inversed and 
maximum discharges are released in summer to satisfy water demands for 
agriculture and tourism (Piqué et al., 2016). The mean flow discharge prior 
the construction of the dam was 2.34 m3/s (SD = 1.29 m3/s, 1912-1969, n = 
46 years), resulting in an average annual water yield of 73.8 hm3. After 
damming, mean annual flow discharge is 1.98 m3/s (SD = 1.13 m3/s, 1970-
2011, n = 32 years), and the average annual water yield reduced to 62.6 
hm3. Such a 15% reduction can be related hypothetically to the combined 
effect of the evaporation losses from the reservoir and the flow derived 
directly from the dam to attend urban demands of the Figueres urban area 
(Figure 4.1). However, no reliable information is available to quantify the 
particular role of each of these factors on the observed runoff reduction 
after dam closure. It is noteworthy that the 1960s was by far the wettest 
decade during the 20th century, a fact that could influence the computed 
mean for the pre-dam period. Magnitude and frequency of floods was 
notably affected by dam construction (see Piqué et al., 2016 for a flood 
frequency analysis on this river). For instance, the maximum daily flow 
reduced from 215 m3/s for the pre-dam period to 193 m3/s for the post-dam 
period). Owing to the Mediterranean character of the river, runoff varies 
notably between years: maximum water yield was 197.5 hm3 in 1962-1963, 
whereas the minimum was recorded in 1998-1999 at 13.7 hm3. 

DATA ACQUISITION AND ANALYSIS 

Flow discharge 

Flow stage (hereafter h) was recorded at 15-min intervals for the 2012-2015 
period with sensors installed ad-hoc at three gauging stations of the Catalan 
Water Agency - ACA (Figure 4.1). At EA050 (Mugaup) and EA051 
(Arnera), h was measured by means of capacitive water stage sensors 
(TruTrack® WT-HR, Intech Instruments LTD, Christchurch, New Zealand), 
while at EA012 (downstream from the dam), a pair of pressure sensors 
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(levelogger and barologger, Solinst®, Georgetown, Canada) were used. 
Levelogger h data were corrected with simultaneously recorded barologger 
air pressure measurements. Sensors were calibrated by means of field 
observations, with regressions of R2 > 0.95 in all cases. Corrected h data 
were then transformed into flow discharge (hereafter Q) by means of the 
corresponding h/Q ACA rating curves. An additional probe was installed 
downstream from EA050, where bed-material movement was monitored. 
Here, several methods were used to derive and compare the h/Q relation 
(i.e. slope-area method and a statistically derived flow resistance equations 
developed by López et al., 2007). As the dispersion of the modelled curves 
was high, averaged results were used. For consistency, Q was checked with 
values recorded at EA051. Furthermore, in EA012 (Figure 4.1), 
hydrographs were routed upstream (reverse flow routing) until the section 
where bed-material mobility was estimated, following the Muskingum 
method (Shaw, 1983). Finally, data gaps in EA050 and EA051 were filled 
by relating the daily data of the two stations with the relationship between 
QEA050 and QEA051 (R2 = 0.57) which was then applied to complete the data 
series. For consistency, results were cross-checked between the stations and 
against the volume of water entering the reservoir. 

Suspended sediment  

Water turbidity (as a proxy of Suspended Sediment Concentration, hereafter 
SSC) was recorded at stations EA050, EA051, and EA012. Measurements 
were performed at 15-minute intervals (averaged from 1-minute readings) 
for the 2012-2015 period, using a Campbell® Optical Backscatter Sensors 
OBS3+, and recorded in Campbell CR200x® dataloggers. The length of the 
turbidity records varied between monitoring sites. Turbidity sensors (i.e. 
turbidimeters) were calibrated by means of suspended sediment 
concentrations obtained from direct manual and automatic water samples. 
Manual samples were taken fortnightly during low flows and intensively 
during floods. Automatic samples were collected during floods at EA050 
and EA051 using respectively an ISCO 3700 (Teledyne Isco®, Lincoln, 
Nebraska, USA) and a SIGMA SD900 (HACH®, Loveland, Colorado, 
USA) automatic samplers. A total of 148 samples were used for the 
turbidity probe calibration at EA050, 31 samples at EA050 and 214 samples 
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at EA012. Samples were later filtered through Whatman GF/C glass 
microfiber filters (pore size = 1.2 μm), or decanted when SSC was high. 
Samples were dried and the organic matter was combusted to obtain the 
particulate SSC. Regressions between turbidity values and measured SSC 
(Table 4.1) were applied to obtain continuous suspended sediment records 
(i.e. sedigraphs). Due to the lack of suspended sediment data during high 
flows at site EA012, calibration was performed using the complete SSC 
dataset of the two upstream stations. 

Table 1. Relations used to determine the suspended sediment concentrations (SSC) from 
turbidity data and the suspended sediment load at the three sites for the study period. 

Gauging 
station 

mV-SSC relation 
Rating curve n  R2 p-value 

EA050 SSC = 0.374×Turb - 1.492 148 0.872 <0.001 
EA051 SSC = 0.464×Turb - 1.259 31 0.993 <0.001 

          
EA012a SSC = 0.381×Turb - 2.038 214 0.882 <0.001 

  Q-SSC relation 
  Rating curve R2 p-value 

EA050 SSC = 1.885×Q + 3.451 0.573 <0.001 
EA051 Q < 6 m3/s: SSC = 19.269×Q 0.758 <0.001 

  Q > 6 m3/s: SSC = 1.852×Q + 110.76 0.857 <0.001 
EA012a -- -- -- 

SSC = Suspended sediment concentration (mg/l).     

Turb = Turbidity (mV).       

Q = Flow discharge (m3/s).       

n = number of samples used for calibration.       
a Combined data from EA012, EA050 and EA051.     

 

Statistically significant hourly Q-SSC linear relations (p-value < 0.001, 
Table 4.1 and Figure 4.2) were obtained for EA050 and EA051 for the 
periods with available turbidity data, and these relations were then used to 
extend the sedigraphs for the three hydrological years. Although Q-SSC 
rating curves usually follow a power-law relationship (Syvitski et al., 2000), 
linear relationships showed better results in the case of the Muga. Data 
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Figure 4.2. Suspended sediment load rating curves at the three monitoring stations. SSC 
data correspond to the available turbidity data. Blue dashed lines correspond to the 95% 

confidence bands, and red dashed lines correspond to the 95% prediction bands, both above 
and below the regression line (in black), except for the EA012 site, where no relationship 

was found. For clarity, the 3 sets of data are displayed in individual graphs, but note that the 
different scale ranges in both axes reflect the differences upstream and downstream the 

dam. See Table 4.1 for equations and statistical details. 
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distribution in both EA050 and EA051 sites indicate sediment supply 
limitation, more pronounced in EA051. In order to avoid a large 
overestimation of the load in this site, two different linear relationships 
were used. In the case of EA012, Q and SSC did not show a statistically 
significant relationship, and the six months of missing data had to be 
derived from the monthly runoff-suspended sediment load relationship (i.e. 
WY-SSL). This relationship was obtained from the data of the study period 
(i.e. October 2012 - April 2015, n = 30), and was applied to runoff data at 
monthly scale. The obtained linear regression has an R2 = 0.89 and a p-
value < 0.01.  

The described Q-SSC temporal extrapolations inevitably resulted in some 
uncertainties. Although the correlations between Q and SSC reached an 
acceptable explanatory power and were statistically significant, data scatter 
and regression errors were high (see Table 4.1 and Figure 4.2 for details). 
This evidences the high variability of the sediment transport processes and 
the difficulty of suspended loads estimation (Smart et al., 1999). In fact, the 
use of Q-SSC rating curves tends to underestimate loads (De Girolamo et 
al., 2015). 

Bed-material and particle mobility 

Grain-size distribution (GSD) 
Surface bed-material in sites EA050 and EA012 was sampled twice (early 
2013-14 and early 2014-15) in exposed bars following the pebble count 
method (Wolman, 1954). A total of 862 particles were measured in EA050, 
whereas 435 were surveyed in EA012. Subsurface materials were 
characterised through volumetric sampling; three samples were taken in 
EA050 and two in EA012, after the removal of the coarse surface layer 
(Church et al., 1987). In the EA051 river reach, and due to the particular 
characteristics of the riverbed sediments (sand), three bulk samples were 
collected. The volumetric samples were partly sieved in the field (i.e. the 
larger size fractions), while the finest fractions were dried and sieved in the 
laboratory using a Filtra® FLT-0200 electromagnetic sieve shaker (Filtra 
Vibración, Badalona, Spain). 
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Cross-sectional geometry and flow hydraulics 
Cross-sectional topographic surveys were performed to characterise the 
channel geometry of the three study sites. Cross-sections were measured 
using a GPS (Leica® VIVA GS15) and a total station (TPS, Leica® TS02), 
depending on the vegetation cover (GPS was used when vegetation did not 
cover the river channel, i.e. in EA050; and TPS was used when vegetation 
was dense and thus GPS signal was weak, i.e. in EA012 and EA051). From 
the cross-sections and the h/Q rating curves, the hydraulic parameters 
needed to apply the bedload equations were derived. Hydraulic radius (Rh) 
and active channel width (wa) were calculated for each value of Q. The 
active channel width designates the fraction of the riverbed where bedload 
transport occurs (e.g. Tanguy, 2013), and is typically narrower than the 
bankfull channel (US Geological Survey, 2002) and the wetted width 
(Church et al., 2012). According to this, the maximum active width was 
determined following two different methods related to bankfull Q: i) the 
breakpoint in the slope of the cross-sectional depth-width relation, and ii) 
the limit of the perennial vegetation. From the obtained values, the most 
restrictive one was used. Hence, the active channel width for the bedload 
calculations was defined as the top width for every h increment to a point 
from which it was established as a constant value and h increments did not 
imply an increase in the active width. Channel slope (S) was used as a 
proxy of energy slope. S was measured for a distance of twenty times the 
bankfull width in EA051 and EA012 (e.g. Leopold and Skibitzke, 1967; 
Harrelson et al., 1994), and ca. 10 times at EA050, as weirs downstream 
prevented enlarging the surveyed area. 

Bedload formulae 
Bedload transport was estimated from different formulae for the 2012-2015 
period. In EA050 and EA012 (i.e. gravel-beds) bedload was calculated 
applying the bedload formulae developed by Bathurst (2007) and Recking 
(2010). These equations predict the breakup or disruption of armour layer 
(if present), and are thus applicable to armoured gravel-bed rivers (e.g. for 
application of both formulae see López et al., 2015). The Bathurst (2007) 
formula predicts bedload Q in conditions of a broken armour layer; thus we 
assumed that in conditions of unbroken armour layer, bedload was 
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negligible. The formula of Recking (2010) is a non-threshold equation, 
though it predicts only very low values during low flows if the armour layer 
is unbroken. This formula allows for the differentiation of three phases of 
bedload transport, depending on the degree of particle mobility. With the 
aim of being conservative, the mean of the loads predicted by the two 
formulae was used for final sediment budget computations.  

In EA051, we applied specific bedload equations for sandy-gravel bed 
rivers without armour layer (Wong and Parker, 2006; Recking et al., 2013). 
The predicted values were very high (i.e. up to 80.5 kg/s·m  for the Recking 
et al., 2013 equation), above reasonable bedload ranges reported in sandy 
rivers. For instance, Billi (2011) measured values < 1 kg/s·m for an 
ephemeral stream of slope = 1.3 - 1.4%; and Lucía et al. (2013) reported 
values up to 20 kg/s·m for sandy stream of slope < 6%). We therefore based 
the estimation of bedload on previously obtained results in nearby sand-bed 
rivers. We used data from the River Tordera (Rovira et al., 2005a and b) 
and applied a statistically significant relation between runoff and specific 
bedload transport (R2 = 0.64). Although the uncertainty is high given the 
variability of bedload transport, the R2 value is sufficiently good to estimate 
bedload in the Arnera sub-basin. 

River bed mobility  
In order to validate the results from bedload formulae (described in the 
previous section), bed-material mobility was monitored in the EA050 and 
EA012 river reaches from October 2013 to April 2015. We used flood 
episodes for which particle mobility was observed (i.e. competent flows) to 
allow for a qualitatively comparison with equation predictions. Hence, we 
checked that mobility predicted by the equations actually corresponded to 
episodes when the armour layer broke up and the tracers mobilised. 

In EA050 we used painted areas, RFID tagged tracers, and scour chains to 
detect mobility. Painted areas and radiofrequency tracers supply 
complementary information on particle displacement during competent 
floods, i.e. painted areas maintain the existing structure of the bar surface, 
while RFIDs can be placed within the wetted perimeter of the channel also 
allowing for the recovery of buried particles. Two 1×1 m areas were painted 
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in bars head at both sites. Garish colour sprays were used to facilitate 
particle identification and recovery after flood disturbance. A total of 50 
RFID tagged particles were also placed in two lines close to the painted 
areas. The particle size distribution of the RFID tracers was determined 
according to the surface GSD of the river reach (i.e. b axis ranged between 
45 and 128 mm). After a competent flood, painted particles were visually 
identified and positioned with a GPS and/or a Total Station. RFID tagged 
particles were identified using a pole antenna and a HDX Backpack Reader 
(Oregon RFID®, Portland, Oregon, USA) and also geo-positioned. Tracers 
that moved less than one meter were not considered in order to minimize 
errors from the tag read range of the antenna. Moreover, four scour chains 
were installed in the head of the study bar to estimate the thickness of the 
active layer after each flood. The comparison between the length of visible 
chain before and after a flood, as well as its position gave information about 
the sequence of erosion and aggradation processes occurred during a flood 
(Hassan, 1990; Nawa and Frissell, 1993; Powell et al., 2003). Finally, we 
assessed the movement of surface particles in EA012 by means of two 
painted areas that were periodically surveyed. 

RESULTS AND DISCUSSION 

Flow and sediment load upstream from the dam 

Hydrology and runoff 
The study period was drier than the long-term average: mean annual runoff 
40.8 hm3 for 2012-2015 vs. 73.8 hm3 pre-dam data (i.e. 1912-1969) and 
69.2 hm3 of the complete data series (i.e. 1912-2011). Within the study 
period, the year 2013-14 was the driest, with runoff being ca. 1/3 of the 
mean value (Table 4.2); the year 2012-2013 was the wettest, but it still 
performed below the long-term average. The Mugaup sub-basin yielded 
more water than the Arnera due to its larger drainage area. Also the annual 
runoff coefficient (α) was higher at EA050 (0.25) than at EA051 (0.21). 
Mean Q entering the reservoir was 1.3 m3/s for the 2012-2015 period (0.94 
m3/s from Mugaup plus 0.35 m3/s from the Arnera). This was rather a low



 

 

Table 2. Flow discharge and suspended sediment transport data for the study period at annual scale. 

Gauging 
station / year 

  Flow discharge   Suspended sediment transport 

  Qmean 
(m3/s) 

SD    
(m3/s) 

Qmax 
(m3/s) Date Qmax 

Qmin  
(m3/s) 

Total runoff 
(hm3)   SSCmean 

(mg/l) 
SD    

(mg/l) 
SSCmax 
(mg/l) Date SSCmax 

Total SSL 
(t) 

EA050                           
  2012-2013   1.3 9.4 353 06/03/2013 0.16 41.0   10.1 38.6 844 31/10/2012 5,492 
  2013-2014   0.54 1.4 24.7 29/09/2014 0.12 16.9   5.0 11.2 422 18/11/2013 424 
  2014-2015   0.99 5.4 164 29/11/2014 0.05 31.2   5.3 10.2 312 29/11/2014 1,918 
                              
EA051                           
  2012-2013   0.51 4.0 144 06/03/2013 0.08 16.1   7.4 21.8 911 21/10/2012 1,809 
  2013-2014   0.24 0.62 16.2 19/11/2013 0.09 7.6   4.5 9.4 141 19/11/2013 210 
  2014-2015   0.31 1.2 66.5 21/03/2015 0.06 9.8   5.5 11.9 234 21/03/2015 426 
                              
EA012                           
  2012-2013   1.3 1.6 41.3 06/03/2013 0.13 41.7   7.4 10.3 336 26/10/2012 390 
  2013-2014   0.76 0.90 0.45 14/06/2014 0.09 23.9   6.7 10.1 625 29/09/2014 171 
  2014-2015   1.0 1.1 8.4 21/03/2015 0.18 31.6   - - - - - 
Qmean = Mean flow discharge. 
SD =  Standard Deviation. 
Qmax = Maximum flow discharge. 
Qmin = Minimum flow discharge. 
SSC = Suspended sediment concentration. 
SSCmax = Maximum suspended sediment concentration. 
SSL = Suspended sediment load. 
Statistics are based on hourly data. 
No data related to suspended sediment is available for 2014-15 at EA012. 
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value with respect to the mean (i.e. 2.30 m3/s for pre-dam data; 2.19 m3/s 
for complete data series). Specific flow discharge (Qs) flowing into the 
reservoir averaged 11.2 and 5.8 l/s·km2 for the Mugaup and the Arnera, 
respectively.  

Both the Mugaup and the Arnera display a clear Mediterranean flow regime, 
with flow peaks in spring and autumn and dry periods in summer and 
winter (Figure 4.3). Maximum hourly Q occurred in March 2013 with 353 
m3/s at EA050 and 144 m3/s at EA051, which resulted in ca. 500 m3/s 
entering the reservoir. However, the sum of both discharges at daily scale 
resulted in a total Q of 201 m3/s (i.e. 138.5 and 62.5 m3/s for EA050 and 
EA051 respectively), which is associated with a recurrence interval of 60 
years according to the pre-dam records. Qc (maximum annual mean daily 
flow) of pre-dam years averaged 56 m3/s, while for the three study years 
mean Qc equalled 93 m3/s. During the pre-dam period Qc was > 200 m3/s 
only once, indicating the exceptional nature of the 06/03/2013 flood. In fact, 
only 8 days from the > 17,000 days of pre-dam data recorded Q higher than 
100 m3/s. Likewise, a total of 46 days had Q > 50 m3/s, indicating the 
unusual occurrence of the 2014-15 peaks too. Daily Q coefficient of 
variation (CVQ= QSD/Qmean) was > 500% indicating the very high variability 
of Q during the study period.  

Flood events were flashy, and Q peaks were reached in few hours. High 
flows occurred for less than 5% of the time (Figure 4.4). Floods occurred 
mainly during autumn and the late winter-early spring period. Three events 
had remarkable peak flows and runoff volume entering the reservoir, and 
occurred in the first and third years of the study period (Table 4.3). The 
second year was the driest but had a large number of small floods.  

Suspended sediment transport and load 
Suspended sediment transport at EA050 equalled 7,834 t, with notable 
variability between years (i.e. 5,492 t, 424 t and 1,918 t for the three 
consecutive years, respectively). The EA051 showed a similar temporal 
distribution of suspended sediment loads, although lower; there, the total 
suspended load that passed through EA051 in the study period was of 2,445 
t (i.e. 1,809 t, 210 t and 426 t for the three consecutive years, respectively). 



 

 

 
Figure 4.3. Hydrographs for the study period at the three sampling sites. Inset graphs reproduce the shape of hydrographs for the 21/03/2015 
flood. For clarity, the 3 sets of data are displayed in individual graphs, but note the breaks and the different scale ranges in Y-axes to better 

reflect the differences upstream and downstream the dam. Precipitation data correspond to a meteorological station at Mugaup sub-basin.
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Figure 4.4. Flow duration curves calculated for the upstream (EA050+EA051) and the 

downstream (EA012) reservoir sections for individual hydrological years. The inset table 
shows the discharge associated to representative percentiles. 
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Table 4.3. Flood analysis. Upstream the dam only medium-large floods were considered 
(i.e. > 2 m3/s). Downstream from the dam, floods were selected according to the upstream 
ones to facilitate comparison.  

Gauging 
station Flood date Duration 

(h) 
Max Q 
(m3/s) 

Runoff 
(hm3) 

Max SSC 
(mg/l) 

SSL 
(t) 

BL a  
(t) 

P b 
(mm) 

EA050 21/10/2012 75 9.9 0.39 790 129 0.05 76.7 

 31/10/2012 80 14.8 0.58 844 0.44 0.22 91.8 

 06/03/2013c 138 353 17.4 599 512 4846 339 

 04/10/2013 88 3.2 0.41 40.0 4.3 0.03 47 

 19/11/2013 138 24.7 3.4 422 274 23.1 199 

 03/04/2014 114 16.8 1.6 239 85.0 0.94 86.6 

 29/09/2014d 88 20.3 1.0 41.7 17.2 4.4 115 

 29/11/2014d 189 164 11.2 312 1412 2340 323 

 21/03/2015d 17 92.9 6.1 179 438 764 180 

         
EA051 21/10/2012c 24 1.9 0.05 911 11.5  72 

 31/10/2012c 27 2.7 0.09 154 2.2  79.5 

 06/03/2013 109 144 7.2 364 1715  188 

 04/10/2013d 55 3.2 0.18 62.3 5.5  42.8 

 19/11/2013d 84 16.2 1.3 141 129  164 

 04/04/2014d 52 5.7 0.43 110 27.2  71.6 

 29/09/2014d 65 11.7 0.45 132 25.7  110 

 29/11/2014d 103 13.5 1.4 136 125  145 

 21/03/2015d 37 66.5 1.5 234 229  132 

         
EA012 21/10/2012 6 2.5 0.02 275 2.8 - 67.6 

 31/10/2012 26 1.2 0.11 196 6.1 - 93.8 

 06/03/2013 48 41.3 1.6 308 78.6 - 180 

 18/11/2013 36 1.8 0.10 175 6.6 - 130 

 03/04/2014 19 1.1 0.05 61.5 1.5 - 64.5 

 29/09/2014e 22 3.0 0.09 625 17.1 - 146 

 30/11/2014e 39 4.5 0.22 125 15.4 - 169 

 21/03/2015 27 8.4 0.39 241 26.2 - 190 
Max Q = Maximum discharge (m3/s). 
Max SSC = Maximum suspended sediment concentration (mg/l). 
SSL = Suspended sediment load (t). 
BL = Bedload (t). 
Duration was considered to begin when Q was 1.5 times the baseflow at the beginning of the flood 
(García-Ruiz et al., 2005), and ended at the 2nd breakpoint of the recession curve converted to log values. 
No flood was observed at EA012 the 04/10/2013. 
a Mean value of Bathurst (2007) and Recking (2010) formulae predictions. 
b Precipitation was measured at the closest meteorological station. 
c Hydrograph was estimated from another station. 
d Suspended load was estimated from Q-SSC relations. 
e Flood episode with more than one peak. Floods were computed as one. 
-  Bedload was considered negligible.       
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The relationship between Q and SSC indicated that the SSL is generally 
hydraulically dependant in the two rivers (Table 4.1). Some floods, 
however, displayed independent relations between Q and SSC, in which the 
maximum Q did not match the maximum SSC (Tables 4.2 and 4.3). In fact, 
maximum SSC at EA050 and EA051 were measured the 31/10/12 and 
21/10/1012 respectively during low magnitude floods (Table 4.3), and 
exceeded 0.8 g/l in both cases. Since hydrological and sedimentary data for 
the months before these events were not available, it is not possible to fully 
explain the observed values. However, the high availability of sediments 
after the low-flow summer period and the flashiness of autumn storms 
could justify those values. This lack of relation between Q and SSC 
translated to the general runoff-SSL relation and reduced its linearity 
(especially in the case of EA050; Table 4.1). 

Bedload transport and load 
Bedload transport in the Mugaup responded to flow hydraulics since it was 
assessed by formulae. Hence, bedload transport occurred exclusively during 
floods, and the number of floods and its magnitude determined the amount 
of material transported as bedload. The total bedload calculated for the 
study period was 7,981 t, and the variability between years was high (Table 
4.4). The 2013-2014 year (when no high floods occur) showed negligible 
bedload transport (i.e. 28.7 t), while the other two years had higher floods 
that also transported higher loads (i.e. between 3,000 and 5,000 t, 
respectively; Table 4.4). 

Although the discrepancy in bedload transport values predicted by the two 
formulae may seem high, this difference can be considered small for gravel-
bed rivers (e.g. Habersack and Laronne, 2002; Barry et al., 2008; López et 
al., 2014; 2015), especially for armoured river beds. The highest rates 
estimated for EA050 correspond with peak Q; i.e. the highest rates were 
obtained for the 06/03/2013 flood, and equalled 14.1 and 17.3 kg/s·m for 
Recking (2010) and Bathurst (2007), respectively. For the second largest 
flood, the maximum bedload transport rate was 7.6 kg/s·m for Recking 
(2010) and 8.7 kg/s·m for Bathurst (2007). As previously mentioned, 
Recking (2010) is a non-threshold equation. In our study, the formula 
predicted low rates of bedload transport when the amour layer was not yet 
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Table 4.4. Bedload data predicted for the study period at the annual scale. 

Gauging station / year Bedload transport formulae 
Bathurst (2007) (t) Recking (2010) (t) Mean (t) 

EA050       
  2012-2013 5,675 4,021 4,848 
  2013-2014 37.2 20.1 28.7 
  2014-2015 4,104 2,105 3,104 
  Total 9,817 6,145 7,981 
          
EA012         
  2012-2013 - - - 
  2013-2014 - - - 
  2014-2015 - - - 
  Total - - - 
          
        Estimation 

with regional 
values (t)         

EA051         
  2012-2013     1,807 
  2013-2014     1,459 
  2014-2015     1,549 
  Total     4,815 
-  Bedload is considered negligible.     

 

broken (i.e. < 0.1 kg/s·m). These low values likely correspond to the 
movement of fine sediments over the unbroken armour layer, and can be 
considered marginal bedload. In fact, it represented < 1.5% of the predicted 
total bedload transport. The Bathurst formula has been applied assuming 
that, if the armour is not disturbed, bedload transport is zero. It is important 
to notice that, in the 06/03/2013 flood, maximum bedload rates for EA050 
did exceed the maximum calibration and validation values used to develop 
the applied formulae. This occurred for a total of 6 hours and under intense 
flow conditions, a fact that may have overestimated bedload calculations. 
According to field observations, and despite the armour layer, the nine 
floods that occurred during the study period had sufficient competence to 
mobilise sediment particles or, at least, winnow the upper layer of the bed. 
Mobility predicted by the equations coincides with field observations on 
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tracers’ mobility, thus the breaking up of the armour layer. Although a clear 
threshold could not be established for particle entrainment, observations 
showed that 3 m3/s were sufficient to mobilise particles up to 36 mm. Scour 
chains indicated a notable dynamism of the active layer, reaching values > 
25-30 cm for the largest floods. The thickness of the active layer seemed to 
be, a priori, related to the peak Q, but it is not possible to establish a pattern 
of erosion or aggradation. GSD corroborate that sediments could be easily 
mobilised under relatively high floods, and were smaller than the estimated 
thickness of the active layer.  

The Arnera sub-basin showed less variability between years, with bedload 
around 1,500-1,800 t·yr (Table 4.4), transporting a total of 4,815 t during 
the whole study period. Sands in the Arnera mobilised at lower Q than in 
the Mugaup, due to the high shear stress attained in the narrow study section, 
altogether favouring a more constant bedload transport. There, bedload was 
limited by the availability of sediments before the flood and by the presence 
of bedrock, with likely all sediments present in the bed mobilising during 
large floods.  

Total sediment load 
Tables 4.2 and 4.4 summarise the sediment transport in the two streams. 
The total sediment load (hereafter TSL) carried by the two streams for the 
whole study period amounted to 23,074 t, yielding an annual mean of 7,691 
t (i.e. 13,956, 2,121 and 6,997 t for the three consecutive years, 
respectively). The total load represents a specific sediment yield of 63 
t/km2·yr for the Mugaup and 40 t/km2·yr for the Arnera. In the particular 
case of the Arnera, the lower sediment yield together with the observed 
breakpoint in the Q-SSC relation (Figure 4.2), could indicate that it acted as 
a supply-limited system, with sediment exhaustion above ~10 m3/s. Overall, 
values in the Upper Muga are within the range of those estimated in the 
Mediterranean basins of the Iberian Peninsula (e.g. Poesen et al., 1997; 
Liquete et al., 2009; Buendia et al., 2016), and also similar to those 
estimated for Mediterranean basins in the south of France (Têt: 40 t/km2·yr 
Serrat et al., 2001; and Agly: 130 t/km2·yr, Serrat, 2000). However, these 
values are lower than those obtained in other Mediterranean regions, as in 
the Upper Celone River (250-384 t/km2·yr, De Girolamo et al., 2015); or 
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the estimated values for the Eastern and Southern parts of the 
Mediterranean basin (i.e. 315 t/km-2·yr for Greece and Turkey; 1,400 
t/km2·yr for Croatia and Albania; 325 t/km2·yr for North Africa; Poulos and 
Collins, 2002). Despite these regional values, other studies reported much 
lower values, e.g. Van Rompaey et al. (2005) for several small-to-medium 
scale Italian basins. 

Up to 55% of the TSL upstream from the reservoir (i.e. 12,796 t) was 
transported as bedload (BL), while the remaining 10,278 t were transported 
in suspension (suspended sediment load, SSL). The Mugaup sub-basin 
accounted for the 76% of the SSL and the 62% of the BL of the TSL (i.e. 
7,834 t and 7,981 t, respectively), whereas the Arnera yielded the remaining 
amount (i.e. 2,445 t as SSL and 4,815 t as BL). The percentage of bedload 
transport in the Mugaup sub-basin (i.e. 50%) lies within the upper limit of 
other Mediterranean catchments (e.g. 8.3% for Nahal Estemoa and 68% for 
Nahal Yael, Powell et al., 1996). In the Arnera, bedload transport accounted 
for the 66% of the TSL of the sub-basin, a value similar to those found in 
other rivers flowing on sand beds (e.g. 67% in Arbúcies, Batalla and Sala, 
1996; and 80% for the River Tordera, Rovira et al., 2005a and b). Both SSL 
and BL showed high inter-annual variability.  

The Mugaup is a clear example on how the proportion of BL and SSL 
responds to specific hydrological characteristics: the proportion of SSL and 
BL was similar for the first year, BL was considerably higher in the third 
year (when two large floods occurred), and SSL was predominant in the 
second year, when only small low-competent events took place. In contrast, 
the Arnera showed similar loads in suspension and bedload for 2012-13, 
while BL was considerably higher than SSL in the other two years. This may 
be related to the high mobility of the sandy sediments present in the bed. 
Batalla et al. (1995) found that bedload was double the suspended load in 
rivers dominated by sand fractions in the river bed, while Turowsky et al. 
(2010) observed that bedload in this type of rivers could attain up to 50% of 
the total load, much higher than that usually observed in gravel-bed rivers. 

Runoff and sediment load frequency curves (Figure 4.5) showed a similar 
behaviour between the two basins. The steep slope of frequency curves is 
characteristic of Mediterranean rivers (e.g. Vericat and Batalla, 2010; 
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Lobera et al., 2016), and indicate that most of the load occurs during short 
periods of time (floods). At EA050, years 2012-13 and 2014-15 registered 
at least one large flood (> 100 m3/s) that carried large volumes of water and 
sediments, while during 2013-14 all floods were lower than 25 m3/s. 
Upstream the dam (i.e. EA050 + EA051), the years 2012-13 and 2014-15 
had 90% of the total runoff occurring in 50% of the year whereas 90% of 
the SSL was transported by Q occurring < 1% of the time. In contrast, 
curves indicate a slightly more constant sediment load during 2013-2014. 
Bedload curves could only be drawn for the Mugaup. They indicated that the 
90% of the bedload was transported in less than 0.5% of the time, indicating 
the higher dependency of BL on flood competence (i.e. energy expenditure 
in the channel) in comparison to that needed to transport SSL. As a 
summary, Q equalled or exceeded 3% of time were responsible for ca. 50% 
of the runoff but for > 95% of the SSL and > 99.5% of the BL. Frequency 
curves for EA050 indicate a difference between years; there, the 50% of 
runoff occurred in approximately the 15% of the time in the very dry year 
(i.e. 2013-2014), but only 5% of the time in the dry years. The 90% of 
runoff occurred in 55% and 75% of the time for dry and very dry years, 
respectively. In EA051 half of the runoff occurred in < 20% of the time, 
while 90% occurred between the 60 and 75% of the time, altogether 
indicating a relatively more regular flow regime. The SSL curve showed 
that 50% of the load was transported in < 0.3% of the time, whereas 90% 
occurred in < 3% of the time. A single flood can contribute with almost half 
of the runoff of the whole year (Table 4.3) and a considerable part of the 
annual SSL (50-95%). BL duration could not be assessed by frequency 
curves, but it probably was more constantly provided than in EA050 (i.e. 
sands need relatively low discharges to entrain). Overall, results in the 
Upper Muga are analogous to those obtained in the nearby River Têt 
(Northern Pyrenees) or the Upper River Celone (Central Italy), where a 
very high proportion of sediments were transported during high flows or 
floods (Serrat et al., 2001; De Girolamo et al., 2015). 
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Figure 4.5. Runoff and sediment load frequency curves of the monitoring sections for the 
three study years. Suspended sediment frequency curve for the year 2014-15 at EA012 is 
not available since half of the year was estimated at the monthly scale. Bedload frequency 
curves are not available for the EA051 station since only a seasonal value was estimated. 

Bedload is considered negligible for the EA012 station, so curves are not drawn. 
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Summarising, the high time-concentration of sediment transport events in 
few hours/days shown in frequency curves indicate that floods are 
determinant for sediment transport. Hence, the number of floods is a key 
factor to explain the magnitude and duration of the sediment load. 
Additionally, as both suspended sediment and bedload transport are 
hydraulically dependent, the magnitude of the floods is also a very 
important factor to explain the temporal distribution of the sediment loads. 

Flow and sediment load downstream from the dam 

Hydrology and runoff 
Downstream from the dam, runoff was also below the long-term average: 
mean annual runoff 32.4 hm3 vs. 62.6 hm3 post-dam data (i.e. 1970-2011) 
and 69.2 hm3 complete data series (i.e. 1912-2011). Mean Q at EA012 for 
the whole study period was 1.03 m3/s, considerably lower than the long-
term values (i.e. 1.98 m3/s for post-dam data; 2.19 m3/s for complete data 
series). Mean Q was slightly lower than upstream and also displayed less 
temporal variability (i.e. as indicated by the SD of the discharges, see Table 
4.1). At the daily scale, the variability was lower at EA012 (daily CVQ = 
108%) than upstream. Both metrics reflect the effect of regulation on the 
river flow regime. Maximum hourly Q occurred in March 2013 with a flood 
peak of 41.3 m3/s, while maximum daily Q equalled 12.3 m3/s, which 
corresponded to a recurrence interval of 1.4 years, according to post-dam 
data. The average of the post-dam Qc data was of 24.7 m3/s, while for the 
three study years mean Qc downstream from the dam equalled 5.5 m3/s. 
During post-dam years, mean daily Q was > 50 m3/s occurred in 5 floods 
(13 days out of 13,819 of available records), with Q > 10 m3/s in 157 days. 
These results, together with the differences with data from upstream from 
the dam, point out the dryness downstream. Dams exert a role as controllers 
of the hydrological regime even during large floods (i.e. reservoir 
management and dam operation work together to route, reduce or even 
eliminate flood peaks). Additionally, in contrast to sections upstream, 
minimum flows did not occur in summer, when water releases from the 
reservoir for agricultural and tourism uses occurs, but in winter in a sort of 
inversion of the hydrological regime (Piqué et al. 2016).  
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Flow duration curves (Figure 4.4) reflect both the regulation effect of 
reservoirs and water withdrawals (Magilligan and Nislow, 2005). Duration 
of high flows in the Muga below the dam were reduced whereas low flows 
were increased, resulting in a more constant flow regime than upstream. 
Breakpoints between 0.5 and 1 m3/s in the duration curves (Figure 4.4) 
corresponded to sudden changes in flow due to irrigation releases from the 
dam. Median Q was lower downstream from the dam, although the 
difference with upstream was small. QP95 and QP99 showed the lower 
magnitude and frequency of floods in relation to the same upstream flow 
percentiles. Not all the floods occurring upstream from the reservoir 
occurred at EA012, and only three flood episodes reached higher Q than 
those released during summer months. The larger floods coincided with 
upstream episodes capable of filling up the reservoir (i.e. to 95%), and 
probably respond to operative water releases. This caused the reduction of 
flood lamination capacity of the reservoir just before the irrigation season. 
Compared to upstream, the magnitude and duration of these floods was 
reduced at EA012, and had different hydrograph shapes (Figure 4.3).  

Suspended sediment transport and load 
The total suspended sediment load at EA012 for the whole study period was 
800 t, a value that represents an annual mean of 267 t (i.e. 390, 171 and 239 
t for the three consecutive years, respectively). 

SSC at EA012 was not Q dependent, with higher values of SSC not 
corresponding to higher flows (Figure 4.2). Sediment in suspension was 
only carried during floods, while high discharges (i.e. > 3 m3/s) were 
usually clear and with low SSC (< 10 mg/l). Maximum instantaneous SSC 
was 0.6 g/l, during the 29/09/2014 flood, and did not coincide with the 
maximum Q (Table 4.2). Maximum SSC values were lower than those 
measured upstream.  

Bedload transport and load 
Bedload transport was predicted only for the higher Q of the 06/03/2013 
flood, and lasted for 16 h. The maximum rates predicted for the period of 
armour break-up were estimated at 1.6 kg/s·m and 0.26 kg/s·m, using 
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Recking (2010) and Bathurst (2007), respectively. These rates are 8 to 66 
times lower than those estimated for Mugaup using the same formulae, and 
indicate that although the armour downstream the dam probably broke 
during the 06/03/2013 flood, the magnitude and duration of the bedload 
transport were very low downstream. According to the predictions of the 
mentioned formulae, the armour layer remained stable the rest of the time 
and there was no particle movement. The high degree of armouring, 
together with the particle size of the surface layer, ensured bed stability.  

In general, predictions of bedload equations were consistent with the 
observations from tracers, and no mobility was observed while they were 
installed. It is worth noting, however, that particle movement during the 
largest flood (i.e. 06/03/2013) could not be verified since tracers were 
already not installed. Despite this, and because of the short duration of the 
episode and the low predicted bedload rates, bedload can be considered 
negligible for the purpose of this work. 

Total sediment load 
As stated, SSL constituted the total load passing through the EA012 
monitoring station (Figure 4.6), so ca. 800 t were transported downstream 
from the dam. 

The SSL curve is less steep than upstream, indicating that suspended 
sediment passing through the EA012 was transported more constantly 
(Figure 4.5). The 50% of the SSL was transported between the 13 and 15% 
of the time (depending on the year) while 90% of the sediment was 
transported between 43 and 48% of the time. Similar suspended sediment 
frequency curves were observed below dams at the lower Ebro (Tena et al., 
2012).  

Results indicate that the factors controlling the sediment transport 
downstream from dams are substantially different from those observed 
upstream; ‘high flows’ are not the direct responsible of sediment transport 
at EA012, due to the existence of an armoured river bed and owing to the 
operational needs of the dam. 



 

 

 
Figure 4.6. Seasonal water and sediment budgets of the upper River Muga for: a) 2012-2013, b) 2013-2014, and c) 2014-2015. d) Annual 
distribution of water and sediment loads for the complete period 2012-2015. Seasons are established as: Au (autumn): 1 Oct–31 Dec; Wi 

(winter): 1 Jan–31 Mar; Sp (spring): 1 Apr–30 Jun; Su (summer): 1 Jul–30 Sep. 
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The role of the dam in the Upper Muga sediment budget 

Figure 4.6 shows the seasonal and the annual water and sediment budgets 
for the Upper River Muga. Overall, the year 2012-13 contributed the most, 
both in terms of water and sediment load. For the complete study period, 
most of the total load upstream from the dam was supplied by the Mugaup 
sub-basin, yielding the 69% of TSL to the reservoir (i.e. 15,815 out of 
23,074 t). At the annual scale, the contribution of each sub-basin varied 
considerably. The Mugaup yielded > 70% of the TSL to the reservoir for the 
years 2012-13 and 2014-15, but the Arnera transported more sediment in 
2013-14 (i.e. 79% of the TSL). This is probably related to the sediments 
transported as bedload under low flows during that very dry year. Sands 
from the Arnera needed less competence to mobilise, so small floods during 
2013-14 were likely capable of mobilising the sandy bed-material of the 
Arnera, but not the gravels in the Mugaup. However, in the 2012-13 and 
2014-15 large floods broke the armour layer and mobilised sediments in the 
Mugaup sub-basin, so the contribution of that river as bedload was 
substantially higher. Seasonal hydrological or sedimentary patterns were 
not apparent, showing that individual floods control mass production in the 
catchments regardless of the season in which they occur. 

TSL reduced considerably below the dam a fact that reflects the role of the 
reservoir in trapping sediments. The reduction of sediment transport 
downstream is more than 95%. This value is much higher than the mean 
reduction estimated for the northwestern Mediterranean region (i.e. - 56%; 
Poulos and Collins, 2002) and for southwestern Europe (e.g. > 50%, 
Vörösmarty et al., 2003). The retention capacity of reservoirs estimated in 
the Muga by means of the Heinemann method (observed/predicted 
sediment loads upstream and downstream from the dam; Heinemann, 1981) 
was 86% for fine sediments (94.7%, 73.0% and 89.8% for consecutive 
years), while it is acknowledged that bedload retention is total. This implied 
the retention of a total of 9,478 t of suspended sediment, in addition to the 
12,796 t carried as bedload (Table 4.5) for the complete 2012-2015 study 
period. The suspended sediment trapping efficiency of the Darnius-
Boadella Reservoir fits in the mid-upper range of the values found in the 
literature. Our data are higher than those of the Lacang River Dam, China 
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(Fu and He, 2007, with 60% trapping), and similar to those from several 
dams in Sebou and Moulouya Rivers, Morocco, and in Smoky Hill and Big 
Blue Rivers, USA (Snoussi et al., 2001; and Juracek, 2011; with trapping 
efficiencies > 90%).  

Table 5. Sediment trapped in the reservoir according to Heinemann method. 

Year   Suspension (t) Bedload (t) Total (t) 

2012-2013   6,910 6,656 13,566 

2013-2014   463 1,487 1,950 

2014-2015   2,105 4,653 6,758 

Total   9,478 12,796 22,274 
 

The sediment transported downstream from the dam could come from 
reservoir releases as well as from the drainage area between the dam and the 
EA012 monitoring station. The mean sedimentation rate obtained using the 
two available bathymetries from the Catalan Water Agency for the reservoir 
performs higher than our estimations (i.e. 70000 t/yr). The reason for this 
difference may be the dry character of the study years, a fact that likely 
underestimated the mean total load usually transported by the two upstream 
rivers. Errors arising from calculation of rivers total sediment load and 
extrapolations typically associated with bathymetric surveys may have 
enhanced this discrepancy.  

Downstream implications of the Darnius-Boadella Reservoir 

Although sedimentation does not seem to threaten the lifetime of the 
Darnius-Boadella Reservoir, it does have consequences in the downstream 
river reaches due to the acute sediment deficit. River sediments constitute 
the habitat of benthic biota, and are the refuge for invertebrates and fish, so 
the lack of river bed mobility and the lack of sediment coming from 
upstream alter the sedimentary and ecological equilibrium of the fluvial 
system. The physical effects of the reduction in sediment transport 
downstream from dams was already described by Williams and Wolman 
(1984), and effects on invertebrate diversity and density were also 
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established (Petts et al., 1993). Other early studies (e.g. Kellerhals and Gill, 
1973; Kondolf and Matthews, 1993) described and compiled (respectively) 
the morphological changes that occur downstream from dams due to 
sediment deficit: i.e. bed material coarsening, river bed incision, or changes 
in channel geometry. Our study show that the River Muga downstream 
from the Darnius-Boadella Dam is highly armoured, probably as a 
consequence of the reported sediment deficit, but also of the existence of 
sufficient competent floods to mobilise material downstream (Schmidt and 
Wilcock, 2008). Hence, although floods are not highly recurrent in the 
Muga downstream from the dam due to the high control of flow discharges, 
when they occur they did contribute to the coarsening of the river bed and 
the formation of an armour layer. 

The inherent capacity of a river to recover from dam effects depends mainly 
on the downstream distance and the number and capacity of tributaries it 
receives; without these influents, river degradation may remain for long 
distance (e.g. Chien, 1985). Although we only considered the upper part of 
the catchment, Piqué et al. (2016) observed that the Muga only recovers a 
certain degree of hydrological dynamism in the lowermost reach, where the 
river is close to the sea. Examples such as the River Muga, where dam 
effects are observed further downstream, reveal the need that practices to 
reduce sediment deficit so as to rehabilitate sedimentary fluvial dynamics 
downstream from large dams should be considered in reservoir managing 
operations, and periodically implemented (e.g. Owens et al., 2005). These 
operations should be based on accurate sediment budgets and load 
estimations. In Mediterranean regions the need for long-term water storage 
to reduce inherent hydro-climatic variability complicates the 
implementation of feasible alternatives for sound sediment management to 
mitigate the lack of sediments downstream from dams, such as sediment by-
passing, sediment pass-through, and off-channel reservoir storage, among 
others (e.g. Kondolf et al., 2014). However, other practices can still be used 
in the downstream channel, such as regular reservoir dredging, feeding 
sediment injection and gravel augmentation actions. Despite the difficulties 
to overcome the sediment deficit caused by dams, management actions may 
ameliorate it and add dynamism to the river. As an example, flushing flows 
are controlled flow releases and have been used worldwide as a restoration 
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practice to maintain or improve water quality and river ecosystem 
functioning (e.g. Canada, BC Hydro, 1996; USA, Kondolf, 1998; Sri 
Lanka, Acreman et al., 2000; China, Yellow River Conservancy 
Commission, 2004). These have been also implemented in Mediterranean 
rivers with the purpose of re-activating the river bed and control 
macrophytes growth (Batalla and Vericat, 2009). This type of rehabilitation 
actions could be also implemented in the River Muga. As flushing flows 
would not entirely solve sediment deficit downstream from the dam, other 
(costly) actions such as gravel augmentation would be implemented. Prior 
to these, specific ecological targets should be defined to attain a 
comprehensive river management plan.  

CONCLUSIONS 

The sediment budget of the Upper River Muga is a result of the natural high 
spatial and temporal variability of sediment transport in rivers of the 
Mediterranean region as well as of the local effect of the dam. This 3-year 
budget has identified clear differences between sediment transport modes 
(suspended and bedload), between river sections and between years, owing 
to different hydrology and, most remarkably, to the characteristics of river 
bed material. In particular: 

1) Almost 23,000 t of sediments were transported to the Darnius-Boadella 
Reservoir during the 2012-2015 hydrological years, 55% as bedload and the 
rest in suspension. The Mugaup sub-basin contributed with 2/3 of the load, 
owing to its larger contribution area, runoff volume and magnitude of flood 
peaks.  

2) The sediment load of the Upper River Muga depends mainly on large 
floods, as indicated by the steepness of the load duration curves, while low 
flows do not contribute to sediment transport. Small and medium events had 
very little effect in the gravel-bed River Muga, but can carry high sediment 
loads in the sand river Arnera. However, the high inter- and intra-annual 
temporal variability made it difficult to predict their precise role on the 
long-term sediment load of the river.  
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3) Almost all the suspended sediment load was trapped by the Darnius-
Boadella Dam, and this caused an acute sediment deficit downstream. 
Although the reservoir trapping efficiency is very high, sediment yield 
calculations together with long-term data from bathymetries showed that 
the storage capacity of the reservoir has not been dramatically reduced since 
dam construction. This can be attributed to the extraordinary large reservoir 
volume in comparison to the annual runoff of the catchment and the 
moderate load supply from these two headwater forested catchments. The 
mean annual reduction of reservoir capacity during the study period has 
been estimated at 0.01%, well below regional values.  

This study illustrates the alteration of sediment transport derived from dam 
construction in a mesoscale Mediterranean river. The River Muga is an 
example of a dammed river subjected to marked Mediterranean climate, 
with high intra- and inter-annual hydro-climatic variability. The Muga can 
be considered representative of the mid-latitude mesoscale coastal 
Mediterranean catchments in terms of annual precipitation, temperature, 
runoff, and percentage of irrigated area (PERSEUS-UNEP/MAP Report, 
2015). Hence, despite the inherent high variability, this is a good example 
illustrating the current hydro-sedimentary situation of many Mediterranean 
rivers. The extrapolation of the information obtained from this work, 
together with other studies related to the reduction of sediment delivered to 
the oceans (e.g. Milliman, 2001), evidences the need of management 
actions to improve the functioning of fluvial ecosystems, despite other 
actions specifically designed according to their bio-physical characteristics 
and water uses.  
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ABSTRACT 

In-channel sediment storage is a fundamental component of a river basin’s 
sediment budget. Sediment remains stored until a competent flow re-
suspends and transfers it downstream. The objectives of this paper are: (1) 
to quantify in-channel sediment storage and its spatial and temporal 
dynamics in the River Isábena, a mesoscale mountainous catchment 
draining highly erodible areas (badlands) in the south central Pyrenees 
(Ebro basin) and (2) to analyse changes in storage in the mainstem channel 
in relation to sediment yield from the main tributaries. In-channel sediment 
storage was measured seasonally (from winter 2011 to winter 2012) at 14 
mainstem cross-sections using a re-suspension cylinder. A minimum of 
three locations were sampled at each section, and two levels of agitation 
were applied. Samples allowed determination of the amount of sediment 
accumulated per unit surface area at a given point in the river; estimates of 
the total storage in the bed of the mainstem Isábena were derived from these 
data. In addition, main five tributaries were monitored for discharge and 
suspended sediment transport. Results show an annual sedimentary cycle, 
with the sediment being produced in badlands during winter, transferred to 
the main channel during spring, stored in the river during summer and, 
finally, exported out of the basin by the autumn floods. Marked spatial 
variability was observed; sections located immediately downstream from 
the main tributaries (i.e. mainly Villacarli) generally held larger amounts of 
sediment in the bed. Runoff and sediment inputs from the tributaries were 
the most important factors determining sediment storage and its spatial and 
temporal dynamics. The overall sediment yield of the Isábena was much 
higher than the in-channel sediment storage, despite the large amounts 
stored in the channel. This finding corroborates a previous published 
hypothesis that fine sediment in the drainage network has a mean residence 
time of the order of 1 year and that the basin’s delivery ratio exceeds 90 %; 
both of these characteristics can be related to the high connectivity between 
production areas (badlands) and the river network, and to the role of 
baseflows allowing continuous export of sediment from the catchment. 

 
KEYWORDS  badlands, in-channel sediment storage, River Isábena, 
storage variability, suspended sediment 
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INTRODUCTION 

In-channel sediment storage is an essential component of the sediment 
budget of basins (Dietrich and Dunne, 1978; Trimble 1983). The amount of 
sediment stored in the drainage network varies greatly, from rivers in which 
it constitutes a relatively small fraction of the total basin sediment yield to 
others where it can be of similar or higher magnitude to the sediment export 
(e.g. Walling, 1983; Meade et al., 1990). Whatever the case, its storage and 
episodic transfer downstream exert an important control on both the 
temporal variability of the river’s load and the instantaneous magnitude of 
sediment being transported. 

Bed sediment is mobilised during floods and transported downstream; in 
periods between floods, water is generally not sufficiently competent to 
transfer sediment so the material is deposited on the riverbed surface (e.g. 
Wilson et al., 2004) and within the gravel matrix (mainly silt and clay) 
(Walling et al., 1998). Thus, not all the available sediment (i.e. material 
produced by erosion and transferred to the drainage network) reaches the 
outlet immediately (Reid and Dunne, 1996; Walling et al., 1998). Once 
supplied from the catchment, the transport capacity of the flow and channel 
morphology control the distribution of sediment storage along the channel 
(Miller and Shoemaker, 1986; Pryor et al. 2011). Stored sediment can 
remain from days to millennia, depending on the magnitude and frequency 
of competent floods (i.e. as a function of the relations between flow 
intensity to particle calibre and bed sedimentary structure). Suspended 
sediment concentrations increase on the rising limb of flood hydrographs 
with flood intensity also entraining larger sediment and, if available, 
releasing large amounts of sediments from the bed subsurface. In particular, 
gravel-bedded rivers show marked spatial and temporal variability of 
sediment storage, both in longitudinal and transversal directions (Adams 
and Beschta, 1980). The riffle-pool structure found in such rivers implies 
continuous variation in flow depth and water velocity (depending on local 
morphology and slope) that ultimately controls fine sediment accumulation. 
When flood discharges are competent enough to mobilise both surface and 
subsurface material, the riverbed acts as a sediment source (Diplas and 
Parker, 1992). 
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The sediment budgets of river basins are conceptualised as black-boxes in 
which inputs from sediment sources are related (both in absolute terms, i.e. 
tonnes eroded vs. tonnes exported, and relative terms, i.e. delivery ratio) to 
the sediment yield at the outlet. However, generally, little or no attention 
has been devoted to the transfer sequence through the drainage network. 
Results of fine sediment stored in the channels are, however, particularly 
important since storage may play a critical role in controlling key aspects of 
the physical and even biological functioning of a river. It may, for instance, 
control the temporal variability and magnitude of the suspended sediment 
concentrations and load at a given river reach and for particular flow 
conditions. It may also affect channel form and roughness, bank stability, 
bedload entrainment and porosity of the riverbed, amongst others. The 
amount of sediment stored in a given channel is a direct reflection of the 
degree of connectivity between sources of particulate material and the 
fluvial network. Furthermore, in-channel storage has important effects on 
the composition, richness, distribution and dynamics of benthic 
communities in stream channels (e.g. Buendia et al., 2014). The paucity of 
studies on in-channel sediment storage could be partly related to technical 
limitations of sediment sampling, so as to ensure a desirable temporal and 
spatial representativity, particularly in large rivers. Despite difficulties in 
addressing this kind of study, some authors have paid attention to in-
channel sediment storage, its magnitude and dynamics, using different 
methods to quantify the amounts of material involved. Lambert and Walling 
(1988) developed a technique consisting of a metal cylinder that allowed 
quantification of the amount of sediment stored in the bed at a given point 
and time. Recently, Gartner et al. (2012) used radionuclides to measure the 
residence time of stored fine sediment. Seasonal patterns of in-channel bed 
accumulation have been also described by different workers. For instance, 
Duijsings (1986) described a seasonal trend in the River 
Schrondweilerbaach (Luxembourg), with dominant storage in winter and 
re-mobilisation in summer, whereas higher accumulations were found 
during spring months. Furthermore, Collins and Walling (2007) described 
temporal storage variations in two rivers of the UK (the Frome and the 
Piddle). However, the dearth of studies characterising fine sediment storage 
is still evident from the literature. Within this context, results in the River 
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Isábena - a highly dynamic mesoscale catchment representative of the 
southern Pyrenean region - offers an opportunity to highlight the 
importance of channel storage, illustrating the fundamental link between 
sources, transfers and yields of sediment in river basins. Basic water and 
sediment budgets for the River Isábena were established by López-Tarazón 
et al. (2012) from summer 2007 to spring 2009. Later, a quantitative 
assessment of in-channel sediment storage and its relations with suspended 
sediment was presented by López-Tarazón et al. (2011). This study was 
carried out at four locations close to the basin’s outlet (in a 4-km river 
stretch) for the period 2007–2008. 

Building on these studies, and by following a similar approach to that of 
López-Tarazón et al. (2011), the current paper aims to further develop 
knowledge of in-channel fine sediment dynamics in the River Isábena. 
Sampling was thus extended to a larger number of sampling sites, whereas 
sub-basins were simultaneously monitored for runoff and suspended 
sediment transport. The novelty of this work in relation to previous studies 
in the Isábena and beyond relies on: (1) the analysis of the temporal and 
spatial variability of sediment stocks in the riverbed; and (2) the 
interpretation of these results in light of the water and sediment 
contributions from the main sub-catchments. Specific objectives of the 
paper are thus to: (1) determine the spatial and temporal sediment storage 
along the whole mainstem of the Isábena River and (2) assess the influence 
of the main tributaries on the magnitude and variability of the in-channel 
sediment storage. The first objective is achieved by measuring in-channel 
accumulations at 14 sites distributed along ca. 38 km of the river in relation 
to tributary inputs; the second objective is accomplished by the analysis of 
the basin’s water and suspended sediment loads, in relation to in-channel 
sediment accumulations. 

THE BASIN 

The River Isábena is located in the northeast of the Iberian Peninsula and is 
part of the Ebro basin (Figure 5.1a). It flows into the River Ésera, one of the 
main tributaries of the Cinca which is, in turn, the second largest tributary 
of the Ebro. Immediately downstream from the confluence, the Ésera-
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Isábena drains into the Barasona Reservoir. The Isábena catchment area is 
445 km2, and its altitude ranges from 450 to 2,720 m above sea level. The 
basin is composed of five main sub-basins (from north to south): Cabecera, 
Villacarli, Carrasquero, Ceguera and Lascuarre (see Figure 5.1b for location 
details). 

The climate of the Isábena can be classified as Continental Mediterranean; 
however, owing to its altitudinal range, notable differences exist between 
the northern and the southern parts of the basin. Mean annual temperature 
varies from 9 to 11 °C in the headwaters and from 11 to 14 °C in the 
lowlands. Precipitation is also conditioned by the altitudinal and latitudinal 
gradients, resulting in marked spatial variability. Mean annual precipitation 
is 770 mm, ranging from 1,600 mm at the headwaters to 450 mm in lower 
areas close to the reservoir (for more details, see Verdú et al., 2006a). The 
basin headwaters are located on Cretaceous massifs that have been 
gradually excavated. Erosion has exposed limestones in the higher parts and 
Eocene marls in the valleys. Lowlands are on Mesozoic limestones and 
Tertiary clays and conglomerates. In the central part of the catchment 
(mainly in the Villacarli and Carrasquero sub-basins), easily erodible 
materials (marls and shales) predominate and form extensive areas of 
badlands that are especially active during periods of rainfall.  

The basin has a rain-snow-fed regime, with high variability during the year. 
Maximum discharges occur during the spring months, following snowmelt 
in the headwaters; however, absolute maxima occur in autumn after 
torrential rains. Minimum flows are registered at the end of the summer. 
Mean annual runoff for the period 1945-2009 was 398 mm (i.e. 177 hm3 
with an interannual variation coefficient of 76%), while mean annual 
discharge (hereafter, Q) for the same period was 5.6 m3/s (σ = ± 2.2 m3/s) 
(measured at Capella gauging station; López-Tarazón et al., 2009). The 
Cabecera and Villacarli sub-basins provide 64% and 20%, respectively, of 
the total water yield (hereafter, WY) (Verdú et al., 2006b). The 
Carrasquero, Ceguera and Lascuarre sub-basins supply less water, and the 
rest of the catchment is formed by small episodic tributaries whose 
contribution is almost negligible in total runoff terms. 
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Figure 5.1. a) Location of the Isábena catchment within the Ebro basin, Iberian 
Peninsula, Spain; b) The Isábena catchment showing the five main sub-basins and 

location of sampling cross-sections and badland areas; c) List of sampling sections in 
relation to the main tributaries.  

Erosion and sediment supply from badlands control the basin’s sedimentary 
dynamics. This is reflected in the unusual sediment storage in the riverbed 
(in comparison to similar rivers) and also in the acute siltation of the 
Barasona Reservoir. Sediment transport in the Isábena is constant due to the 
high connectivity between sediment sources and the drainage network 
(Francke et al., 2008a and b). López-Tarazón et al. (2009) concluded that 
one third of the sediment load is transported during low flows. Badlands are 
located in the central part of the basin (mostly in the Villacarli and 
Carrasquero sub-basins; Penella, 1997; Martínez‐Casasnovas and Poch, 
1998) and, despite representing < 1% of the total basin area, are the main 
sediment contributors to the catchment suspended sediment yield (Francke 
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et al., 2008a and b). On average (i.e. mean hydrological period 2005-2008, 
as per López-Tarazón et al., 2009), annual suspended sediment reaches 0.36 
hm3/year, and mean suspended sediment concentration (hereafter, SSC) is 
0.63 g/l (σ = 3.92 g/l; CV = 622%); these values are associated with a mean 
discharge of 3.4 m3/s (σ = 5.6 m3/s; CV = 167%). During floods, mean SSC 
is 8 g/l, and instantaneous values of SSC of > 300 g/l have been observed. 
Thus, SSC spans five orders of magnitude in relation to Q (López-Tarazón 
et al., 2009). This indicates that sediment transport in the Isábena is not 
solely a hydraulic process but depends fundamentally on the sediment 
supply from the catchment and, especially, on the availability of fine 
sediment in the river network. 

METHODS 

Field monitoring 

Precipitation data were provided by the Ebro Water Authorities (CHE) who 
measure rainfall (15-min interval) at several sites along the catchment and 
neighbouring areas (see Figure 5.1b for details). Water stage (hereafter h) 
was recorded at 5-min intervals by means of TruTrack® WT-HR probes 
(Intech Instruments LTD, Christchurch, New Zealand) in five sites in total; 
four close to the outlets of the Cabecera, Carrasquero, Ceguera and 
Lascuarre sub-basins and one at a central location in the Isábena main 
channel (Puebla de Roda, see Figure 5.1b for exact location). Water stage 
was subsequently transformed into Q by means of field calibrated h/Q 
rating curves. Discharges for different h values were obtained from 1D 
modelling by means of WinXSPRO® (US Forest Service, Fort Collins, 
Colorado, USA) (from channel topography and Manning’s n derived from 
direct roughness estimations, i.e. grain-size, vegetation) and later calibrated 
by direct gaugings. The situation was different at: (1) Villacarli, where h 
(thus Q) was  recorded by a RQ24® radar sensor (Sommer Mess-
Systemtechnik, Koblach, Austria) and (2) the main basin outlet where the 
Ebro Water Authorities (CHE) register 15-min h data at the EA47 Capella 
gauging station (Fig. 1b). Data from Capella were later transformed into Q 
by means of the h/Q rating curve developed by López- Tarazón et al. 
(2009). Due to technical problems, Q record in Ceguera was interrupted 
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between February and June 2011; the WY for this period was estimated as a 
whole from the available records at Puebla, Carrasquero, Lascuarre and 
Capella (Figure 5.1b). Subsequently, WY of Ceguera for that period was 
estimated as the subtraction of the total runoff of Puebla, Carrasquero and 
Lascuarre to the runoff in Capella.  

Water stage samplers were installed at the TruTrack® locations to sample 
SSC during floods. At the Capella gauging station, an Endress+Hauser® 
Turbimax WCUS41 probe (Endress+Hauser AG, Reinach BL, Switzerland) 
connected to a Campbell CR510 datalogger (Campbell Scientific Inc., 
Logan, Utah, USA) registered turbidity every 15 min. Automatic water 
samplers ISCO 3700® (Teledyne, Lincoln, Nebraska, USA) were also 
installed in the sub-basins and in Capella to obtain samples during floods 
and base flows. Samples from both automatic and stage samplers were 
brought to the laboratory, filtered (through 1.2 μm pore-size glass 
microfiber filters) or decanted (when the amount of sediment was > 2 g/l) 
and dried, to determine SSC. 

Load and storage computation 

The marked scatter between Q and SSC at all monitoring sites (as originally 
reported by López-Tarazón et al., 2009) precludes the use of rating curves 
to estimate the river’s load. Instead, Random Forests (RF) and Quantile 
Regression Forest (QRF) models, in combination with direct samples (for 
those periods where available), were the basis for load estimates. Random 
Forest and QRF are non-parametric multivariate regression techniques 
previously tested and used satisfactorily in the Isábena (Francke et al., 
2008a; López-Tarazón et al., 2012; Buendia, 2013). Modelled data showed 
considerable agreement with observed data. The use of RF and QRF allows 
the reconstruction of continuous sedigraphs from continuous Q and rainfall 
data, together with discrete suspended sediment samples as ancillary 
variables. More details on sedigraph modelling can be found in López-
Tarazón et al. (2012) and Francke et al. (2014). 

In-channel fine sediment storage was sampled seasonally from winter 2011 
to winter 2012, on a total of five occasions. Overall, 14 cross-sections along 
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the Isábena mainstem were surveyed; these were located immediately 
upstream and downstream of the confluence of the Isábena with its main 
tributaries. The four sections previously studied by López- Tarazón et al. 
(2011) were included in the sampling design. Sediment in the bed was 
sampled following the technique developed by Lambert and Walling 
(1988). In our case, it consisted of a metal cylinder 0.6 m high and 0.5 m 
diameter. The cylinder was placed on the riverbed without disturbing the 
surface fine sediment and adjusted to the gravels to avoid losing sediment. 
It was inserted into the bed by carefully spinning and applying pressure 
simultaneously. A rubber ring in the bottom of the cylinder helped to seal 
the contact with the gravels. Two samples (N1) of running water were first 
taken as blanks. Then, two levels of agitation were sequentially performed 
inside the cylinder. The first (N2) involved agitation of the water column in 
order to re-suspend the sediment stored on the bed surface, and two samples 
were taken by submerging the bottles in the cylinder immediately after 
water agitation. The second (N3) involved, without moving the cylinder, 
agitation of the water column and the top ~10 cm of the bed, to re-suspend 
the remaining surface sediment and the fines retained in the upper gravel 
matrix, and two more samples were taken after agitation. To encompass 
storage variability, this procedure was repeated at three to five points 
(depending on the section width) across each section. The location of 
sampling points was different at each sampling campaign to avoid the 
influence of the previous disturbance. Values of sediment storage for the 
different sampling points were averaged in order to smooth the influence of 
local morphology on the accumulation of fine sediment, thus obtaining a 
unique value for the cross-section as a whole. 

As described for SSC, storage samples were filtered or decanted in the 
laboratory. Equation 1 from López-Tarazón et al. (2011) was used to 
estimate the amount of sediment per unit surface area. The mean value for 
each cross-section and for each level of agitation separately was calculated 
as the average of the replicate local sediment storage values multiplied by 
the sampled area of the section (i.e. product of the channel width and the 
cylinder diameter). 
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The value obtained was then extrapolated for the ~38 km study reach for 
both N2 and N3 levels of agitation separately by means of the Eq. 1 (also 
detailed in López-Tarazón et al., 2011, adapted from the original equation 
developed by Walling et al. 1998), so the total storage (StSedT) can be 
estimated as: 
 
Eq.1  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑇𝑇 = ∑ �𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+1

2
� × �𝑊𝑊𝑆𝑆𝑆𝑆+𝑊𝑊𝑆𝑆𝑆𝑆+1

2
�𝑛𝑛

𝑥𝑥=1 × 𝐿𝐿  
 
where StSedSx is the sediment stored within a given cross-section (grams per 
square meter); WSx is the width of the channel bed at a section (meters) and 
L is the representative distance for each section (mid-point between 
consecutive sections, meters). Results consequently relate to sediment 
storage for the river length from section 1 (S1) to the basin outlet (S14). 

RESULTS 

Rainfall and runoff 

Rainfall and runoff registered in the catchment are briefly introduced to 
provide the hydrological context of the study period (i.e. 1 year). Rainfall 
showed marked differences between the northern and the southern parts of 
the basin, with values > 650 mm in Las Paules, Calvera and Chordal, and < 
500 mm in Capella and Castigaleu (Figure 5.1b). The difference was also 
noticeable between sampling periods (Table 5.1). It is worth noting that 
very little precipitation was registered in the whole catchment between the 
autumn and winter samplings (e.g. < 11 mm in Capella; < 4 mm in Calvera 
and Chordal). 

Runoff in the Isábena is known to be highly dependent on precipitation and 
antecedent moisture conditions (López-Tarazón et al., 2010); consequently, 
the largest floods during the study period coincided with major rainfall 
events (e.g. June and November 2011). The most important floods occurred 
on the 15th March, 7th May and 3rd and 4th November 2011 and were 
noteworthy in all sub-basins. Total runoff for the period 24th February 2011 
to the 15th March 2012 was 78.6 hm3 at the outlet (Table 5.2), thus the 
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period can be considered very dry in the context of the historical values 
reported by López-Tarazón et al. (2009). Runoff distribution followed the 
well-known pattern in the catchment, with Cabecera contributing the 
highest amount of water (56%), followed by Villacarli (12%); Carrasquero, 
Ceguera and Lascuarre contributed less (4.4, 3.7 and 2.1%, respectively) 
and experienced drought in summer. Mean annual Q and mean specific Q 
for the sub-basins and the whole Isábena are shown in Table 5.2. Water 
yield in Capella does not match the sum of the gauged sub-basins; this can 
be explained by either the existence of transmission losses in the river bed 
when runoff in Capella is less than the total runoff of the main sub-basins 
(Francke, 2009) and/or by the water supplied from small ungauged sub-
basins in the southern part of the basin when runoff in Capella exceeds that 
measured in the main sub-basins. 

 
Table 5.1. Rainfall (in mm) for the periods between samplings (Winter 2011-Winter 2012). 

Location of rain gauges can be seen in Figure 5.1. 

 W-Sp Sp-Su Su-A A-W TOTAL 

Las Paules 196.4 159.4 307.4 5 668.2 

Calvera 181.4 160.4 312 3.4 657.2 

Chordal 171.4 224.6 278.8 3.6 678.4 

Castigaleu 132.2 111.0 140.0 9.0 392.2 

Capella 110 149.6 190.8 10.4 460.8 
Location of rain gauges can be seen in Figure 5.1. 
W winter, Sp spring, Su summer, A autumn 
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Table 5.2. Sub-basins’ hydrological values for the study period (Winter 2011-Winter 2012). 
Location of sub-basins can be seen in Figure 5.1. 

 

 Water yield (hm3) between samplings Mean 
Q 

Mean  
Specific Q 

Max 
Q 

Max. 
Specific Q 

 W-Sp Sp-Su Su-A A-W TOTAL (m3/s) (l/s·km2) (m3/s) (l/s·km2) 

Cabecera 21.7 6.7 13 2.3 43.7 1.3 8.9 31.3 214.4 

Villacarli 1.5 0.91 3.7 2.9 9.0 0.2 4.8 21.5 511.9 

Carrasquero 1.1 1.4 0.9 0.1 3.4 0.1 4 8.9 356 

Ceguera 1.1a 1.7 0.1 2.9 0.08b 2.1 3.7 132.1 

Lascuarre 0.73 0.4 0.2 0.3 1.6 0.05 1.1 4.11 91.1 

Capella 30.6 16.5 26.0 5.5 78.6 2.4 5.4 50.5 113.5 
  Location of rain gauges can be seen in Figure 5.1 
  W winter, Sp spring, Su summer, A autumn 
  a Data was partially lost due to technical problems and water yield cannot be exactly allocated to each of 
the two periods. 
  b From 19/06/11 to 14/03/12 

 
Sediment yield 

Sediment yields for every sub-basin are shown in Table 5.3. In contrast to 
runoff, the Isábena’s sediment yield was not dominated by Cabecera 
(4.7%), but by Villacarli (58%). The presence of badlands and their high 
connectivity to the drainage network are the main factors controlling the 
important sediment supply and downstream load. Carrasquero, Ceguera and 
Lascuarre (2.5%, 2% and 1.1% respectively) contributed less to the 
sediment yield of the basin. The remaining 32% corresponded to the 
ungauged area in the southern half of the basin; encompassing areas that 
also support badlands (see Figure 5.1b). More than 197,000 t of fine 
sediment reached the outlet of the basin, almost ¾ of which was delivered 
between spring and autumn, when the largest discharges were observed. 
Winter-spring period carried 33,000 t of sediment, while between autumn 
and winter samplings very low sediment transport was observed in almost 
all sub-basins (e.g. 165 t in Capella). 

 
 



Chapter 5. In-channel sediment storage 

172 
 

Table 5.3. Suspended sediment yield (SSY) and specific SSY for the sub-basins for the 
periods between samplings (Winter 2011-Winter 2012). Location of sub-basins can be seen 

in Figure 5.1. 

 SSY (t)   Specific SSY (g/m2)  

 W-Sp* Sp-Su* Su-A* A-W* TOTAL  W-Sp* Sp-Su* Su-A* A-W*  

Cabecera 6,600 856 1,483 334 9,272  45.2 5.9 10.2 2.3  

Villacarli 3,133 18,408 46,389 10,013 77,943  926.7 438.3 1,104.5 238.4  

Carrasquero 360 628 3,342 534 4,863  14.4 25.1 133.7 21.4  

Ceguera 1,459a 2,215 273 2,488  26.1a 79.1 9.7  

Lascuarre 708 660 583 145 2,096  15.7 14.7 13 3.2  

Capella 33,016 91,916 72,273 165 197,370  76.8 213.8 168.1 0.4  
  Location of rain gauges can be seen in Figure 5.1  
  W winter, Sp spring, Su summer, A autumn  

  a Data were partially lost due to technical problems and water yield cannot be exactly allocated to each 
of the two periods. 

 
Sediment storage 

Spatial variability 
Initial sampling in winter 2011 showed similar storage at all locations (from 
0.4 to 0.7 kg/m2), except S3 that displayed values > 1.8 kg/m2 (affected by 
the continuous input from Villacarli). Storage experienced notable changes 
in spring, with sections S6 to S11 displaying the largest accumulations (> 1 
kg/m2) in almost all cases. This may reflect the transfer of sediment during 
snowmelt. Sites S1 to S5 and the lowermost downstream sections showed 
lower storage. Summer was the season with the most marked differences, 
with S3 and S4 showing remarkable sediment accumulations (3.9 and 3.1 
kg/m2, respectively), clearly influenced by Villacarli. In turn, S11 
(downstream from Lascuarre) again showed large accumulations of fines. 
The rest of the sites had similar concentrations of sediment per unit surface 
area. Autumn data proved to be irregular, and sections cannot be grouped 
according to storage; three isolated sampling points (S3, S7 and S11) had 
the highest concentrations. The final sampling occasion (winter 2012) 
indicated once more that sections immediately downstream from Villacarli 
and Lascuarre had the higher sediment accumulations, suggesting the 
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significant influence of badland areas in controlling in-channel storage. No 
clear pattern of within-section storage was found at any site or in any of the 
sampling occasions/periods of sampling. 

Temporal variability 
Figure 5.2 offers an overall view of where and when the channel 
experienced increases and depletion of fine sediment storage, together with 
the supply of water and sediment from each sub-catchment that 
hypothetically controls such changes. Sampling started in winter 2011. 
From that point until spring a general increase in sediment storage was 
observed, and most of the sections displayed values > 0.8 kg/m2. S3 (~1 
kg/m2), far from winter values, and from S6 to S11, storage increased 
notably (S10 and S11 reached 1.8 and 1.7 kg/m2, respectively). General 
sediment depletion was observed from spring to summer, although high 
accumulations were still measured in the central part of the basin (i.e. S3-
S5). This sediment was supplied by Villacarli during spring floods, mainly 
generated by rain episodes and deposited in the river bed near its confluence 
with the main river. Chordal, located in the Villacarli sub-basin, registered 
225 mm of rainfall during this period, 60 mm more than the mean 
precipitation of the basin. Between summer and autumn sampling 
occasions, a general increase of stored sediment was noted in most sections, 
especially in S7 and S14; this trend, however, could not be observed at all 
sections, and some experienced a reduction of sediment stocks (e.g. S4, 
from 3.1 to 0.3 kg/m2); rain (> 275 mm in the northern part of the basin) 
may have contributed to this reduction. Increase or reduction in sediment 
storage is rather irregular between these two sampling periods and grouping 
sites is thus not feasible. During the months between the autumn and winter 
sampling occasions, the whole channel experienced a reduction of sediment 
storage, but changes were not as notable as in other periods, coinciding with 
a low-rainfall period and no floods (i.e. only baseflows exported sediment; 
as per López-Tarazón et al., 2009). Winter 2012 showed similar sediment 
storage to winter 2011, thus the sediment cycle returned to its initial 
position; the river bed was generally dominated by moderate accumulations 
(0.4-0.8 kg/m2), with S3 and the outlet again showing the largest stocks. 
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Figure 5.2. Seasonal trends in fine storage in light of water and sediment supply and 
differences in sediment storage for periods between samplings. Due to technical problems, 

water and sediment supply in Ceguera from winter to summer cannot be allocated exactly to 
each of the periods and is presented jointly in the spring-summer map. 
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Sections S3 and S4 are notable as regularly experiencing large 
accumulations of fines and because they displayed remarkable variation 
over the study year. In particular, S3, located immediately downstream 
from Villacarli, always showed very high accumulations (> 1 kg/m2, 
reaching 3.9 kg/m2 in summer) relative, for instance, to upstream S1 and S2 
(Figures 5.3 and 5.4). Sections S4 and especially S3 are both directly 
affected by the input of fines from Villacarli, a phenomenon especially 
visible in summer. Downstream sections are, by extension, also influenced 
by Villacarli, mainly in spring. Notable fine sediment storage was also 
observed at the outlet of the basin in all seasons except in summer, when 
very low accumulations were observed (Figure 5.4). 

Patterns of sediment storage 
Overall, two patterns of sediment storage can be observed in the study 
period. Considering the whole basin, sediment stored on the river bed 
surface (measured by the N2 agitation method) had its maximum in spring 
(124 t in total), whereas sediment determined by the N3 agitation method 
reached its maximum value in summer (708 t, Table 5.4). This may indicate 
a regular washing of the surface sediment between spring and summer 
samplings (i.e. snowmelt period), with flows less competent to mobilise 
fines from the gravel matrix. Method N2 from S1 to S5 shows a peak in 
winter 2012 while maximum values in S6 to S14 appeared in spring. In 
contrast, N3 had its maximum in summer for the upstream sections whereas 
the peak in the downstream sites was in spring. Storage in the gravel matrix 
was, in all cases, larger than that in the surface (Figure 5.5). Lowest 
concentrations (< 500 g/m2 for N3 agitation) were observed at the 
headwaters (S1 and S2, Cabecera) and at the outlet (S13 and S14), whereas 
S3 (influenced by Villacarli) and S11 (after the confluence with Lascuarre) 
showed the highest values (> 1.8 and 1.4 kg/m2, respectively, for N3 
agitation). Central reaches showed similar responses. Moreover, SD and CV 
(Table 5.5) reflect the high variability between samplings. Figure 5.5 shows 
sediment storage per unit surface area for the two levels of agitation and for 
all sampling seasons. 

 



 

 
 

Table 5.4. Storage (in tonnes) of in-channel fine sediment for the study period.  
Location of sites is described in Figure 5.1. 

 WINTER 2011  SPRING 2011  SUMMER 2011  AUTUMN 2011  WINTER 2012  STRETCH 

 N2 N3  N2 N3  N2 N3  N2 N3  N2 N3  LENGTH 
(km) 

S1 2.8 25.0  2.7 11.6  2.7 15.6  1.7 25.5  9.7 9.9  2.6 

S2 0.7 13.8  1.0 9.1  1.4 18.4  0.9 12.7  1.6 6.4  2.3 

S3 18.6 110.8  17.5 64.8  48.3 201.9  6.4 69.0  20.9 58.9  3.2 

S4 2.4 22.4  nd 10.4  4.4 135.6  2.9 16.5  15.0 67.8  1.6 

S5 0.9 36.2  11.0 25.9  4.1 61.8  5.6 25.3  3.7 41.7  2.1 

S6 11.1 30.7  12.1 98.3  0.7 36.1  12.9 42.6  1.2 28.2  3.8 

S7 1.6 32.6  9.6 61.8  1.1 33.7  10.1 95.6  3.1 32.1  3.5 

S8 2.7 13.9  8.4 34.5  2.1 17.8  3.7 14.8  3.3 23.1  1.9 

S9 1.5 25.6  8.4 59.4  1.6 23.1  1.0 11.3  4.3 17.8  2.0 

S10 3.2 37.5  16.8 102.0  2.3 40.1  6.1 28.8  3.4 33.3  3.0 

S11 3.7 47.3  22.0 91.9  7.9 86.7  15.8 74.3  35.3 66.3  2.2 

S12 1.8 28.7  5.6 16.1  0.3 11.8  0.8 22.0  1.7 27.4  1.3 

S13 1.2 15.1  0.7 2.7  0.3 10.8  0.2 0.7  0.6 5.9  1.1 

S14 4.3 78.5  8.1 76.7  1.9 15.1  20.1 88.9  1.9 52.7  7.2 

Total 56.6 517.8  123.9 665.2  79.0 708.7  88.4 527.9  105.6 471.5  37.7 
nd: No data available. 



 

 

 
Figure 5.3. Seasonal evolution of in-channel sediment storage based on the N3 level of agitation (see text for details). S1 to S14 indicate 

sampling sections from upstream to downstream. Arrows indicate the confluence of the main tributaries (V: Villacarli; Ca: Carrasquero; Ce: 
Ceguera, L: Lascuarre; see Figure 5.1 for more details). 



 

 

 
 
 

 
Figure 5.4. Temporal and spatial variability of in-channel sediment storage (including both the surface and the upper gravel matrix) in the 

River Isábena mainstem for the study period. 
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The whole channel showed distinct patterns of sediment distribution (Table 
5.4). Fines stored on both the surface and the upper gravel matrix reached a 
maximum of 708 t in summer (11% in the surface and 89% in the gravel 
matrix), when baseflows were less capable of entraining and transferring 
large amounts to downstream. Spring also experienced notable storage of 
fines (665 t in total, with 18% in the surface and 82% in the subsurface). 
Both winter sampling occasions showed slightly smaller accumulations and 
similar distribution between layers (Figure 5.4). Specific sediment storage 
on the surface and the upper matrix was between 17 and 19 t/km for spring 
and summer, and between 12 and 14 t/km for autumn and winter. These 
results seem to be somehow contradictory to what is shown in Figure 5.4, 
since autumn shows more reaches with high accumulations than summer. 
The reason for this may relate to the fact that sediment in autumn was 
distributed more homogeneously, whereas, in summer, just two river 
reaches (S3 and S4) were responsible for the large sediment stocks (up to 
200 and 130 t, respectively). 

 
Figure 5.5. Mean annual sediment storage at each monitoring section. The two levels of 

agitation are plotted (N2 for surface sediments and N3 for the remaining surface and the top 
gravel matrix). Arrows indicate the confluence of the main tributaries in relation to 
sampling locations. Cabecera correspond to the Isábena mainstem, and it is located 

upstream from the confluence with Villacarli (S1 and S2). The gauging station of Capella is 
located immediately downstream from S14. 
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Table 5.5. Sediment storage in the river bed for both levels of agitation.  
Location of sites is described in Figure 5.1. 

 Mean (g/m2) σ (g/m2) CV (%) Max (g/m2) Min (g/m2) 

S1 N2 108.3 124.1 114.55 329.1 (A) 30.8 (A) 
S1 N3 393.4 124.2 31.58 572.7 (W11) 248.1 (Sp) 

S2 N2 25.4 9.9 38.91 37 (W12) 14.4 (W11) 

S2 N3 270.8 118.7 43.84 455.7 (Su) 146.4 (W12) 

S3 N2 416.3 315.7 75.83 934 (Su) 102.2 (A) 

S3 N3 1,835.6 1,201.3 65.45 3,906.4 (Su) 1,029.7 (Sp) 

S4 N2 127.5 117.3 91.95 300.3 (W11) 51 (W11) 
S4 N3 1,093.3 1,207.0 110.39 3,097.9 (Su) 217.9 (Sp) 

S5 N2 106.4 78.6 73.87 231.2 (Sp) 18.2 (W11) 

S5 N3 794.8 286.7 36.07 1,213.2 (Su) 532.8 (A) 

S6 N2 114.3 91.9 80.38 194.9 (Sp) 10.4 (Su) 

S6 N3 736.6 480.2 65.19 1,585 (Sp) 429 (W11) 

S7 N2 77.0 57.0 74.06 132.62 (A) 15.9 (Su) 
S7 N3 741.7 280.7 37.85 1,089.3 (A) 429.9 (W11) 

S8 N2 135.4 73.1 54.03 258.1 (Sp) 79.2 (Su) 

S8 N3 724.8 293.9 40.56 1,060.3 (Sp) 426.9 (W11) 

S9 N2 75.8 64.5 85.01 159.8 (Sp) 20.22 (A) 

S9 N3 595.7 332.6 55.84 1,134.9 (Sp) 221.7 (A) 

S10 N2 110.5 104.0 94.12 293.1 (Sp) 46.7 (Su) 
S10 N3 859.1 530.8 61.79 1,779 (Sp) 461.3 (A) 

S11 N2 350.7 295.5 84.26 823.2 (W12) 58 (W11) 

S11 N3 1,439.5 415.0 28.83 1,768.6 (Su) 737.5 (W11) 

S12 N2 73.3 87.4 119.14 226.3 (Sp) 11.6 (Su) 

S12 N3 681.7 173.7 25.47 848.7 (W11) 418.2 (Su) 

S13 N2 29.1 16.5 56.85 53.7 (W11) 10.7 (A) 
S13 N3 329.9 265.8 80.57 661.6 (W11) 32.1 (A) 

S14 N2 50.4 47.2 93.53 129.7 (A) 17.3 (W12) 

S14 N3 458.1 181.8 39.69 572.9 (A) 140.1 (Su) 
Location of sites is described in Figure 5.1  
σ: Standard Deviation  
CV: Coefficient of variation  
Wx: Winter for the year x; Sp: Spring; Su: Summer; A: Autumn. 
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The role of in-channel sediment storage 
Table 5.6 presents data on the ratio between sediment storage in a group of 
sections (i.e. defined by sub-basin location) and the specific sediment yield 
transported from the sub-basins (i.e. storage–input ratio). The closer the 
ratio is to 1 the more the in-channel sediment storage resembles inputs from 
sub-basins. Ratios > 1 mean that sediment stored is greater than that 
produced in the corresponding upstream sub-basin, and the larger the value 
the less the correspondence between storage and input. Ratios < 1 indicate 
that sediment exported from the sub-basin is lower than sediment 
accumulated in the channel. From winter to spring, a general increase in 
sediment storage was observed; according to Tables 5.3 and 5.6, most 
sediment came from Villacarli. Sediment yield from Cabecera was also 
considerable, a fact that can be related to the large runoff observed here. 
Carrasquero, Ceguera and Lascuarre showed higher storage–input ratios 
(Table 5.6) which means that they did not contribute to storage to the same 
degree as Villacarli and Cabecera. Between the spring and summer 
sampling occasions, the river channel experienced a decrease of fines, 
except for S3 and S4 (again with the lowest storage/input ratio in 
Villacarli). Values for the remaining sub-basins were high, suggesting that 
their sediment supply did not significantly alter the magnitude of in-channel 
sediment accumulations. From summer to autumn, the lower part of the 
basin experienced a notable increase in storage. During this period, 
Carrasquero and Ceguera (values of 6.3 and 4.3, respectively) together with 
Villacarli (0.8) contributed considerably to the increase in sediment 
accumulation; sediment yield for these sub-basins (Table 5.3) during that 
period was much higher than from previous ones, mainly due to the 
November flood. Finally, from autumn 2011 to winter 2012, general 
sediment depletion was observed in the channel, i.e. no floods occurred 
during this period; badlands were contributing little, and baseflows had 
washed out any fines remaining in the river. Inputs from Villacarli were 
low, whereas the effects of Carrasquero, Ceguera and Lascuarre were weak. 

 
 

 



Chapter 5. In-channel sediment storage 

182 

Table 5.6. Ratio between in-channel sediment storage (N3) 
and specific sediment yield from sub-basins (both in g/m2).  

 SPRING SUMMER AUTUMN WINTER 

S1-S2 4.9 68.4 36.1 108.9 

S3-S4 0.8 8.3 0.8 5.5 

S5-S7 74.8 26.8 6.3 34.1 

S8-S9 31.2 37.2 4.3 78.4 

S10-S14 60.1 39.5 50.0 213.5 
Sampling sites are grouped and their sediment storage has been 
averaged according to the length of the river influenced by every 
section (see Table 5.5). Specific sediment yield for the sub-basins 
(Table 5.3) is applied to the group of sampling points immediately 
downstream of its entrance to the mainstem. S1-S2 are influenced by 
Cabecera; S3-S4 by Villacarli; S5-S7 by Carrasquero, S8-S9 by 
Ceguera and S10-S14 by Lascuarre. When values are close to 1 the 
amount of sediment storage resembles the sediment input from the 
associated incoming tributary at the specific period of time; the larger 
the value the less the correspondence between storage and input. 
Results reflect the remarkable storage variation both in temporal and 
spatial scales. Location of sites is presented in Figure 5.1. 

DISCUSSION 

Figure 5.3 illustrates the clear effect that badlands located in Villacarli exert 
on the Isábena’s mainstem. First, in-channel sediment storage in S3 was, in 
all seasons, higher than in S1 and S2, located in the upstream Cabecera sub-
basin (despite its larger catchment size and runoff). In the summer and 
winter 2012 sampling occasions, the Villacarli effect was also visible in the 
downstream S4 site. Cabecera contributed most runoff, being competent to 
re-suspend and transport accumulated sediments downstream; nonetheless, 
sediment production in Cabecera was low, which is reflected in the values 
of sediment storage of S1 and S2 (< 0.6 kg/m2) and corroborated by a mean 
SSC of 0.2 g/l (in comparison to 10 g/l in Villacarli). Despite supporting 
some badland areas, Carrasquero does not seem to have a major influence 
on the accumulation of fines, at least at the overall scale of the Isábena, 
despite the remarkable instantaneous sediment transport that was normally 
observed here. Hypothetically, local hydraulic conditions downstream of S4 
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and S5 may favour the conveyance of sediment to downstream locations, 
but no data are available to corroborate this. Ceguera and Lascuarre also 
had a minor impact on fine sediment accumulations in the main Isábena, as 
a result of their limited runoff and thus sediment loads. Although SSC 
during floods was notable for Carrasquero, Ceguera and Lascuarre, the 
magnitude and duration of floods seemed insufficient to alter the magnitude 
and the temporal dynamics of the in-channel accumulations, as Villacarli 
does. 

It is worth discussing section S11, where important increases of sediment 
storage in relation to the upstream S10 were observed on most sampling 
occasions. As discussed, Lascuarre cannot be uniquely associated with such 
evident increases; in contrast, sediments may again be the consequence of 
channel topography (i.e. local reduction in slope, or increase in width-depth 
channel ratio), which may induce the deposition of fines on the river bed at 
the precise points where the cylinder was deployed. 

 
The annual sedimentary cycle 

Results (Figure 5.3) from this and previous work suggest that the River 
Isábena has a marked annual cycle related to sediment production, transfer, 
storage and export. This cycle is mainly associated with the temporal and 
spatial dynamics of sediment production and erosion from badlands, 
sediment loads from tributaries and in-channel sediment storage (as 
previously described by López-Tarazón et al., 2011, 2012). Freeze-thawing 
processes in winter and early spring prepare the sediment in the badlands 
(mainly in Villacarli); sediment remains in the production areas as regolith 
until the first floods (caused by snowmelt and spring rains) transfer it to the 
main channel and progressively downstream to the outlet during high 
discharges. In low flow periods (i.e. generally summer), sections 
downstream from the tributaries are progressively washed out and the 
Isábena experiences a depletion of fine material. This phenomenon is 
especially clear in late summer and autumn, when the lowest sediment 
accumulations were observed. It is worth emphasising that the study period 
was very dry compared with the historical record. This, together with the 
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lack of large floods and lower duration of baseflows, may be the reason for 
the high sediment accumulations in the lowest parts of the basin. 

The total storage in the river channel (surface and upper gravel matrix) 
varies between seasons, a fact that, as stated, is related to the sediment input 
from tributaries. Stored sediment varied from 450 to > 700 t between study 
periods, which suggests the existence of a minimum stock of sediment. In 
spring, it equalled 2% of the SSY in Capella, while in summer and autumn it 
represented < 0.8%. In winter 2012, sediment storage represented more than 
twice the SSY at the outlet, reflecting the fact that in periods of persistent 
low flows and no floods the stocks in the bed controls sediment yield, so the 
bed acts as the main source of sediment exported from the basin. 

Sediment storage also has important ecological implications. Increase and 
depletion of sediment in a given river reach occur several times during the 
year, depending mainly on hydrology and sediment supply. This dynamism 
implies that communities living in environments such as the Isábena have to 
be adapted to rapid changes in sediment accumulation and also must have 
the capacity to live in different physical conditions. 

As has been stated previously, the vast amount of sediment eroded and 
transported by the river comes from badlands located in the middle part of 
the basin. The high connectivity of these badlands to the drainage network 
is the key factor controlling the high amount of sediment accumulated in the 
river bed. Areas producing high quantities of sediment but far from the 
main drainage network would not cause such remarkable and sustained 
sediment storage. Results in the Isábena suggest that work related to 
sediment dynamics of river basins should devote increasing efforts to assess 
the degree of connectivity of source areas to river channels. 

 
Design and method limitations 

The re-suspension cylinder has demonstrated its validity for the analysis of 
the variability of in-channel sediment storage along a river. Although the 
use of this technique has been adequate to achieve the objectives of this 
study, limitations of the method have to be considered. During samplings, 
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special attention has to be paid to the sealing of the cylinder with the 
gravels since sediment losses may occur. Besides, samples have to be taken 
immediately after the agitation due to the rapid settling of fines. Flow depth 
also limits the use of the method, since the cylinder is difficult to keep in 
place for water depths > 0.5 m (depending on water velocity operational 
depth could be even lower). It is also worth mentioning that reported data 
represent only a snap-shot of the sediment stored in a given section and at a 
given moment, thus continuous and detailed evolution of the accumulation 
of fines cannot be fully undertaken. For this, surveys should be done on a 
flood basis, thus samplings could be repeated after each competent event, in 
which case a more detailed assessment of the sediment dynamics could be 
achieved. 

 
CONCLUSIONS 

The amount of fine sediment that accumulates in river channels can vary 
notably over short time and spatial scales, especially when floods occur; the 
magnitude of a given flood and its load are seen as key factors determining 
the amount of stored sediment (e.g. Navratil et al., 2010). During inter-flood 
periods, the river bed stores sediment, which is newly released during 
subsequent high discharges, when the channel acts as a sediment source. In 
the case of the Isábena basin, because of the sampling design necessary for 
a river of this size, specific variations between floods cannot be examined 
using the current data. Nevertheless, hydrographs and sedigraphs from sub-
basins and the main catchment allow seasonal and site differences (temporal 
and spatial variations, respectively) to the highlighted and help in the 
assessment of the role of in-channel storage in the sediment budget for this 
dynamic drainage basin. 

Results of in-channel sediment storage described by López-Tarazón et al. 
(2011) differ from the current ones, while, in 2007-2008, winter was the 
season with the highest amount of sediment stored (131 t/km in comparison 
to a mean of 30 t/km in other seasons); in the current study (2011-2012; for 
coinciding sampling sites and using a mean of the agitation levels) spring 
and autumn were the seasons with higher accumulations (up to 35 t/km). 
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Sampling sites also showed differences. For example, for the 2007–2008 
study, S13 for all seasons displayed largest accumulations, whereas in the 
current study S11 and S14 were the sites capturing most fines (sites from S1 
to S10 were not taken into account by López-Tarazón et al., 2011). Inter-
annual differences, both in space and time, suggest that, although a 
sediment cycle was observed in the two periods, in-channel sediment 
accumulations were not correlated in time or space. Hydrology (i.e. flood 
magnitude and frequency, total runoff, duration of baseflow, specific 
location of sediment eroding storms) determine the transfer and storage of 
materials in the drainage network and, consequently, the observed seasonal 
and geographical differences. 

The in-channel sediment storage for the very dry study period equated to < 
1% of the annual sediment load of the catchment, although this relation may 
vary greatly amongst seasons, with stored sediment occasionally reaching 
three times the seasonal load. The Isábena value falls below those reported 
in other rivers where in-channel storage have been assessed, such as the 
Frome and Piddle (UK), where proportions of 18 and 57% were measured 
in 2003-2004 (Collins and Walling, 2007). The Schrondweilerbaach 
(Luxembourg) also showed large quantities of stored material, i.e. up to 9% 
of the sediment load for the period 1979-1981 (Duijsings, 1986). Although 
the Isábena is a highly active river and large amounts of sediment storage 
were reported - also in comparison to most rivers of a similar size - 
sediment export is high in relation to storage, corroborating the hypothesis 
that sediment stored within the river bed has a short residence time (< 1 
year, López-Tarazón et al., 2011) and that the delivery ratio is typically 
very high (> 90%, López-Tarazón et al., 2012). The temporal and spatial 
dynamics of the sediment stored in the channel of the Isábena also reflect 
the short distance to sediment sources and the relatively small scale of the 
catchment, especially in comparison with process occurring in larger 
systems such as the Ebro. There, the importance of the in-channel storage 
on sediment transport dynamics may be less relevant in relation to other 
factors, such as the amount of runoff, the role of floodplains in storing and 
releasing fine sediments, the role of land uses in supplying sediments and 
even the presence of reservoirs capturing significant proportions of the 
particulate load. 
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Despite the fact that tributaries appear to have a major influence on the 
cycle observed in the Isábena (i.e. specially regarding water and sediment 
yield from Cabecera and Villacarli), further studies - with increasing 
sampling frequency and number of locations, and incorporating channel 
morphology as a local factor - would help to improve the understanding of 
in-channel sediment dynamics, and allowing a more complete picture of the 
sediment budget of the whole Isábena catchment to be developed.  

The Isábena drains into the Barasona Reservoir few hundreds of meters 
downstream of its confluence with the River Ésera. Massive sediment loads 
from both rivers threaten the long-term functioning of the reservoir, 
progressively reducing its capacity. Even though sediment removals have 
been carried out in the 1990s, the results presented in this study emphasise: 
(1) the magnitude of the sediment load and (2) the role of most sub-
catchments, but especially the ones having badlands and thus elevated 
sediment supply. Thus, there is a need to develop and implement sediment 
management actions with the aim to extending the reservoir’s lifespan. 
Finally, and beyond this investigation, quantification of sediment loads 
transported by rivers mobilising such large amounts of material (i.e. that are 
typically highly dynamic and have contrasting fluvial environments) helps 
to understand the role of sediment source areas on the basins’ physical 
functioning in light of global change scenarios. 
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ABSTRACT 

 

 
Biofilm acts stabilising river-bed sediments, interfering with particle 
entrainment and, consequently, preventing bed disturbance. In this paper we 
present the results of a series of experiments carried out in indoor channels, 
aimed to understand biofilm alteration of bed material motion and 
topographic changes in stream channels. We analysed the erosion patterns 
and bedload rates in non-cohesive sediments in channels colonised by 
biofilms and compared them to biofilm-free others. All the channels had the 
same conditions of light irradiance, temperature, slope, and particle size 
(sand). Discharge and water surface slope were modified to create a range 
of hydraulic conditions, with pairs of colonised and non-colonised channels 
subjected to the same flows. We observed that biofilm slightly modified bed 
roughness and flow hydraulics, but that highly influenced bed disturbance. 
Biofilm caused bed scour to occur in patches unevenly distributed along the 
channel length, as a result of localised weaknesses of the biofilm. Once 
biofilm was ripped up it was transported in chunks, and sand grains were 
observed attached to these chunks. In non-colonised sediments the erosion 
was more homogeneous and the formation and movement of bedforms were 
observed. On average, bedload rates were 5 times lower when biofilm was 
present. Overall, the protective effect of the biofilm prevented generalised 
erosion of the channel and delayed the entrainment and transport of sand 
grains. Results emphasised the important role of biofilm in the incipient 
motion of bed-material in stream channels; this role may affect the 
magnitude and frequency of subsequent river bed processes, notably the 
onset of bedload and associated channel morpho-dynamics. 

 

 

KEYWORDS  biofilm, sand, bedload, bed roughness, erosion patterns, 
indoor channels  
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INTRODUCTION 

Sediments in river channels constitute a main habitat for biota and, in 
particular, for those growing on the surface and subsurface zones. Biofilms 
on sediments are consortia of bacteria, algae, fungi and protozoa within 
Extracellular Polymeric Substances (EPS, e.g. Romaní et al., 2009). This 
matrix is composed of polysaccharides and plays a major role in the 
cohesion of sediment particles and on the adhesion of biofilm to the 
substratum (e.g. Characklis and Wilderer, 1989). Dade et al. (1990) showed 
a direct and positive relationship between the polysaccharide content of 
biofilms and the critical shear velocity needed for bed erosion. Other studies 
have directly related the biostabilisation capacity in river channels to the 
presence of EPS (Gerbersdorf et al., 2008). Biofilms are therefore capable 
of modifying bed roughness and the hydraulic properties of the channel 
flows (e.g. Salant, 2011; Vignaga, 2012). Biofilms also protect sediments 
from erosion by developing a sheet onto the bed (e.g. Droppo et al., 2001). 
These alterations, in turn, may have a direct effect on the magnitude and 
frequency of bed disturbance, with consequences for a range of other 
organisms. Other consequences of biofilm development are the clogging of 
the porous media between sediments, and the modification of hydraulic 
conductivity (Mauclaire et al., 2006). 

Natural river functioning includes a wide range of flow discharges, from 
low flows to competent floods that affect the entire ecosystem. Floods can 
be considered disturbances since they represent episodes that alter 
biological communities but also provide the opportunity to newcomers to 
set up there (Sousa, 1984). Theory suggests that spatially patchy 
disturbance which results in heterogeneity in bed conditions may help 
increase both alpha and beta diversity of biological communities (Buendia 
et al., 2014). During floods, surface and eventually subsurface sediments 
are mobilized, causing the detachment of benthic organisms (Gibbins et al., 
2007), re-structuring river food webs (Power, 2009), and modifying 
morpho-sedimentary features (Church, 2006). Episodic mobility of the river 
bed is therefore an important factor for ecologically diverse and sustainable 
river functioning (e.g. Baron et al., 2002; Goodwin et al., 2006). Biofilm 
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biomass decreases drastically after a flood (e.g. Power and Stewart, 1987) 
due to bed scour, particle mobility and bed-material transport, which in turn 
causes detachment, erosion, transport and burial of the biofilm. The 
presence and growth of biofilm in river beds may be modified by human 
actions, such as damming. Dams reduce the magnitude and frequency of 
floods and alter the sedimentary regime of rivers downstream (e.g. Batalla 
et al., 2004; Vericat and Batalla, 2006; Vericat et al., 2006). The reduction 
of flood magnitude and frequency also results in an increase of bed stability 
due to less competent flows, a fact that typically causes bed armouring in 
the long-term. This lower degree of fluvial disturbance not only causes loss 
of biodiversity (Goodwin et al., 2006), but also the simplification of the 
natural communities expressed in a higher growth of biofilm (Lobera et al., 
2016; Ponsatí et al., 2015). River bed stability and the persistence of low 
flows have been also related to higher benthic biomass (Clausen and Biggs, 
1997; Warner et al., 2007); whereas the distribution and consistency of 
biofilm on a river bed is partly consequence of the frequency and magnitude 
of sediment transport (Grant et al., 1986; Ponsatí et al., 2015). Thus, the 
rapid and vigorous growth and development of biofilm downstream from 
dams is a consequence of the lack of bed disturbance and contributes to 
further stabilisation of the river bed (Aristi et al., 2014; Ponsatí et al., 2015). 
Extensive biofilm growth (so called ‘river bed greening’) is an increasingly 
common feature in many rivers, but especially in dammed Mediterranean 
streams with long-lasting low flows and a lack of competent floods. 

Some studies have analysed the bio-physical interactions between 
sediments and biofilms in relation to river bed stability and particle motion 
in non-cohesive sediments (e.g. Fang et al., 2013, Vignaga, 2012) as well as 
in cohesive others (e.g. Fang et al., 2013; Tolhurst et al., 2008). However, 
patterns of bed scour related to the presence of biofilms are not yet well 
described. Within this context, a series of experiments were conducted on 
non-cohesive sediments with the main goal of experimentally assessing 
topographic changes in colonised and non-colonised biofilm channel beds. 
Our working hypothesis was that the presence of biofilm affects both 
internal bed structure (i.e. through clogging and sticking) and surface 
roughness, with direct effects on flow hydraulics and the associated bed-
material processes. Therefore, the main objectives of the study were: i) to 



Chapter 6. Effects of biofilm on river-bed scour 

 199 

analyse how biofilm affects bed roughness, ii) to characterise the patterns of 
bed scour in biofilm colonised sediments, and iii) to assess the effects of 
biofilm on bedload rates. With these experiments we aimed to improve 
understanding of processes in river reaches experiencing a decrease on 
hydrodynamics, mimicking those located below dams, where carpet-like 
biofilm formations are formed as a result of the low hydraulic disturbance 
and the subsequent channel stabilisation, in a feedback process. 

EXPERIMENTAL SETUP 

Experimental channels and treatments 

Experiments were carried out at the Experimental Streams Facility located 
at the Catalan Institute for Water Research (ICRA). The indoor channels (N 
= 24) used for the experiments were made of methacrylate and measured 2 
× 0.1 × 0.1 m. A tank with 70 l of water allowed constant water 
recirculation. Channels could be tilted with slopes ranging from 0.5 to 2%.  

To achieve the objective established, pairs of experiments (each time using 
one channel colonised with biofilm vs. another not colonised) were 
subjected to similar hydraulic conditions. To simplify the comparison of 
results, hydraulics were grouped in two classes: low intensity and high 
intensity flows. In the first stage, biofilm-colonised experiments were 
carried out (these experiments are labelled B, as per Biofilm-colonised, 
henceforth in the paper). In a second stage, non-colonised experiments were 
performed (labelled C, as per Control, henceforth).  

Channels were uniformly filled with small uniform non-cohesive sediments 
(coarse sand, 0.5-1 mm) to a thickness of 3 cm. A total of 12 channels were 
seeded with epipsammic biofilm for 5 weeks. During the colonisation 
period, discharge was kept constant at 30 ml/s and channel slope was set as 
0.5% in order to ensure development of a carpet-like biofilm growth on the 
sediments. For the same reason, temperature was kept between 22 and 24 
°C. Water was periodically renewed to maintain this temperature range. 
Figure 6.1a-c illustrate both sets of channels. The 2-meter length of the 
channels was configured as follows (i.e. in the downstream direction; see 
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Figure 6.1d): 1) the first 15 cm were left without sediments; 2) the 
following 120 cm were filled with sediments, and this reach constituted the 
section where channel disturbance was assessed and hydraulic 
measurements were obtained; 3) the following 20 cm were again kept 
without sediments and used to measure bedload transport by means of a 
bespoke total bedload trap (for details see further sections); and 4) the 
lowermost 40 cm of the channel were used to sample the biofilm. The 
whole experiment was developed in 4 phases: 

I) Preparation of the channels: channels were filled with sediment and half 
of them colonised with biofilm for 5 weeks. 

II) Sampling before the experimental runs: channels were carefully emptied 
of water to take biofilm samples and perform express laser scannings. 
This phase is referred in the text as ‘before experiments’ or ‘pre-
experiments’. 

III) Experimental runs: period in which bed channels were subjected to 
higher intense flows than in the colonisation period. Water depth, flow 
velocity and bedload transport were regularly measured. This phase is 
referred in the text as ‘experiment’. 

IV) Sampling after the experimental runs: channels were carefully emptied 
of water to perform laser scannings. This phase is referred in the text as 
‘after experiments’ or ‘post-experiments’. 

The duration of the experimental runs varied: 60 min for C1-C9 and B1-B9 
channels and 30 min for C10-C15 and B10-B15 channels. In the first stage, 
three of the biofilm-colonised channels that were not eroded during the 
experiments were further used for an extra set of experiments. For this 
reason the total number of experiments on biofilm-colonised sediments was 
15 (i.e. 12 original channels +3 reused channels). In the second stage, a total 
of 15 experiments were also carried out with biofilm-free sediments. 



 

 

 

 

 
 
 

Figure 6.1. a) Control (C) channels before the experiments; b) Biofilm-colonised (B) channels before the experiments; c) 
Detail of the 5 week-age biofilm just before the experiments; d) Channel configuration for the experiments. Note that the 

width of the channels is 10 cm. 
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Experiments did not aim at scaling (or mimicking) all physical parameters 
of the river bed of any particular river reach; rather, the objective was to 
reproduce realistic hydraulic conditions that can be found in a given river. 
During the experiments, slope was increased up to 1.5% to attain hydraulic 
conditions that trigger bed mobility. Froude and Reynolds numbers were 
used to scale hydraulic conditions potentially found in real channels by 
means of the modification of water slope and discharge. Water flow in the 
channels ranged from 125 to 400 ml/s, while water depth varied between 
0.80 and 3.24 cm. Although the dimensions and configuration of the 
channels did not allow the reproduction of all the phases of a natural 
hydrograph, flow conditions from low flows to the initiation of bed-material 
motion were reproduced in the experiments. The observed Froude and 
Reynolds values during the experimental runs were similar to those found 
in natural rivers. In addition, the experiments did not have sediment supply 
from upstream and, consequently, replicated the common, supply-limited, 
situation downstream from dams. The set of small, identical channels 
helped ensure the same conditions for respective treatments (15 in channels 
colonised with biofilm (i.e. Biofilm experiments, B1–B15) and 15 in non-
colonised channels (i.e. Control experiments, C1–C15)). 

 
Biofilm 

Biofilm samples were taken from the lowermost part of the channels prior 
to experiments (Fig. 1d). Twelve samples per channel were taken in order to 
characterise the biofilms in all of the experimental conditions, with the 
purpose to guarantee that biofilm was similar in all the channels. We 
measured total biomass, algal biomass, EPS and the abundance of the 
principal algal groups. Three pseudo-replicates were taken in each of the 
channels, and the mean was used to characterise the biofilm in each. 
Samples were collected using an untapped syringe, covering an area of 1.32 
cm2 and a volume of 1.32 cm3. The total biomass of the biofilm was 
quantified by means of its Ash Free Dry Weight (AFDW). For this, samples 
were dried to constant weight to calculate dry matter, and later combusted 
in a muffle at 450 °C for 4 h and weighted again. The subtraction of the 
combusted sediment weight from the total dry mass corresponds to the dry 
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biofilm weight. Algal biomass was determined measuring its Chlorophyll-a 
concentration (Chl-a), widely used as an approximation of the algal 
proportion in the total biomass. Chl-a was extracted with 90% acetone for 
12 h at 4 °C in darkness, filtrated by Whatman® GF/C filters, and read at 
430 nm, 665 nm and 750 nm with a Lambda UV/VIS spectrophotometer 
(U-2000 Spectrophotometer; Hitachi®, Tokyo, Japan) (Jeffrey and 
Humphrey, 1975). The ratio OD430nm/OD665nm provided a general estimate 
of the quality of the chlorophyll (Margalef, 1983). The biofilm EPS was 
extracted following the CER-Extraction method (Cation- Exchange Resin) 
as per Romaní et al. (2008). Next, the polysaccharide content of the EPS 
was determined by the phenol-sulfuric acid assay (Dubois et al., 1956). 
Finally, the algal groups present in the channel were determined using 
microscopy analyses (Nikon Eclipse® 80i, Tokyo, Japan) and cells counted 
until 400 individuals; results were expressed as percentage of the total 
counted. 

 
Hydraulics 

Water depth (d) and velocity (𝑣𝑣) were the two flow parameters measured 
during the experiments. Water depth was measured regularly at three points 
along the experimental reach where erosion and transport were assessed 
(i.e. at 0.40, 0.75 and 1.10 m from upstream, see Fig. 1d) using a standard 
ruler (1 mm accuracy). Water velocity was measured also systematically by 
means of a micro current meter (Mini Water 6 Micro, Omni Instruments®, 
Dundee, UK) at one single point (i.e. at 0.75 m from the upstream end of 
each channel). The average of the three measurements (both in d and 𝑣𝑣) was 
used to calculate related flow parameters to characterise the flow. The 
accuracy of the micro current meter is 2% fs. Water d attained during the 
experiments was shallow and, consequently, lowering the current meter 
closer to the bed might have generated local disturbances likely affecting 
bed mobility. Therefore, 𝑣𝑣 measurements during all the experiments were 
kept to the same point in the vertical (i.e. 8 mm from the bed). Mean 
standard deviation (hereafter SD) between pairs of experiments (i.e. one 
control vs. one colonised) was 2.5 cm/s, which suggested an acceptable 
degree of hydraulic similarity between runs. 
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These two parameters (d and 𝑣𝑣) allowed the calculation of boundary shear 
stress, and both Froude and Reynolds numbers, that were subsequently 
related to bedload rates measured and the topographic changes observed in 
the channel (i.e. bed scour and particle movement). Boundary shear stress 
(τb, N/m2) was calculated following the equation by Whiting and Dietrich 
(1990): 

Eq. 6.1    𝜏𝜏𝑏𝑏 =  𝜌𝜌 (𝑣𝑣𝑧𝑧 𝑘𝑘)2[ ln �10𝑧𝑧
𝐷𝐷84
�] 

where ρ is water density (1000 kg/m3), 𝑣𝑣z denotes near-bed flow velocity at 
height z (0.008 m in the experiments), k is the Von Karman’s constant 
(0.40), z is the height above the river bed, and D84 is the 84th percentile of 
the morphological unit Grain Size Distribution (0.00092 m in these 
experiments). Froude number was calculated as follows: 

Eq. 6.2    𝐹𝐹𝐹𝐹 =  𝑣𝑣
√(𝑔𝑔𝑔𝑔)

 

where  𝑣𝑣  is flow velocity (in m/s), ɡ is acceleration due to gravity (9.8 m/s2) 
and d is water depth (in m). Finally, the Reynolds number was calculated 
according to Equation 6.3: 

Eq. 6.3   Re =  𝑣𝑣R
ν

 

where R is the hydraulic radius (in cm), and ν is the Kinematic viscosity 
(cm2/s). 

 
Bed topography and roughness 

High precision dense point clouds (3D topographic observations) were 
obtained with the objective to develop (i) Digital Elevation Models 
(hereafter DEMs) and (ii) roughness maps of all channels before and after 
the experiments. With this purpose channels were surveyed by means of a 
Terrestrial Laser Scanning (hereafter TLS) Leica® Scan Station C10. The 
TLS was set up at the downstream end of the channels to ensure a good line 
of sight maximizing data coverage along the channels. The channels were 
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dried out before each scan. Only a few minutes were necessary to perform 
the scans given the high detection rate of the TLS (25,000 to 50,000 
observations per second). An independent point cloud per each channel was 
obtained before and after the experiments. A series of fixed ground control 
points (targets) were set up around the channels to ensure that all scans 
were registered to the same local coordinate system. 

The average density of the point clouds was 86 points/cm2. Point clouds 
were clipped to the shape of each individual channel. Additionally, data 
within 1 cm (10% of the width) from each side (wall) were also excluded in 
order to minimize the local effects of the wall on channel hydraulics and 
associated river bed processes. Point clouds were decimated at regular cells 
by means of ToPCAT (Brasington et al., 2012). ToPCAT is an open source 
algorithm available at the Geomorphic Change Detection ArcMap® 
extension (see http://gcd6help.joewheaton.org/). First, point clouds within 
each 0.5 × 0.5 cm cell size were sorted and several statistics calculated for 
each cell (e.g. mean elevation, minimum elevation, maximum elevation, 
and number of observations). The minimum elevation within each grid 
(Zmin) was considered the bed elevation and was used to develop the DEMs. 
Second, sub-grid scale statistics were calculated in order to characterise the 
complexity of the topography in each cell. For each cell, a neighbourhood 
triangular tessellation based on the mean elevation of the surrounding cells 
was used to construct local planes representing the surface. These local 
planes were used to detrend the observations. Several statistics were then 
calculated (e.g. mean detrended elevation, standard deviation ofthe 
detrended elevations). Among these, the standard deviation of the detrended 
elevations (hereafter dSD) is important as it represents how variable the 
micro-topography in each cell is, as a function of particle size variability 
and bedforms, and depending on the size of the grid. As reviewed recently 
by Smith (2014), the dSD is increasingly being used across the earth 
sciences as a roughness metric. In the present study, the dSD within regular 
cells of 1 × 1 cm was used as a roughness metric. Finally, the Zmin and the 
dSD were used to create Terrain Irregular Networks (TIN) that were 
subsequently transformed to rasters by means of ArcMap® 10. This process 
allowed the elaboration of 56 (30 pre-experiment and 26 post-experiment) 
DEMs and roughness maps at 0.5 and 1 cm grid resolutions, respectively. 



Chapter 6. Effects of biofilm on river-bed scour 

 206 

 
Changes on bed topography 

DEMs corresponding to the pre and post-experiment scans (DEMpre and 
DEMpost respectively) were used to study and quantify changes on bed 
topography. DEMs of difference (hereafter DoD; = DEMpost - DEMpre) were 
calculated. Negative values indicate cells were the main process during the 
experiments was erosion, while positive values represent cells where 
deposition dominated. Although the precision of the TLS is very high, 
uncertainty in the DoDs was assessed by means of the estimation and 
propagation of a cell-by-cell minimum Level of Detection (minLoD) as (see 
Brasington et al., 2003; Wheaton et al., 2010): 

Eq. 6.4           minLoD =  𝑡𝑡 � 𝑆𝑆𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷−𝑝𝑝𝑝𝑝𝑝𝑝2 +  𝑆𝑆𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2  

where t is the critical t-value for a determined confidence interval (in this 
case t = 1.645 for a confidence interval of 95% for two-tailed tests), SEDEM-

pre stands for the standard error of the DEMpre, and SEDEM-post is the standard 
error of the DEMpost. The source of errors in each DEM can be multiple 
(e.g. errors associated to data acquisition, variable or poor data density). As 
in the present study we consider that the uncertainty in the DEMs is mainly 
a function of bed roughness (e.g. Williams et al., 2015), the standard errors 
in Eq. 6.4 were substituted by the standard deviation of the detrended 
elevations (dSD). The minLoD indicates small changes in rough surfaces, 
which are considered as highly uncertain. Hence, once the minLoD of each 
DoD is calculated, cells where the absolute change is smaller than its 
minLoD are not considered in the analyses. Finally, the resultant DoDs 
were used to calculate the magnitude of erosion (cm), the eroded area (cm2) 
and eroded volume (cm3) for each experiment. As the duration of the 
experiments was not exactly the same for all the runs, and to compare 
values between channels, results were expressed relatively to the duration 
of the experiment (e.g. cm/min). 

Additionally to the DoDs, the Bed Erosionability Ratio (BER) was 
calculated with the objective of assessing the effect of the biofilm on bed 
erosion. It represents the ratio between the erosion occurred in channels 
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with and without biofilm under the same hydraulic conditions. The BER 
was calculated using both the area and the volume of erosion. When BER is 
> 1, biofilm interferes on channel erosion by increasing localised bed 
scouring, while values < 1 indicate that biofilm tends to stabilise the bed 
preventing erosion. Other qualitative information (e.g. temporal 
identification of biofilm ripping and different phases of initiation of 
movement) was extracted from videos and images taken during the 
experiments. 

 
Bedload flux 

Bedload transport was quantified by means of bedload traps specifically 
designed for the experiments. These consisted of small baskets (with a 
volume of 166.5 cm3) that covered the entire channel width, therefore 
capturing all the sands moving through the section where the trap was 
located (see Fig. 1d). Sediment traps were replaced at regular time intervals, 
usually between 1 and 5 min. Sampling interval was adapted to bedload 
intensity to minimize unnecessary interferences with flow in the case of 
periods of low bedload activity and to avoid trap overfilling in the case of 
high transport occasions. Sediment was then dried to constant dry weight 
and later muffled (4 h at 450 °C) to quantify the organic matter (biofilm 
content) and the bedload transport rate (in g/s·m) of each of the samples. 

 
RESULTS 

Biofilm 

Biofilm growth during the 5 weeks prior to the experiments was rapid and 
produced a highly homogeneous coverage along the channels and between 
them. It covered all the sediments, forming a continuous carpet of 
epipsammic fabric. The total biomass for the 12 channels averaged 578 
μg/cm2 (SD = 121 μg/cm2), while algal biomass was much lower in general 
(mean = 9.7 μg/cm2; SD = 2.0 μg/cm2, Table 6.1). The Margalef Index 
(Margalef, 1983) was < 2 in all cases, and indicated that biofilms were 
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young and with potentially high productivity. The polysaccharide matrix 
(quantified by means of EPS) varied between 22 and 47 mg gl-eq/g DM, 
with an average of 31.6 mg gl-eq/g DM (SD = 7.5 mg gl-eq/g DM). The 
main algal groups forming the biofilms were green algae (~97%) and 
diatoms (3.4%). Green algae were mostly Chlorococcum sp. (84%) and 
Scenedesmus sp. (12.3%), while diatoms were made up of Achnanthes sp. 
pl. 

Flow hydraulics 

Table 6.2 shows the hydraulic characteristics in the control and biofilm-
colonised channels. Mean 𝑣𝑣 was slightly lower in the control channels (i.e. 
C1-C15; 10.9 cm/s) than in the colonised ones (i.e. B1-B15; 12.3 cm/s); 
however, the maximum 𝑣𝑣 was observed in a control channel (23.6 cm/s). 
Similar relative patterns were observed for boundary shear stress (τb), with 
values ranging between 0.01 and 0.5 N/m2 for both C and B experiments. 
Froude numbers were below 1 in all the experiments (i.e. subcritical flow); 
mean Froude for the C channels was 0.30 (SD = 0.25, min = 0.08, max = 
0.65), while it was 0.32 for the B ones (SD = 0.22, min = 0.09, max = 0.69). 
Maximum Froude values were for channels C13 and B10. Mean Reynolds' 
number was 1,258 (SD = 514, min = 665, max = 2,665) for the C channels 
and 1,382 (SD = 495, min = 710, max = 2,138) for the B ones. Flows in the 
experiments were most of the time in the transitional range between laminar 
and turbulent (i.e. 500-2,000), with maxima observed in channels C15 and 
B14. 



 

 

 

 

Table 6.1. Biofilm parameters of the colonised channels. 

Channel* 
AFDW Chl-a IM EPS  Algal groups (%) 

(µg/cm2) (µg/cm2)  (mg gl-eq/g DW)  Chlorococcum sp. Scenedesmus sp. Phormidium sp. Achnanthes sp. pl. 

B1 588.3 10.3 1.2 37.8  95.5 1.5 0.0 3.0 

B2 431.7 10.0 1.2 32.8  85.2 11.0 0.0 3.8 

B3 492.3 9.2 1.2 23.4  89.2 8.5 0.0 2.3 

B4 653.9 10.0 1.3 24.5  76.1 19.9 0.2 3.8 

B5 419.1 8.6 1.2 32.1  93.5 5.0 0.0 1.5 

B6 641.3 11.1 1.2 22.6  68.6 28.0 0.8 2.6 

B7 547.9 7.6 1.2 23.5  78.1 16.6 0.0 5.4 

B9 815.5 8.7 1.2 25.6  89.1 10.2 0.0 0.7 

B10 494.8 10.6 1.2 41.1  80.5 13.5 0.2 5.7 

B11 547.9 7.9 1.2 34.2  77.8 19.1 0.0 3.1 

B12 550.4 15.0 1.2 46.4  91.4 5.3 0.2 3.1 

B13 754.9 7.5 1.2 34.5  91.1 6.0 0.0 2.9 

Mean 578.2 9.7 1.2 31.5  84.7 12.0 0.1 3.2 
* Note that biofilm of only 12 channels is presented since some experiments were done using channels where biofilm detachment did not occur in previous runs 
(see section 2 for for further details). 

 



 

 

Table 6.2. Hydraulic variables for the Control (C) and the biofilm-colonised (B) channels. 

 CONTROL  BIOFILM-COLONISED 

 Channel τb (N/m2) * d (cm) 𝑣𝑣 (cm/s) Fr Re  Channel τb (N/m2) * d (cm) 𝑣𝑣 (cm/s) Fr Re 
L

ow
 fl

ow
 in

te
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ity
 

C1 0.013 2.51 3.98 0.08 665  B1 0.029 2.13 5.99 0.13 892 

C2 0.014 2.68 4.13 0.08 720  B2 0.015 2.53 4.25 0.09 713 

C3 0.017 2.50 4.64 0.10 773  B3 0.017 2.25 4.58 0.10 710 

C4 0.022 2.49 5.20 0.11 864  B4 0.023 2.27 5.36 0.11 835 

C5 0.025 2.73 5.62 0.11 992  B5 0.041 2.09 7.11 0.16 1,047 

C6 0.029 2.72 5.99 0.12 1,055  B6 0.046 2.12 7.54 0.17 1,120 

C7 0.032 3.14 6.34 0.11 1,222  B7 0.095 1.91 10.98 0.25 1,504 

C8 0.045 3.24 7.45 0.13 1,465  B8      
C9 0.059 2.95 8.53 0.16 1,581  B9 0.090 2.51 10.55 0.21 1,763 

H
ig

h 
flo

w
 in

te
ns

ity
y 

C10 0.211 0.80 16.00 0.57 1,109  B10 0.458 1.22 23.7 0.69 1,588 

C11 0.217 0.84 16.13 0.56 1,183  B11 0.262 0.85 17.7 0.62 1,593 

C12 0.225 0.90 16.65 0.56 1,271  B12 0.191 1.01 15.38 0.48 2,002 

C13 0.294 0.89 19.12 0.65 1,440  B13 0.300  18.9 0.43 1,985 

C14 0.321 1.19 20.10 0.60 1,864  B14 0.254 1.59 17.75 0.45 2,138 

C15 0.447 1.46 23.59 0.62 2,665  B15 0.340 1.10 22.51 0.61 1,455 

    Mean 0.131 2.07 10.90 0.30 1,258  
 

0.154 1.81 12.31 0.32 1,382 
* τb is the boundary shear stress (N/m2) calculated from near-bed velocity (Whiting and Dietrich, 1990). 
No data available for the B8 and part of the B13 experiments due to technical problems. 
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Bed roughness 

Figure 6.2 shows the roughness maps for two channels (C13 and B13) that 
experienced similar flow intensity (boundary shear stress, see Table 6.2). It 
was obtained from sub-grid scale statistics, which provided information 
about bed roughness at 1 × 1 cm grid resolutions. Channel beds were flat 
and homogeneous before the start of the colonisation period, with results 
therefore indicating that biofilm slightly modified channel roughness. 
Average bed roughness in the control channels was 0.46 mm (Table 6.3, SD 
= 0.09 mm, min = 0.45 mm, max = 0.5 mm). Biofilm increased the 
roughness in the biofilm-colonised channels (mean = 0.64 mm, SD = 0.11 
mm, min = 0.55 mm, max = 0.89 mm). In both C and B channels bed 
roughness was within the same order of magnitude as the median particle 
size of the sediments (0.5-1 mm). However, although the values for the C 
channels are directly related to the size of the sediments, in the B ones the 
biofilm covered the bed as a carpet that protects the sediments, creating a 
bumpy surface associated to the way in which biofilm grows and adheres on 
the bed (see Figure 6.1c).  

Although changes in mean bed roughness were not appreciable (in the order 
of 0.03 mm) after the experiments, maximum values observed in all the 
channels increased considerably (0.6 mm on average). The post-experiment 
maps show a more variable roughness value. The longitudinal trends of the 
roughness values (Figure 6.2b) indicate that in some locations roughness 
can increase > 5 times the average value for the whole channel. This highly 
variable and spiky pattern is mainly observed in the biofilm channels. 
Changes on roughness in the control channels are mainly attributed to the 
bedforms created during the manipulations. However, in the biofilm 
channels, roughness increased substantially in the areas where erosion took 
place. As will be described later, the presence of biofilm not only controls 
channel erosion, it also determines the way in which the channel was 
eroded. Localised erosion features were observed after the experiments. 
These are attributed to biofilm detachments and subsequent channel 
erosion. These zones, although are small in area, generated an important 
change on bed topography at a scale smaller than the grid size in which 
roughness analyses were performed. Therefore, this spiky pattern could be 
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Figure 6.2. Examples of bed roughness variability corresponding to the Control experiment 
C13 and the Biofilm-colonised experiment B13 for both pre- and post-experiments. a) Bed 

roughness maps. Red lines represent the exact location of the three longitudinal profiles 
shown in Figure 2b;  b) Bed roughness longitudinal profiles showing variability along and 

across the channel. Note that maximum values in the maps and graphs and the values 
presented in Table 6.3 do not have to correspond with the maximums of the longitudinal 

profiles; correspondence will depend on the location of the profile in reference to the 
location of the maximums. 



 

 

Table 6.3. Statistics of the bed roughness maps (in mm) for the control (C) and the biofilm-colonised (B) channels before and after the experiments. 

  CONTROL  BIOFILM-COLONISED 

  Channel 
PRE-EXPERIMENT  POST-EXPERIMENT  Channel PRE-EXPERIMENT  POST-EXPERIMENT 

  Mean Max Min SD   Mean Max Min SD  
 Mean Max Min SD Mean Max Min SD 

L
ow

 fl
ow

 in
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ity

 

C1 0.46 1.05 0.25 0.09 0.46 0.87 0.27 0.07  B1 0.55 0.78 0.38 0.07 0.58 1.62 0.36 0.13 

C2 0.50 2.69 0.30 0.22 0.50 2.42 0.25 0.21  B2 0.60 0.87 0.41 0.07 0.60 0.88 0.43 0.07 

C3 0.48 3.10 0.21 0.18 0.46 1.10 0.20 0.08  B3 0.86 1.56 0.55 0.22 0.56 1.15 0.31 0.09 

C4 0.46 0.94 0.29 0.08 0.46 0.89 0.25 0.08  B4 0.89 1.92 0.51 0.26 0.58 0.92 0.33 0.09 

C5 0.45 1.59 0.23 0.08 0.46 1.43 0.11 0.10  B5 0.61 1.08 0.25 0.10 0.59 1.10 0.26 0.11 

C6 0.46 0.81 0.26 0.07 0.47 2.28 0.19 0.15  B6 0.58 0.93 0.38 0.08 0.58 0.89 0.36 0.08 

C7 0.46 0.63 0.26 0.07 0.50 2.06 0.18 0.14  B7 0.62 0.99 0.29 0.11 0.56 0.86 0.27 0.10 

C8 0.47 0.98 0.27 0.07 0.48 2.69 0.12 0.15  B8         
C9 0.46 1.14 0.27 0.08 0.49 2.85 0.16 0.23  B9 0.57 1.05 0.31 0.09 0.60 1.22 0.39 0.09 

H
ig

h 
flo

w
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 C10 0.45 0.98 0.25 0.07 0.47 1.49 0.27 0.10  B10 0.56 0.78 0.26 0.05 0.64 1.74 0.21 0.23 

C11 0.45 0.69 0.24 0.07 0.49 0.92 0.29 0.09  B11 0.55 0.84 0.27 0.09 0.65 2.34 0.26 0.21 

C12 0.45 1.14 0.24 0.09 0.51 2.17 0.29 0.14  B12 0.68 1.50 0.27 0.11 0.66 2.52 0.27 0.26 

C13 0.46 0.73 0.30 0.07 0.49 2.58 0.28 0.11  B13 0.64 1.26 0.39 0.10 0.63 4.19 0.20 0.26 

C14 0.47 0.75 0.29 0.07 0.46 2.45 0.18 0.12  B14 0.55 0.80 0.34 0.07 0.64 2.03 0.18 0.25 

C15 0.47 0.73 0.28 0.07 0.46 0.93 0.11 0.09  B15         
          Mean 0.46 1.20 0.26  0.09 0.48 1.81 0.21 0.12   0.64 1.11 0.35 0.11 0.61 1.65 0.29 0.15 

No data available for the B8 and B15 experiments due to technical problems.                    
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attributed to these sudden changes on topography rather than to the 
presence of bedforms as it was observed in the control channels.  

Changes in bed topography 

The DEMs before and after the experiments were compared (i.e. DoD) to 
examine topographic changes associated to hydraulic manipulations and the 
influence of biofilm on bed scour. On average the 53.5% of the cells in the 
DoDs showed topographic changes smaller than the minLoD calculated 
following Eq. 6.4. These cells were uncertain and were not considered in 
the analyses. This mean value is rather high, but as the method is very 
precise, it would indicate that the erosion processes were marginal. The 
percentage of cells below the minLoD in some channels was much higher 
(up to 99.9%) and in others much lower (9.8%) than the average value. 
High percentage of cells below the minLoD are attributed to experiments in 
which the observed channel changes were marginal (e.g. B2 and B7), in the 
order of bed roughness. However, when the majority of the cells are above 
the minLoD, relatively large values of topographic change were observed 
(e.g. C12 and C15). 

Although DoDs allow quantification (cell-by-cell) of erosion and 
sedimentation in the channels, only erosional cells were recorded. Figure 
6.3 shows the magnitude and distribution of erosion in all channels. Results 
indicate that patterns of bed scour and the magnitude of erosion in the C 
channels were very different from the ones observed in B channels. Table 
6.4 summarises the total erosion area and its magnitude after the 
experiments. Erosion did not occur in all the experiments, and this did not 
allow to directly relate measurements ‘after experiment’ to those ‘after 
erosion’. Actually, erosion took place in all the control channels; in 
contrast, biofilm completely prevented bed erosion in 5 of the B channels. 
Mean channel erosion in C experiments was 0.54 cm/min (SD = 0.36 
cm/min), while it attained 0.35 cm/min on average (SD = 0.37 cm/min) in 
the B ones. Mean eroded area in C experiments was twice that observed in 
the B channels (36.2 and 17.8%, respectively). These differences are also 
observed when the total eroded volumes are compared (Table 6.4). 



 

 

 
Figure 6.3. Erosion intensity for the control (C) and biofilm (B) experiments. White areas indicate 0 cm of erosion and correspond to i) non-

eroded areas due to biofilm protection effect or ii) deposition areas. Negative values show the centimetres of lineal erosion measure with 
respect to the value of no erosion (0 cm).
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Table 6.4. Erosion for each of the control (C) and biofilm-colonised (B) channels. Three 
descriptors are used to assess erosion. The respective erosion values (cm3/min) are 

expressed per unit of time since the duration of the experiments was not the same for all of 
them. Percentage corresponds to de area affected by erosion considering the total area of the 

channel. 

  CONTROL  BIOFILM-COLONISED 

  
Channel 

Linear 
erosion 

(cm) 

Eroded 
area 
(%) 

Eroded 
volume 

(cm3/min) 

 
Channel 

Linear 
erosion 

(cm) 

Eroded 
area 
(%) 

Eroded 
volume 

(cm3/min)   
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C1 0.15 15.35 0.60  B1 0.53 6.93 0.63 

C2 0.21 6.53 0.36  B2 0.00 0.00 0.00 

C3 0.15 5.06 0.21  B3 0.00 0.00 0.00 

C4 0.21 14.00 0.77  B4 0.00 0.00 0.00 

C5 0.22 16.30 0.89  B5 0.18 0.45 0.01 

C6 0.35 11.77 1.03  B6 0.00 0.00 0.00 

C7 0.44 18.20 2.01  B7 0.16 0.42 0.01 

C8 0.41 11.09 1.12  B8       

C9 0.44 18.51 1.97  B9 0.00 0.02 0.03 

H
ig

h 
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w
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 C10 0.81 77.02 20.35  B10 1.01 44.24 14.65 

C11 0.91 78.06 24.58  B11 0.69 66.76 16.25 

C12 1.15 83.73 33.66  B12 0.48 16.54 2.86 

C13 1.22 83.73 35.18  B13 0.89 62.91 20.82 

C14 0.62 48.78 10.58  B14 0.66 32.69 7.55 

C15 0.88 54.21 15.97  B15       

Mean 0.54 36.16 9.95   0.35 17.77 4.83 
 No data available for the B8 and B15 experiments due to technical problems. 
    

 

Although, on average, it is clear that biofilm prevented channel scour, some 
notable patterns worth highlighting. The eroded area of the channels was 
always higher in the C than B channels, but it varied significantly between 
experiments (as shown in Table 6.4 and Figure 6.3). In some experiments 
the total eroded volume in paired experiments was similar (Table 6.4). For 
instance, C1 and B1 yielded an eroded volume of ~0.6 cm3/min, but their 
respective eroded areas were very different (15.3% and 6.9% respectively). 
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Differences were driven by the way in which erosion took place in B 
channels: here, erosion was concentrated in areas where the biofilm was 
ripped in patches. Detached patches of biofilm had sand grains attached that 
were also transported (visually observed). These small areas generated 
relatively large localised erosion that controlled the total eroded volume 
recorded at the end of each experiment. Biofilm was preserved in the rest of 
the channel and did not experience erosion.  

Bed erosion was also influenced by flow intensity. Erosion in the C 
experiments under low flow intensities (C1 to C9, see Table 6.2 for more 
details) was small but it was observed in all the experiments. In contrast, in 
B1 to B9 erosion only took place on three occasions. Under higher flow 
intensities (C10-C15 and B10-B15) all the channels experienced erosion. 
Flow velocity, which partly defines the flow intensity, is thus positively 
correlated to the eroded area and the eroded volume values. Figures 6.4a 
and b show that in the C channels there is a linear relationship between 
mean water 𝑣𝑣 and eroded area (R2 = 0.74; p-value < 0.01) and volume (R2 = 
0.64; p-value < 0.01). The same pattern is observed in B channels both in 
relation to area (R2 = 0.66; p-value < 0.01) and volume (R2 = 0.70; p-value 
< 0.01). Visual observations indicated that biofilm ripped up very quickly in 
the experiments in which flow intensity was high. In these cases, bed scour 
was generalised, although some areas protected by the biofilm remained 
intact. Under such high flow intensity conditions, erosion occurred both 
downwards and headwards after biofilm detachment, causing the release of 
bed-material and the development of incipient bedforms (sometimes 
forming on top of biofilm areas). Supplementary material 6.1 and 6.2a, 6.2b 
are examples of the erosion patterns described. 
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Figure 6.4. Relation between mean water velocity and bed erosion for control and biofilm 
experiments. Bed erosion is expressed in both a) eroded area and b) eroded volume. Note 

that 0.001 was added to the 0 values to improve the clarity of the figure. c) Relation 
between mean water velocity and bedload transport rates. Note that 0.01 was added to the 0 
rates to improve the clarity of the figure. The inset graphs are a simplification of the main 

ones: values were grouped according to its flow intensity (x-axis) and the average value and 
SD represented on an arithmetic scale in the y-axes. 



 

 

 
 

Figure 6.5. Bed elevation longitudinal profiles for experiments under a) low and b) high intensity flows before and after the experiments.  
See Table 6.2 and 6.4 for specific details on the hydraulics and the topographic changes associated to these experiments. 
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Figure 6.5 shows the long profile changes in two experiments subjected to 
different flow intensities. Under lower shear stress (Figure 6.5a), erosion in 
the C beds (e.g. C5) began in the upstream reach of the channel and 
bedforms (dunes) formed and migrated downstream. During the same 
hydraulic conditions, B channels (e.g. B5) did not experience significant 
erosion. Under higher shear stress values (Figure 6.5b), erosion was more 
generalised along both C and B channels. The magnitude of the erosion was 
also higher and well-developed bedforms (e.g. mainstem meandering 
channels, small dunes) were observed. Although these patterns were 
generally observed in both channels, biofilm still stabilised some areas of 
the channels after the experiments (see Figure 6.3). Overall, hydraulic 
conditions attained were sufficient to change longitudinal profiles, create 
bedforms, and increase bedload transport rates at the lowermost end of the 
channels.  

Bedload 

As described above, erosion was observed in all control channels under all 
hydraulic conditions. Even so, in some of these experiments, bedload (ib) 
transport at the downstream end of the channels did not occur (Table 6.5). 
This pattern was also observed in some of the biofilm-colonised channels. 
Although experiments lasted between 1,800 and 3,600 s, particles eroded 
from the bed where not able to reach the end of the C and B channels in 9 of 
the runs (Tables 6.4 and 6.5). This was due to the slow migration of 
bedforms and by the uneven movement of the eroded sediments, which 
were marginally transported (i.e. low rates, isolated particles, and long 
periods of rest). Mean bedload rates for the B channels were always (i.e. for 
all hydraulic conditions) lower than for the C channels (0.7 g/s·m and 1.8 
g/s·m, respectively, with 0 values included). The maximum value for the B 
experiments was 3.3 g/s·m (B11), while for the C experiments was 7.6 
g/s·m (C13). Again, as in the case of the eroded volumes, values in C 
channels were twice as large as those observed in the B ones. In general, 
experiments with Reynolds numbers > 2,000 mobilized and transported 
larger amounts of sediment (Table 6.2). Although this pattern seems valid 
also for flow velocity (i.e. 𝑣𝑣 > 10 cm/s implies higher transport), ib rates 
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were weakly correlated to 𝑣𝑣, both in C and B channels (R2 < 0.5; p-value < 
0.05; Figure 6.4). 

Table 6.5. Mean bedload transport rates (ib) and total bed material load (total mass)  
during control (C) and biofilm-colonised (B) channels. 

  CONTROL  BIOFILM-COLONISED 

  Channel Mean ib 
(g/s·m) 

Total mass 
(g)  Channel Mean ib 

(g/s·m) 
Total mass 

(g) 

L
ow

 fl
ow

 in
te

ns
ity

 

C1 0.0 0.0  B1 0.0 0.0 
C2 0.0 0.0  B2 0.0 0.0 
C3 0.0 0.0  B3 0.0 0.0 
C4 0.0 0.0  B4 0.0 0.0 
C5 0.0 0.0  B5 0.0 0.0 
C6 0.0 0.0  B6 0.0 0.0 
C7 0.0 0.0  B7 0.0 0.0 
C8 0.0 0.0  B8   
C9 0.0 0.0  B9 0.0 0.0 

H
ig

h 
flo

w
 in

te
ns

ity
 C10 4.2 764.7  B10 2.6 459.2 

C11 4.4 798.8  B11 3.3 599.5 
C12 6.4 1,159.4  B12 0.3 57.8 
C13 7.6 1,370.3  B13 2.9 521.5 
C14 0.7 124.1  B14 0.0 0.1 
C15 1.8 331.3  B15 0.5 79.1 

  Mean 1.7 303.2  
 0.7 122.7 

No data available for the B8 experiment due to technical problems. 

 
 
The temporal variability of bedload transport during the experiment shows 
that sediment transport was episodic in both the B and C channels. C 
experiments showed an erratic behaviour, and the temporal variability of 
bedload transport was very variable between channels and within them. 
Although erosion was rather homogeneous in space, bedload at the outlet of 
the channel was irregular in time, presenting a series of pulses of different 
intensity (Figure 6.6a). As described above, bedforms developed during the 
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runs and eventually reached the downstream end of the channel where the 
sediment trap was located. In general, the maximum bedload rate occurred 
at the beginning of the runs; subsequently the rates declined. Even so, rates 
maintained a cyclic pattern at a time frequency between 2 and 5 min (Figure 
6.6b). In contrast, bedload in B channels was generally controlled by the 
localised detachment of biofilm patches, which transported sand particles 
attached to them. As described above, these processes controlled erosion 
patterns but also caused sudden but isolated increments of the bedload rates 
(Figure 6.6a). It is worth noting that bedload transport in B channels did not 
show the same temporal pattern in all the experiments, since the response 
depended on the interaction between the protection effect of the biofilm and 
the competence of the flow. For instance, B14 (Figure 6.6b) was subjected 
to relatively high flow intensity but no bedload was captured in the trap; 
noticeably, the maximum bedload rate recorded in the B experiments was 
observed during experiment B11, in which shear stress was similar to that 
measured in B14 (Tables 2 and 5). 

DISCUSSION 

Sediments-biofilm interaction 

Biofilm effects on roughness 
Our results indicate that biofilm caused an increase of bed roughness, in 
agreement to other studies carried out with periphyton (Nikora et al., 2002). 
At the same time, mean flow hydraulics increased. Although these relative 
trends initially appear contradictory, they can be accounted for i) the scale 
at which roughness was assessed and/or ii) the pressure exerted by the water 
column on the biofilm. Regarding the scale of work (i), roughness in the 
control channels was mainly a function of the sediments size (i.e. no 
bedforms present), while in the biofilm-colonised it was controlled by the 
bumpy surface created by the biofilm. With biofilm presence, roughness 
was then associated to these oscillations rather than to the irregularities 
caused by the sediments. Consequently, the effect of these two types of 
roughness on flow resistance is different. In the second case (ii), the 
unexpected relation between bed roughness and velocity can be also 
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Figure 6.6. Temporal variability of bedload transport rates for paired experiments a) C13-B13 and b) C14-B14. Both 
sets of experiments were subjected to relatively high shear stresses. Average boundary shear stress and bedload rates 

are shown in Table 6.2 and Table 6.5, respectively. 
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explained by the pressure exerted by water on the channel bed. Nikora et al. 
(1998) found a negative relationship between flow intensity and roughness 
length, which could indicate the effect described here. Fang et al. (2013) 
also found that velocity increased above a stabilised bed, a fact that can be 
exacerbated due to the lack of sediment transport. In our experiments, 
channel beds (and their associated roughness) were scanned with 
temporarily desiccated biofilms (i.e. without water in the channel, not 
flattened), while velocity measurements were done during the experiments, 
and running water might flatten the biofilm, reduce its roughness and 
increase flow velocity. 

As indicated, the higher the velocities the higher the boundary shear stress 
values, although this did not inevitably lead to higher bed scour. The total 
eroded volumes of sediment in the B channels were notably lower than that 
observed in the C ones. Similarly, bedload transport at the downstream end 
of the channels was lower in the presence of biofilm (discussed further). 

 
Biofilm effects on erosion patterns 
Biofilm controlled the area of bed surface disturbed, as well as the 
magnitude of the disturbance. Table 6.6 shows the Bed Erosionability Ratio 
(BER) for the experiments. The BER for area ranged between 0 and 0.88, a 
fact that indicates that biofilm prevented the extension of erosion. It should 
be noted that the first case is particular since the total eroded volume was 
much higher in the biofilm-colonised than in the control channels, even 
though the disturbed area was smaller. This indicates the existence of a 
localised high bed scour associated with a major, short-lived episode of 
biofilm detachment. 

Results indicate that experiments with relatively low velocities (i.e. low 
flow intensity) yielded a BER close to 0. This indicates that bed disturbance 
was minimum or marginal. Higher water velocities (i.e. higher intensities) 
approached BER = 1, but not higher. Experiments C1-B1 and C12-B12 
were the exceptions to this pattern, and showed the randomness of bed 
scour associated with the presence of biofilm. For instance, 𝑣𝑣 was high in 
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the case of B12, but even under these circumstances the biofilm prevented 
erosion.  

Table 6.6. Bed Erosionability Ratio (BER) both per area and per volume. 

  
 

BER 

  Area Volume 
L

ow
 fl

ow
 in

te
ns

ity
 

B1/C1 0.30 1.04 
B2/C2 0.00 0.00 
B3/C3 0.00 0.00 
B4/C4 0.00 0.00 
B5/C5 0.02 0.02 
B6/C6 0.00 0.00 
B7/C7 0.02 0.01 
B9/C9 0.00 0.00 

H
ig

h 
flo

w
 

in
te

ns
ity

 

B10/C10 0.57 0.72 
B11/C11 0.88 0.66 
B12/C12 0.20 0.08 
B13/C13 0.81 0.59 
B14/C14 0.67 0.71 

No data available for the B8 and B15 experiments due 
to technical problems. 

 

Figure 6.4 shows that the scatter of points in the 𝑣𝑣 vs. erosion parameters is 
higher in low velocities when marginal erosional processes, and thus 
marginal bedload, were observed. This scatter suggests that other factors 
(such as biofilm thickness) may also have an influence in the observed 
bedload patterns. 

Velocity and flow regime also play a crucial role on biofilm properties. In 
fact, biofilm thickness has been negatively related with velocity during 
growth, so biofilm grown in low velocities would be thicker (e.g. Graba et 
al., 2013). Nevertheless, higher dense and stable biofilms grow in rapid and 
turbulent flows rather than on laminar flows (Pereira et al., 2002). Biofilms 
in our experiments were developed under low-turbulent quasi-laminar flows 
and low flow velocities; so perhaps, more channel beds would have 
remained intact if developed in more turbulent flows. A similar fact could 
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be expected if biofilm was composed by different algal species/groups with 
higher EPS quality or quantity production. It is difficult to generalise about 
the cohesive potential of biofilms since it depends on its complexity and 
species composition (e.g. Decho, 2000). The comparison of the biofilm 
grown in our experiments with other biofilms elsewhere is, therefore, risky. 
Nevertheless, in both cases, as the biofilm mats are rather homogeneous, the 
erosion patterns would have been hypothetically the same. 

The results of the control experiments fit well into the Hjulström curve 
(Hjulström, 1935), which describes whether a river erodes, transports or 
deposits sediments in relation to flow intensity and particle size. The non-
colonised sand grains subjected to quasi-turbulent flows did mobilise, thus 
agreeing with the results presented by Komar and Miller (1973). However, 
not all the B channels eroded, despite having been subjected to the same 
flow regime. Our results demonstrate the cohesion power of biofilm on non-
cohesive sediments, and its role in protecting particles from erosion during 
hydrological events. Whereas the channel evolved and a new channel shape 
and form (including bedforms) developed in non-biofilm beds, bed scour 
was much less evident in biofilm-colonised beds and it was spatially more 
heterogeneous too. Biofilms produced an erosion-patched pattern probably 
associated to local biofilm weaknesses, where the detachment of biofilm 
mostly occurred. Similar patterns for non-cohesive sediments were 
described by Madsen et al. (1993), Neumeier et al. (2006) and Vignaga et 
al. (2013) in flume experiments. In intertidal systems, the influence of 
biofilm affects, mainly, the upper part of the sediments, and reduces with 
depth (Paterson et al., 2000). Our results seem to corroborate this behaviour 
also in fluvial systems: biofilm detachment occurred as a mat and, once 
ripped, individual grains under it began to move (i.e. no cohesion effect 
under the biofilm). 

Our work adds new insights into the effect of biofilm on the patterns and 
magnitude of bed erosion and bedload transport in sandy channels. It 
corroborates the protection effect of the biofilm, not just preventing channel 
erosion but also controlling the spatial distributions of erosion across the 
river bed. 
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Effects of biofilm on sediment transport 
Visual observations of bed-material entrainment during the experiments 
indicated that bed disturbance in biofilm-colonised channels was delayed in 
relation to the control channels. Sand particles began to move immediately 
in the absence of biofilm. Here, step-and-rest motion was observed (i.e. 
equivalent to Phase II in Garcia et al. 2007, Table 6.7). In the biofilm-
colonised channels, individual particles did not directly react to changes in 
flow intensity, with particles only set in motion when biofilm was detached. 
This process took between 2 and 6 min to happen. Generalised bed-material 
transport (equivalent to Phase III in Garcia et al. 2007) was observed in the 
first 2 min of the runs in the control channels, while it took between 4 and 
12 min in the biofilm-colonised channels. Moreover, the source of 
sediments in these B channels was much more localised and patchy, and not 
directly associated with the migration of bedforms as in the case of the 
control channels. 

In almost half of the control experiments the sediment reached the traps 
located at the downstream end of the channel. This contrasted with 36% of 
the biofilm-colonised experiments that registered significant bedload flux. 
Visual observations suggested that if the traps had been located further 
upstream in the channels, a higher percentage of experiments would have 
recorded bedload. Control channels that registered bedload (Table 6.5) 
were, generally, those displaying larger eroded areas and volumes (Table 
6.4); in contrast, this pattern was not so clear in the biofilm-colonised 
channels. In general, channels experiencing higher erosion also reflected 
sediment exhaustion following a cyclical pattern (Figure 6.6). These 
oscillations in bedload transport are related to dunes reaching the traps as, 
for instance, described in classic experiments carried out by Gómez et al. 
(1990). Such an exhaustion pattern was not observed in the biofilm-
colonised channels, where the cyclicity was much more related to the 
detachment and mobilisation of biofilm patches. A bedload pattern resulting 
from continuous sediment supply from upstream cannot be assessed in our 
experiments. However, the absence of sediment supply during the 
experiments reproduced a common situation downstream from dams; the 
result was a net bed erosion with direct implication for channel topography 
(shape and form), a phenomena that had been reported elsewhere (e.g. 
Yager et al., 2015). 



 

 

Table 6.7. Time (in minutes) prior initiation of motion and bedload transport. The classification follows  
equivalent phases of initiation of movement as described by Garcia et al. (2007). 

  Channel 'Step-and-rest'  
motion1 (minute) 

Generalised 
bedload transport2 

(minute) 

Bedload 
reached the trap 

(minute) 

 
Channel 

Localised bedload 
transport3 

(minute) 

Generalised 
bedload transport4 

(minute) 

Bedload 
reached the 

trap (minute) 

L
ow

 fl
ow

 in
te

ns
ity

 

C1 3 - -  B1 6 - - 
C2 3 - -  B2 - - - 
C3 2 - -  B3 - - - 
C4 2 - -  B4 - - - 
C5 2 3 -  B5 3 - - 
C6 2 3 -  B6 - - - 
C7 2 2 -  B7 4 - - 
C8 1 2 -  B8       
C9 2 3 -  B9 - - - 

H
ig

h 
flo

w
 in
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ns

ity
 C10 2 2 1  B10 3 4 3 

C11 1 2 1  B11 3 8 2 
C12 1 1 1  B12 4 12 3 
C13 1 1 1  B13 2 5 2 
C14 1 2 8  B14 2 5 5 
C15 1 1 5  B15       

1 Few grains began to move, 'step-and-rest' motion (equivalent to Phase II of Garcia et al. 2007)       
2 General sediment motion involving downstream transport (equivalent to Phase III of Garcia et al. 2007). For the C1 to C9 channels, the generalised movement 
occurred only at the upper part of the channel. It could not be determined for the C1-C4 experiments 
3 Biofilm started to rip at some point and localised sediment movement occurred after biofilm ripping     
4 Approximately 50% of the biofilm was eroded and general sediment movement was observed     
- indicates that no motion was observed            
No data available for B8 and B15 experiments due to technical problems          
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Implications for river dynamics 

Rivers regulation causes the reduction of magnitude and frequency of 
floods (e.g. in the Mediterranean: Batalla et al., 2004 and Piqué et al., 
2016), the main natural driver of river bed disturbance. Within this context, 
and considering our results, the presence of biofilm strengthens the 
stabilisation effect and further promotes algal growth. This feedback 
process may lead to unprecedented hydraulic and geomorphological 
stability of the channel (e.g. Batalla and Vericat, 2009; Stevenson, 1996).  

Multiple factors influence growth, development and final properties of 
biofilm, as it has been recently compiled by Gerbersdorf and Wieprecht 
(2015). These characteristics would, in fact, influence the biofilm effects on 
river ecosystems. If in excess, biofilm can result in negative ecological 
effects; this could be the case of biofilm mats covering the whole river bed. 
They may, for instance, clog pores (i.e. bioclogging), hence reducing 
hydraulic conductivity and permeability of the upper sediment layers (e.g. 
Cunningham et al., 1991; Battin and Sengschmitt, 1999). Another effect of 
excessive biofilm growth can be the alteration of diel oscillations in oxygen 
content, which may affect riverine communities (e.g. Sabater et al., 2000). 
Moreover, the reduction of pore spaces also favours the resistance to water 
flow (Lianfang et al., 2009) and with it, reinforces riverbed sediment 
stability. Substratum stability has also other effects apart from enhancing 
biofilm growth. The lack of episodic river disturbance may cause a decline 
in biodiversity, favour the colonisation of non-native species, and alter 
water quality (Goodwin et al., 2006). Characterising and quantifying the 
effects of biofilm on river bed scour (thus mobility) is essential, for 
instance, to achieve a sound effective design of environmental flows and 
artificial floods (i.e. flushing flows) prescribed to keep and enhance river 
channel bio-physical functionality in regulated rivers. 

CONCLUSIONS 

In this paper we present the results of a series of experiments performed to 
analyse the effects of biofilm on river-bed scour and mobility. Detailed 
topographic and roughness maps and bedload samples were obtained in 
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order to examine the influence of biofilm on sediment scour and sediment 
transport under contrasting hydraulic conditions. The main conclusions of 
the work are that: 

1) Biofilm changes the patterns of bed erosion. Erosion in the control 
channels doubled that observed in the biofilm-colonised ones. Erosion in 
colonised beds occurred in patches associated with biofilm detachment. In 
biofilm-free channels, bedforms developed and controlled the observed 
topographic changes. 

2) Biofilm modifies bed roughness, and the magnitude of changes is 
directly related to the cell size used in the analysis. In the control channels 
roughness reflected the size of the sediments, while the biofilm colonised 
beds displayed a more bumpy-shaped surface. After the experiments, 
average roughness across all channels did not change substantially, 
although both bedforms and bumpy-shaped surfaces increased roughness 
locally. 

3) Bedload is notably higher in free-sediments beds. Our measurements 
indicate a fivefold bedload increase in non-colonised beds than in biofilm 
ones, under similar hydraulic conditions. 

This paper highlights the importance of considering the influence of the 
biofilm in river beds composed of non-cohesive sediments when monitoring 
or modelling hydraulic and sedimentary processes in fluvial systems. The 
protection effect of biofilm is especially important at the early stages of 
floods, when flow intensity exceeds bed-material entrainment thresholds. 
Once the biofilm carpet is detached, bed sediments are mobilized and may 
follow typical transport behaviour. Further studies are needed to fully 
understand the mechanisms associated with the stabilisation properties of 
different biofilm stages in different sediment mixtures, and under a wider 
range of hydraulic conditions and growing stages than the experiments 
reported here. 
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SUPPLEMENTARY MATERIAL 

Supplementary data to this article can be found online at 
http://dx.doi.org/10.1016/j.scitotenv.2016.08.009. 
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SUPPLEMENTARY MATERIAL 6.1 

a) Control experiment C4: low flow intensity, scour at the upstream part of the channel observed; b) Control experiment C10: high flow 
intensity, generalised scour in the whole channel; c) Detail of the scour for the C11 experiment; d) Biofilm-colonised experiment B1: low 
flow intensity, localised scour where biofilm ripped; e) Biofilm-colonised experiment B10: high flow intensity, generalised erosion but 
biofilm still protected the sediments; f) Detail of the scour in the B14 experiment. 
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SUPPLEMENTARY MATERIAL 6.2 

Videos are available at http://dx.doi.org/10.1016/j.scitotenv.2016.08.009  

a) Headwards erosion observed in the B10 experiment. 

b) Instant of biofilm detachment in the B12 experiment. 

http://dx.doi.org/10.1016/j.scitotenv.2016.08.009
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FLUVIAL WATER AND SEDIMENT BUDGETS 

How do we tackle water and sediment budgets in this thesis: The 
issue of scales 

Fluvial sediment budgets are often seen as black boxes that take into 
account sediment inputs to the drainage basin and sediment exports at the 
outlet. Other components, such as temporal in-channel sediment storage, the 
role of benthic biota, or human actions such as gravel extractions, are often 
not considered. This thesis assesses some of these ‘often’ overlooked 
factors of sediment budgets to examine its relative importance. The studies 
were carried out at catchments located in the Mediterranean climate 
domain, usually characterised by a high degree of alteration. This alteration 
is mainly due to dam construction and water withdrawals for agricultural 
and urban uses. Hence, the focus of the thesis was set up around the effect 
of ‘dam presence’ on water and sediment budgets. Analyses have been not 
only centred on the consequences of impoundment on those budgets, but 
also on what happens in highly active catchments upstream from reservoirs 
(and that finally would affect them).  

A variety of catchment conditions were considered in this thesis with the 
aim to ‘individually’ assess their effects on water and sediment budgets. 
However, not all the components of these budgets could be properly 
assessed within a single river basin, so different study areas, specific for 
each work, were established. The availability of long-term discharge data in 
the NW Mediterranean region allowed the regional evaluation of 
hydrological changes and alteration due to dam presence (Chapter 3). 
However, sediment budgets could not be calculated at regional scale due to 
the lack of sediment transport data series for the whole region, together with 
the difficulty of monitoring sediment fluxes of all the basins of an area. For 
these reasons, the study of sediment fluxes was set on two different basins: 
the Isábena and the Muga (Chapters 4 and 5). For their physical 
characteristics, and in accordance to them, each one of the basins allowed 
the assessment of one of the (often forgotten) components of sediment 
budgets. Within these two mesoscale catchments, three ‘types’ of river bed 
sub-basins were considered: i) bedrock-sand bed river (i.e. Arnera, Muga 
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catchment), ii) gravel bed river (i.e. upper Muga sub-basin and Muga 
downstream the reservoir), and iii) gravel-bed river with very high inputs of 
fine sediments (i.e. Isábena catchment). Additionally, the effects of benthic 
microorganisms (biofilms) on sediment entrainment and transport have 
been introduced in experimental streams mimicking the situation often seen 
in river reaches downstream from dams (Chapter 6).  

Water and sediment yields, hence the associated sediment budgets, are the 
result of the combination of several interacting factors (e.g. geology, land 
use, rainfall events, human impacts), with effects difficult to generalise, and 
somehow meaningful, for an entire region. In this sense, the regional 
hydrological study of Chapter 3 evidenced this difficulty, since each basin 
responded differently, and not a single pattern of the basins’ behaviour 
could be established for the whole region. However, in this area, the inter- 
and intra-annual variability of meteorological factors, added to the high 
anthropic pressures to which basins are subjected to, could contribute to the 
variability of the phenomenon. In other regions with intra-region similar 
patterns, these ‘zonal’ analyses could contribute to a better understanding of 
its functioning, and also facilitate the decision-taking in territorial 
management. Although not always providing tantalising results, these 
regional studies have to be at some point carried out to understand and 
examine which are the factors that lead to this variability.  

In contrast to findings for large scales, more detailed scales permit the 
inclusion of additional factors to understand the hydro-sedimentary 
processes of a river basin that could not be included at larger scales. For 
instance, localised high intensity precipitation events could represent a large 
part of the annual contribution for one basin, but not for others nearby, and 
large scales could not account for the very specific effects of single events. 

The results of this thesis indicate the importance of selecting the correct 
scale of work when carrying out hydro-sedimentary studies, according to 
particular objectives. The three scales of work used here (i.e. regional, 
catchment, and reach) have been posed to attain specific goals that, 
together, contribute to the understanding of hydro-sedimentary processes 
occurring in rivers. The combination of several scales within a singular 
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climate region allows the comprehension of the processes that occur in a 
river, only partially understood when a single scale is used. Hence, the 
effects of biofilm development could not be perceived at the regional scale, 
while the effects of dams in the Mediterranean region could not be 
established considering only a specific river reach.  

Water and sediment budgets in the Mediterranean 

Hydro-sedimentary dynamics of the studied Mediterranean rivers upstream 
from dams principally respond to the common seasonality and high 
intensity of rainfall events that characterise Mediterranean regions. This is 
the case of the basins analysed in this thesis. In non-regulated basins or 
upstream the regulation (Figure 7.1), the largest proportion of runoff occurs 
in short-duration floods (i.e. few days, or even hours) that usually occur in 
rainy seasons (spring or autumn), which are the responsible of transporting 
the major part of sediments. Sediments mobilise when flow competence is 
capable to entrain sediment particles. This competence would be lower for 
finer/smaller non-cohesive particles, while mobilisation of large particles is 
restricted to large floods (Chapter 4). In general, sediment mobilisation, 
both coming from upstream and/or re-suspended from the river bed, is 
produced by increments in discharge, and both variables are correlated (e.g. 
Vericat and Batalla, 2006). Exceptions to this are, for example, the highly 
dynamic catchments with high amounts of available sediments, which may 
transport a relatively high concentration of sediment in suspension even 
during low flows (e.g. Isábena basin, López-Tarazón et al., 2009; and Na 
Borges basin, Estrany et al., 2009). The natural flow regimes upstream from 
dams include flow variability and, consequently, river bed instability. 
Benthic communities, as biofilms, set up there temporarily between 
episodes of river bed agitation and sediments mobilisation, in which they 
are detached and transported downstream (Segura et al., 2011).  

 

Figure 7.1. Schematic diagram of the principal topics and findings presented in the thesis. 
Source: Prepared by the author from software and libraries of the Integration and 
Application Network, University of Maryland, Center for Environmental Science 
(ian.umces.eu/symbols/)       >>>>>>
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Almost the totality of sediments eroded upstream from a reservoir (both in 
suspension and bedload) are trapped and finally deposited in the reservoir 
(Chapter 4). Only a small part of suspended sediments are delivered 
downstream, while coarser particles are completely retained at the reservoir 
bottom. Hence, after impoundment, water and sediment budgets below 
dams are usually completely different with respect to those upstream 
(Figure 7.1). Hydrology downstream from dams does not respond to rainfall 
events, but is mostly due to water regulation patterns and punctual releases 
to guarantee water for agricultural and urban uses for the whole year 
(Chapter 3), thus changing the monthly regime of those rivers. It is worth 
stressing the heterogeneity of these changes, which is mainly a consequence 
of the human activities in each basin. Results have shown a highly variable 
hydrological response to dam construction (Chapter 3); in particular, Figure 
7.1 shows the main findings found in the specific study in the River Muga 
(i.e. reduction of annual runoff and magnitude and frequency of floods; 
Chapter 4), which were also observed in some of the other basins of the 
regional study (e.g., Siurana and Agly; Chapter 3). Additionally, sediment 
loads transported downstream from dams are usually much lower than those 
upstream, and come mainly from reservoir releases (Chapter 4). River bed 
is frequently armoured due to the lack of sediment supply coming from 
upstream and the infrequent river-bed disturbance. Water released from the 
reservoir is, in most cases, clear and has the erosive potential to cause river-
bed incision and, as flow discharges released from dams are usually low, 
only fine particles can be transported downstream, while coarse particles 
remain stable and favour the armouring and stabilisation of the river bed 
(Kondolf, 1997). Moreover, the absence of disturbances and river bed 
stability lead to the long-term establishment of benthic communities and the 
increase of their biomass (e.g. Clausen and Biggs, 1997; Warner et al., 
2007; Ponsatí et al., 2015), which, at the same time, reinforces sediments 
stability. Biofilms (together with macrophytes) have the capacity of 
adhering to the substratum, turning out in a protection effect (Chapter 6). 

Dry years or long drought periods are common in Mediterranean river 
networks, so reservoir managers aim to store the maximum amount of water 
for supply uses but, at the same time, to maintain an empty space for flood 
control (Valdés and Marco, 1995). Keeping a safety margin in the reservoir 
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enables the control of floods (e.g. López-Moreno et al., 2004), preventing 
damage downstream. Additionally, this margin permits the complete 
retention of small floods in the dam, thus not occurring downstream. 
However, large floods are observed upstream and also downstream. 
Reservoir operation is also reflected in low flow periods and droughts, since 
water releases will respond to water demands rather than to hydro-climatic 
factors. This can be reflected, in the most extreme cases, in the complete 
inversion of the monthly flow regime (e.g. Muga and Siurana, Chapter 3).  

Sediments that are temporally stored on the river bed may represent an 
important part of the annual sediment budgets. In the Isábena, they 
represented up to 2% of the suspended sediment budget of a dry year 
(Chapter 5). Although it accounted for only a minimum part of the budget 
of the study year, wetter years would probably have stored and delivered 
higher quantities of sediments. The sedimentary cycle that has been 
described (i.e. production, transfer, storage and export) reflects the intra-
annual variability of this sediment storage. Likewise, biofilms or 
macrophytes influence particle entrainment and, thus, sediment transport 
(Chapter 6). Sediment budgets comprising stabilised river reaches (both due 
to natural or anthropic factors) should consider the effect of biofilm 
preventing particle entrainment and scour. The protection effect of biofilm 
is important (especially for small grain size sediments), and may affect 
sediment budgets in low magnitude floods, when hydraulic forces cannot 
rip and remove completely the biofilm carpet. Large floods are more 
competent and have the capacity of mobilising sediments, being able to 
detach biofilms and benthic vegetation.  

Other factors that could be taken into consideration for the analysis of key 
components affecting river reaches are land use changes, gravel mining, and 
other sedimentary management actions. Among these, the former were not 
assessed in this thesis since the temporal scale used for the analysis is too 
short to incorporate (and detect) those changes in sediment budgets. These 
analyses would require long-term sediment transport data for a specific 
basin.
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SEDIMENT TRANSPORT 

Sediment loads estimation 

Discharge and sediment transport fluxes are the key elements for sediment 
budgets construction. Suspended sediment concentration, and thus fine 
sediment loads transported in suspension, was determined following 
different methods, as they are detailed in Chapter 2. Due to the lack of 
continuous data, estimations were carried out to extend SSC registers. Q-
SSC relations have been widely used in the literature (e.g. Vericat and 
Batalla, 2006; Harrington and Harrington, 2013), but it is not always 
applicable due to the lack of statistical significance relationship between Q 
and SSC (i.e. Isábena, López-Tarazón et al., 2009) or to the implicit 
assumption that sediment transport is in quasi-equilibrium with sediment 
supply (Wright et al., 2010). Likewise, runoff-sediment transport rates 
relationships have been also used to complete or extrapolate data (e.g. 
Loughran et al., 1992). Some studies have evaluated the resultant sediment 
loads by using different methods for interpolation of suspended sediment 
transport (e.g. Walling and Webb, 1981; Smart et al., 1999), but there is no 
agreement on which method is the one giving the best results. In the case of 
the River Muga, it was observed that Q-SSC rating curves probably 
underestimated sediment loads. 

Bedload transport was measured by means of 3 methods, also described in 
Chapter 2. In the case of the River Arnera sub-basin, although several 
bedload transport equations were applied, none of them resulted in a 
reasonable estimate of sediment loads. The study reach in the Arnera sub-
basin was composed of (mainly) sands and bedrock, and had a steep slope 
(i.e. close to 1%). This combination, together with the fact that bedload 
transport equations estimate the capacity of transport of a river and assume 
that there is no supply limitation of sediments, may led to an overestimation 
of bed loads (Reid and Dunne, 1996). Field observations suggest, however, 
that there was a supply limitation of sands coming from upstream, so given 
the limitation of constructing sediment budgets for bedrock, supply-limited 
reaches (Topping et al., 2000), estimates were performed by different 
approximations. 
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Regarding both suspended and bedload sediment transport estimates, one of 
the main worrying issues about sediment loads was the likelihood of sands 
transported in suspension to be computed twice (i.e. as suspended sediment 
and bedload). In the River Arnera (Chapter 4) samples collected by 
automatic samplers evidenced that an important part of sands were 
transported in suspension (i.e. > 50% of the total weight), and the rest were 
transported as bedload. The intake of the automatic sampler was located at a 
similar distance from the bed than the optical screen of the turbidity sensor, 
in order to obtain representative samples of the amount of sands in 
suspension detected by the turbidity sensor. When plotting flow discharge 
against the SSC values obtained by different methods (Figure 7.2), it is 
observed that: i) A large part of the suspended sediment taken by the 
automatic samplers was mostly composed by sands; ii) A discharge  > 5 
m3/s shoot up the sands transported in suspension. Under this discharge, the 
difference between samples with and without sands was smaller; iii) If the 
weight of sands is removed from the total weight of the automatic sampler 
samples (black circles), the trend obtained for the Q-SSC relation (black 
dots) was similar to those defined by the turbidimeter records (blue 
squares). The observations presented in (i) and (iii) seem, a priori, 
contradictory, since the turbidity records should reflect the ‘real’ SSC 
because they were calibrated in situ. However, it can be explained by the 
fact that OBS sensors usually give a weaker signal as particle size increase 
(i.e. 1 mg/l of silt and clay results in a higher signal than 1 mg/l of sands; 
Conner and de Visser, 1992; Merten et al., 2013). Hence, when sands 
constitute an important part of the sediment in suspension, as it was the case 
of the River Arnera during high flows, the turbidity sensor output signal 
could be lower than the observed in basins with finer sediments, but result 
in similar suspended sediment concentrations. This fact demonstrates, in 
part, the importance of calibrating the turbidity sensors in situ (Conner and 
de Visser, 1992; Minella et al., 2008).  
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Figure 7.2. Comparison of Q-SSC relations in function of the method used  
for samples collection. 

 
Errors in suspended sediment loads estimates may occur when suspended 
sediment samples are not taken depth-integrated (as it is the case of the 
automatic sampler; Vanmaercke et al., 2011) due to the high variability in 
the vertical (but also cross-sectional) profiles. Vertical (i.e. depth) 
variability is especially marked in sandy rivers (Allen and Petersen, 1981; 
Steegen and Govers, 2001), since the major part of sands is transported 
close to the river bed (as defined by the Rouse equation; Rouse, 1937). In 
the Arnera, samples taken close to the bed contained more sand grains than 
those on the surface for similar discharge, a fact that was observed 
comparing SSC measured in manual samples to the obtained by the 
automatic samplers. 

Rivers’ sedimentary processes 

For sedimentary studies, this thesis has considered two basins with very 
different behaviours. Their principal difference is the amount of transported 
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sediment, higher in the Isábena than in the Muga basins, due to the presence 
of badlands in the former. Nevertheless, also the sediment connectivity 
between sediment sources and the drainage basin (concept described and 
rethought by Bracken et al., 2015) controlled the quantity of sediment 
transported by the river. The degree of connectivity depends on the mass 
transfer efficiency of a basin and influences its effects downstream (e.g. 
Borselli et al., 2008). Hence, highly active and dynamic catchments well-
connected to the drainage system deliver large quantities of sediment 
downstream (i.e. into the reservoir in the case of the Isábena). The Muga 
catchment has probably a much lower connectivity between production 
areas and the drainage network, although it has not been quantified in this 
thesis. A lower connectivity could be expected because of the forest 
predominance in the sub-basins upstream the reservoir (Sandercock and 
Hooke, 2010; Cavalli et al., 2013), but also to the longitudinal discontinuity 
generated by the dam (Poeppl et al., 2016). Regarding the basin sediment 
yields calculated in this thesis, only the values calculated for the Isábena 
were in accordance to the estimations made Walling and Webb (1983) that 
were presented in the Introduction section. They reported values between 
250 and 500 t/km2·yr; while the values for the Isábena were around 450 
t/km2·yr; in contrast, the River Muga < 100 t/km2·yr. The Isábena is in the 
upper part of the defined range, while the Upper Muga basin upstream the 
reservoir (i.e. non-regulated) is far below those values. The final 
consequence of the sediments produced and transported in regulated river 
basins is reservoir siltation. The sediment yields for the study basins are 
reflected in the reduction of reservoir capacity, which was initially similar 
in both Muga and Isábena reservoirs (i.e. 61 and 71 hm3 respectively), but 
the reservoir in the Isábena had to be enlarged (to 92 hm3) and emptied 
during the 20th century to extend its lifespan (see details in Palau, 1998), 
whereas the Darnius-Boadella Reservoir (River Muga) has reduced its 
capacity by only 1.4% in 32 years (capacity reduced from 61.96 hm3 in 
1969 to 61.1 hm3 in 2001; Chapter 4).  

The hydrological alteration described in Chapter 3 is probably reflected in 
the sediment budgets of those basins, although they have not been 
quantified in the thesis. Thus, according to the findings observed in 
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Chapters 4 and 6, the amount of sediments mobilised downstream from 
dams would be much lower, and mainly transported in suspension. Some 
results regarding sediment yields have been carried out in the basins of 
Chapter 3 by Liquete et al. (2009) and Brunel et al. (2014). The non-
regulated tributaries flowing into the mainstem river downstream from 
dams could add some dynamism to the river bed and contribute to the ‘re-
naturalisation’ of river reaches, although responses would depend on the 
previous sedimentary dynamism of the tributary and the magnitude of the 
anthropic pressures.  

Chapter 6 presents the potential effect that the development of benthic 
organisms (biofilms) may have on sediment transport. Well-developed 
biofilms are often found downstream from dams. Results were clear and 
well-defined because the environmental conditions were controlled. 
However, the extrapolation of these results to natural rivers is difficult. The 
bed complexity, heterogeneity and randomness of biofilm colonisation, and 
unsteadiness of flow hydraulics cannot be paralleled with real systems. 
Whatever the case, the results of the experiment have to be constrained to 
sandy rivers, where epipsammic biofilms commonly grow forming a carpet. 
The experiments could simulate the previous and first stages of a flood, but 
not larger floods capable to mobilise the entire river bed, when the effects 
of biofilms are likely to be negligible. The chunks detached in a river bed 
disturbance episode can carry sands and smaller particles attached due to 
the EPS matrix, thus constituting a ‘new’ mode of sediment transport. 
However, this mode of transport is probably minor in proportion when 
compared to the total amount of sediments transported. Ecologically, 
detached chunks may contribute to the recovery of the riverine community 
where they are settled down, thus favouring a rapid river bed stabilisation 
and preventing scour at low intensity flows. Similar ‘carpet-like’ biofilm 
growth is also possible in river beds constituted by gravels but, although the 
biofilm ripped under high intensity flow hydraulics, the scour patterns 
would probably not be the same, due to the need of higher shear stresses for 
particle entraining. Moreover, the detached biofilms would unlikely 
transport gravel particles attached to them.  
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SEDIMENTS AND BASINS’ MANAGEMENT ACTIONS 

The majority of basins in the Mediterranean domain are highly dependent 
on water storage in reservoirs for human and agricultural consumption. 
Large floods play a crucial role in the hydrology of those rivers since they 
contribute with large amounts of water to the reservoir. But the water 
retention in the reservoir entails also the retention of sediments, generating 
a sedimentary deficit downstream, which is ecologically unsustainable.  

Several sediment management actions can be carried out in order to reduce 
the sediment deficit downstream (Kondolf et al., 2014). Some of them 
require specific facilities to operate, as is the case of methods that divert 
sediment fluxes during floods, avoiding the entrance into the reservoir. 
Sediment by-passing during floods seems to be a practice with more 
favourable results (Wang and Hu, 2010), but in the Mediterranean region, 
floods are especially important for reservoirs infill. As shown in the thesis, 
most of the water in Mediterranean rivers is transported in a short period of 
time, so diverting flows during those periods would probably not guarantee 
the infill of reservoirs and water storage for drought periods. Alternatives 
for catchments with high generation of fine sediments and a reservoir in its 
outlet (e.g. Isábena) are difficult to design, mainly for the difficulties in the 
retention of those sediments before their entrance to the reservoir. For fine 
sediments accumulated at the reservoir bottom, it would be necessary a 
regular sediment flushing from the dam, both to release sediment retained in 
the dam and to palliate sediment deficit downstream. Sediment retention 
upstream the reservoir might be put in practice in the Muga for sands and 
especially gravels. In this case, regular removal of captured sediments 
would be necessary to maintain the trapping capacity, and sediments could 
be directly injected or deposited in the margins downstream to restore the 
river bed (e.g. Kantoush et al., 2010). However, despite adding sedimentary 
dynamism, these practices do not always represent an ecological 
improvement (Ock et al., 2013).  

The stabilisation of the river bed downstream also requires restoring 
activities to partially recover its previous dynamism. A relatively high range 
of discharges and periodically river bed disturbances are essential for the 
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correct functioning of the whole ecosystem (e.g. Baron et al., 2002; 
Goodwin et al., 2006). Frequent or punctual floods favour the connection of 
river channel with floodplains, and allow fish mobilisation through the river 
reach (The Nature Conservancy, 2009). Subsequently, river bed 
mobilisation is basic for the ecosystem health. Flushing flows are designed 
floods to minimise the impacts derived from dam construction (Milhous, 
1982) and have been applied in regulated rivers for different purposes (e.g. 
ecological, morphological; Kondolf and Wilcock, 1996). Those floods 
should be specifically designed for each specific river (Batalla and Vericat, 
2009). Artificial floods would contribute to the ‘renaturalisation’ of the 
river communities downstream from dams (Robinson et al., 2004). The 
combination of sediment flushing with flushing flows in a single action 
would probably contribute to initiate the restoration of river reaches 
downstream the dam.  

Findings and discussion exposed in the present section are summarised in 
the flowchart of Figure 7.3. The figure shows the different threats that can 
occur below reservoirs found in this thesis, and also the possible activities 
that, according to the literature, could mitigate the effects of reservoir 
construction. Finally, a management proposal is presented to restore river 
reaches downstream from dams, according to the main findings of the thesis 
and considering the typical mesoscale Mediterranean catchment regulated 
by a large dam (i.e. with considerable sediment deficit and lack of 
dynamism downstream). The importance of these activities partly lies on 
the will of society to attain a sustainable and ‘healthy’ ecological status of 
river ecosystems. 

Storing water is crucial to satisfy societal demands (Batalla, 2003; Morris, 
2015), but at the same time, reservoir management actions are also needed 
to maintain the integrity of ecosystems. It is therefore necessary to define a 
convergence between the water demands from urban and agricultural areas 
and the sustainability of aquatic ecosystems. None of the potential 
techniques for ecosystem restoration have only advantages, so the 
ecological impacts downstream derived from management actions have to 
be taken into account too (e.g. Wang and Wu, 2010). Additionally, the 
ecosystem nature makes it difficult to predict precisely the response of the 



 

 

 
 
 

Figure 7.3. Flowchart representing how a social demand derives in threats for riverine ecosystems. Possible solutions to the threats are given 
for Mediterranean rivers regarding the findings of the thesis. 
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riverine ecosystem after a restoration activity, since their recovery depends 
on numerous factors (e.g. Helfield et al., 2007). It is important to consider 
the versatility of the phenomenon and the effects and pressures that human 
activities could have on the environment and affect both the physical and 
ecological compartments of these ecosystems. Hence, the application of 
those measures should be planned accurately and by taking into account the 
periods of drought, which would be the principal limitation for their regular 
application. There is a lack of legislation in Spanish catchments regarding 
the sustainable use of rivers for human activities. Governments and water 
agencies should guarantee the existence and accomplishment of policies 
related to sediment management, as it is currently done in other countries 
(e.g. Italy: Brignoli, et al., 2017), as well as the achievement of good status 
for the (e.g. ecological, hydromorphological, physico-chemical) quality 
elements defined by the European Water Framework Directive (EU, 2000). 

CONCLUSIONS 

This thesis has examined several main issues that are key to build up fluvial 
sediment budgets, in this case for river basins in the Mediterranean region. 
The research highlights the importance of looking at hydro-sedimentary 
processes and related bio-physical interactions at several working scales, 
together with the need to acquire new data relevant to assess the effects of 
human activities (particularly dams) in catchment responses. The following 
conclusions summarise, according to the objectives, the main findings of 
the work: 

1. Mediterranean basins are hydrologically altered by dams, but also by 
water withdrawals and water diversions. The combination of several human 
alterations of natural flows causes heterogeneous responses in the rivers of 
the region. However, a partial recovery of natural hydrological conditions 
may occur some kilometres downstream due to the inputs of tributaries. In 
the future context of global change and due to the different hydrological 
response of basins to similar impacts, Mediterranean basins would need of 
specific management actions for each particular basin to face the 
forthcoming changes. (O1, Chapter 3). 
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2. Transported sediment loads are much lower downstream than upstream 
the dam, indicating an almost complete retention of sediments by dams. In 
the case of the River Muga, reservoir’s lifespan is not threatened at a short-
term, but sediment deficit downstream can affect the entire ecosystem. The 
application of environmentally sustainable actions to manage and restore 
river reaches downstream from dams is, thus, fundamental. (O2, Chapter 4). 

3. Large floods are the main responsible of sediment transport. The River 
Muga is a perfect example of this typical Mediterranean pattern, shown by 
the steep slope of suspended load and bedload frequency curves. Few (or 
even none) large floods may occur in a year, and sometimes a single flood 
can carry almost the totality of sediment transported for that year. (O2, 
Chapter 4). 

4. In-channel sediment storage can constitute an important part of the 
annual sediment load, but there is considerable temporal and spatial 
variability. In the Isábena, this variability is partly the consequence of the 
high connectivity between sediment sources with the drainage network. The 
combination of in-channel sediment storage and sediment budgets of the 
sub-basins allows the determination of an ‘annual’ hydro-sedimentary cycle 
in the Isábena. The large sediment loads drain directly into the reservoir, 
threatening its water storage capacity. Management actions should be 
regularly applied to extend reservoir capacity and enhance the downstream 
fluvial environment. (O2, Chapter 5). 

5. The development of benthic vegetation (biofilms, macrophytes) prevents 
river-bed scour. Long periods of river bed stability favour the establishment 
of well-developed biofilm, which adheres to the substrate and causes a 
higher stabilisation, in a feedback process. Erosion and bedload transport 
rates may be up to 2 and 5 times higher, respectively, when sediments are 
not colonised by biofilms. Nevertheless, the protection effect of biofilms is 
limited to relatively small floods. High flows capable to mobilise large 
particles would be also capable to rip biofilm. Well-developed biofilm 
growth should be considered in low magnitude flows when modelling 
bedload transport. (O3, Chapter 6). 



Chapter 7. Discussion and conclusions 

 260 

As a closure, it is important to remark that a previous and exhaustive 
characterisation of the basin and river bed is fundamental to assess the role 
of sediments in the catchment. The heterogeneity in basins’ hydrological 
management, and the intra- and inter-variability of hydro-climatic factors 
make it difficult to generalise about Mediterranean basins (Conclusion 1), 
somehow contradicting part of the hypothesis H1 established for this thesis. 
Conclusions 2 to 5 do corroborate hypothesis H2 and H3, since the results 
obtained have shown how sedimentary dynamics of rivers change directly 
(Chapter 4) and indirectly (Chapter 6) due to human impacts, but also to 
natural impacts (Chapter 5). According to the findings of the present thesis, 
fluvial sediment budgets should consider different elements regarding the 
characteristics of the basin, and focus on those aspects that can particularly 
affect sediment generation, transport and deposition through the drainage 
network. 

PERSPECTIVES AND FUTURE WORK 
 
Rivers in the Mediterranean regions are highly altered by human presence, 
either directly (e.g. dam construction) or indirectly (e.g. land use changes). 
Human actions have modified the natural regime of rivers and, 
subsequently, their ecosystems. The role of humans in those rivers is, thus, 
fundamental to understand its current status and the urgency of 
implementation of restoration activities. The alteration of water and 
sediment budgets due to human activities has been assessed worldwide and 
also evidenced in this thesis, but there is still space for particular elements 
affecting them. The present research in fluvial ecosystems facilitates the 
recognition of the future work necessary to progress and go further in the 
field of fluvial sediment dynamics and budgets. The suggested bullets 
below constitute research lines that need further investigation: 

a) While the processes at local/regional (i.e. kilometric) scales seem to be 
fairly understood, more detailed studies (i.e. metre/centimetre scales) are 
needed for a better description and comprehension of site-specific processes 
and its implications for sediment budgets. This thesis has demonstrated the 
importance of localised processes that are commonly not considered in 
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basin sediment budgets. In this case, the presence of biofilm or benthic 
vegetation was linked to erosion patterns and bedload rates, and results 
show that even small processes can determine sediment transport rates. 
Artificial streams have been extensively used for ecological purposes (e.g. 
Neumeier et al., 2006; Corcoll et al., 2014), since they permit the complete 
control of the environmental factors influencing stream processes. 
Consequently, the causes that trigger the study processes can be isolated. 
The use of these facilities constitutes the ideal environment to work when 
the aim is to identify the cause of a specific process. Based on the results of 
the present thesis, future work related to biofilms and sediments interactions 
would be the reproduction of similar experiments in larger flumes, and also 
large particle size sediments. Another similar but relevant study would be 
the determination of erosion patterns, entrainment thresholds and bedload 
transport rates of sand and gravel particles packed within fine (thus 
cohesive) sediments. Additionally, having understood the processes 
occurring under controlled conditions, the reproduction of similar studies in 
the field would contribute to a better understanding of the processes at reach 
scales and the goodness of the extrapolations made from experimental 
research. Also, field measurements would allow the quantification of these 
processes and with it, estimate their effect on annual sediment budgets. All 
these suggestions represent new challenges in the understanding of 
processes, which can be achieved by responding, for instance, to the 
following issues: i) Are sediment erosion patterns and sediment transport 
rates in biofilm-colonised gravel-bed rivers similar to the described in this 
thesis? ii) Are the effects of biofilm and cohesive fine sediments 
comparable in terms of preventing erosion? iii) How the variable and 
random configuration and establishment of biofilm communities would 
influence sediment erosion processes? How much (in magnitude) does 
biofilm reduce erosion? 

b) Global and climate change will have implications worldwide, but 
climatic changes are expected to be especially notable in arid and semi-arid 
regions, as well as in the Mediterranean. The IPCC report (Christensen et 
al., 2007) predicted an increase in mean air temperature, a reduction in 
annual precipitation, a concentration of rainfall in high intensity episodes, 
and an increase of drought risk. Land use changes appeared to be one of the 
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principal drivers for progressive changes in hydrological and sedimentary 
processes in non-regulated rivers since the late 1950s and 1960s (e.g. 
Poesen and Hooke, 1997; Buendía et al., 2015), although differences have 
been reported in the literature (i.e. Walling, 1999). However, from now on, 
global change is increasing in importance, with a great potential to modify 
hydrological patterns. Additionally, at the same time, human water demands 
seem to continue increasing or, at least, maintaining at high levels 
(Ferragina, 2010). These changes will represent a modification of water and 
sediment fluxes in rivers (and associated components as nutrients and 
contaminants), and also a modification and adaptation of fluvial 
ecosystems. They are, thus, a challenge that can potentially be predicted by 
modelling. Consequently, the suggested questions arising from the present 
thesis and those predicted future changes would be: i) How would water 
and sediment fluxes be affected by those changes, both at Mediterranean 
and global scale? ii) Would it change the role of benthic biota on fluvial 
sedimentary dynamics under the influence of global change? iii) How will 
society manage to face those changes in a sustainable way? 

c) This thesis evidences the high alteration of fluvial ecosystems that can be 
produced by human activities. Under highly modified conditions, the 
biggest challenge is now how to ‘renaturalise’ or restore those ecosystems. 
Hence, future works and studies should be focused on the design and 
implementation of restoration activities to return the previous geomorphic 
and ecologic dynamism to, at least, those river reaches highly affected by 
human actions (e.g. dams, mining). At the same time, such restoration 
activities should be evaluated to avoid ecological impacts derived from its 
application, thus with the final aim to apply sustainable and respectful 
environmental restoration techniques. The applicability of measures for 
river restoration would be achieved, to some extent, by the collaboration 
with water agencies and state organisms. Possible questions derived from 
restoration plans would be focused on: i) Which management actions would 
promote eco-geomorphic dynamism to highly altered streams due to human 
activities? ii) Is it possible to achieve a ‘renaturalisation’ of impacted 
reaches comparable to pre-altered conditions?  
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None of the three perspectives for future work described above points out to 
only one discipline of work. This evidences that the increasing importance 
of inter- and trans-disciplinary studies is basic to understand and 
comprehend environmental processes and changes. In fact, the study of the 
interaction between fluvial geomorphology and aquatic ecology is likely to 
grow in the coming years. Future research in fluvial geomorphology should 
integrate other disciplines as ecology, chemistry, or even social disciplines. 
In the case of water and sediment budgets, interdisciplinary studies would 
be related to nutrient and contaminant interactions with sediments, as well 
as the bi-directional influence between sediments and aquatic vegetation or 
fauna under different conditions. The inclusion of socio-economic studies 
linked to the environmental ones would contribute to an optimal 
applicability of restoration techniques, as well as to the optimisation of 
resources invested. Definitely, these challenges are wide but, if properly 
addressed, represent great opportunities for society to sustainably adapt to 
the changing environment. 
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