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Introduction genérale

Les matiéres particulaires transférées entre ldiramt et 'océan sont pour I'essentiel le
résultat du transport par les fleuves et reflekesifprocessus d’érosion « naturelle modifiés »
par la pression anthropique a I'échelle des bassinsants (Meybeck, 1988). En effet, la
guantité et la qualité des matiéres arrachées atineot et véhiculées par les fleuves
réduisent le potentiel des terres agricoles, génales pertes de surfaces productives et ont
un impact sur les processus biogéochimiques seildétcen milieu aqueux (Meybeck, 1988).
Il est donc essentiel de comprendre les cyclesagpsrts aux rivieres et les processus qui
affectent les matieres qui y sont transportéesisideut maintenir une bonne qualité physico-

chimique des eaux de rivieres.

Les processus d'érosion, et de transport des mmtién suspension (MES) sont des
composants clés pour la compréhension des phénsneéries mesures du fonctionnement
du systeme Terre. L'érosion et les processus dstribdiion de MES conditionnent les
principaux événements de développement du paysagmient un rbéle important dans le
développement de sol. Le transport des MES dansivigee fournit également, une mesure
importante de son morpho-dynamisme, de I'hydrolatpeson bassin de drainage, et de
I'érosion ainsi que des processus de transporMies dans ce bassin. Les changements de
transfert des MES (terre-océan) aboutiront aux obawemts des cycles biogéochimiques
globaux, particulierement du cycle du carbone, quéasles MES jouent un réle important
dans le flux d’éléments et de nutriments clés, mmas le carbone organique. Le transport
des MES dans la riviere peut aboutir a des tawéléces de sédimentation dans des
réservoirs, des problémes pour le développementadeessource en eau, des impacts
défavorables sur des habitats aquatiques et desysiémes, provenant notamment de
substances toxigues tels que les métaux lourdesepésticides associés aux MES. Des
nombreuses études ont déja montré que le carbgaeique particulaire fixé sur les MES et
que les transferts entre les surfaces continenédléss océans doivent étre intégrés dans le
cycle global du carbone (Meybeck et Vorosmarty 1980dwig et al. 1996 ; Coynel et al.
2005 ; Etcheber et al. 2007). La quantification flies des MES peut donner des informations
sur la quantité de sols erodés dans le bassinedeles gestionnaires de ce bassin pour
chercher des stratégies afin de lutter contre oalslgmes. De plus, la quantification du flux

de carbone associé aux MES est importante pourdapprendre le cycle du carbone des
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continents vers I'océan (Meybeck, 1993). Le carborganique total (carbone organique
particulaire et dissous) est un indicateur impdriaour la qualité de I'eau mais aussi un

indice de la contamination organique.

Plusieurs études ont été faites sur des petitsnisagsrsants agricoles inférieurs de 1007 km
(Gao et al., 2007; Lefrancois et al., 2007; Estraingl., 2009; Deasy et al., 2009) afin de bien
étudier la dynamique de transport de MES. D’aibeles études de cas pour le transport du
carbone organique sont nombreuses pour les bassisants composés de tourbiéres (Hope
et al., 1997; Dawson et al., 2002; Worrall et aD03; Pawson et al., 2008) et de foréts
(Meybeck, 1993; Molot and Dillon, 1996; Kao and LilO97 Meybeck and Vorbésmarty,
1999; Shibata et al., 2001). Par contre, les basgrsants agricoles sont tres peu étudiés en
termes de dynamique de transport avec une fortdutésn des données lors des périodes de
crue. Actuellement, trés peu d’études ont été géasi pour comprendre la dynamique des
MES et du carbone (particulaire et dissous) pougrdads bassins versants agricoles intensifs
dans différents contextes climatiques influencés lparégion montagneux des Pyrénées,
I'océan Atlantique et la mer Méditerranée car @ gle fortes variabilités spatio-temporelles du
climat, de I'occupation des sols et de la texture si@ls. Les mesures sur le terrain et les
échantillonnages sont généralement des tachesilésfirarement achevées sur le long terme
dans de grands bassins versants. De part cesiotedrele terrain, les modeéles jouent un réle
essentiel pour caractériser sur le long terme lies de MES et le transport du carbone
organique, sur les bassins versants. Beaucoup deélesodnt été développés tels que les
modeéles statistiques, empiriques, conceptuels ¢errdinistes, afin de résoudre ces

problemes.

Le travail de these présenté dans ce mémoire ttagelonnées acquises sur un bassin versant
agricole dans la région de Coteaux de Gascogne-d@est de la France) dans un contexte
d’agriculture intensive (bassin de la Save, afflugatla Garonne) de Janvier 2007 a Juin
2009. L'objet de cette étude est la dynamique dunsport des MES et du carbone organique,

parallelement a une approche de modélisation. Lestigms de recherche sont les suivantes:

o Quelles sont les dynamiques de transport et ldedex influencant le transport des
MES et du carbone organique (particulaire et digsauéchelle du bassin versant
dans un contexte d’agriculture intensive ?

0 Quelle part de MES et de carbone organique somspiatées lors des crues ?



0 Les particules mises en jeu proviennent-t-ellegepeétiellement des versants (loin ou
proche par rapport a la station de la mesure) bdesfonds des cours d’eau et aussi
quelles sont les origines de ces matieres ?

0 Quel sont les flux de MES et de carbone organigoagterme ?

Les objectifs de la recherche sont, d’'une pargé@ire et analyser la dynamique des MES et
du carbone organique, particulaire (COP) et disg@Q@D), lors des périodes de crue ainsi
qgue d’évaluer la contribution des événements de s les flux annuels et, d’autre part, de

quantifier ces flux sur le long-terme par 'appreate modélisation agro-hydrologique.

La thése comprend 3 publications (2 acceptée, énnediew).

Le chapitre 2 présente un état de I'art sur le transport des E$&I carbone organique et la
modélisation a I'échelle du bassin versant. Il enés les différents processus et les équations
qui gouvernent la dynamique. Les différentes méthqueur mesurer la concentration de
MES dans la riviere sont présentées. Il décrit yelec du carbone, la relation entre
I'hydrologie et le flux du carbone et leurs origind.a synthese des différents modéles

existantes utilisées pour reproduire le flux de MisBaussi présentée.

Le chapitre 3 s'attache aux matériels et méthodes utilisésdifincomplir les objectifs. Les
matériels concernent la description du bassin wersdudié (localisation, pédologie,
occupation du sol et régime hydro-climatique), talstion et le type de préleveur pour
I'échantillonnage et les appareils pour détermiesrconcentrations de MES et de carbone
organique (particulaire et dissous). Le choixaedétail du modele sont aussi présentés.

Le chapitre 4 concerne I'analyse de la dynamique du transpas MES a I'échelle d'un
bassin versant agricole, notamment pendant lesscpoeir différentes saisons, avec la
contribution des flux des MES par rapport au flinn@el. Les facteurs hydro-climatiques
conditionnant le transport de MES vers I'exutoire lolassin versant étudié pendant les
périodes de crue sont identifiés par analyse dasstijues de corrélations et analyse en
composante principale (ACP). Cette partie aborddeggat I'analyse des hystérésis et
indentifie les sources de MES afin de détermines cggines. Cette partie présente la
publication acceptéeJournal of Earth Surface Processes and Landfoffa&PL).



Le chapitre 5 s’attache a décrire le transport fluvial et latiein entre les MES, le carbone
organique particulaire et dissous dans le cont@xte bassin versant agricole intensif. Le flux
est quantifié pour chaque crue étudiée. Leursioelstavec le débit, les variables hydro-
climatiques, et l'origine de ces matieres sont &wsidifin de comprendre les facteurs qui
controlent le transport des flux et les sourcesrigiime de ces matieres. L'analyse des
hystérésis pour différents événements de crue é&tuet aussi discutée. Cette partie était

écrite sous la forme de publication qui a été aeésepHydrological Processes

Le chapitre 6 montre I'approche de modélisation pour caractéteséransport de MES et le
carbone organique particulaire en utilisant le nhaatgro-hydrologigue SWAT (Soil and
Water Assessment Tool). La simulation de MES estpavge avec les MES observés pour
les deux années de suivis. Les résultats du maztelealage sont présentés ainsi que la
reconstitution de chroniques de flux de MES et G8Rulé par la relation entre le MES et
COP) non mesurés. Le bilan d’eau du bassin esti€vdles flux long-terme de MES et de
COP sont estimeés a partir des résultats de la atronlde concentration des MES et carbone
organique particulaire. La relation empirique emérdux annuel de sédiment et le flux d’eau
est établie. De plus, les zones potentielles diénosont identifiées. Cette partie était écrite

sous la forme de publication qui a été soumideuinal of HydrologyUnder Review)

Le chapitre 7 constitue la discussion générale de ce travail hdset |l est ainsi discuté

successivemenées résultats scientifiques des chapitres 4,6ettle modele utilisé.

Enfin, le dernier chapitre se termine par une agsioh qui rappelle les principaux résultats

de ce travail, et les perspectives gu’ils permettiérivisager.



Chapter 1. Introduction

1. Introduction

This chapter addresses the general context of #mearch, research problematic and

questions, the objectives of the thesis and follmywshapter descriptions containing in thesis.



Chapter 1. Introduction

1.1. Context and problematic

The processes of erosion, sediment delivery anoinged transport are key components and
measures of the functioning of the earth systemosiBn and sediment redistribution
processes are the primary drivers of landscape@@awent and play an important role in soil
development. Equally, the sediment load of a ripevides an important measure of its
morpho dynamics, the hydrology of its drainage maasnd the erosion and sediment delivery
processes operating within that basin. The mage#uwf the sediment loads transported by
rivers have important implications for the functiogiof the system; for example through
their influence on material fluxes, geochemicatlityg, water quality, channel morphology,
delta development, and the aquatic ecosystemsanithts supported by the river. In addition
to their key role in the functioning of the natuearth system, erosion and sediment dynamics
have important implications for human exploitatmithat system and the sustainable use of
natural resources. They must therefore be seeawvasgha highly significant socio-economic
dimension. Soil erosion is integrally linked to ladégradation, and excessive soil loss
resulting from poor land management has importarglications for crop productivity and

food security and thus for the sustainable use®ftobal soil resource (Montgomery, 2007).

Similarly, the sediment loads of rivers can exeriraportant control on the use of a river for
water supply, transport and related purposes. Heghiment loads can, in particular, result in
major problems for water resource development, tiftoreservoir sedimentation and the
siltation of water diversion and irrigation schemas well as increasing the cost of treating
water abstracted from a river. High sediment inpats lakes and coastal seas can result in
sedimentation and changes in nutrient cycling.farmore, high sediment loads can result in
pollution and habitat degradation in river systerAgainst this background, changes in
erosion rates and in sediment transport by thedigrivers can have important repercussions
at a range of levels. From a global perspectivenghs in erosion rates have important
implications for the global soil resource and tistainable use for food production. Changes
in land—ocean sediment transfer will result in e in global biogeochemical cycles,
particularly in the carbon cycle, since sedimemtyplan important role in the flux of many
key elements and nutrients, including organic carbat the regional and local levels,
changes in erosion rates can have important intpits for the sustainability of agricultural
production and for food security. Equally, changeshe sediment load of a river can give

rise to numerous problems. For example, increasdingnt loads can result in accelerated
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rates of sedimentation in reservoirs, river chamragld water conveyance systems, causing
problems for water resource development, and advargpacts on aquatic habitats and
ecosystems resulting from toxic substances sudmeasy metals and pesticides associated
with the sediments. Conversely, reduced sedimadsiaan result in the scouring of river
channels and the erosion of delta shorelines asasetausing reduced nutrient inputs into
aguatic and riparian ecosystems — particularlydakieltas and coastal seas. Because of their
close links to land cover, land use and the hydylof a river basin, erosion and sediment
transport processes are sensitive to changesnratdiand land cover and to a wide range of
human activities. These include forest cutting dadd-clearance, the expansion of
agriculture, land use practices, mineral extragtiairbanization and infrastructural
development, sand mining, dam and reservoir coriginycand programmes for soll
conservation and sediment control (Walling, 20@8though recent concern about the impact
of global change on the earth system has emphatieeihpact of climate change resulting
from the increased emission of greenhouses gasgsassociated global warming, it is
important to consider other measures of the funtigof the system. Soil erosion rates and
the sediment loads transported by the world’s siverovide an important and sensitive
indicator of changes in the operation of the eaystem and, as indicated above, widespread
changes in erosion rates and sediment flux can imapertant repercussions and give rise to

significant socio-economic and environmental protde

Organic carbon fluxes and transfer through rivergehbeen found to have increased in
relation to both sources and sinks due to largeeduaman activities including landuse and
landcover changes (Tate et al., 2000; Smith e280]1). Therefore, accelerated amounts of
this flux into marine sediments and aquatic ec@sgstmaybe an important and significant
net sink for anthropogenic G@Sarin et al., 2002). Some research has recentlysed on the
functional and dynamic nature of terrestrial ectmys in connection with their role in the
global carbon, nutrient and hydrological cycles ¢Karik et al., 2000). The export of organic
carbon from the land’s surface and terrestrial gst@sns to rivers through surface runoff and
streamflow is an important gap in the modellinglué global biogeochemical carbon cycle.
This gap can be addressed by the application efaet hydrological modelling and organic
load estimation approaches. The study of the ocgeanbon transport through World Rivers
provides information on the rates of erosion of swrits, the cycling of carbon on earth and
the contribution of terrestrial carbon the aquatistems and oceans (Meybeck, 1982;

Meybeck, 1983; Sarin et al., 2002; Peel et al.,3200he transport of organic carbon from
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terrestrial ecosystems by rivers and hydrologikatds to the oceans plays important role in
regional budget of organic carbon entering the inent-ocean interface (Sarin et al., 2002).
The fluxes of hydrological organic carbon have b&mmd to correlate with environmental

variables such as edaphic, climatic, topographmplogic and hydrological processes
(Meybeck, 1993; Meybeck and Vorosmarty, 1999; Sarial., 2002).

So far, many studies have been conducted in soalé agricultural catchments of less than
100 knf (Gao et al., 2007; Lefrancois et al., 2007; Estrenal., 2009; Deasy et al., 2009) in
order to understand the suspended sediment trandypmaimics. Moreover, there is a wide
range of literature investigating fluvial transpoaf organic carbon from peatland
environments (Hope et al.,, 1997; Dawson et al., 200arrall et al., 2003; Pawson et al.,
2008). Such large investigations have been alsoumed in forest environment (Meybeck,
1993; Molot and Dillon, 1996; Kao and Liu, 1997 Ndegk and Vorosmarty, 1999; Shibata et
al., 2001). However, very few works have been itigated to study transport dynamics of
suspended sediment and organic carbon with highutesn of extensive dataset within large
agricultural catchments where intensive agricultbess been adopted and the climate is
influenced by different conditions (the mountaimions of Pyrenees, Atlantic Ocean and
Mediterranean regions. This lack was due to marfficdities such as spatiotemporal
variability in climatic conditions, landuse and Is@xture. Furthermore, field measurements
and data collection are generally difficult taskaely achieved over long timescales in large
catchments. Due to these constraints, the appmitatf models plays a vital role to
characterize long-term sediment and organic cathbamsport from the catchments. Lots of
models have been developed such as statisticaljrieabp conceptual and deterministic

models to solve these problems.

The research was based on the data collection ammary 2007 through June 2009 in the
Save agricultural catchment, tributary of the Gasomiver, located in Coteau Gascogne
Region in Southwest France where intensive agtcellthas been practiced. This work
focuses on transport dynamics of suspended sediar@htorganic carbon together with

modelling approach. The research questions arellasving:

- How are their transport dynamics and what facterbuéncing the transport at
catchment scale within the context of intensivecpure?

- How are their loads transported during floods?
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-  Where are they come from? The distant sources aschill slope erosion, river
deposited sediment etc. and what are their origins?

- What are their long-term fluxes?

1.2.0Objectives

The objectives of the research are, on the one,handescribe and analyse the transport
dynamics of suspended sediment (SS), and dissamddparticulate organic carbon (DOC
and POC) during flood events with assessment afdfllmad contribution and, on the other

hand, to quantify the long term fluxes by agro-toydgical modelling approach.

1.3. Thesis structure

The thesis consists of 3 publications (2 accepbedlaunder review).

Chapter 2 starts with the state-of-the art on suspendedrvssdi organic carbon transport and
modelling at catchment scale. This also presefffisreint processes and equations that govern
its dynamics. Different methods of suspended sedlimmeasurement in river were presented.
The carbon cycle, relationship with hydrologicabgasses and their origins were described.
At the end of the chapter, a review of existingiisetht transport models was raised.

Chapter 3 describes the materials and methods used to acisbmible objectives. The

materials concern with the description of the stadsa (localisation, soil, landuse and hydro-
climatic regime), installation of automatic wateangpler and Sonde, and instruments to
determine suspended sediment, dissolved and pgatgaorganic carbon. The model selection

and description were also attributed.

Chapter 4 involves the analysis of suspended sediment toahgfynamics in the studied
agricultural catchment with the assessment of fl@tl contribution. The hydro-climatic
factors influencing the mobilisation of sedimentddaom the catchment outlet during flood
events were identified by means of statistical ysial of correlations and Principle
Component Analysis (PCA). This part details hysisr@atterns of each flood and identifies
their suspended sediment sources in order to detertheir origins. This chapter presented

the publication accepted dournal of Earth Surfaces Processes and Landforms (ESPL).
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Chapter 5 describes the fluvial transport and relationshgpneen suspended sediment and
organic carbon (DOC and POC) within the agricultwatchment context. The fluxes were
estimated during each flood events. Their relatignawith discharge and hydro-climatic
variables, and their origins were studied in ordecomprehend the hydrological processes
controlling the transport and their sources of iogg The analysis of each hysteresis pattern
during different seasonal floods was discusseds Thapter was written in the form of

publication accepted ihournal of Hydrological Processes.

Chapter 6 is concerned with modelling approach to charasgetihe transport of suspended
sediment and particulate organic carbon using agdrelogical model, the SWAT model
(Soil and Water Assessment Tool). The simulatiosusipended sediment was compared with
observed sediment data from the two year observafioe catchment water balance was also
evaluated. The fluxes of sediment and POC werenattd via long-term simulation of
suspended sediment and POC concentrations. Aniealgiorrelation between annual water
yield and annual sediment yield was established padntial source areas of erosion were
also identified for the studied catchment. Thisptbawas written in the form of publication

which has been under reviewdaurnal of Hydrology.
Chapter 7 provides the general discussion of the whole tesuld the model.

The last chapter is ended by the conclusion thé¢weed the main researching findings of the

study and perspectives from this research.
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Chapter 2

Suspended sediment, organic carbon transport
and modelling

The chapter starts with the state-of-the art onpsusled sediment, organic carbon transport
and modelling at catchment scale. This also presdifferent processes and equations that
govern its dynamics. Different methods of suspersggliment measurement in river were
presented. The carbon cycle, relationship with bialyical processes and their origins were
described. At the end of the chapter, a reviewxidtiag sediment transport models was
introduced.
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2.1.0Origins of suspended sediment

Suspended Sediment can be described as the mdtgedionent particles during which the
particles are surrounded by fluid (Chanson, 2004 grains are maintained within the mass
of fluid by turbulent agitation without (frequenied contact. Sediment suspension takes
place when the flow turbulence is strong enoughb#bance the particle weight. The
suspended sediment that we observed at the catchoodiet could originate from the
contribution of three main processes: hillslope iergsgully erosion, and channel bank

erosion (Figure 2-1).

(B)
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(©)

Figure 2-1: Different types of soil erosion: (A) gully erosidiB) rill erosion, (C) channel
erosion
In our study, we focus on agricultural catchmeherefore, urban waste water and industrial
emission were dismissed. The factor influencing ierogaken into account to study the
erosion phenomenon can be grouped: soil erodipitiynfall erosivity, soil occupation,

topography and climate.

2.2. Anthropogenic activities

The erosion within the catchment can be the napn@esses and anthropogenic activities.
The modification of soil practices and intensifioat of agriculture, urbanization, could
increase the soil erosion within the catchment. IM@l (1999) showed that through
geographical surface, the soil erosion rates undkivation are 16 to 900 times higher than
soil under natural conditions. Many authors havwedisd the impacts of agriculture on
sediment to the river networks (Svoray & Ben-S&@09; Abaci et al., 2009; Outeiro et al.,
2010). The changes of landuse resulted in soil l@ken agricultural practices are not
properly undertaken. Regarding the urbanizatioa,iticreasing of impermeable surface area
(road, parking, and building) has decreased th#ratfon surface and led the augmentation
of surface runoff which drives up streamflow in tieer, by affecting the bank erosion from
the rapid velocity. Moreover, the barrage constoamcalso has major impact on the sediment
stocking at upstream part where it is located;irfistance, the Assouan barrage on Nil River
which decreased sediment flux of 100° 10/eaf to zero and the barrage on Mississippi
River in 1950s reducing nearly 70% of sediment Jagltile soil erosion from surface runoff

remained constant (Walling and Fang, 2003).
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2.3.Processes and mechanics of soil erosion

Soil erosion is a two-phase process consistinghefdetachment of individual soil particles
from the soil mass and their transport by erosigengs such as running water and wind
(Morgan, 2005). When sufficient energy is no longeailable to transport the particles, a
third phase, deposition, occurs. Rainsplash igrtbst important detaching agent. As a result
of raindrops striking a bare soil surface, soiltigles may be thrown through the air over
distances of several centimetres (Figure 2-2). i@oats exposure to intense rainstorms
considerably weakens the soil. The soil is alsckémoup by weathering processes, both
mechanical, by alternate wetting and drying, fregzand thawing and frost action, and
biochemical. Soil is disturbed by tillage operaticasd by the trampling of people and
livestock. Running water and wind are further cifmiiors to the detachment of soil particles.
All these processes loosen the soil so that iassleremoved by the agents of transport. The
transporting agents comprise those that act aremlly contribute to the removal of a
relatively uniform thickness of soil, and thosetthancentrate their action in channels. The
first group consists of rainsplash, surface runmothe form of shallow flows of infinite width,
sometimes termed sheet flow but more correctlyedativerland flow, and wind. The second
group covers water in small channels, known as, mhich can be obliterated by weathering
and ploughing, or in the larger more permanenufeatof gullies and rivers. A distinction is
commonly made for water erosion between rill erosiod erosion on the land between the

rills by the combined action of raindrop impact awérland flow, so called interrill erosion.

Figure 2-2: Shear stress of soil and water through the anpfraindrop or splash effect
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2.4.Detachment of soil particles by flow

The important factor in the hydraulic relationshigshe flow velocity. Because of an inherent
resistance of the soil, velocity must attain a sho#éd value before erosion commences.
Basically, the detachment of an individual soiltjgée from the soil mass occurs when the
forces exerted by the flow exceed the forces kegthia particle at rest. Shields (1936) made
a fundamental analysis of the processes involvetitha forces at work to determine the

critical conditions for initiating particle movemieaver relatively gentle slopes in rivers in

terms of the dimensionless shear strédsdf the flow and the particle roughness Reynolds

number Re?*), defined respectively by:

2

o = p,Uu?
g(p.-p,)D

(2-1)

Where,

- 0 is known as the Shields number,
- p,, is the density of water,

- U+ is the shear velocity of the flow
- gis the acceleration of gravity,

- P, Is the density of the sediment,
- D is the diameter of the particle aatlis the shear velocity of the flow.

2.5. Factors influencing soil erosion

2.5.1.Rainfall erosivity

Solil loss is closely related to rainfall partlydhgh the detaching power of raindrops striking
the soil surface and partly through the contributdmain to runoff. This applies particularly
to erosion by overland flow and rills, for which ensity is generally considered to be the

most important characteristic.

2.5.2.Soil erodibility

Erodibility defines the resistance of the soil tftgces of detachment, entrapment and
transport resulting from raindrop impact and sha#aurface flow. Although a soil resistance
to erosion depends in part on topographic positglape steepness and the amount of

disturbance, such as during tillage, the propertésthe soil are the most important

-15 -



Chapter 2. Suspended sediment, organic carborpterend modelling

determinants. Erodibility varies with soil textur@aggregate stability, shear strength,
infiltration capacity and organic chemical contefihe large soil particles are resistant to
transport because of the greater force requiredntoain them and that fine particles are
resistant to detachment because of their cohesgefi@e least resistant particles are silts and

fine sands.

The shear strength of the soil is a measure o€atsesiveness and resistance to shearing
forces exerted by gravity, moving fluids and medbanoads. Its strength is derived from the
frictional resistance met by its constituent pdescwhen they are forced to slide over one
another or to move out of interlocking positionse textent to which stresses or forces are
absorbed by solid-to-solid contact among the pagjccohesive forces related to chemical
bonding of the clay minerals and surface tensiorce®rwithin the moisture films in
unsaturated soils. These controls over shear shremg only understood qualitatively, so that,
for practical purposes, shear strength is exprelsgesh empirical equation:

T=c+otang (2-2)

Where,
- T is the shear stress required for failure to takeel

- cis a measure of cohesion,
- 0 is the stress normal to the shear plane (all itswfiforce per unit area),

- ¢ is the angle of internal friction.
Bothcand ¢ are best regarded as empirical parameters rdtheras physical properties of

the soil.

2.5.3. Soil occupation

Vegetation acts as a protective layer or buffewben the atmosphere and the soil. It serves
as the obstacle to runoff which influences parttcdmsport. The effectiveness of plant cover
in reducing erosion by raindrop impact depends uperheight and continuity of the canopy
and the density of ground cover. A plant cover ida®s the energy of running water by

imparting roughness to the flow, thereby reductagelocity.
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2.5.4. Topography

Erosion would normally be expected to increase witheases in slope steepness and slope
length as a result of respective increases in iglaad volume of surface runoff. Slope is the
main factor in determine flow velocity, which trgast the soil particles from the catchment.
The catchment with steepness slope always produoes erosion and sediment transport to
the stream networks. Further, while on a flat stsefeaindrops splash soil particles randomly
in all directions, on sloping ground more soil iglashed downslope than upslope, the

proportion increasing as the slope steepens

2.6.Channel erosion

Stream bank erosion occurs under natural conditipadicularly during peak storm flows
and is part of an on-going cycle of sediment erosiath deposition within the stream system.
The factors controlling river and stream formatssa complex and interrelated. These factors
include the amount and rate of supply of water sediment into stream systems, catchment
geology, and the type and extent of vegetatioméncatchment. As these factors change over
time, river systems respond by altering their shdémen and/or location. In stable streams,

the rate of these changes is generally slow androepégble.

Some significant events which we always observe fikoding can trigger dramatic and
sudden changes in rivers and streams. However,Uaadand stream management can also
trigger erosion responses. The responses can bplegnoften resulting in accelerated rates
of erosion and sometimes affecting stability focatkes. Over-clearing of catchment and
stream bank vegetation, poorly managed sand anelgeatraction, and stream straightening
works are examples of management practices whishltrén accelerated rates of bank

erosion. Bank erosion can also be accelerateddbgriasuch as:

» Stream bed lowering or infill,

* Inundation of bank soils followed by rapid drapglow after flooding,

» Saturation of banks from off-stream sources,

» Redirection and acceleration of flow around isfracture, obstructions, debris or
vegetation within the stream channel,

* Removal or disturbance of protective vegetatimmf stream banks as a result of

trees falling from banks or through poorly managetk grazing, clearing or fire,
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» Bank soil characteristics such as poor drainageeams of readily erodible material
within the bank profile,

» Wave action generated by wind or boat wash,

» Excessive or inappropriate sand and gravel etxdrac

* Intense rainfall events.

2.7.Sediment delivery and transport processes in river

2.7.1.Concept of sediment delivery ratio

The Sediment Delivery Ratio (SDR) is the ratio batw the rate of the sediment export from
a tributary catchment and the rate of sediment mtolu to channels within that catchment
(Kasai et al., 2001). The SDR of a drainage catctiroensists of two parts. The percentage
of the material that reaches the stream is cafiedillslope SDR (HSDR). The second part of
the SDR of a drainage catchment is determined byp#rcentage of the sediment that is
supplied to the stream and that reaches the catthoo#let. This is called the Channel SDR
(CSDR). SDR is very different from a catchmentnother (Figure 2-3)

Taxas USH —

Sediment Delivery Ratio

0
Misgouri Basin Loess Hills U5 — /
Soulh-zastiorm Pedmant LISA, 4 .J'r .";"é.:“:
r e,
Central & Eagiem LUSA
Uﬂ“l ] T 1 ] 1
0.01 0.1 1 10 100 1000

Catchment Area (km?®)

Figure 2-3 Relation between Sediment Delivery Ratio andcttehment sizes (From Lu et
al. (2006), modified from Ferro and Minacapilli ()%nd Walling (1983).

Analysis of the SDR for a tributary catchment wouyldovide information needed to
understand the linkage between the three stagesediment production to main-stem
channels. Calculation of SDRs is particularly intpat when sediment budget are being

-18 -



Chapter 2. Suspended sediment, organic carborpterend modelling

constructed to explore relationships between bpsland channel processes (Kasai et al.,
2001). A procedure for calculating SDR would thesvery useful for constructing sediment
budgets. However, a generally applicable predicéiquation for this ratio seems difficult to
obtain for several reasons (Walling, 1983). Firstiyalling points out that this is because
‘assessments that have been undertaken are thesigeimarily based on a comparison of
measured sediment yield with an estimate of grossi@’. As catchment sizes increases,
direct measurement of sediment produced from seunsghin catchment becomes
increasingly difficult and the use of erosion edquz become more unreliable. Valid
estimates must account for the highly episodic nreabfi mass movement erosion, which often
dominates sediment production in steepland catclsnemtd this generally requires field
assessment or locally calibrated predictive equoatitor each erosion type (e.g. gully,
landslide, and earth flow). Secondly, SDRs oftenywaidely between individual events
(Trustrum et al., 1999). Marutani et al. (1999) dagported SDRs less than 1 for individual
events within catchments where net channel degod&DR>1) dominated in the longer
term. In a review of SDRs, Richards (1993) conetuthat the direct comparison between
results of different studies is impossible becalifferent degrees of temporal averaging were
used. Despite the above analysis problems, Wa(lif§3) outlined some studies (Table 2-1)

which have shown that SDRs can be influenced byhwogical variables.

Table 2-1 Examples of proposed relationships between sedinedivery ration and
catchment characteristics

Reference Equation

Maner (1958) log SDR =2.962 + 0.869 logR — 0.854 logL

Roehl (1962) log SDR =4.5-0.23 log 10A — 0.510 colog R/L 788 log
BR

Williams and Berndt (1972) SDR = 0.627 S&'®

Williams (1977) SDR = 1.366 x 18" A010R/ 0363 N>444

Mou and Meng (1980) SDR =1.29 + 1.37 InRc 0.025 InA

R=catchment relief;, L= catchment length; A=catchmeatea; R/L=relief ratio;
BR=bifurcation ratio; $= slope of main stem channel (%); CN=SCS curve rarm@n index
number to express the relationship between raiafial runoff for wet conditions of the
catchment, based on the Soil Conservation Serviceeaumber technique (US Department
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of Agriculture, Soil Conservation Service, 1972 R gully density (units vary between
equations). (After Walling, 1983).

Equations that incorporate geomorphological vaesbtelating the process of sediment
movement from source to delivery in the main charcen thus help to improve the

prediction of SDRs.

2.7.2.Mechanisms of suspended sediment transport

The transport of suspended sediment occurs by dioation of advective turbulent diffusion
and convection. Advective diffusion characterizes tandom motion and mixing of particles
through the water depth superimposed to the lodoigh flow motion (Chanson, 2004). In a
stream with particles heavier than water, the sedintoncentration is larger next to the
bottom and turbulent diffusion induces an upwardration of the grains to region of lower
concentrations. A time-averaged balance betwedlngeand diffusive flux derives from the

continuity equation for sediment matter:

0vs (2-3)

Where,
- G5 . the local sediment concentration at a distanogegsured normal to the channel
bed (mg 1),
- Ds : the sediment diffusivity

- W, : the particle settling velocity (m's

Sediment motion by convection occurs when the feriiunixing length is large compared to
the sediment distribution length scale. Convectivansport may be described as the
entrainment of sediments by very-large scale vestie.g. at bed drops, in stilling basins and
hydraulic jumps (Figure 2-4).
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Figure 2-4 Suspended sediment motion by convection andsidfuprocesses
(Huber Chanson, 2004)

2.7.3.Movement and particle deposition

Yalin (1977) indicated that for particle with diatee(d), there is a critical traction force in
which the particle is in movement. This force ha®e¢ sufficient to compensate a weight and
friction force exercised by other sediments in eohtwith particle. The diagram of Yalin-
Shields (Figure 2-5) gives the value of parametéguantifying the critical traction force) in
function with the value of ‘dand allows to distinguish the phase of movemenepbs.t’

and d are two dimensionless values defined as following:

2 T =—""—-I (2-4)

1

- 3
d* :d(ps peg o pe R.
Pe V Ps ~P. d

Where,
- p,: density of particle (kg i)
- p.: water density (kg i)
- g: gravity (m &)
- v : viscosity of water (18 m? s%)
- R: hydraulic radius (m)
- i: slope of water surface (%)

- d: particle diameter (m)
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Figure 2-5 Diagram of Shields — Yalin (1977)
The particle alternates between phase of trangpattphase of deposition according to their

particle size, flow velocity within the environme(figure 2-6) (Hjulstrom, 1935), shear

stress, turbulence, flow movement, density anddod@sion (Goodwin et al., 2003).
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Figure 2-6. Diagram de Hjulstrom (1935): relationship betwéss water velocity and
particle size to determine the context of erosiot sedimentation
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Once the particle is in movement, it can have sdverodes of displacement: bedload
transport, siltation and suspension. The transpmde depends on the flow velocity and

particle size.

o Bedload transport concerns with gravel materialgldisplace by rolling or slipping
on bed layer. This mode takes place when the flogveases within the flooding
period or high topographic gradient.

o Siltation is concerned with the sufficiently ligaterials to be lifted from bed but too
heavy to be suspended.

0 Suspension is concerned with the fine material$ sigcclay, silt, or microorganism
which can be in suspension due to the flow turbzéewithout contacting with river
bed.

The particles in suspension can depose and theaspend or mobilize in another mode of

transport depending on the energetic context.

2.7.4.Empirical relationship between suspended sedimedtdscharge

Suspended sediment is originated from processibésmsion and transport, which can vary

through hydrological conditions. The flow variabjliresults in the different dynamics. The

first consequence is the increase of suspendenheativith discharge. The empirical relation

“rating curve” between suspended sediment condamsaand discharge was established by
Van Rijn (1984) and used by lots of authors (Fenhalg 1985; Crawford, 1991; Asselman,

1999; Syviski et al., 2000; Horowitz, 2003). Th&aten is a power function as below:

C= aQb (2-5)

Where,
- C: suspended sediment concentration (Mg |
- Q: water discharge Hs*

- aand b are regression parameters
The precision of this relation is always weak beeaaf strong dispersion. The inaccuracy is

that the flux could be underestimated 50% (Fergu$©86). Lots of studies have been carried

out in order to reduce the data dispersion, toadtarize the term of empirical relation, or to
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determine the causes of this dispersion. To deertees dispersion, the authors proposed to
modify the time step of integration of measureméiat: instance, Haritashaya et al. (2005)
reduced the variance of data by using the monttdgnrinstead of daily data. Morehead et al.
(2003) directly integrate the variability of concextions in dimensionless expression of

empirical relation by considering the long-term mea

Q) [Q)
(QS.J w(Q.} &9

- Qs : daily sediment discharge (kd)s

Where,

- Q : daily water discharge ¢s?)
- Qy : long-term mean of kg s%)

- W& C: correlation parameters

The other authors searched for understanding trefisation of this empirical relation but
their interpretations were different according xplecative factors used. Syvitski et al. (2000)
tried to characterize the parameters a & b thraighgeographical factors from the data of
many catchments. Kazama et al. (2005) reached dpope an equation issued from the
equation of Itakura-Kishi (1980), in which the gednt flux can be estimated from three
factors: particle size, riverbed roughness andeslbfowever, this kind of equation is valid for
only some types of rivers. The behaviour of suspdngediment and changes in suspended
sediment concentration (SSC) during flood events aot only a function of energy
conditions, i.e. sediment is stored at low flow arshsported under high flow conditions, but
are also related to variations in sediment supply sediment depletion. These changes in

sediment availability result in so-called hystesesffects (Asselman, 1999).

A typology with three classes, inspired by Willia(i®89) is presented in Figure (2-7). In the
first class, peaks of SSC and discharge arrive I&ameously. The SSC-discharge plot is
symmetrical between rising and falling limbs, wiitile or no hysteresis. This class is

classically interpreted as the mobilization andhgport of particles (Jansson, 2002), whose
availability is not restricted during the flood ftite concerned range of discharge. At low
discharge, particles are coming from fine depossediment (Hudson, 2003) or maybe from

bank materials. At high discharge, particles areniog from coarser deposited sediment
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and/or from bank and channel hydrological erosiBarticles can also come from more
remote sources, such as surface soil erosion, wiseharge is principally linked to surface
runoff. In the second class, the SSC peak arriveforé the discharge peak and the
relationship between SSC and discharge descrilmbsckwise hysteretic loop. This class is
classically interpreted as the mobilization of {gd&s whose availability is restricted during
the event for the concerned range of dischargeticRar are believed to come from the
removal of sediment deposited in the channel, wittecreasing availability during the event
(Lenzi and Lorenzo, 2000; Steegen et al., 2000sskam 2002; Goodwin et al., 2003). Particle
production by erosion cannot resupply the depositstiment stock decrease. The hypothesis
of an important contribution of hillslope soils che dismissed. In the third class, the SSC
peak arrives later than the discharge peak and8@-discharge relationship describes an
anticlockwise hysteretic loop (Williams, 1989). $hilass is classically interpreted as the
arrival of more distant particles, coming from s$itipe soil erosion or the upstream channel
(Brasington and Richards, 2000; Lenzi and Lore20®0; Goodwiret al, 2003; Orwin and
Smart, 2004). Particles can also come from proseasth slow dynamics (slower than the
discharge rise), e.g. bank collapse may happen Wwhek material is sufficiently saturated.
However, when there are multiple peaks of dischadi#ing a flood event, the hysteresis
patterns are mixed between clockwise and anti-eleszk with the form of eight shapes.

Class 1: Simultaneous peak of SSC and discharge /

SS(:::."“ Q
Class 2: (Clockwise): SSC peaking before H

SSC

Class 3: (anticlockwise): Discharge peaking befa&«]

Figure 2-7. Typology of relationship between suspended sediiroencentration (SSC) and
discharge (Q) (From Lefrancois et al. (2007), miedifrom Williams (1989))
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2.7.5.Sediment dynamics linked to particle availability

The availability of particle is defined as the qtignwhich can mobilize from sediment
sources such as soil erosion from the catchmentchadnel erosion. The availability is
susceptible to vary throughout the year and seas$looas. The variability in event sediment
transport during successive peaks of similar mageits influenced by sediment exhaustion
effects. An example is the progressive reductiorsuspended load at different temporal
scales (within floods and within multiple-peak etgenduring a succession of events, and
seasonally) related to the exhaustion of sedimenilability. Alexandrov et al. (2003)
observed that due to a sediment exhaustion e&(, levels during secondary floods in the
Nahal Eshtemoa basin (Israel) were lower than tlotserved during a primary flood. The
role of in-channel sediment storage, which contmspended sediment transport during
inter-flood periods of stable flow (Smith and Dragd, 2008) is taken into account.
Therefore, after a period of relatively high sedntnegansport (supply-rich floods), sediment
becomes less and less available from the chanmbhygstion phenomenon) and sediment
concentrations recorded during successive flooastevare consequently lower (Walling,
1978). Lots of studies used the variability of tetionship between suspended sediment and
discharge to identify the particle sources. Thenfaf the curve is function of flow velocity

and distance of sediment sources compared witimals®y point (sampling station).

2.8.Measurement of suspended sediment concentrations iivers

There are many different techniques of suspendeinsat concentration presented by Wren
et al. (2000) such as acoustic, bottle samplingnpwsampling, focused beam reflectance,
laser diffraction, nuclear, optical and remote s$m@creflectance methods. Only some

methods from existing literature are presentedbsviing:

2.8.1.Water sampling

This method is very simple and direct. We condbhet $ampling manually or by automatic
sampling then we filter the water through filterppa such as nitrocellulose filter (GF 0.45
pum) or glass microfiber filter paper (Whatman GBIF pum). After that, the filter is dried in
an oven and then weight in order to determine swdg sediment concentration (SSC).
Glass microfiber filter can be burnt to analyseeotparticulate matters such as particulate

organic carbon etc.
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2.8.2. Turbidity measurement

This method is mostly preferred to measure contislyothe suspended sediment in the
streams (Gippel 1995; Sadar 2002; Downing 2005mnti@oous records of SSC can be
obtained simply and conveniently by monitoring tiebidity of the river water, provided
there is a close relationship between fluctuationsediment concentration and turbidity.
Thus, it needs sampling of SSC for a large rangBydfological conditions (high flow and
low flow). Turbidity can be defined as an opticabperty of a water sample, which measures
the degree to which a beam of light passing throthgh water is absorbed or scattered.
Turbidity can be measured by turbidimetry or nephwedtry (Minella et al., 2008). The former
measures the attenuation or absorption or a rdightf as it passes through a liquid medium
and the latter measures the degree of scatteratghb light undergoes. Scattering refers to
the light that is reflected or refracted by thefsce of a particle, and absorption refers to light
that is transformed into other forms of energy (sas heat) upon collision with a particle.

2.8.3.Acoustic method

Short bursts £10us) of high frequency sound (1 to 5 MHz) emittednira transducer are

directed toward the measurement volume. Sedimesuispension will direct a portion of this

sound back to the transducer (Thorne et al., 199hen the sediment is of uniform size, the
strength of the back scattered signal allows tHeutation of sediment concentration. The
water column is sampled in discrete increments dasethe return time of the echo. The
backscattered strength is dependent on partickeaszwell as concentration. This method is
advantageous for good spatial and temporal resol@nd measures over wide vertical range
and nonintrusive. However, backscattered acousgjeak is difficult to translate and the

signal attenuates at high particle concentration.

2.8.4. Acoustic Doppler Current Profiler (ADCP) method

Various authors (Holdaway et al., 1999; HoitinkHeiekstra, 2005; Dinehart et Burau 2005;
Kostaschuk et al., 2005) have used ADCP methodtieir studies. This method is based on
the same principle as acoustic method but usegtbier Doppler, dedicated initially to
flow measurement. Indeed, the signal intensity givg#ormation on suspended sediment
concentration in water column by the sonar equatidhis method is importantly
advantageous to be capable of measuring the caenpiefile within the river cross-section

rapidly. Yet, the calibration through sampling nothis necessary to inverse the intensity
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signal in concentrations. The measurement can cartrgontinuously by using a senor type
H-ADCP, installed permanently on the river bank.

2.8.5.Nuclear Method

Nuclear measurement utilizes the attenuation okdzadter of radiation. There are three basic
types of nuclear sediment gauges: (1) those thasume backscattered radiation from an
artificial source; (2) those that measure transimmsef radiation from an artificial source; and
(3) those that measure radiation emitted natutatlgediments (McHenry et al., 1967; Welch
et Allen., 1973; Tazioli 1981). The first two hatlee broadest applicability. In backscattered
gauges, radiation is directed into the measuren@uotme with the radioactive source isolated
from the detector by lead. A sensor in the samaeplas the emitter measures radiation
backscattered from the sediment. In transmissianges, the detector is opposed to the
emitter and the attenuation of the radiation causethe sediment is measured and compared
to the attenuation of the rays caused by passagegh distilled water. The ratio between
these measurements allows calculation of sedinm@rtentration. This method has low power
consumption and can measure wide particle sizecandentration range but the sensitivity is

low.

2.8.6.Optical measurement

In this method, backscatter or transmission ofolésor infrared light through water-sediment
sample is measured. It is simple with good temp@sdlution and allows remote deployment
and data logging, relatively inexpensive. Howevkis method exhibits strong particle-size

dependency, flow intrusive, point measurement anky instrument fouling.

2.8.7.Laser measurement

This method is based on the refraction angle dodrlascident on sediment particles to be
measure. There is no particle dependency but tthad is unreliable, expensive, flow
intrusive, point measurement only with limited jpae-size range. Phillips & Walling (1995)

used laser backscatter probe to measure the pasid characteristics of fluvial suspended

sediment.
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2.9.0rganic carbon transport

2.9.1.Global carbon and water cycle

The increase in atmospheric €@oncentrations and the associated effects on libigalg
climate have catalyzed the need for improved utideding of the carbon cycle (Robertson et
al., 1996; Aumont et al., 2001). The role of hydpt in the carbon budget in terms of carbon
fluxes at the catchment scale is focused. Carbstored on our planet in several major sinks:
(1) as the gas carbon dioxide (§@n the atmosphere; (2) in terrestrial ecosystéiusg-
dead biomass and soil); (3) fossil fuels and sediarg rocks in the lithosphere; (4) the ocean
carbon stocks and calcium carbonate in the manganisms (Pidwirny; 2000). Soil carbon is
a major component of the global inventory and exesignificant influence on carbon
dynamics in connection with changes in climate &rtluse (Sheimel et al., 1994). Soll
organic carbon comprises approximately two-thirfiseorestrial carbon storage (Schimel et
al., 1990; Townsend et al., 1992) or sink (Tanalgt1990; Harrison et al., 1993) of carbon
dynamics in response to climate changes and atredsp8G. Water, organic carbon and
other chemical substances in hydrological processes connected through ecosystem
processes and are strongly influenced by climaten&h activities have also significantly
affected hydrological processes and nutrient cyclim terrestrial and freshwater aquatic
ecosystems (Galloway et al., 1995). Land cover gbaraffect hydrological processes and
these changes interact with organic carbon andiemigr in many significant ways. For
example, landuse and land management activitiestatie hydrological response of a system
and thus nutrient fluxes through changes in landeco evapotranspiration, and soil
characteristics. These changes are followed bybfss#d mechanisms among water, carbon,
and other chemical substances that bring furthengés in these linked processes (Alexander
and Smith, 1990). Recent studies on river ecosysteswe shown that streamflow, primary
production and litter pool sizes in catchment ahe@ development of agriculture in
catchments are major processes which influenceflthees of organic carbon in river
(Robertson et al., 1996). A review by Robertsoale{1996) revealed three main categories
of factors which govern organic carbon fluxes itchanents: streamflow, land management

and quality of carbon.

2.9.2. Significance of organic carbon in rivers

The hydrological flux of organic carbon in rivessa significant and essential element of river
ecosystem (Robertson et al., 1996). Previous estuaind findings on river ecosystems have

-29 -



Chapter 2. Suspended sediment, organic carborpwerend modelling

shown that hydrology, vegetation productivity,ditpool size and soil organic carbon in the
catchment are the major agents which affect theefiof organic carbon in streams and rivers
(Meybeck and Varosmarty, 1999; Neff and Asner, 20Bhymond and Bauer, 2001;
McDowell, 2002). Sarin et al. (2002) suggested tha hydrological flux of organic carbon
Is a minor but important component of the globaboa cycle. The transfer of organic carbon
from terrestrial environments to the oceans andmaagcosystems may present a significant
flux of organic carbon at a regional landscapees@dleybeck and Varosmarty, 1999; Sarin et
al. 2002).

The global system of river is increasingly beingagnized as a major component of the
carbon cycle. This is because of the important afleivers in the terrestrial water cycle,
regulating the mobilization and transfer of compasefrom the land to the oceans. The
erosion and transport of riverine organic carbon riwers through surface runoff and
streamflow from terrestrial ecosystems to the osganvide a fundamental link in the global
carbon cycle. This hydrological flux of organic loan is correlated with the environmental
properties of catchments in terms of climate (@&@inf temperature, evaporation,
evapotranspiration) and hydrological processes offurcoefficient, streamflow, unit
hydrograph, flow duration curve) (Seitzinger anc&ze, 1998; Meybeck and Vorosmarty,
1999).

Although anthropogenic activities have been altethrese links for a long time, their impacts
have accelerated in the past few decades caugymificant regional and global changes
(Robertson et al., 1996). Human activities inclgdlanduse and land cover changes affect
hydrological processes and that these processadhtwith carbon in many significant ways
(Potter, 1991), certainly having major effects dar example, rates of dissolved and
particulate organic carbon (DOC and POC) that eaeHed or flushed from the land surface
to river networks (Shlesinger, 1986). In spitels tonsiderable number of research activities
over the past decades in relation to the globddaracycle, the hydrological fluxes of organic
carbon (DOC and POC) in rivers are still poorly erstood (wood et al., 2002). The failure
by the modelling to recognize the significance e tiydrological flux of organic carbon is
not because water sampling data are inadequasenibre oversight in the modelling.
Regardless of the role of hydrological and terralstorganic carbon fluxes in the global
carbon cycle, terrestrial organic carbon inputsvgt® the energy that drives aquatic food

webs, particularly in forested rivers with low itream productivity. Organic carbon is a
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carrier of energy flow through environmental syssefRosenfeld and Roff, 1992; Galloway
et al., 1995). The more reactive constituents ganic carbon make a significant contribution
to heterotrophic metabolism in rivers (Kieber et 41989). These compounds of organic
carbon also interact with other organic componemd are absorbed by the surfaces of
mineral solids, thus affecting the surface chemigbH, Alkalinity) and rate of aggregation
(Raymond, 2005). Organic carbon especially DOC risiraportance source of food for
heterotrophic bacterial production, stimulating thieavailability of iron to phytoplankton
and providing some protection for aquatic organi¢iktsDowell, 2002). DOC also affects the
complexity, solubility and mobility of metals, thusducing the toxicity of these metals in
rivers. Organic carbon input of DOC and POC plaeatral role in stream chemistry because
they affect pH, and alkalinity, and acts as a gsabstfor microbial production (Dillon and
Molot, 1997). As a result, the importance of théerof organic carbon in rivers can be

productivity and significant impacts on food welnsl dioavailability and toxicity of metals.

2.9.3.The link between hydrological flow and organic aamldluxes

Variations in hydrological flow through terrestrigcosystems have significant impacts
including on the rates of dissolved and particulatdstances. Predicting these changes
requires an understanding of the relationship betwerganic carbon and its hydrological
fluxes in terrestrial and riverine systems. Measwst of organic carbon concentrations
(DOC and POC) and corresponding hydrological véembuch as rainfall, and streamflow at
comparable temporal and spatial scales must piynbe& obtained. No full estimation is
possible of organic carbon transported by riverthdre is no appropriate monitoring data
such as climate, hydrological, and organic carbata dFuhrer et al., 1999). Variation in
streamflow is the major controlling factor in thepply of carbon from catchments to the river
networks. It is also a key factor controlling thetes, forms and distribution of primary
production in the catchment and river. However, te¢ationship between discharge
variations, and the transport of dissolved orgatacbon (DOC) and particulate organic
carbon (POC) through the river networks is stitkiag.

2.9.4.Sources and origins of organic carbon

A major source of organic carbon (DOC and POChésdarbon pools of terrestrial biosphere
(Esser and Kohlmaire, 1989; Bauer and Druffel, J998ese pools consist of living biomass

(above ground biomass), dead biomass (litter) afldsganic carbon (SOC) largely resulting
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from litter (WBGU, 1998). Figure (2-8) shows therlman compartments of a terrestrial
ecosystem (carbon dynamics).

>- Aboveground biomass

Humus

i
iy Ky (dead organic matter)

L
| | Litter Organic
A, horizon

-.. In addition in the soil:

Belowground biomass
(roots)

Soil organic carbon
(50C)

Dissolved organic carbon:
(DOC)

Mineral
soil

Figure 2-8 The carbon compartments of a terrestrial ecosy$tarbon dynamics) source:
WBGU, 1998

Organic carbon in rivers can be classified inte¢hsize-classes of particles, in two main
categories (Wotton, 1994):
- Particulate organic carbon or POC which includesirse particulate organic carbon
(CPOC) (diameter >1mm) and fine particulate orgaaibon (FPOC) (0.45um to 1 mm)
- Dissolved organic carbon (DOC) (<0.45um)

POC mainly originates from soil and riparian/litesrvironments. The main sources of coarse
particulate organic carbon are fallen leaves, watelyris from the catchment and water plant
(Maltby, 1992; Walker et al., 1994; Allan, 1995P®C includes the products of CPOC
breakdown, and aggregation of DOC, litter and swditerial (Meybeck, 1982; Ward et al.,
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1994; Robertson et al., 1996). DOC is leached tfinocatchment litter and soil organic
carbon, which is imported in groundwater and preduby algae and water plants (Wotton,
1994; Robertson et al., 1996). DOC derives mairdynf recent organic matter from topsoils

in the catchment (Hélie and Hillaire-Marcel, 2006).

CPOC and FPOC can be consolidated into particolgt@nic carbon (POC). The total pool of
instream organic carbon (TOC) therefore consistCR@d DOC. This consolidated pool
(TOC=POC + DOC) contains organic carbon from autommous (in-stream) sources and
allochthonous (off-stream) sources (Robertson.etl8B6). An input of carbon through land
or allochthonous sources is usually greater in arhdban the input of organic carbon
generated through aquatic plants within the strelamnel (Lovett and Price, 1999).

2.10. Overview of soil erosion and sediment transport moels

There are many existing sediment transport modéighwhave been developed in recent
decades. These models are based on statisticaki@hpgonceptual or distributed approach.
Aksoy et Kavvas (2005) have done a review of lip)gl and catchment scale erosion and

sediment transport models.
2.10.1. Statistical models

The simple relation between discharge and suspeseftichent concentratiorC(= aQ") was

also frequently used to generate suspended sedooeoéntrations (Serrat, 1999; Asselman,
2000; Horowitz, 2003; Smith, 2008, Picouet et 80%). This type of relation can be defined
by different temporal variability (hourly, dailyeasonal or annually). The performance is
extremely variable in accordance with many coninglifactors such as river discharge,
catchment physiographic conditions, deposition&pamt phenomenon, management practices
within the catchment and seasons. For instancethS2008) presented a sediment-discharge
rating curve to estimate sediment load in an uplaeadwater catchment (53.5 Rnof the

Lachlan River in south-eastern Australia basedeassnal rating curve (Figure 2-9).
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Figure 2-9 Catchment seasonal rating curves showing lonthdige (Q) and log suspended
sediment concentrations (SSC) with 95% confidentarvals for (a) summer-autumn and (b)
winter-spring period (From Smith 2008)

Picouet et al. (2009) established two SSC-disclsargiationship based on the rising stage of
the flood and the falling stage of the flood to giate SSC in Upper Niger River Basin. The
two statistical equations were presented as foligwi

- For rising stage, the equation is a power fumcti€=a Q"

- For falling stage, the equation is a linear fiortiC= g + b, Q

The variability of the relation could be explaineyg hysteresis effects during strong sediment
transport event and deposition along the river withe catchment. The variability could be
linked to the sediment stock which is easily maedl during flood events reaching the

sufficient capacity to transport those sediments.
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2.10.2. Empirical models

These models were established from many empiriqagr@ments from lots of catchments or

agricultural plots (Universal Soil Loss Equation).

o Universal Soil Loss Equation (USLE)
The Universal Soil Loss Equation (Wischmeier ettBritB78) is given by:

E=RxKxCxLxSxP (2-7)
Where,

E: average annual soil loss (thgeaf’)

R: rainfall erosivity factor (MJ mm Hayear")
K: soil erobility factor ( t ha h hhyear")

C: cropping management factor

L: length of the slope

S: slope

P: supporting conservation practice factor

This equation is based on the huge amount of data the United States. This equation was
established originally to estimate the soil logsfragricultural plot and nowadays it is used
to assess specific sediment flux at catchment dmpalasing calibrating parameters in the
model. Its modified version (MUSLE) has been aerafit to compute soil loss for a single
storm event. The USLE was revised (RUSLE) (Renamal.e1991) and revisited (Renard et
al., 1994) for improvement. A revised version oé¢ tdiSLE (RUSLE, Revised USLE) has
been proposed by Renagtial (1997) to replace the empirical model with a mooaceptual
one. However, the original model is still used irmmp countries since it represents an
appropriate method for combining acceptable acgunath relative simplicity and the ability
to use quite basic data (Rissteal, 1993; Kinnell and Risse, 1998; Hann and Mor@&96).

o Modified Universal Soil Loss Equation (MUSLE)
Williams (1995) developed the MUSLE by replacing tainfall energy factor in the USLE
with a runoff energy factor. The equation was deped using individual storm data from 18

basins in Texas and Nebraska and subsequentlyatedidon 102 basins throughout the
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United States using runoff data generated by tlieddggic component of the SWRRB model
(Williams, 1982). The MUSLE is:

E =118(Qqg,)xK xCxL xSxP (2-8)
Where,

- E: sediment yield (metric tonnes)

- Q: runoff volume (M)

- Qp: peak runoff rate (hs™)

- K, C, LS and P are the standard USLE factorsédrerodibility, crop management

(cover), slope length-gradient, and erosion corgracttice.

The main advantages of MUSLE are its simplicitye ttlirect conceptual and physical
relevance of its factors, the large data base upbith the empirical relationship was
developed, and the capability to insert manageroensiderations into factor selection. The
main disadvantages are that the model is empialcdldoes not consider all physical factors
affecting sediment yield, and generally there aidyf large errors associated with both soll

loss (USLE) and runoff estimates.

o Ludwig and Probst empirical equation

In 1998, Ludwig and Probst proposed an empiricidtion to estimate specific sediment
fluxes. This empirical equation was establishednffs8 catchments. The equation was based
on the correlation from many explaining variablegdro-climatic, lithological, pedological,
morphological, and biological factors). Only sigogint parameters which were taken into

account in order to avoid parameter multiplicatidbhus, the equation is presented as below:

y = 0.020x Q x FOURx Slope (2-9)
(n=58; r=0.91)

Where,
y: suspended sediment-specific load (tkyear")
Q: mean annual water yield (mm)
FOUR: sum of the square of the mean monthly pretipns over then mean annual
precipitation for all 12 months of the year (mm)
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2.10.3. Conceptual models

Many conceptual models were created before arfteagadme time with the huge development
of deterministic models, such as LASCAM (Viney digiapalan, 1999), Negev model, Lee
and Singh reservoir model (Lee and Singh, 2005keBmodel (Gafrej, 1993).

s LASCAM (Viney and Sivapalan, 1999)

LASCAM is a conceptual model of sediment transmdrich was developed from an existing
conceptual model of water and salt fluxes (LASCAtbupling with sediment modeling
algorithm (Viney and Sivapalan, 1999). In the modsdiment generation is based on a
modified version of the universal soil loss equatidlowever, the developed sediment
transport algorithm does not discriminate betweedirsent size classes. This model was
originally developed to predict of the effect oftluse and climate change on the daily trends
of water yield and quality in forested catchment¥estern Australia.

+ Lee and Singh reservoir model (Lee and Singh, 2005)

The sediment component of model is based on thelogical model of reservoir from Tank
model (Sugawara, 1995). Three tanks were useddrsthdy. Each tank represents a specific
runoff component: the first tank represents thdasar runoff component, the second tank
represents the intermediate runoff (or interfloand the third tank represents the groundwater
runoff component (or baseflow). Similarly, it issasned that the sediment yield from the first
tank was produced by surface runoff, the seconll bgnintermediate runoff and the third
tank from groundwater runoff. The sediment conegidn was determined in each tank based
on the sediment production of unit hydrogramme. @e®il of the sediment module in tank

model was well reported in Lee and Singh (2005).

2.10.4. Physically- based catchment erosion models

A number of physically-based models such as CREAW&isel, 1980), ANSWERS
(Beasley et al.,, 1980), KIREROS (Smith, 1981), WE@Raring et al., 1989), HSPF
(Bicknell et al, 1997), EUROSEM (Morgan et al., 1998), SWAT, (8lch et al., 1998),
SHETRAN (Ewen et al., 2000), AnnAGPS (Binger ancediter, 2003) have been used to
study sediment transport at the catchment scalmeS3uodel descriptions were presented as

following:
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% CREAMS (Knisel, 1980)

CREAMS (Chemicals, Runoff, and Erosion from Agricuédl Management Systems) have
the sediment transport component which analyzesintesrill area and rill separately.

Detachment on both rill and interrill area is detared by the modified USLE. The procedure
allows parameters to change along the overland [filmfile and along waterways to describe

spatial variability (Foster et al., 1981).

«» ANSWERS (Beasley et al., 1980)

The ANSWERS model (Areal Nonpoint Source Watershbponse Simulation) is a
catchment scale, distributed parameter, event tdenphysically based model. The
ANSWERS was developed to simulate the influenceadthment management practices on
runoff and sediment loss. The overall model stmgcttonsists of a hydrological model, a
sediment detachment and transport model, and dek@ring components necessary to
describe the movement of water in overland, sufasarand channel flow phases. The model
operates on cell basis. Soil detachment, transpod,deposition are modelled as a function
of the precipitation and the runoff process. Thesgm process assumes that sediment can be

detached by both rainfall and runoff but can ordytfansported by runoff.

% KIREROS (Smith, 1981)

KINEROS (Kinematic Erosion Simulation) model is qoosed of elements of a network such
as planes, channels or conduits, and ponds or taetestorages, connected each other.
Channel erosion is taken the same as upland eresioept for the omission of the splash
erosion as it is no longer effective on erosioth@ channel phase. KINERO is an extension
of KINGEN model developed by Rovey et al. (1977)thwincorporation of erosion and

sediment transport components. The sediment compafemodel is based upon the one
dimensional unsteady state continuity equationsirddeposition rate is the combination of
raindrop splash erosion and hydraulic erosion/déposrates. The model does not explicitly

separate rill and interrill erosion.

s WEPP (Nearing et al., 1989)

WEPP (Water Erosion Prediction Project) is a camirs simulation model that predicts

sediment yield and deposition from overland flow bill slopes, sediment yield and
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deposition from concentrated flow in small chanpetnd sediment deposition in
impoundments. The model divides runoff betweers @lhd interrill areas; thus, it calculates
the erosion in the rills and interrills separateyne model computes spatial and temporal
distributions of sediment yield and deposition, gmdvides explicit estimates of when and
where in a catchment or on a hill slope that ermsiccurs so that conservation measures can

be selected to most effectively control soil eragiBlanagan and Nearing, 1995).

« HSPF (Bicknellet al, 1997)

HSPF (Hydrological Simulation Program Fortran) isdaterministic, lumped-parameter
continuous time model which can also be used asstibdited parameter model as it
reproduces spatial variability by dividing the lash hydrologically homogeneous land
segments and simulating runoff for each land segnmelependently. HSPF simulates three
sediment types (sand, silt, and clay), in additmsingle organic chemical and transformation
products of that chemical. Re-suspension and rsgttf silt and clay (cohesive solids) are
defined in terms of shear stress at the sedimeterwaterface. For sand, the capacity of the
catchment or channel system to transport sand @artcular flow is calculated and re-
suspension or settling is defined by the differehebveen the sand in suspension and the

capacity. Calibration of the model requires dataetach of the three solid types.

« EUROSEM (Morgan et al., 1998)

The European Soil Erosion Model (EUROSEM) is a dyitadistributed (process-based)
model designed to simulate the erosion, transpwitdeposition of sediment over the land
surface by interrill and rill processes (Morgahal, 1998). The model can be applied to
individual storm events and to spatial scales rap@iom small fields to small catchments. It
is designed particularly to predict soil loss fraghose storms that contribute most of the
annual soil loss since it was thought that erosias dominated by only a few events per
year. EUROSEM has explicit simulation of interrdhd rill flow; plant cover effects on

interception and rainfall energy; rock fragmentsstoniness effects on infiltration, flow

velocity and splash erosion; and changes in thpeshad size of rill channels as a result of

erosion and deposition.
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s SWAT (Arnoldet al, 1998)

SWAT is a physically based, semi distributed patemeatchment scale model that operates
on a continuous daily time step. The model simsl&étgdrological processes, sediment yield,
nutrient loss, and pesticide losses into surfaocefgitwater and the effects of agricultural
management practices on water in large ungaugeerstestds (Arnolcet al, 1998). SWAT
incorporates the effects of weather, surface rymafipotranspiration, crop growth, irrigation,
groundwater flow, nutrient loading, pesticide loagliand water routing, as well as the long-
term effects of varying agricultural managementcpcas (Neitschet al, 2002, 2005).
Sediment yield is estimated from the Modified Umgad Soil Loss Equation (MUSLE).
SWAT has been applied extensively for streamfladiment yield, and nutrient modelling in
both small and large agricultural catchment.

s AnnAGPS (Binger and Theurer, 2003)

AnnAGPS is a batch-process, continuous simulatianly time step, pollutant-loading model
developed to simulate longterm runoff, sediment] ahemical transport from agricultural
catchments (Cronshey and Theurer, 1998; Bingner ®nmeurer, 2003). It is a direct
replacement for the single event model, AgricukiNan-Point Source (AGNPS) (Yourej
al., 1989), and retains many features of AGNPS (Yearal, 2001). Unlike AGNPS,
AnNnAGNPS divides the catchment into drainage ave#ts homogenous land use, soils, etc.
and integrates these areas by simulated riverssaedms that route runoff and pollutants
from each area downstream. AnnNAGNPS uses the RU&Idalculate sediment delivered to

a field edge as a result of runoff from any typeucipitation.

2.11.Uncertainties of catchment model simulation

Uncertainties in the simulation are the importasgue to consider in the simulation of
hydrology, sediment yield. The main sources of uagaties are:

o Simplifications in the conceptual model. For ins&@nthe simplifications in a
hydrological model, or the assumptions in the equatfor estimating surface erosion
and sediment yield, or the assumptions in calaujefliow velocity in a river.

o0 Processes occurring in the catchment but not iedud the model such as wind
erosion, soil losses caused by landslides.
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0 Processes which are included in the model but tie@urrences in the catchment are
unknown to the modeler or unaccountable; for instameservoirs, water diversions,
irrigations, or farm management affecting waterliqya

0 Processes that are not known to the modeler andnohkide in the model. These
include dumping of waste material that may lastdéarumber of years and drastically
changes the hydrology or water quality such astcoctson of roads, bridges, tunnels,
and dams.

o Errors in the input variables such as meteoroldgieta (precipitation, temperature,
etc.)

o Errors in the observed data such as observed fediment data.

2.12. Synthesis of literature review

In this chapter, we addressed catchment soil erpsi® origins of suspended sediment and
transport processes that govern its dynamics inriver. Soil erosion and transport of
suspended sediment are complex and involve martgrfasuch as rainfall erosivity, soil
erodibility, soil occupation, topography. Hydrologi factor is the main agent in mobilizing
the sediment to the catchment outlet. The relatipndetween suspended sediment and
discharge known as hysteresis patterns was explaifiee location of sediment sources
(sediment nearby the sampling station, river depdssediment, hillslope sediment) is
important to characterize the hysteresis class rfsgtmc line, clockwise, anticlockwise or
complex pattern). The analysis of hysteresis thnodifferent flood events could be used to
interpret sediment sources. To measure susperdident in river, different methods were
presented. The choice of the method depends osdtienent range of the river which is
observed and also the availability of the instruteerAmong these methods, turbidity
measurement is mostly preferred to measure coniglypoThe carbon cycle, relationship
with hydrological processes and their origins weescribed in this chapter. This explained
the link between hydrological flow and organic aarlfluxes. At the end of the chapter, a
review of existing sediment transport models wasduced. Among these models, SWAT

will be used in this study. The model is free asabke and user friendly environment.

The next chapter will present the methods useddoraplish the objectives of the research.
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Chapter 3 Materials and methods

This chapter describes the materials and methodsl us accomplish the objectives. The
materials concern with the description of the stwdga (localisation, soil, landuse and
hydro-climatic regime), installation of automatiater sampler and Sonde, and instruments
to determine suspended sediment, dissolved andcgate organic carbon. The model

selection and description of the model conceptewso described.

-43 -



Chapter 3. Materials and Methods

3.1.Study area

3.1.1.General description and location

The Save catchment, located in the area of Cotdau@ascogne, is an agricultural catchment
of 1110 knf and has its source in the piedmont zone of therfdgs Mountains (south-west

France) at an altitude of 600 m, joining the GamRiver after a 140 km course with a linear
shape and an average slope of 3.6%0 (Figure 3-13. ddichment lies on detrital sediments
from the Pyrenees Mountains. It is bound on thé¢ lepshe Garonne River, on the south by
the Pyrenees and on the west by the Atlantic OcBam.catchment elevation ranges from 98

to 620 m. There are 5 meteorological stations withe catchment.
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Figure 3-1: Location and topography of study afaufce: Cemagref de Bordeaux
(UR ADBX))
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3.1.2.Soil and geomorphology

Throughout the Oligocene and Miocene, this catchinsemved as an emergent zone of
subsidence that received sandy, clay and calcassmlisients derived from the erosion of the
Pyrenees Mountains, which were in an orogenic plasthat time. The heterogeneous
materials were of low energetic value and prodwucéuick detrital formation of molasse type
in the Miocene. From the Pleistocene onwards, ithey became channelized, cutting broad
valleys in the molasse deposits and leaving tesrateoarse alluvium (Revel and Guiresse

1995). The substratum of the catchment consistapérvious Miocene molassic deposits.
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Figure 3-2 Major soils in the Save catchment (source: Cepfalg Bordeaux (UR ADBX)

In this area, which has been cultivated since thddM Ages, mechanical erosion by
ploughing has had a greater impact on downwarddsgplacement than water erosion, with a
major impact on surface relief, mainly on levelliagd soil distribution (Guiresse and Revel,
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1995). Very weak erosion has led to the developroégtlcic luvisols (UN FAO soil units)

on the tertiary substratum and local rendosols henhard calcareous sandstone beds. On
hillsides with very gentle slope, the calcic camlishave been subjected to moderate erosion.
Non-calcic silty soils, locally named boulbenegresent less than 10% of the soil in this
area. Calcic soils are dominated by a clay contemging from 40% to 50%, while non-calcic
soils are silty (50-60%). There are 29 soil classéhin the Save catchment presented in
Figure 3-2. However there are some soil types wiaich found dominant in the whole
catchment. The Deep calcaricsoil (R 212) is domir@nthe dowstream area while the
upstream area is mainly Calcaric Lithosol (R 520 plane alluvial of the Save is composed
of Calcaric Fluvisol (R 131) while he other zones heterogonous, particularly the ancient

terraces at the upstream area.

3.1.3.Landuse and management practices

The upstream part of the catchment is a hilly aggucal area mainly covered with dominant
pastures and little forest. The downstream catchnmenflat and devoted to intensive
agriculture with many crop types such as winter atheorn, sunflower, soybean, cabbage
etc. (90% of the area used for agricultural purppgeigure 3-3). Sunflower and winter wheat
in rotation are mainly dominated at the downstrediime Save.

For pastures, there is one rotation of corn duangeriod of 4 years. Tillage works were
practiced during April within this area. For sunfler-winter wheat rotation, the planting date
of sunflower is on April 10 then is harvested onyJL0. After that, winter wheat begins on
October 9 then it is harvested on July 10, follayiyear. The rotation of winter wheat-
sunflower follows the same pattern by plant begihsvinter wheat on October 9 and it is
harvested on July 10. For following year, sunflowgeplanted on April 10, is harvested on
July 10. The soil cover is empty from July throu§§pril during this rotation once per two

years.
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Figure 3-3: Landuse in the Save catchment with megoicultural land (Macary et al. 2006)

3.1.4.Climate and hydrology

The climatic conditions are oceanic, with annuacypitation of 700-900 mm and annual
evaporation of 500-600 mm. The dry period runs frauty to September (the month with
maximum deficit) and the wet period from OctoberJiine (Ribeyeix-Claret, 2001). The
mean temperature of the catchment is 13 °C withrégnmam in January (5°C in average) and

a maximum in August (20°C in average).

The hydrology regime of the catchment is mainlyv@l, i.e. regulated by rainfall
(Echanchu, 1988), with maximum daily discharge pnirgy and low flows during summer
(July to October). The summary of mean monthly liksge, specific discharge and runoff

was presented in Figure 3-4.
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Figure 3-4 Summary of mean monthly discharge® @), specific discharge (I’skm?) and
runoff (mm) in the Save catchment at Larra gaugtagjon (1965-2006) (Data from CAGG)
(banque hydro http://www.hydro.eaufrance.fr/)

The catchment substratum is relatively impermeabllee to its high clay content.
Consequently, the river discharge is mainly supphg surface and subsurface runoff, and
groundwater is limited to alluvial and colluvialyglatic aquifers. The maximum instantaneous
discharge for the long-term period (1965-2006) 20 61f s* (1% July 1977) (data from
CACG: Compagnie d’Aménagement des Coteaux de Gasgodpuring the low flow
periods, the Save River was sustained by the Nasial about 1 fhs™.

3.2.Instrumentation and water quality monitoring

3.2.1.Sonde YSI and Ecotech preleveur

Sonde YSI 6920 (YSI incorporated, Ohio, USA) messumprobe and Automatic Water
Sampler (EcoTech Umwelt-Mel3systeme GmbH. Bonn, @eynwere used for water quality
monitoring in the studied catchment at Larra sangpbtation (Figure 3-5). The sonde can
contain with many sensors such as nitrate, tuspidgH, oxygen, redox, electrical
conductivity. Each sensor has to be calibrated befwstalling in the river. EcoTech can be

programmed to activate the sampling based on vieset variations and time intervals. The
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automatic water sampler contains 24 bottles oftre,liwhich allows taking many water
samples during both small and high magnitude flood.

Sonde to Portable Computer

DB‘X‘ e

MS-§ — > F

Sensor ports
Field Cable — ™

COND/TEMP

ISE1/ISE2

]
pH/ORP \§( ?
[TURBIDITY
CHLOROPHYLL T
[RHODAMINE WT |

. DISSOLVED
3/ OXYGEN
o= “’/

Figure 3-5 Sonde YSI 6920 and Ecotech Preleveur with 24 lafer bottles

3.2.2.Calibration processes of Sonde

The Sonde has been calibrated before installinguat gauging station. The sensors of each

parameter were calibrated separately as following:

- Depth with one point at zero in atmospheric envinent

- Conductivity: 1413 ps/cm at 25 °C

- pH with three points: 7 (-40mV and 40 mV), 4 (1&0220 mV); 10 (170 and 180
mV)
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- Nitrate with three points: 100 mg,I1 mg I', and 1 mgt at cold temperature lower
than 10 °C
- Turbidity with two points: 0 and 1000 NTU (Nepheleimc Turbidity Units)

3.2.3.Physico-chemical parameters in situ and water samgpl

We installed Sonde YSI 6920 (YSI Incorporated, QhigSA) measuring probe and
Automatic Water Sampler with 24 bottles of 1 limé the Save catchment outlet (Larra
bridge) in January 2007 (Figure 3-6). The Sonde p@stioned near the bank of the river
under the bridge, where homogeneity of water movemes properly considered for all
hydrological conditions. The pump inlet was placegkt to the Sonde pipe. The dissolved
oxygen content, electrical conductivity, nitratél, gurbidity and water level were recorded at
10-min intervals. The values of the different paeéens in water were detected by sensors on
the Sonde YSI and the data then transferred teetlodech memory. We programmed the
Sonde to activate the automatic water sampler fongag water. The automatic water
sampler was activated by water level variatiofss(cm) ranged from 10 cm to 30 cm,
depending on seasonal hydrological conditions fath lthe rising and falling stage. This
sampling method provided high sampling frequencyinduflood events. Manual sampling
was also carried out using a 2 litter bottle lowlefeom the Larra bridge, near the Sonde
position, at weekly intervals when water levels eveot remarkably varied. Temperature, pH,
and electric conductivity were measured by WTW rinsient (pH/Cond 340i/SET) at the
field for weekly water samples.
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Figure 3-6: Schema of installing water quality monitoring teys at Larra station: A) pump
inlet and Sonde pipe, B) Automatic Water SampleyTech, C) Sampling site at Larra bridge

3.3.Technical problems

During the study period, several technical problesush as sensor derivation and crushing
led to occasional difficulties in measuring contng water turbidity. Sensors were exhausted
after a period of 3 to 5 months; therefore, eaalis@e had to be recalibrated or possibly
replaced by the new one. By so doing, we could caymm signal errors resulting from
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sensor derivation. However, we missed continuoussomements for some flood periods, but

we carried out intensive manual sampling, partidylduring the flood events.

3.4. Determination of suspended sediment and organic caon

3.4.1.Filtration and determination of suspended sedimentcentration

We filtered the water samples from both manual antbmatic sampling in the laboratory
using pre-weighed nitrocellulose filter (GF/F 0.45&) to separate the suspended sediment
fraction. We filtered water volume, ranging fromOLl& I to 1000 ml according to the particle
load. After filtration, the filters containing sumpded particles were dried at 40 °C for 48
hours then weight again to determine suspendedsatliconcentration (Figure 3-7).

 yQJO@C@OOJ
’JC/* C/@

’\;/ @
-

N~

Incubator m FiH;fter filtration
Figure 3-7: Photo of filtration for obtaining suspended seglirnconcentration
3.4.2.0rganic carbon analysis
A-Dissolved organic carbon (DOC)

The water sample had been again filtered throughhan type of filter-glass microfiber filter
(GF/F Whatman 0.7 pm) which was burnt at 450 °C5t80 hours before utilizing in order to
eliminate organic track. After filtering, each wasample was then acidified with HCL (12N;
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pH=2) and store at 4 °C until analyses as soonoasilgle. The DOC analyses were carried
out on Shimadzu TOC-5000 analyzer (Figure 3-8).

Figure 3-8 Photo of Shimadzu TOC-5000 analyzer (ECOLAB Atabl Laboratory,
Toulouse)

B-Particulate organic carbon (POC)

The filtered paper containing suspended sedimeng ween acidified with HCL 2N in order
to remove carbonates and dried at 60 °C for 24altidalate organic carbon (POC) analyses
were carried out using LECO CS200 analyzer (Etchebeal, 2007) (Figure 3-9) at EPOC
Laboratory, Bordeaux. POC contents are expressagascentage of dry weight of sediment,
abbreviated to POC% and POC concentrations aressgad in mg.
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Figure 3-9 Photo of LECO CS200 analyzer (EPOC Analytical drabory, Bordeaux)

3.5. SWAT model selection and description

SWAT 2005 (Soil and Water Assessment Tool) wascsadein this study is firstly because of
many applications to assess hydrology and sedirtrantsport in both small and large
catchments undertaken in different regions. Segondthe model is free
(http://swatmodel.tamu.edu/) and user friendlinesgironment. Thirdly, SWAT project of
the Save catchment could be extended afterwardtutly other problematic such as nitrate

and pesticide transport dynamics.

SWAT is physically based distributed, agro-hydriadagy model that operates on a daily time
step and is designed to predict the impact of mamagt on water, sediment, and agricultural
chemical yields in ungauged catchments (Arnoldl.etl898). The model is computationally
efficient and capable of continuous simulation ange complex catchments with varying
soils, and management conditions over long timegdsr SWAT uses readily available inputs
and has the capability of routing runoff and chatsichrough stream and reservoirs, and
allows the addition of flows and the inclusion oéa&sured data from point sources. Major
component models include weather, hydrology, saihgerature, plant growth, nutrients,
pesticides and land management. SWAT can analy#te smoall and large catchments by

discretizing into sub-basins, which are then furtBebdivided into hydrological response
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units (HRUs), having homogenous land use, soil igpeé slope (Figure 3-10). The SWAT
system embedded within geographical informatiortesys(GIS) that can integrate various

spatial environmental data including soil, land@gwlimate and topographical features.

@ Cutlet point
~ >— Rivar

HRU: Hydrologic
Response Unit

Figure 3-10 Schema of HRUs definition

3.5.1. SWAT water balance

In SWAT, water balance is the driving force behawérything that happens in the catchment.
To accurately predict the movement of pesticidesljirsents or nutrients, the hydrological
cycle as simulated by the model must conform totwhkahappening in the catchment.
Simulation of the hydrology of a catchment can epasated into two major divisions. The
first division is the land phase of the hydrologjicgcle, presented in Figure (3-11). The land
phase of the hydrological cycle controls the amoahtwater, sediment, nutrient and
pesticides loadings to the main channel in eackhossin. The second division is the water or
routing phase of the hydrological cycle which can defined as the movement of water,
sediments, etc. through the channel network ofcdiehment to the outlet. SWAT simulates

the hydrological cycle based on the soil and wiaééance equation as following:

vat = SWO + Z:ﬂ (Rday - qurf - Ea - Wseep_ ng)i (3'1)
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Where,
- SW : the final soil water content (mm),
- SW, : the initial soil water content on day i (mm),
- t : the time (days), Ky is the amount of precipitation on day i (mm),
- Qsurf - the amount of surface runoff on day i (mm),
- B4 : the amount of evapotranspiration on day i (mm),
- Wseep: the amount of water entering the vadose zom fitee soil profile on day i
(mm),

- Quw : the amount of return flow into the river on dgynm).

LS T T A S N O
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Figure 3-11 Schematic representation of the hydrological @yerom SWAT model theory)

3.5.2. Surface runoff

Surface runoff occurs whenever the rate of preafijoih exceeds the rate of infiltration.
SWAT has two methods for estimating surface runtlit SCS curve number method
(USDA-SCS, 1972) and the Green & Ampt method. kdr daily data, it is suitable to use
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Green & Ampt method. In this study, the SCS methad used to compute surface runoff
volume for each HRU. The SCS curve number equation

_R

~ 0.25)?
qurf -

+ 085

day

R

(3-2)
day

Where,

- Qaur : the accumulated runoff or rainfall excess (mm)
- Ryay : the rainfall depth for the day (mm)

- S: retention parameter (mm), calculated 19~ 25.4(%\?—10)

The SCS curve number (CN) is a function of the’sg@érmeability, landuse and antecedent
soil water conditions. CN is a parameter of the ehodihe detail of CN values is presented in
the SWAT theory document.

Peak runoff rate is estimated using a modificatibthe Rational Method (Chow et al., 1988).
Daily rainfall data is used for calculations. Fl@swrouted through the channel using a variable
storage coefficient method (Williams, 1969) or theiskingum routing method (Cunge,

1969). The modified rational formula used to estanaeak flow is given below:

— cxtc X qurf ><Area
qpeak - 36xt (3-3)

conc

Where,
- Gpeak: the peak runoff rate (hs?)
- a,.: the fraction of daily rainfall that occurs duritige time of concentration
- Qsurt- the surface runoff (mm 1)
- Area: the subbasin area (Rm
- teong the time of concentration for the subbasin (hr)

- 3.6 : unit conversion factor

3.5.3.Evapotranspiration

There are three methods for estimating potentiapetranspiration (PET) used in SWAT.:
Prisley Taylor (1972), Penman Monteith (MonteitB6%) and Hargreaves & Samani (1985).
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In this study, Penman method was used to estimatengial evapotranspiration. The three
PET methods included in SWAT vary in the amountenfuired inputs. The Penman method
requires solar radiation, air temperature, relativenidity and wind speed. The Priestley-
Taylor method requires solar radiation, air tempee and relative humidity but the
Hargreaves method requires only temperature. Hsrstudy, we used Penman method. The
Penman-Monteith equation is:

_ Aanet _G) +pair E‘[:p eg _ez]/ra

AE _
A+y[L+r,/T,) -4

Where,
- AE : The latent heat flux density (MJTai™?)
- E : the depth rate evaporation (mi) d
- A : The slope of the saturation vapor pressure-teatpe curve, de/dT (KPa ¢
- Hnet : the net radiation (MJ td™)
- G : the heat flux density to the ground (M¥ dt)
- p,, : the air density (kg i)
- C,: the specific heat at constant pressure (MJ°kz")
- €2 : the saturation vapor pressure of air at heigkPa)
- g, : the water vapor pressure of air at height z JkPa
- y: the psychrometric constant (kPa®C
- I.: the plant canopy resistance ( $)m

- 1. : the diffusion resistance of the air layer (agramic resistance) (s H
3.5.4.Groundwater

The groundwater simulation is partitioned into &guisystem i.e an unconfined aquifer
(shallow 2 to 20m) and a deep-confined aquifer (RRh each sub basin. Percolation from
the bottom of the root zone is considered as rgehtar the shallow aquifer. Water that enters
the deep aquifer is assumed to contribute to sfieanoutside the catchment (Arnold et al.,
1993). In SWAT 2005, the water balance for a shalsmuifer is calculated with equation
below:

aqsh,i = aqsh,i—l + Wrchrg - ng - Wrevap - Wdeep - Wpumpsh (3'5)
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Where,

- agn.1: the amount of water stored in the shallow aquwfeday i (mm)

- agn - the amount of water stored in the shallow aqufeday i (mm)

- Wrehrg - the amount of recharge entering the aquiferanidmm)

- Qqw : the groundwater flow, or base flow into a mamaenel on day i (mm)

- Wrevap . the amount of water moving into the soil zonerésponse to water
deficiencies on day i (mm)

- Wgeep: the amount of water percolating from the shalbmwuifer into the deep aquifer
on day i (mm)

- Woump, sk the amount of water removed from the shallow &y pumping on day i
(mm).

The steady state response of groundwater flowdioarge is estimated by the equation below:

_800xK

ng X hWtbl (3'6)

gw

Where,

- Qgw : the groundwater flow, or base flow into a mamaenel on day i (mm)

- Ksat: the hydraulic conductivity of the aquifer (mmygla

- Lgw : the distance from the ridge or sub basin diviolethie groundwater system to
the main channel (m)

- hww! : the water table height (m)

3.5.5.Erosion and Sediment component

The sediment from sheet erosion for each HRU isutated using the Modified Universal
Soil Loss Equation (MUSLE) (Williams, 1975). The LES uses rainfall as an indicator of
erosive energy but MUSLE uses the amount of ruttofimulate erosion and sediment yield.
The benefits of the substitution are: the predictazcuracy of the model is increased, the
need for a delivery ration is eliminated, and sngflorm estimates of sediment yields can be
calculated.
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The equation of MUSLE in SWAT is presented as below

Sed: ll8x (qurf X qpeakxAhru) 0% xK USLE X CUSLE X PUSLE X I—SUSLE X CFRG) (3'7)

Where,
- Sed is the sediment yield (t) on a given day,
- Qsurf is the surface runoff volume (mmHa
- CpeakiS the peak runoff rate ths'), Any is the area of the HRUs (ha),
- KusLe is the soil erodibility factor,
- CusLe is the cover and management factor,
- PusLe is the support practice factor,
- LSysLe is the USLE topographic factor,
- CFRG is the coarse fragment factor.
The details of the USLE factors can be found iniifhseh et al., 2005).

The sediment concentration is obtained from thensewt yield which corresponds to flow

volume within the channel on a given day. The toants of sediment in the channel is

controlled by simultaneous operation of two proessgleposition and degradation. When
Channel deposition or channel degradation occturdepends the sediment loads from the
upland areas and transport capacity of the chametelork. If the sediment load in a channel
segment is larger than its sediment transport ¢gpabannel deposition will be the dominant

process. Otherwise, channel degradation occurstbeechannel segment. SWAT calculates
the maximum amount of sediment that can be tratsgdrom channel segment as a function
of the peak channel velocity:

conc,

'sedch,mx

=SPCONx p°® (3-8)

Where,
- CONGedchmx (ton M) is the maximum concentration of sediment that ©en
transported by streamflow (i.e., transport capagcity
- SPCON is a coefficient defined by user, spexgxigonent parameter for calculating
sediment reentrained in channel sediment routiagithdefined by the user (1< spexp
<2)

- v (m s is the peak channel velocity.
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The peak channel velocity in a reach segment dt #@e step is calculated from:

PRF
L= X
n

2/3 1/2
Rch x Sch (3-9)

Where,
- vis the peak channel velocity (if)s
- PRF is the peak rate adjustment factor with adéwalue of unity,
- n is manning 's roughness coefficient, B the hydraulic radius(m),

- S is the channel invert slope (mi')n

The maximum concentration in the reach is comparghl the concentration of sediment in
the reach at the beginning of the time step, &Qr&i,
e If CONGseqchi™> CONGed chmx dEpOSition is the dominant process in the reagment.

The net amount of sediment deposited is calculayed

Sed,,, = (CONCy; —CONC )XV, (3-10)

sedch,mx

Where,
- sedepis the amount of sediment deposited in the reagment (metric tons),
- CONGeq ch,iS the initial sediment that can be transporteavager (kg/l or ton/r)

- Ven is the volume of water in the reach segmeri).(m

e If CONGseq,ch,i< CONGed chmx degradation is the dominant process in the reagment.

The net amount of sediment reentrained is caladliaye

Seqieg = (Concsedch,mx - Concsedch,i) X Vch X Kch X Cch (3'11)
Where,

- sedegis the amount of sediment reentrained in the reagment (metric tons),

- CONGed chmxIS the maximum concentration of sediment that loartransported by
water (kg 1* or ton m®),

- Ven is the volume of water in the reach segmeri),(m

- Ken (CH_EROD)is the channel erodibility factor (ci Rab),

- Cch(CH_COV) is the channel cover factor.
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The final amount of sediment in the reach is caltad by:

sed,, =sed,,; —sed,, +sed,, (3-12)

Where,
- se@ is the amount of suspended sediment in the reaelri€ tons),
- se@y, is the amount of the suspended sediment in thehratthe beginning of the
time period (metric tons),
- sedep isthe amount of sediment reentrained in the reacimeag(metric tons).

The total amount of sediment that is transportedbdthe reach segment is computed as:

V
—_ out
sed,,= sed,, X —* (3-13)
Vch
Where,
- seqyt is the total amount of sediment transported odhefreach (metric tons),
- se@ is the amount of suspended sediment in the reaelri€ tons),
- Voutis the volume of water leaving the reach segmmrit &t each time step,
- Venis the volume of water in the reach segmenri) @heach time step.

3.5.6. SWAT model input

The spatially distributed data (GIS input) needad&rcSWAT interface include the Digital
Elevation Model (DEM), soil data and landuse dMateorological data and river discharge

were also used for prediction of streamflow andbcation purposes.

o Digital Elevation Model

Topography is defined by a DEM that de-scribesellegation of any point in a given area at a
specific spatial resolution. The DEM was used tlnéate the watershed and to analyze the
drain-age patterns of the land surface terrain.b8sim parameters such as slope gradient,
slope length of the terrain, and the stream netwatr&racteristics such as channel slope,
length, and width were derived from the DEM. Instisiudy, Digital elevation map (DEM)
with a resolution of 25 m x 25 m was received frBB TOPO R IGN France- Cemagref de
Bordeaux (UR ADBX) (Figure 3-12 A)
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0 Meteorological data

Meteorological data included 5 rainfall stationghmilaily precipitation from Meteo France
(Figure 3-12 A). Some past and missing data wasrgéed for some stations by linear
regression equation from the data of the nearasibss with complete measurement. Two
stations at the upstream part having a completesamnement of daily minimum and

maximum air temperature, wind speed, solar radiadad relative humidity was used to

simulate the potential evapotranspiration (PETthenmodel by Penman method.

o Soil data
SWAT model requires different soil textural and piecp-chemical properties such as soil
texture, available water content, hydraulic conoityt bulk density and organic car-bon
content for different layers of each soil type. S&adata were obtained mainly from the
following sources: soil map from CACG and digitizéy Cemagref de Bordeaux (UR
ADBX) (Macary et al. 2006) with the scale of 1:8000and soil properties for SWAT soil
data base (Lescot et al. 2009). In this study,dagdses were simplified (Figure 3-12 B).

o Landuse and management practices

Land use is one of the most important factors tdétct runoff, evapotranspiration and
surface erosion in a catchment. In this study, Waeddata was obtained from Landsat 2005
(Macary et al. 2006).The management practices waken into account in the model for
simulation. The dominant landuse in the catchmesrewpasture, sunflower/winter wheat in
rotation (Figure 3-12 C). The starting dates ohplaeginning, amounts, date of fertilizer and
irrigation applications were included. For pasturdgere is one rotation of corn during a
period of 4 years. Tillage works were practicedimyApril within this area. For sunflower-
winter wheat rotation, the planting date of sun#ows on April 10 then is harvested on July
10. After that, winter wheat begins on October &ntlit is harvested on July 10, following
year. The rotation of winter wheat-sunflower follbwhe same pattern by plant begins of
winter wheat on October 9 and it is harvested dg 1Q. For following year, sunflower is
planted on April 10, is harvested on July 10. Toik &over is empty from July through April

during this rotation once per two years.
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Larra sampling station
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Figure 3-12(A) Digital Elevation Model of the study area, (Bpjor soils of study area, (C) Major landuse @& study area
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Chapter 4

Dynamics of suspended sediment transport
and yield in a large agricultural catchment,
southwest France

This chapter presents the first result of the asialpf suspended sediment transport dynamics
in the studied agricultural catchment with the &sseent of flood load contribution. The
hydro-climatic factors influencing the mobilisatiohsediment load from the catchment outlet
during flood events were identified by means ofidteal analysis of correlations and
Principle Component Analysis (PCA). This part dstaisteresis patterns of each flood and
identifies their suspended sediment sources inrdaeéetermine their origins. This chapter
presented the publication acceptedJwurnal of Earth Surfaces Processes and Landforms

(ESPL) with the following reference:

Oeurng C, Sauvage S, Sanchez-Pérez J.-M. 2010. Dynamics afmended sediment
transport and yield in a large agricultural catchment, South-west France Earth Surface
Processes and Landforms 35: 1289-1301
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ABSTRACT: The dynamics of suspended sediment transport were monitored continuously in a large agricultural catchment in
southwest France from January 2007 to March 2009. The objective of this paper is to analyse the temporal variability in suspended
sediment transport and yield in that catchment. Analyses were also undertaken to assess the relationships between precipitation,
discharge and suspended sediment transport, and to interpret sediment delivery processes using suspended sediment-discharge
hysteresis patterns. During the study period, we analysed 17 flood events, with high resolution suspended sediment data derived
from continuous turbidity and automatic sampling. The results revealed strong seasonal, annual and inter-annual variability in
suspended sediment transport. Sediment was strongly transported during spring, when frequent flood events of high magnitude
and intensity occurred. Annual sediment transport in 2007 yielded 16614 tonnes, representing 15 t km™ (85% of annual load
transport during floods for 16% of annual duration), while the 2008 sediment yield was 77960 tonnes, representing 70 t km™
{95% of annual load transport during floods for 20% of annual duration). Analysis of the relationships between precipitation,
discharge and suspended sediment transport showed that there were significant correlations between total precipitation, peak
discharge, total water vield, flood intensity and sediment variables during the flood events, but no relationship with antecedent
conditions. Flood events were classified in relation to suspended sediment concentration (S5C)—discharge hysteretic loops, comple-
mented with temporal dynamics of SSC—discharge ranges during rising and falling flow. The hysteretic shapes obtained for all flood
events reflected the distribution of probable sediment sources throughout the catchment. Regarding the sediment transport during
all flood events, clockwise hysteretic loops represented 68% from river deposited sediments and nearby source areas, anticlockwise
29% from distant source areas, and simultaneity of S5C and discharge 3%. Copyright © 2010 John Wiley & Sons, Ltd.

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

Introduction

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

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

So far, many studies on suspended sediment transport
dynamics have been conducted in small-scale agricultural
catchments of less than 100 knY (Gao et al., 2007; Lefrancois
et al., 2007; Estrany et al., 2009; Deasy et al., 2009). However,
little attention has been paid to sediment dynamics in large
agricultural catchments, where there are many difficulties
such as spatiotemporal variability in climatic conditions, land
use and soil texture. Moreover, field measurements and
collection of data on suspended sediment are generally
difficult tasks, rarely achieved over long timescales in large
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catchments. Understanding of the catchment-scale dynamics
of suspended sediment transport is limited by this lack of data
and by the high spatial and temporal variability of sediment
output, which in turn is associated with various factors such
as precipitation characteristics, the connectivity of sediment
sources varying with physical settings and human activities,
changes in contributing areas and hydraulic boundary condi-
tions (Schmidt and Morche, 2006).

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

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

The objective of this study was to analyse the temporal
variability in suspended sediment transportand yield in a large
agricultural catchment. Analyses were also undertaken to
assess the relationships between precipitation, discharge and
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maps of the Save catchment. This figure is available in

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

Materials and Methods

Study area

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

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

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

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

The catchment substratum is relatively impermeable due to
its high clay content. Consequently, the river discharge is
mainly supplied by surface and subsurface runoff, and ground-
water is limited to alluvial and colluvial phreatic aquifers. The
maximum discharge for the long-term period (1985-2008) is
210 m® s7' (14 June 2000), while summer discharge sustained
by a nested canal at the catchment head is 0-004 m’ s7' at a
point 100 km downstream since water is used for irrigation
along its course. The mean monthly 31-year discharge (1965-
2006) is 6:29 m* s,

[nstrumentation and sampling method

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

120
110
100
fels]
80

70

Discharge (m 8™

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

Data source, treatment and analysis

Hydro-climatological data

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

The discharge was plotted by the rating-curve in which
water level was measured hourly by pressure at Larra gauging
station in the form of a rectangular weir (length 12 m), then
transferred by teletransmission. The mean total water yield of
the two study vears, 2007 and 2008, was 98 mmand 120 mm,
respectively. These values are below the long-term mean
value of 136 mm for the period 1985-2008. A year was con-
sidered dry if the annual water yield was below the long-term
value. Within this context, both years can be classified as dry
but the first year 2007 is very dry, since no major floods
occurred in auturnn. During the whole study period, between
January 2007 and March 2009, there were 20 flood events
and we had a reliable total of 17 recorded flood events with
continucus measurement of turbidity (Figure 2). Mean dis-
charge during the first year was 3-45 m* s and 4-23 m* 5™

Time (hour)

Figure 2. Hourly discharge (in m* s} within 17 recorded flood events between January 2007 and March 2009.

Copyright © 2010 John Wiley & Sens, Ltd.
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Figure 3. Relationship between recorded turbidity (in NTU) and suspended sediment concentration, SSC {in mg 17"} at Larra sampling station.

during the second vyear. These values are below the mean
annual discharge of the long-term discharge (1985-2008),
which was 4-79 m’ s7'. Maximum instantaneous discharge
during floods ranged from 675 m® s (observed on 11
December 2007) to 112-60 m* 7' (27 January 2009).

Suspended sediment concentration (S5C) and turbidity

data processing

During the study period, we obtained 246 water samples
through our manual and automatic sampling methods. These
water samples were analysed in the laboratory to determine
suspended sediment concentration (SSC) using a nitrocellu-
lose filter (GF 0-45 um) and drying at 40 °C for 48 hours.
Volumes of water ranging from 150 to 1000 ml were filtered
according particle load. SSC data determined from samples
collected manually and by automatic sampling over a range
of hydrolagical conditions and turbidity levels throughout the
study period were used to generate a calibration equation
between turbidity and S5C data.

The relationship between SSC and turbidity is generally a
power function SSC = a(Turbidity)” (Gippel, 1995; Lewis,
2003). However, in this case, the SSC—turbidity relationship
was polynomial because of the light weight of the particles.
Figure 3 illustrates the SSC—turbidity relationship for the Save
catchment (best fitted with a second-order positive polynomial
equation SSC = 0-0033(Turbidity) — 0-0582(Turbidity) +
67-601, where SSC is measured in mg 7' and turbidity in NTU
{nephelometric turbidity units). Continuous SSC data were
derived from this equation for the turbidity range between 0
and 800 NTU, bevond which turbidity saturation occurred.
For values of turbidity higher than 800 NTU (5% of flood
periads) and during missing continuous measurements of tur-
bidity, a linear interpolation method was applied between two
close sampling points to construct the continuous 85C series.

Calculation of fluxes

High frequency SSC records were derived from the relation-
ship between SSC and turbidity. The sediment loads were
calculated as the product of the hourly discharge and the cor-
responding SSC:

F=0-0864x@Q; xS5C;
{SSC, =f(NTWLYO < NTU < 800D
SSC; = Interpolation[SSC, 4; SSC 4]

Copyright © 2010 John Wiley & Sons, Ltd.
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where F is daily suspended sediment flux (in tonnes per day};
Q; is the hourly water discharge (in m® s7), $5C; is the corre-
sponding suspended sediment concentration (in mg -y and
0-0864 is the conversion factor. Accumulated suspended sedli-
ment fluxes (monthly to annual load) were calculated as the
sum of fluxes during the period considered.

Statistical analyses

To assess the relationships between precipitation, discharge
and sediment transport, statistical analyses were performed. A
database was generated for each flood event and contained
four groups of variables: antecedent conditions to the flood
conditions, precipitation, discharge and suspended sediment
during the flood. Variables used in the characterization of
floods are summarized in Table |I. Antecedent conditions are
described by accumulated precipitation one day before the
flood (P1d), five days befare (F5d), and ten days before (P10d),
by beginning baseflow (Qb) before the flood and by the ante-
cedent flood corresponding to the flood (Qa).

Precipitation that caused the flood was characterized by
mean total precipitation (Pt) and hourly maximum intensity of
the precipitation {(Imax). Total water vield (Wt) during the
flood was expressed by the total water depth of the event, tofal
duration of the event (Td), and mean (Qm) and maximum
discharge {Qmax) corresponding to the time of rise to reach
the peak discharge (Tr). The discharge speed to reach the peak
flow during a flood event is defined by flood intensity, If [If =
(Qmax — Qb)/Tr]. Sediment load was expressed as the mean
55C (55Cm) derived from the SSC-turbidity relationship, the
maximum SSC of the event (SSCmax) and the total suspended
sediment vield transported during the flood event {SST). The
relationships between all these variables were investigated
using statistical techniques (Pearson correlation matrix) in the
STATISTICA package.

Analysis of SSC-discharge dynamics

Relationships between SSC and discharge during flood events
were studied using continuous measurements. We use the
term flood’ to mean a complete hydrolagical event with rising
and recession limbs. The typology of the SSC-discharge rela-
tionship during floods generally depends on the simultaneity
or interval between the SSC peak and the discharge maximum.
Typology interpretation is not unique, but varies according to
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Table I. Names, abbreviations and units for the variables used to characterize flood events and
to perform Pearson correlation matrix and factorial analysis

Abbreviation Unit
Antecedent conditions
Accumulated precipitation 1 day before the flood P1d mm
Accumulated precipitation 5 days before the flood Psd mm
Accumulated precipitation 10 days before the flood P1od mm
Baseflow before the flood Qb mé 5!
Antecedent maximum discharge Qa m’ s
Flood event conditions
Flood duration Fd hours
Time of rise (time to reach maximum discharge) Tr hours
Total precipitation during the flood Pt mm
Maximum rainfall intensity of the flood Imax mm h~'
Flood intensity If m* min~?
Total water yield Wt mm
Mean discharge Qm m 5!
Maximum discharge Qmax m* 5!
Mean suspended sediment concentration S5Cm mg |~
Maximum suspended sediment concentration S5Cmax mg |
Total suspended sediment vield in tonnes SST tonnes

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

In the first class, peaks of $5C and discharge arrive simul-
tanecusly. The SSC—discharge plot is symmetrical between
rising and falling limbs, with little or no hysteresis. In the
second class, the SSC peak arrives before the discharge peak
and the relationship between SSC and discharge describes a
clockwise hysteretic loop. In the third class, the S5C peak
arrives later than the discharge peak and the S5C-discharge
relationship describes an  anticlockwise hysteretic loop
(Williams, 1989). Typology interpretation can also depend on
other flood characteristics. We complemented this typology
with an analysis of the range of 55C versus discharge during
the flood. The $5C maxima depended simultaneously on
stream transport capacity and discharge, and also on the avail-
ability of particles to be mobilized by the discharge (Lefrangois
et af., 2007). We focused on SSC maxima versus discharge to
compare the variation in particle availability during the differ-
ent flood events. During recession flow, a decrease in dis-
charge leads to sediment deposition. We focused on $5C at
the discharge maxima to compare the deposition capacity of
the stream during the falling stage of different flood events.

Results

General description of flood events analysed

During the study period, 17 flood events were analysed (Figure
3): six events occurred in winter (January to March), five in
spring (March to June) and six in auturmn (October to
December). The longest event (event 16; 351 hours) occurred
on 27 January 2009 with total rainfall depth 74-54 mm, reach-
ing an hourly peak discharge of 116-6 m* s7\. This event is
noteworthy since there was a 10-year return period and it
represented a major flood event in winter 2009. During this
event, sediment transport reached 23374 tonnes. However,
the event that the maximum sediment transport (event 10) took
place in early June 2008, when the flood intensity was the
highest of all the events observed during the study period. A
total of 41750 tonnes of sediment were transported during this
extreme episode. Table Il summarizes the main characteristics
of flood duration, time of rise, flood intensity, precipitation,

Copyright © 2010 John Wiley & Sons, Ltd.
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discharge and S5C associated with the floods analysed, which
are described in detail later.

* The duration of the flood events varied between 105 and
3571 hours, with an average value of 191 hours (Table II).
Seven events were longer than average duration, while 10
events were shorter. The event on 1 June 2008 took the
shortest time {16 hours) to reach the peak, while the general
rising time of floods in our observed events varied from 16
hours {minimum} to 84 hours (maximum), with an average
value of 41 hours. Sediment transport in early June 2008
showed the most extreme value observed during the study
period (41750 tonnes).

* The maximum discharge during flood events varied from
6-75 m’ s to 112:60 m* 57, with an average peak value
of 33 m®* s (median = 27-57 m® s7'; standard deviation
(SD) = 25-05 m* s7'). Rainfall amount varied from 7-46 mm
to 74-54 mm (median = 20:25 mm; SD = 17-18 mm).
Average rainfall intensity in the whole catchment ranged
between 1-32 and 17-23 mm h™' (median = 3-97 mm h™';
SD =372 mm h™").

¢ Peak SSC during flood events varied from 158 mg |7,
recorded on 13 February 2007, to 15-74 g 17" on 1 June
2008 (median = 691 mg |”; SD =565 mg I'). A significant
quantity of suspended sediment was transported during
floods, mainly in spring season when flood magnitude was
significant. The sediment load ranged from 177 to 41750
tonnes (median = 1642 tonnes; SD = 5820 tonnes), indicat-
ing that 65% of each event transported more than 1000
tonnes.

¢ In terms of the typology described in the previous section,
68% of total sediment transport during all flood events
demonstrated clockwise hysteresis, 29% anticlockwise and
3% simultaneity of S5C and discharge.

Temporal variability in suspended
sediment transport

Within-event sediment variability

So far, due to differences hetween the catchments, there is
only partial understanding of the internal dynamics of sus-
pended sediment variability, even though many studies have
been conducted on SSC—discharge relationships for individual
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Figure 4. Cumulative water yield (in millimetres) and sediment transport (Mt during (a) 2007 and (b) 2008.

2007 being significantly different from that in the correspond-
ing season in 2008. Similar variations were observed in winter
2007, 2008 and 2009. Sediment transport during flood events
in winter 2009 was strongly significant due to the high mag-
nitude of two flood events {event 16 and 17), which vielded
30241 tonnes, equivalent to 182% and 39% of mean total
annual load in 2007 and 2008, respectively.

The sediment transport in 2007 accounted for 16614 tonnes
(85% of annual load transport during floods for 16% of annual
duration) while transport in 2008 amounted to 77 960 tonnes
{95% of annual load transport during floods for 20% of annual
duration). Although there was only a non-significant differ-
ence of 18% between total water yield in 2007 (98 mm) and
2008 (120 mm), the sediment vield in 2008 was 4-7 times
higher than in 2007. In one extremely eroding event in early
June 2008 (event 10), sediment transport contributed 63% of
the total annual sediment budget.

Relationships between precipitation, discharge
and sediment variables

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

Copyright © 2010 John Wiley & Scns, Ltd.
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during the flood events in the Save catchment, a Pearson cor-
relation matrix and factorial analysis that included all the
above-mentioned variables (Table Ill) were generated for the
16 flood events. Event 10 (1 June 2008) was excluded from
the matrix because it was an extraordinary event.

Table |1l shows the relationships between precipitation, dis-
charge and suspended sediment transport in the Save catch-
ment. Total precipitation (Pt) showed significant correlations
with mean discharge (Qm) (R = 0-83), maximum discharge
{Qmax) (R = 0-87), total water yield (Wt) (R = 0-85), maximum
suspended sediment concentration (SSCmax) (R = 0-76) and
suspended sediment transpaort (SST) (R = 0-89). The discharge
variables, Qm and Qmax, were well correlated with total
rainfall (Pt), but antecedent discharge (QQa) and baseflow {(Qb)
had only slight correlations with total precipitation (Pt).

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

Earth Surf. Process. Landforms, Vol 35, 1289-1301 {2010)
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Table lll. Pearson correlation matrix among all variables (n = 16)
Fd Tr If Pt Imax P1d P5d P10d Qa Qb OQm  Qmax Wt S5Cm  SSCmax  SST
Fd 1-00
Tr 0-23 1-00
If 078 -0-25 1-00
Pt 0-72 0-61 0-50 1-00
Imax 0-16 012 0-27 0.37 1-00
P1d 0-04 042 031 —0:23 036 1-00
Pad -0-06 -0-18 003 -028 -0-28 079 100
Pl1od —0-12  -039 013 —0:27 035 022 0-45 1-00
Qa 0-29 016 0-32 0-29 028 -03%9 -033 004 1:00
Qb 036 -0-09 028 013 0:02 -038 -042 -019 069 1:00
Qm 0-84 034 0-71 0-83 025 -016 -036 -029 (53 @52 100
Qmax 0-88 037 075 0-87 021 -005 -024 -026 037 032 096 1-00
Wit 0-84 040 0-08 0-85 020 -0-07 -0-29 -0-29 034 028 096 0-98 1-00
S5Cm 0-43 0:05 (55 0-35 056 -008 009 039 026 007 029 0-38 024 1-00
SSCmax 072 021 0-72 0:76 035 -004 -0.05 000 021 015 066 0-77 066 076 1-00
SST 0-85 0:3% 072 0-89 033 004 023 017 024 014 090 097 097 040 077 1-00

Note: Correlation is significant at p < 0:01 level for bold numbers and p < 0-05 for italics.
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Figure 5. Location of variables included in the correlation matrixes in the factorial plane of principal component analysis. The figure is available

in colour online at wileyonlinelibrary.com/journal/espl

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

Copyright © 2010 John Wiley & Sons, Ltd.

SSC—discharge hysteresis patterns

The behaviour of suspended sediment and changes in §5C
during flood events are not only a function of energy condi-
tions, i.e. sediment is stored at low flow and transported under
high flow conditions, but are also related to variations in sedli-
ment supply and sediment depletion. These changes in sedli-
mentavailability resultin so-called hysteresis effects (Asselman,
1999).

The relationship between discharge and $SC was analysed
for all the individual flood events observed in the Save catch-
ment. In general, we found highly variable relationships
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between discharge and sediment response during different
seasonal flood events (Figure 6). The different patterns of hys-
teresis express various probable sources of sediment spreading
throughout the catchment. Seven of 17 flood events recorded
during the study period showed clackwise hysteretic loops
(class 2) (Figure 6b), while seven events displayed anticlock-
wise hysteretic loops (class 3) (Figure 6c). Two events pre-
sented class 1 behaviour (Figure 6a), indicating that 55C and
discharge arrived simultaneously. However, one event (event
10, which occurred in early June 2008), showed complex
mixing of clockwise and anticlockwise loops (Figure 6d) when
there were multiple peaks of discharge together with multiple
peaks of SSC during a flood event, coinciding with extreme
rainfall intensity.

Discussion

Temporal variability of suspended sediment
transport and yield

The analysis of the S5Cs collected at different temporal scales
(within events, seasonal and annual variability) in the Save
catchment provides an insight into the characteristics of the
suspended sediment load variability in a large agricultural
catchment in southern Pyrenees region. Increasing SSC on the
falling limb during floods may be related to sources of rela-
tively more available sediment with lower soil aggregate sta-
bility. Such sediment sources are located at the far end of the
area confributing to surface runoff, and thus sediment reaches
the stream mainly during the falling limb. This may be due to
soil particles, eroded within the catchment, not reaching the
stream during previous rainfall-runoff events and settling on
the slope, before being transported by surface runoff into the
stream during the next event. The variability in event sediment
transport during successive peaks of similar magnitude is influ-
enced by sediment exhaustion effects. The Save catchment
shows a pattern similar to that observed in other catchments
in the Mediterranean region, e.g. in the Tordera catchment
(Rovira and Batalla, 2006). An example is the progressive
reduction in suspended load at different temporal scales
{within floods and within multiple-peak events, during a suc-
cession of events, and seasonally) related to the exhaustion of
sediment availability. Alexandrov et al. (2003h) observed that
due to a sediment exhaustion effect, SSC levels during second-
ary floods in the Nahal Eshtemoa basin (Israel) were lower
than those observed during a primary flood. This can be attrib-
uted to the role of in-channel sediment storage, which controls
suspended sediment transport during inter-flood periods of
stable flow (Smith and Dragovich, 2008). Therefore, after a
period of relatively high sediment transport (supply-rich
floods), sediment becomes less and less available from the
channel (exhaustion phenomencon) and sediment concentra-
tions recorded during successive floods events are conse-
quently lower (Walling, 1978).

The total specific sediment vields in 2007 and 2008
amounted to 15 t kmi™ and 70 t kmi™, respectively. This may
be linked to the different characteristics of flood events, such
as flood duration, rainfall intensity and flood amplitude, and
other controlling factors related to soil conditions and agricul-
tural practices in the Save catchment during both study years.
The first hydrological vear of the study (2007) was very dry,
since there were very few rainfall events during autumn and
less sediment was transported during floods with low duration
and flood magnitude. Flood intensity is also a main factor to
determine sediment transport. The maximum flood intensity

Copyright © 2010 John Wiley & Sons, Ltd.

in 2007 was only 1-27 m* min™, while one event in spring
2008 exhibited the maximum flood intensity of 2-48 m® min™,
yielding a suspended secdiment load of 63% of annual sedi-
ment yield in 2008. Sediment was slightly transported by
baseflow during summer (2% of annual load in 2007, 9% in
2008). Although there were some rainfall events in summer
during the study period, soil conditions were dry and little
runoff was generated, as large amounts of rainfall infiltrated
into the soil.

The annual total specific sediment vields in the Save catch-
ment (15-70 t km?) are within the range of specific yields
reported for the Garonne River, which vary from 11 to
74 t km™ yr’1 (Coynel, 2005), but lower than the values for
Mediterranean basins of the Iberian Peninsula (100-
200 tkm? yr') reported by Walling and Webb (1996).
Located in the same Gascogne region as the Save catchment,
with the same climatic conditions, geology (molasse) and
agricultural land use, the 1330 kn7* Bais catchment and the
970 kn* Gers catchment have specific sediment yields (63
and 41 t knm? yr™', respectively) that are of a similar order of
magnitude to that of the Save catchment (Maneux et al,
2001). In comparison with other French catchments of similar
size in the Mediterranean area, the Save values are higher than
those reported for the 1100 kn? Dronne upstream catchment
(813 t km? yr") but similar to those in the 1172 km?
upstream catchment at Arigge (57-59 t kn? y™') (Veyssy,
1998). The Save values are also comparable to those of the
900 km? Tordera catchment (50 t km? yr™) in northeast Spain
(Rovira and Batalla, 2006), but much lower than the
414 t kni? yr! reported for the 445 knt Isibena catchment
(southern central Pyrenees). However, the latter catchment is
highly erodible and experiences frequent floods (Lépez-
Tarazon et al.,, 2009).

Sediment delivery process using
SSC-discharge hysteresis

SSC—discharge hysteresis patterns are the outcome of the
complex interaction of processes and controls that determine
event discharge and catchment erosion and sediment trans-
port. These patterns reflect the combination of sediment
supply from deminant sources with the capacity of flows to
transport the supplied sediment to the catchment outlets.
Sediment delivery processes can be interpreted using S$5C—
discharge hysteresis patterns. For class 1, only two events were
recorded in late winter and mid-autumn (events 2 and 13).
This class is classically interpreted as the mobilization and
transport of particles with unrestricted availability during the
flood for the range of discharge concerned (Jansson, 2002). So
far, there is little literature describing the sediment sources
from this class. However, according to Hudson (2003), at low
discharge sediment could come from fine deposited sediment,
whereas at high discharge sediment could originate from
coarser deposited sediment and/or from bank and channel
hydrological erosion. When discharge is principally linked to
surface runoff, sediment could originate from remote areas,
particularly via surface soil erosion {Lefrancois et af., 2007).
Topsoil sources are therefore likely to dominate drain flow
sediment in agricultural catchments (Foster et al., 2003).
Clockwise hysteretic loops (class 2), which were observed
in seven events in the Save catchment, generally occurred in
late winter and mid-autumn, particularly in November when
early seasonal rainfall started. During the periods when sedi-
ment was stored in the channel and distributed within the
catchment tributaries, these sediments were transported only
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Examples of different types of hysteresis observed in the Save catchment during the study period (2007-2009).
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after there were flood events with sufficient transport capacity.
Therefore, this class could be explained by the transport of
nearby available sediment and deposited sediment within the
riverbed during the previous season. This can be also classi-
cally interpreted as the mobilization of particles with restricted
availability during the flood event for the range of discharge
concerned. Particles are believed to come from the removal
of sediment deposited in the channel, with decreasing avail-
ability during the event (Lenzi and Lorenzo, 2000; Steegen et
al, 2000; Jansson, 2002; Goodwin et al., 2003). Particle pro-
duction by erasion cannot resupply the decrease in sediment
stock deposits. The hypothesis of an important contribution by
hillslope soils can be dismissed. Various patterns of hysteresis
have been reported previously in the literature, with clockwise
hysteretic loops being the most common (Walling, 1977;
Klein, 1984; Williams, 1989; Jansson, 2002; Hudson, 2003;
Rovira and Batalla, 2006). Klein (1984) assumed that clock-
wise hysteresis occurred when the sediment source area is the
channel itself or an adjacent area located close to the catch-
ment outlet, with runoff triggering the movement of sediment
accumulated in the channel during the previous seasons and
with little or no contribution from the tributaries. Lépez-
Tarazon et al. (2009) also emphasized that the clockwise
phenomenon was found preferentially when rainfall was
mostly located near the catchment outlet. For instance, in the
Save catchment, this was the case for clockwise flood events
in early autumn (events 1 and 12) and late winter (events 7,
16 and 17). For event 6, which happened on 11 December
2007 (late autumn), clockwise flood events were also found,
since there was only one flood event during this season and
sediment was apparently transported from deposited sediment
along the channel. The role of agricultural practices in down-
stream areas of the Save catchment, which are mainly domi-
nated by a crop rotation of corn, sunflower and winter wheat,
was also a key determinant of sediment sources. Tillage activi-
ties here are generally carried out in April and September. Soil
was eroded and then transported to the stream networks near
the catchment outlet, characterized by a clockwise pattern
when there were flood events reaching the capacity to bring
those sediments to the outlet.

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

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

Copyright © 2010 John Wiley & Sons, Ltd.
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al, 2003; Orwin and Smart, 2004). Tillage in upland pasture
areas of the Save catchment is generally performed in April,
a period of strong rainfall causing the major floods in the
spring season. Thus sediment vield could be strongly trans-
ported from far upstream in an anticlockwise pattern.
Suspended sediment can also originate from processes with
slow dynamics (slower than the discharge rise), e.g. banks may
collapse when bank material is sufficiently saturated. Williams
(1989) suggested that anticlockwise hysteresis results from at
least one of the following causes: (i) a difference between the
flood wave velocity and the mean flow velocity that carries
the suspended sediment, (ii} a high soil erodibility in combina-
tion with a prolonged erosion process during the flood, and
(iii) a seasonal distribution of sediment production within the
drainage basin. Although there was no serious investigations
of bank collapse along the Save river, bank erosion was taken
into account in supplying sediment sources, particularly
during major floeds with high flood intensity, e.g. the event
in early spring 2008 (If = 2-48 m’ min™).

Conclusions

The dynamics of suspended sediment transport and sediment
yield were analysed at different temporal scales with high
resolution through two years of data collection. Analysis of
the variability in SSC at different temporal scales (event, sea-
sonal, annual and inter-annual) monitored at catchment outlet
(Larra sampling station) provided insights into the characteris-
tics of suspended sediment transport in the Save catchment in
southwest France. The temporal dynamics of suspended sedi-
ment transport in the Save catchment showed strong within-
event, seasonal, annual and inter-annual variability. The
sediment was strongly transported during spring, when many
flood events with high magnitude and intensity occurred and
tillage work was performed. Sediment transport in 2007
yielded 16614 tonnes (85% of annual load transport during
floods for 16% of annual duration), while the 2008 yield was
77960 tonnes (95% of annual load transport during floods for
20% of annual duration).

Statistical analyses revealed a significant correlation
between total precipitation, peak discharge, total water yield
and sediment variables during the flood events, but no rela-
tionship with antecedent conditions. These results indicate a
direct response of the catchment to rainfall events, discharge
and flood intensity, as well as suspended sediment transport
during the flood events. The variability over different temporal
scales of discharge and SSC resulted in different hysteretic
patterns. Two classes (classes 2 and 3) were the most common
types cbserved in the Save catchment. Clockwise hysteresis
{class 2) mainly occurred in late winter and mid-autumn,
particularly in November, while anticlockwise hysteresis
(class 3) was mostly found in spring and late autumn. The
hysteretic shapes obtained for all flood events reflected the
distribution of probable sediment sources throughout the
catchment. Of sediment transport during all flood events,
clockwise hysteretic loops represented 68% from river depos-
ited sediments and nearby sources areas, anticlockwise 29%
from distant source areas, and simultaneity of S5SC and
discharge 3%.

With only two years of recordings, it is difficult to character-
ize inter-annual variability in a large agricultural catchment
like the Save due to strong seasonal and annual hydrological
variations. Therefore, modelling work should be conducted to
characterize long-term variability in flux and to study past soil
erosion following the identification of critical sediment source
areas in the catchment.
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Chapter 5

Fluvial transport of suspended sediment
and organic carbon in a large agricultural
catchment during flood events, in

southwest France

This chapter describes the fluvial transport anthtienship between suspended sediment and
organic carbon (DOC and POC) within the agricultligatchment context. The fluxes were
estimated during each flood event. Their relatiopsbf discharge and hydro-climatic
variables is studied in order to comprehend therbljical processes controlling the
transport. The analysis of each hysteresis pattguning different seasonal floods was
examined. This chapter was written in the form ablgation which was accepted in
Hydrological Processes.
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Abstract

Water draining from a large agricultural catchmiensouth-west France was sampled over an
18-month period to determine the temporal varigbiln suspended sediment (SS) and
dissolved (DOC) and particulate (POC) organic carbransport during flood events, with
quantification of fluxes and controlling factorspdato analyse the relationships between
discharge and SS, DOC and POC. A total of 15 flewdnts were analysed, providing
extensive data on SS, POC and DOC during floodsréeltvas high variability in SS, POC
and DOC transport during different seasonal flowd#h) SS varying by event from 513 to
41 750 t; POC from 12 to 748 t and DOC from 9 t®& 210verall, 76% and 62% of total
fluxes of POC and DOC occurred within 22% of thedgtperiod. POC and DOC export from
the Save catchment amounted to 3090 t and 124fuityadent to 1.8 t kfiy ™ and 0.7 t krif

y'!, respectively. Statistical analyses showed thal fecipitation, flood discharge and total
water yield were the major factors controlling SSQC and DOC transport from the
catchment. The relationships between SS, POC and &t discharge over temporal flood
events resulted in different hysteresis patternisiclivwere used to deduce dissolved and
particulate origins. In both clockwise and antiéatse hysteresis, POC followed the same
patterns as discharge and SS. The DOC-dischargtoredhip was mainly characterised by
alternating clockwise and anticlockwise hysteresis to dilution effects of water originating

from different sources in the whole catchment.
Key words:

Agricultural catchment; suspended sediment; diggbtwganic carbon; particulate organic

carbon; flood events; hysteresis.
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5.1.Introduction

Studies of fluvial suspended sediment and orgaamioan transport through streams and rivers
provide information on the rate of continental @&os global carbon cycling and the
contribution of terrestrial carbon to aquatic systeand oceans (Meybeck, 1982, 1993;
Robertson et al., 1996; Sarin et al., 2002). Trangportation of organic carbon from
terrestrial ecosystems by rivers and hydrologitates to the oceans plays an important role
in regional budgets of organic carbon entering ¢batinent-ocean interface (Sarin et al.,
2002). At the terrestrial scale, the previous estioms of global fluxes of organic carbon
brought by the rivers are in the order of 4000° C per year in which 170 — 19610° C in
particulate form (Ludwig et al., 1996; Meybeck avigrdsmarty, 1999) and 200 — 21810°

C in dissolved form (Meybeck and Vérosmarty, 1999).

Intensive agriculture has led to environmental ddgtion through soil erosion and carbon
losses from agricultural land to stream networksa(8a and Rai, 2004). Suspended sediment
(SS) transport from agricultural catchments to waterses is responsible for aquatic habitat
degradation, reservoir sedimentation and the trahspio sediment-associated pollutants
(pesticides, particulate nutrients, heavy metal$ @ther toxic substances) (Valero-Garcés et
al., 1999; Heaney et al., 2001; Verstraeten andége2002). Total organic carbon (TOC),
comprising dissolved organic carbon (DOC) and paldite organic carbon (POC), is not only
an important factor in stream water quality, bsbadn indicator of organic contamination (Ni
et al., 2008). There is a general lack of studegeminining organic carbon concentrations and
fluxes in lowland agricultural catchments, partanly during flood events where there are
many difficulties such as spatiotemporal variapiiit climatic conditions, different land uses
and soil textures. Studies on river ecosystems Hawenstrated that river discharge, primary
production and litter pool sizes in catchments #mel type and extent of agriculture in
catchments are major processes influencing orgaartoon fluxes in rivers (Robertson et al.,
1996). Agriculture can significantly affect hydrologl processes and organic carbon and
nutrient transport in many ways. For instance, laedthanges and tillage practices affect the
hydrological response of a system, and thus nutflex, through changes in land cover,
infiltration, evapotranspiration and soil charaisiées (Roberstson et al., 1996). These
changes are followed by feedback mechanisms foerwatganic carbon and other chemical

substances that bring further changes in thesedipkocesses (Alexander and Smith, 1990).
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There is a wide range of existing literature inigegtng fluvial export of organic carbon from
peatland environments (Hope et al., 1997; Dawsal. e2002; Worrall et al., 2003; Pawson
et al., 2008). Similar studies have been conduttedrest environments (Meybeck, 1993;
Molot and Dillon, 1996; Kao and Liu, 1997 MeybeakdaVérosmarty, 1999; Shibata et al.,
2001). However, little attention has been paidltwiél transport of organic carbon in large
agricultural catchments, particularly during floedents when sediment transport can be

significant.

The Gascogne area of southern Europe encompaggdyg bontrasting zones with various
climatic influences (mountains, the Atlantic and tdediterranean) and is dominated by
anthropogenic activities, particularly intensiveriaglture, causing severe erosion in recent
decades. This is posing a major threat to surfaternguality, since sediment transport within
the catchment is the main factor mobilising aquatintaminants and associated particulate
organic carbon. For example, Oeurng et al. (20b6)ved that sediment export during floods
in the Save agricultural catchment in 2007 and 2@B8esented 85% and 95% of annual
loads (16% and 20% of annual duration), respegtivalithin these floods, there was one
extreme event which transported 63% of the totadlldMoreover, Pawson et al. (2008) found
that POC export from a peatland catchment in sontRennines, UK, accounted for 95% of
flux in only 8% of the total study period. Thessuks demonstrate the major role of floods in
delivering sediment associated with particulate oigaarbon transport from catchments.
During flood events, hysteresis effect is oftenavtasd in sediment/nutrient concentrations
and discharge relationships (Asselman, 1999). Whertoncentration peak at the rising limb
arrives before the discharge peak, it describelekwise hysteretic loop. When it arrives
after the discharge peak, it describes an anticlsekvysteretic loop (Williams, 1989).
However, when there are multiple peaks within adle@vent, a complicated mix of clockwise
and anticlockwise hysteretic loops occurs. Hystisreatterns have been used in previous
studies to indicate changing sources of sedimentnamigent supply to rivers during flood
events (Lefrancois et al., 2007; Nadal-Romero .e2808; House and Warwick, 1998; Bowes
et al., 2005; Stutter et al., 2008).

The overall aim of the present study was to gaideeper understanding of fluvial transport of

SS and TOC from a large agricultural catchmentrdyfiood events. Specific objectives were

to:
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=  Study the temporal variability in suspended sedin®C and DOC transport during
flood events, including quantification of fluxesdacontrolling factors.

» Analyse the relationship between discharge and®&&; and POC concentrations.

5.2.Materials and methods

5.2.1. Study area

The Save agricultural catchment is located in tlea @f Coteaux Gascogne, with an area of
1110 knf (Figure 5-1). The Save river has its source inpigelmont zone of the Pyrenees
Mountains (south-west France) at an altitude of ®0@oining the Garonne River after a 140

km course with a linear shape and an average stiop&%eo.
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Figure 5-1 Location, landuse and topographical maps of thee®Satchment.
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This catchment lies on detrital sediments fromRlyeenees Mountains. It is bordered on the
east by the Garonne River, on the south by thenege and on the west by the Atlantic
Ocean. Calcic luvisols (UN FAO soil units) have deped on the tertiary substratum and
local rendosols on the hard calcareous sandstaige Bhe calcic cambisols that developed on
hillsides with very gentle slopes have been subgedb moderate erosion. Calcic soils
represent dominantly more than 90% in the wholehraent with a clay content ranging from
40% to 50%. Non-calcic silty soils, locally namledulbénesrepresent less than 10% of the
soil in this area (50-60% silt) (Revel and Guired€¥95). The upstream part of the catchment
is a hilly agricultural area mainly covered withspaes and little forest, while the lower part
is flat and devoted to intensive agriculture, mostlinflower and winter wheat in rotation

(90% of the area used for agricultural purposésyuie 5-1).

The climatic conditions are oceanic, with annuacypitation of 700-900 mm and annual
evaporation of 500-600 mm. The dry period runs frauty to September (the month with
maximum deficit) and the wet period from OctoberJtme. The mean temperature of the
catchment is 13°C, with a minimum in January (5%Caverage) and a maximum in August
(20°C on average). The hydrological regime of taelement is mainly pluvial, i.e. regulated
by rainfall, with maximum discharge in May and layischarge during summer (July to
September). The catchment substratum is relativghermeable due to its high clay content
and consequently river discharge is mainly suppligdurface and subsurface runoff, while
groundwater is limited to alluvial and colluvial gatic aquifers (Echanchu, 1988). The
maximum instantaneous discharge in the past 405 y@&65-2006) was 620°%s* (1 July

1977). During low flow periods, the Save River istined by about 1hs™* from the Neste

canal at the upstream area.

5.2.2.Instrumentation and sampling method

A Sonde YSI 6920 (YSI Incorporated, Ohio, USA) measy probe and Automatic Water
Sampler (ecoTech Umwelt-MeRRsysteme GmbH. Bonn, @eyinwith 24 1-litre bottles has
been installed at the Save catchment outlet (Laidme) since January 2007 for water quality
monitoring. The Sonde was calibrated at the lalboyafor turbidity with two points (0 and
1000 NTU) and recalibrated each three months ieraimavoid sensor derivation. The Sonde
is positioned near the bank of the river under binelge, where homogeneity of water
movement is considered appropriate for all hydnalaigconditions. The pump inlet is placed

next to the Sonde pipe. The turbidity and wateelewve recorded at 10-min intervals.
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The turbidity values in water are detected by sepsothe Sonde YSI and the data are then
transferred to the ecoTech memory. The Sonde r@anomed to activate the automatic water

sampler to pump water at water level variatiofs(cm) ranging from 10 cm to 30 cm,

depending on seasonal hydrological conditions &th bhe rising and falling stage (Oeurng et
al., 2010). This sampling method provides high damgprequency during storm events (3

minutes to 24 h per sample during floods). In thesent study, manual sampling was also
carried out using a 2-litre bottle lowered from theerra bridge, near the Sonde position, at
weekly intervals when water levels were not markealried. A total of 208 water samples

were taken by automatic and manual sampling duhegstudy period (January 2008 to June
2009).

5.2.3.Data sources and treatment

Hydro-meteorological data

Hourly rainfall data from five meteorological stats in the catchment (Figure 5-1) were
obtained from Meteo France. Data on mean totafakidepth and intensity in the whole
catchment were derived using the Thiessen Polygethad (Thiessen, 1911)ata on hourly
discharge at Larra hydrometric station were obthinfom CACG (Compagnie
d’Aménagement des Coteaux de Gascogne), whiclsp®nsible for hydrological monitoring
in the Gascogne region. The discharge was plotyethd rating curve in which water level
was measured hourly by pressure with the form oécangular weir (length 12 m), then
transferred by teletransmission.

Laboratory analysis

Water samples pumped by automatic sampling werergbwy collected from the field once a
week but during high flood periods they were cdbecdwice a week. The water samples were
filtered in the laboratory using pre-weighed glassrofibre filter paper (Whatman GF/F 0.7
um). Volumes of water ranging from 150 ml to 1000 were filtered according SS
concentration. The sediment retained on the fijggyer was dried for 48 h at 60 °C to ensure
accurate sediment weight. The filters were thengheil to determine suspended sediment
concentration (SSC).

- Sediment analysis for POC
The dried filters containing SS (4 mg to 150 mgyevacidified with HCL 2N in order to
remove carbonates and dried at 60 °C for 24 h. B@dlyses were carried out using a LECO
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CS200 analyser (Etcheber et al., 2007). POC com¢epkpressed as a percentage of dry
weight of sediment, abbreviated to POC%, and PQt@emtration as expressed in g |

- Water analysis for DOC
The water samples filtered through 0.7 um filtepgrawere acidified with HCL (12N; pH=2)
and kept cold at 4 °C until analyses were performgdoon as possible. The analyses were
carried out with a Shimadzu TOC-5000 analyser udgimg high temperature catalytic
oxidation method (HTCO).

5.2.4. SS concentration data and calculation of fluxes

Continuous data on SS concentration were genefadadthe relationship between SS and
turbidity, with the interpolation method used foissing points (Oeurng et al., 2010). The SS
load was calculated using high data resolution. diganic carbon flux for flood events and
annual period was calculated using the Walling Webb (1985) method recommended by

the Paris Commission for estimating river loads:
> (CixQi)
2.0

Where Ci is the concentration for each instantaseample point (mg?), Qi is the discharge

Load=V x

at each sampling point ths?), V is the water volume over the period consideret) and n

is the number of samples. This is the preferrechotefor flux estimates given the available
data (Littlewood, 1992) and is common in the litera for estimates of organic carbon loads
(e.g. Hope et al., 1997; Dawson et al., 2002; Wioetaal., 2003; Worrall and Burt, 2005).

5.2.5. Statistical analyses

Statistical analyses were performed using stagilstechniques (Pearson correlation matrix)
and Principal Component Analysis (PCA) by the STATICA package. The relationships

between SS, POC, DOC and hydro-climatological dem were analysed in order to

determine the factors controlling SS, POC and D@@sport during flood events. A database
was generated for each flood event and containednaio groups of variables: antecedent
variables to the flood conditions and flood varesb(precipitation, discharge, sediment and
organic carbon) during the events (Table 5-1). Tdreecedent variables used were
accumulated precipitation one day before the flgftittl, mm), five days before (P5d), and ten
days before (P10d); initial baseflow (Qb) before flood started; and the antecedent flood

corresponding to the current flood (Qa).
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Table 5-1 Names, abbreviations and units for the variabsesl to characterise flood events
and to perform Pearson correlation matrix and fétanalysis

Antecedent conditions Abbreviatiobnit
Precipitation 1 day before the event P1d mm
Precipitation 5 days before the event P5d mm
Precipitation 10 days before the event P10d mm
Baseflow before the event Qb St
Antecedent peak discharge Qa 3 gh
Flood event conditions
Flood duration Fd h
Time of rise Tr

Total precipitation during the event Pt mm
Maximum rainfall intencity of the event Imax mrit h
Flood intensity ( (Qmax - Qb)/time of rise ) If *min?
Total water yield Wt Hrh
Mean discharge Qm het
Maximum discharge Qmax st
Mean suspended sediment concentration SSCm Tmg |
Maximum suspended sediment concentration SSCmax I*mg
Total suspended sediment yield SSt t
Mean dissolved organic carbon DOCm fig |
Max.dissoloved organic carbon DOCmax g |
Dissolved organic carbon yield DOCt t
Mean particulate organic carbon POCm fhg |
Max.particulate organic carbon POCmax Mg |
Particulate organic carbon yield POCt t

A Pearson correlation matrix and factorial analytkiat included all the above-mentioned
variables (Table 5-1) were generated for 13 floudnés (event 1 excluded due to lack of
DOC and POC data). Event 4 (1 June 2008) was atdaded from the matrix because it was
an extraordinary event making a high contributiontdtal variance. Flood variables were
described by the precipitation that caused thedflaee. mean total precipitation (Pt) and
hourly maximum intensity of the precipitation (ImaXotal water yield (Wt) during the flood
was expressed by the total water depth of the etatat duration of the event (Td), and mean
discharge (Qm) and maximum discharge (Qmax) cooredipg to the time of rise to reach
the peak discharge (Tr). The discharge speed thréee peak flow during flood events was
defined by flood intensity If (If =(Qax Qv)/Tr). Suspended sediment was expressed as the
mean concentration (SSCm), the maximum concentrd8&Cmax) and the total suspended
sediment yield during the flood event (SSt). Digedl and particulate organic carbon loads
during floods were expressed by mean values (DOBDCmM), maximum values (DOCmax,
POCmax) and their yield (DOCt; POCt).
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5.3.Results

5.3.1. Hydrometeorology during the study period

The term ‘flood’ is used here to represent a cotepleydrological event with rising and
receding limbs. Major rainfall events generally wred in autumn (October to December)
and particularly in spring (March to June) and mimainfall events in summer (July to
October). During the whole observation period, [bod events were recorded (3 in winter, 8
in spring and 4 in autumn) (Figure 5-2). The dwatwf these flood events ranged from 95 h
to 351 h, with a mean value of 188 h. The longesine (event 10; 351h) occurred on 27
January 2009, with total precipitation of 74.5 mmthe whole catchment. This event was
unusual since it had a 10-year return period amdptesented the biggest flood during the
whole study period. Maximum hourly discharge durwmigserved flood events varied from
12.97 ni s* (8 November 2008) to 112.60°ra! (27 January 2009). Mean daily discharge in
the whole study period was 6.28 sT. Table 5-2 summarises all flood characteristicsndu
the observed flood events and their antecedentittomsl Total rainfall in the catchment for
the whole study period (January 2008-June 2009) W&2 mm (i.e. 768 mm™Yy. The
maximum rainfall intensity reached 17 mi im event 4 (1 June 2008). The mean total water
yield of the whole study period (January 2008 tneJ2009) was 178 mni‘yhigher than the
long-term mean value of 136 mm for the period 19668.

120 4 10

110 |
100 {

11
13

Discharge (_\'r%g s‘l)
(=]
(=]

Time (h)

Figure 5-2: Hourly discharge in the 15 flood events observethduhe study period
(January 2008 to June 2009) at Larra samplingostati
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Table 5-2 Summary of the main flood characteristics reedrduring the study period in Save catchment

N° Flood date Season P1d P5d P10d (gb Qa Fd Tr Pt Imax  If Wit Qm Qmax
(m°s (m

(mm) (mm) (mm) % (m*s?)  (h) (y (mm) (mhY) (m’min? (Hm’) (m’sH (m’s?
1 19/01/2008 winter 17.7 277 416 3.16 6.75 184 43 199 34 0.87 7.34 10.74 40.64
2 28/03/2008 spring 7.2 24.9 26.8 256 40.64 228 84 39.3 28 0.42 8.56 10.39 37.60
3 21/04/2008 spring 13.3 224 51.3 4.06 37.60 189 22 194 40 191. 7.1 9.60 30.20
4 01/06/2008 spring 24.0 48.9 61.1 4.28 30.20 228 16 50.0 17.2 2.48 12.75 15.70 44.02
5 12/06/2008 spring 7.5 14.6 545 4.28 44.02 259 29 285 85 014 1261 15.01 44.80
6 08/11/2008 autumn 3.1 14.5 473 296 44.80 105 46 23.8 4.6022 2.4 6.18 12.97
7 26/11/2008 autumn 3.3 13.1 147 490 1297 191 43 359 44 305 342 9.08 27.57
8 06/12/2008 autumn 4.2 9.6 327 490 27.57 126 54 27.7 5.3 0.28 3.21 10.12 19.77
9 14/12/2008 autumn 11.7 226 41.0 6.95 19.77 256 27 133 16 730. 6.01 11.63 26.74
10 27/01/2009 winter 115 117 13.0 4.06 26.74 351 69 745 4.1 1.57 43.71  34.50 112.60
11 11/02/2009 winter 0.2 7.7 126 999 11260 233 54 329 4.2 0.94 19.71 2594 60.66
12 14/04/2009 spring 17.6 483 49.1 5.10 60.66 141 29 295 45 640. 7.15 14.08 23.80
13 22/04/2009 spring 3.1 9.2 515 6.75 23.80 112 36 193 4.2 1.26 9.80 24.31 52.24
14 02/05/2009 spring 9.6 25.1 38.9 11.00 52.80 116 22 11 0.7 1.20 7.18 15.90 37.47
15 15/05/2009 spring 11.3 127 13.2 510 3747 95 26 13.0 1.9 0.48 3.31 9.68 17.62

*Maximum values for bold numbers and minimum valtesold-italic
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5.3.2.SS, POC and DOC concentrations and relationship discharge

Delivered SS characteristics increased with seasbseharge and varied widely during the
observation period. For all hydrological perioddodti and non-flood events), SS
concentration ranged between 6 and 15 743 iylaximum SS concentration during flood
events reached 15 743 my(bbserved in event 4), while the minimum value ®8% mg T,

observed on 14 April 2009 (event 12). Mean dischavgighted SS concentration for the

whole period (estimated as the mean of all measem&srmincluding base flows and floods)

was 535 mg't.
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Figure 5-3. Temporal variability in particulate (POC) andsblved (DOC) organic carbon
during the study period (January 2008, June 2009).

Maximum POC and DOC concentrations were recordethgliflood events (Figure 5-3),
whereas minimum concentrations occurred during blse periods. POC concentration
during all hydrological conditions at the catchmentlet ranged from 0.1 to 173.2 mg |
(discharge-weighted mean value of 14 rifgdand DOC concentration from 1.5 to 7.9 mg |
!(discharge-weighted mean value of 4.1 Mg There was a trend for decreasing POC% with
increasing discharge and SS concentration durowgfevents, with POC% ranging from 0.9
to 8% (mean value 2.25%) (Figure 5-4). The Savehcaént showed a good relationship
between discharge and DOC concentratich{&®50) during all hydrological conditions, but
a weak relationship between discharge and POC otnatien (R=0.18) (Figure 5-5).
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Figure 5-4.Relationship between POC contents (% of dry weight) suspended sediment
concentrations (mg') from the Save catchment at Larra sampling station
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Figure 5-5. Relationship between discharge and DOC (a) and @)

In the present study, complex mixes of clockwised anticlockwise loops were observed

when there were multiple peaks of discharge togethi multiple peaks of SSC during a

flood event, coinciding with extreme rainfall intty, e.g. in flood event 4. The relationship

between POC/DOC and discharge showed clockwisi|@kwise and mixed hysteresis due
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to temporal variability in concentrations duringdtl events in different seasons (Figure 5-6),

as also observed for sediment concentration amthaige by Oeurng et al. (2010).
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Figure 5-6. Relationship between discharge and suspended sst{®S), particulate organic
carbon (POC) and dissolved organic carbon (DO@wsig different hysteresis patterns.

5.3.3.SS, POC and DOC fluxes

The results clearly demonstrated the temporal bgitya in SS, DOC and POC transport
during seasonal flood events (Table 5-3). The SSCand POC loads transported during
autumn were less than those in winter and sprirggtdudower flood magnitude. The transport
rates during observed floods showed that SS load €pent) varied from 513 to 41 750 t;
POC load from 12 to 748 t and DOC load from 9.218 t. The POC and DOC transported
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during flood events represented 76% and 62% of th&l loads and occurred within 22% of
the study period (January 2008-June 2009). Theiimar SS and POC loads recorded in
flood events occurred during spring flood (event while the maximum DOC load was
recorded during the flood of the longest duratiewefit 10). During the whole study period,
POC from the Save catchment amounted to 3090 B&fd export to 1240 t, representing 1.8
t km?y™tand 0.7 t kit y*, respectively. The POC load ranged from 1.6 t8470f sediment
transport from the catchment during flood eventd egpresented 2.5% of total sediment

export during the whole study period.

Table 5-3 TSS, DOC, POC concentrations and transport thtesg 15 studied flood events

N°  Flood date Season SSCm SSCmax  SSt DOCm DOCmaROCt POCm  POCmaxPOCt
(mgt)  (mgr) () (mgf)  (mg) () (mgf) (mgh) (9
1 19/01/2008 winter 652 1380 4801 NA NA NA NA NA NA
2 28/03/2008 spring 562 1160 4820 4.0 6.1 34 115 24.1 98
3 21/04/2008 spring 650 1536 4385 38 51 25 13.0 23.8 85
4 01/06/2008 spring 1597 15743 417504 5 7.9 58 58.0 173.2 748
5 12/06/2008 spring 850 1322 9077 5.0 6.1 70 12.5 17.6 176
6 08/11/2008 autumn 159 466 513 4.3 4.8 10 16.8 21.9 39
7 26/11/2008 autumn 494 1618 2959 36 5.2 22 7.4 10 46
8 06/12/2008 autumn 278 569 1018 33 4.3 15 4.4 5.6 20
9 14/12/2008 autumn 128 501 1085 36 4.1 38 4.9 6.9 52
10  27/01/2009 winter 337 2003 233745 0 5.7 218 16.2 36.2 706
11 11/02/2009 winter 396 1030 6867 3.4 4.8 75 7.2 16.8 157
12 14/04/2009 spring 268 391 1690 45 6.7 32 55 8.6 39
13 22/04/2009 spring 678 1055 5029 5.2 6.3 51 12.6 24.8 123
14 02/05/2009 spring 344 1246 3113 3.8 53 25 8.8 24.2 58
15 15/05/2009 SPring 204 434 666 2.8 4.6 9 36 6.1 12

*Maximum values for bold numbers and minimum valtersbold-italic

5.3.4.Relationship among POC, DOC and hydro-climatolobiaaiables.

Table 5-4 shows the relationships between hydmatblogical, DOC and POC variables in

the Save catchment. Total precipitation (Pt) showednoderate correlation with mean

discharge (Qm) (R=0.56) and good correlations wm#ximum discharge (Qmax) (R=0.73)

and total water yield (Wt) (R=0.79). Antecedenbfiiodischarge (Qa) and baseflow (Qb) had
weak correlations with total precipitation (Pt).
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Table 5-4 Pearson correlation matrix among all variablesl@3)

Fd Tr If Pt Imax Pld P5d P10d Qa Qb QOm OQmax Wt SSCm SSCmax SSCT DOCm DOCmax DOCt POCm POCmax POCt
Fd 1.00
Tr 0.42 1.00
If 0.50 -0.20 1.00
Pt 0.71 0.73 0.22 1.00
Imax 0.21 0.10 0.15 0.37 1.00
P1d 0.12 -0.38 0.20 -0.03 -0.26 1.00
P5d -0.11 -0.25 -0.10 -0.17 -0.20 0.75 1.00
pi0od -0.28 -0.50 0.16 -0.45 0.30 0.23 0.39 1.00
Qa 0.00 0.05 0.06 -0.050.04 -0.17 0.09 -0.13 1.00
Qb -0.14 -0.36 0.30 -0.44 -0.42 -0.16 -0.06 -0.11 0.48 1.00
Qm 053 0.29 0.72 056 0.07 -0.07-0.26 -0.28 0.26 0.34 1.00
Qmax 0.72 043 0.74 0.73 0.11 -0.02 -0.29 -0.34 0.10 0.12 0.93 1.00
Wt 0.76 0.44 066 0.79 0.13 0.08 -0.22-0.37 0.15 0.03 0.89 0.97 1.00
SSCm 022 0.01 053 010 054 -0.180.16 0.31 -0.04 -0.14 0.16 0.24 0.10 1.00
SSCmax 060 0.26 0.67 054 0.17 -0.07-0.27 -0.24 -0.15 -0.04 049 0.70 062 0.58 1.00
SST 0.77 043 0.71 081 025 0.07 -0.26-0.30 -0.01 -0.11 082 096 0.97 0.27 0.74 1.00
DOCm 0.29 0.12 057 040 049 0.05 0.10 049 -0.130.23 049 051 045 047 0.35 0.54 1.00
DOCmax 0.11 0.13 039 030 034 022 043 033 0.04 -0a31 031 0.24 057 0.30 0.32 0.76 1.00
DOCt 0.78 042 066 0.80 0.18 0.10 -0.22-0.32 0.02 -0.04 0.86 0.96 0.99 0.11 0.62 098 0.52 0.26 1.00
POCm 029 030 042 041 0.32 -0.1€0.20 0.27 -0.10 -0.38 0.29 0.46 044 0.39 0.53 0.54 0.70 0.38 0.45 1.00
POCmax 0.38 0.36 062 0.44 001 -0.05-0.16 0.05 0.08 -0.07057 0.71 065 0.37 0.69 071 062 0.41 0.62 0.87 1.00
POCt 0.75 045 064 082 0.17 0.11 -0.24-0.32 -0.05 -0.13 081 095 097 0.11 0.66 098 051 0.25 099 053 0.69 1.00

*Correlation is significant aP<0.01 level for bold numbers aR0.05 for italics
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Organic carbon concentration (POCm, POCmax, DOC@CmMax) had weak relationships
with total precipitation (Pt) and maximum rainfaitensity (Imax). DOCm was fairly well
correlated with flood intensity (IF) (R=0.57), wbiPOCmax showed a moderate correlation
with If (R=0.62). DOCmax was slightly correlatedtiviQmax, while POCmax was more
strongly correlated with this parameter (R=0.71$t,320Ct and POCt showed significant
correlations with flood duration (Fd), total preitgion (Pt), flood discharge (Qm; Qmax) and
total water yield (Wt) (Table 5-4). SS, POC and D@iables did not show any relationship
with antecedent flow (Qa, Qb) or antecedent préatipin (P1d, P5d and P10d). In Principal
Component Analysis (PCA) taking samples and vaggbito account, two factors explained
59.10% of total variance, with factor 1 represemtéd.25%. Factor 1 was characterised by
high negative Eigen-value for total rainfall (Fithod duration, flood discharge (Qm; Qmax)
and total water yield (Wt), which indicates thepasse of SS, POC and DOC load transport
during flood events. Four factors were retainedréational analysis. A summary of varimax
rotated factors for all variables is given in Tabl®. The first four axes absorbed 79.10% of
the total variance.

Table 5-5 Summary of varimax rotated factor for all varedbpresented in Table 5-1
(Eigen-values <0.50 were excluded)

Variables Factor1 Factor2 Factor3 Factor4
Fd -0.76 - - -

Tr - - 0.58 -

If -0.72 - -0.51 -

Pt -0.80 - - -
Imax - - - -
P1d - - - 0.75
P5d - - - -
P10d - - - -
Qa - - - -
Qb - - -0.74 -0.51
Qm -0.83 - - -
Qmax -0.96 - - -
Wit -0.94 - - -
SSCm - -0.59 - -
SSCmax -0.77 - — —
SST -0.98 - - -
DOCm -0.63 -0.66 - -
DOCmax - -0.67 — —
DOCt -0.95 - - -
POCm -0.63 - - -
POCmax -0.78 — — —
POCt -0.95 - - -

Variance explained 44.30 14.80 10.90 9.10
Cumulative variance 44.30 59.10 70.00 79.10

Bold number for value= 0.80
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5.4.Discussion

5.4.1. Temporal variability in SS, POC and DOC transpantigyield

SS, POC and DOC concentrations recorded duringréift seasonal flood events provide an
insight into the temporal variability in these paeters in the Save agricultural catchment.
Maximum SS, POC and DOC concentrations generatlyeased with increasing magnitude
of flood events, particularly in spring, yieldingSSPOC and DOC fluxes with strong
variability. Based on the statistical analysesreheere strong correlations between total
precipitation (Pt), flood duration (Fd), flood derge (Qm; Qmax), total water yield (Wt)
and suspended sediment and organic carbon fluxgs P®Ct and DOCt). These variables
could be the main factors controlling SS, POC a@Ctransport. Cooper et al. (2007) also
attributed DOC transport to flood event magnitubiewever, the availability of SS and
organic carbon sources is also important in det@ngi the temporal variability. The
variability in sediment transport during succesgieaks of similar magnitude is influenced
by sediment exhaustion effectsiter a period of relatively high sediment trandp@upply-
rich floods), sediment becomes less and less &lail@exhaustion phenomenon), and the
sediment concentrations recorded during successorghs are consequently low&Vvalling,
1978). This was seen in successive floods (ever8sand 9) during autumn 2008, recorded
on 26 November 2008 (Qmax = 27.57 g; SSCmax = 1613 mg"), 6 December 2008
(Qmax =19.77 ms'; SSCmax = 569 mg'), and 14 December 2008 (Qmax = 26.74sh
SSCmax = 501 mg?). These exhaustion effects have been describethdny previous
studies (Walling, 1978; Alexandrov et al., 2003 yvRa and Batalla, 2006).

The highest POC concentrations were measured ifladbd event with the highest rainfall
intensity (17.2 mm 1). However the maximum discharge during this fl@wént amounted
to 44.02 m s*, while the flood on 27 January 2009, with discleaaf 112.60 m s,
transported only 36.20 md lof POC. This shows that the level of peak dischaiges not
always control the peak of POC, as it can alsoffected by other factors such as rainfall
intensity and flood intensity that determine saobson within the catchment during rainfall
events. The extreme POC concentration was linkéldettnighest SS associated with POC%.

DOC also showed strong variability in concentragiafuring all hydrological conditions.

However, it transpired that the level of increasdlood discharge did not solely control the
increase in DOC concentration, as similar peakB@C were produced by different flood
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discharges (Table 3). This is confirmed by the xiatistical relationship between maximum
DOC and peak discharge (R=0.31). The temporal diggaof DOC are very complex (Jones
et al., 1996) and may be controlled not only byrotl activity in sediments (Bicudo et al.,
1998) but also by variations in POC (Vervier ef 4893; Jones et al., 1995). However during
summer, the groundwater dilution of DOC is limited the Save catchment, since the
catchment substratum is relatively impermeable wugs high clay content, and therefore
DOC concentrations are not high (<8 mg)L Numerous authors have reported that
groundwater may be high in DOC (Wallis et al., 198tDowell & Likens, 1988; Vervier et
al., 1993); Bernard et al., 1994) and have desgrgreundwater as being a source of organic
matter for surface water (Fiebig & Lock, 1991). Timean DOC concentration in the Save
catchment is similar to the DOC value of 4.1 rifgeéported for temperate zones (Meybeck,
1988). Compared with other rivers, the Save DOQ@ea close to the range (2-6 my bf

the Niger River (Martins, 1982), slightly higheraththe range (3-5 mg') of the Amazon
(Richey et al., 1985) and the St. Lawrence Riveckiington and Tan, 1983) but much lower
than the range (2-22 mg)lof the Indus River (Arain, 1987).

The specific POC vyield (1.8 t kKhy™) of the Save catchment is comparable to the metreo
Garonne River (1.47 t kinyY) (Veyssy et al., 1999) and slightly higher thae thean of
rivers in Europe (1.10 t kiy™®) (Ludwig et al., 1996). However, it is lower thtre yield of
the Amazon River (2.83 t Kiny™; Richey et al., 1990), and much lower than thathef
Nivelle River (5.3 t krA y') (Coynel et al., 2005), which drains a typical éhegan
mountainous catchment into the Bay of Biscay (Atta®cean). This could be attributed to
lower soil erosion generating less POC yield, as A®@ssociated with sediment. The
specific DOC vyield of the Save catchment (0.7 t%yf) is 2.5 times higher than that of a
Himalayan catchment dominated by agriculture stlidiyy Sharma and Rai (2004), a
difference that can be attributed to land conse@wmgireventing soil and carbon losses within
the latter. However, peatland catchments, whiclriakein organic carbon, have much higher
specific DOC yields, e.g. 16.9 t Kng* for a catchment in north-east Scotland (Dawson. gt a
2002). This value is common in peat-dominated hetetwaatchments in the UK, where saoill
carbon is the major source of organic carbon ieasir water (Aitkenhead et al., 1999;
Dawson et al., 2001).
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5.4.2.Discharge, SS, POC and DOC relationships and priéébaligins

The relationship between sediment concentration @gindharge revealed the existence of
clockwise, anticlockwise and mixed-shape hysterdtiops (mixing of clockwise and
anticlockwise patterns). Interpreting sediment anglanic carbon delivery processes using
hysteresis patterns could help understand thensrigi dissolved and particulate matter in a
catchment.ncreasing SSC on the falling limb during floodsynrize related to sources of
relatively more available sediment near the catcatinoaitlet. Clockwise hysteresis occurs
when the sediment source area is the channel dsedh adjacent area located close to the
catchment outlet, with runoff triggering the movermef sediment accumulated in the
channel during the previous seasons and with ldtlexo contribution from the tributaries
(Klein, 1984). Lopez-Tarazon et al (2009) also regub that the clockwise phenomenon was
found preferentially when rainfall was mostly loedtnear the catchment outlet. In the Save
catchment, this was the case for clockwise floodnév in early autumn and late winter.
Anticlockwise hysteretic loops occur when sedimeatirces are far from the catchment
outlet, e.g. soil erosion from hillsides and upstneareas (Braisington and Richards, 2000;
Goodwin et al., 2003; Orwin and Smart, 2004). Tiase of hysteretic loop is mainly found in
the Save catchment in spring and late autumn, vthere are high flood magnitudes with
sufficient capacity to transport sediments frontatis areas of the upstream catchment to the
outlet (Oeurng et al., 2010). However, it is notiealt clear interpretation of sediment sources
using hysteresis patterns is limited within thisdst because the Save catchment is long with
only one sampling station at the catchment out&tme hysteresis studies from existing
literature were used to identify the sediment sesirwhich are close or far referring to the
sampling station, mainly in small catchments (Lefas et al., 2007; Nadal-Romero et al.,
2008).

POC and DOC exhibited different hysteresis behavibwing flood events. This resulted
from variability in concentrations during risingdafalling limbs of floods. The relationship
between discharge and POC for both clockwise artitlackwise hysteresis followed the
same patterns as discharge and SS hysteresis. [esaogm be seen in flood events 4, 7, 10
and 15 (Figure 5-6). Although POC% decreased duilimgd events, POC concentrations
remained high with high concentrations of SSC aretdfore the hysteresis patterns were
similar (Figure 5-6). Generally, POC% decreased8sincreased, following a hyperbolic
relationship (Figure 5-4). This is a very typicedrtd as reported for other rivers (Meybeck,
1982; Ittekkot, 1988, Coynel et al., 2005), andsitttributed to changes in organic matter
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sources during the hydrograph through decliningoigcarbon in eroded materials (Ittekkot
and Lanne, 1991). Probst (1992) showed for the @wrdhat high POC% corresponds to
production of phytoplankton during low flood pergadvhile low POC content corresponds to
POC from soil erosion during high flow periods. the present study (SSC < 20 my |
associated with low river discharge), the high P@&htent could be attributed to the
phytoplankton and litter contribution. For the othe@asses, corresponding to medium or
strong sediment mobilisation associated with higkrrdischarge and turbid waters, organic
carbon content is low and generally recognisedeasgbof allochthonous origin (Etcheber,
1986; Lin, 1988; Coynel et al., 2005). In this stuBOC associated with SSC higher than the
2000 mg T can be attributed to the terrigenous origins winiainly originated from the soil.

The relationship between DOC and discharge alsavetioclockwise, anticlockwise and
mixed patterns during the study period, but theedipatterns were mostly found when the
SS peak arrived before peak discharge. An examatebe seen in flood events 4 and 10
(Figure 5-6). This could be due to dilution effebetween old water before the floods and
new water during and after floods. For clockwiségras, DOC before the flood events was
low, but then it was diluted by new water contagnimgher DOC concentrations from soils
which quickly released DOC during storm events tefeaching the peak discharge. Many
studies have examined the effect of storms on lhigyaof soils to release DOC and water
fluxes are responsible for seasonal changes in R@€entration in runoff (Kalbitz et al.,
2000). The relationship between DOC and dischangsved anti-clockwise hysteresis, with
higher DOC concentrations on the falling limb of thigh hydrograph than on the rising limb.
This indicates that water entering the stream dutire early part of the flood events had
lower DOC concentrations than water entering theast after peak discharge (Morel et al.,
2009), an effect associated with subsurface waben thallow soil horizons, which is rich in
DOC.

5.5.Conclusion

Temporal characteristics of fluvial transport o§ganded sediment and organic carbon during
flood events were studied in a large agricultui@cloment using an extensive dataset with
high temporal resolution obtained by manual andraatic sampling. The results showed
strong variability in SS and POC and DOC conceiutnat Suspended sediment load during
different seasonal flood events varied from 51310750 t; POC load from 12 to 748 t and
DOC load from 9 to 218 t. Transport of POC and Ddd@ing flood events amounted to 76%
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and 62% of their total fluxes and occurred with#®2of the study period (January 2008-June
2009). These results reveal the important roleladds in mobilising SS, POC and DOC
transport from the Save agricultural catchment.alf&®OC export during the whole study
period amounted to 3091 t and total DOC export288lt, representing 1.8 t Khy* and 0.7 t
km?y?, respectively.

Statistical analyses revealed strong correlatioesvéen total precipitation (Pt), flood

discharge and total water yield and SS, POC and ,D@iiating that these variables are the
main factors controlling sediment and organic carlexport from the Save catchment.
Sediment and organic carbon sources are also iamdrt yielding dissolved and particulate
matter during flood events, as successive floodsagst the amounts available. The
relationships between SSC, POC and DOC loads actialige over different temporal scales
during flood events resulted in different hystesgsatterns, which were used to identify their
origins. For POC, clockwise and anticlockwise hgestes followed the same patterns as
discharge and SS hysteresis. The relationship leetw2OC and discharge was mainly
dominated by alternating clockwise and anticloclenis/steresis due to dilution effects of

water originating from different sources in the Wehcatchment.
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Chapter 6

Assessment of hydrology, sediment and
particulate organic carbon yield in a large
agricultural catchment using the SWAT model

This chapter addresses the modelling approach taratdterise the fluxes of suspended
sediment and particulate organic carbon using agyairological model, the SWAT model
(Soil and Water Assessment Tool). The simulatisusppended sediment was compared with
observed sediment data from the two year obsenmvalibe catchment water balance was also
evaluated. The fluxes of sediment and POC werenatdd via long-term simulation of
suspended sediment and POC concentrations. A rEgrebetween annual water yield and
simulated annual sediment yield was establishedptential source areas of erosion were
also identified for the studied catchment. Thisptbawas written in the form of publication
which is undereview in theJournal of Hydrology.
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Abstract

Assessment of catchment hydrology, sediment andceded particulate organic carbon
losses from agricultural land to stream networksingportant for best water and soil
management and for better understanding of thealodwrbon cycle. In this study, the Soill
and Water Assessment Tool (SWAT 2005) was usedntalate discharge and sediment
transport at daily time steps within the intenspvéirmed Save catchment in south-west
France. The SWAT model was applied to evaluatehoag¢nt hydrology and sediment and
associated particulate organic carbon vyield usistphcal flow and meteorological data for
the period January 1999-March 2009 and sedimeat fdatJanuary 2007-March 2009. Data
on management practices (crop rotation, plantirig,dartiliser quantity and irrigation) were
also included in the model. Simulated daily disgeaand sediment values matched the
observed values satisfactorily. The model predittatl mean annual catchment precipitation
for the total study period (726 mm) was partitionedo evapotranspiration (78.3%),
percolation/groundwater recharge (14.1%) and atistra losses (0.5%), yielding 7.1%
surface runoff. Simulated mean total water yieldtf@ whole simulation period amounted to
138 mm, comparable to the observed value of 136 Simulated annual sediment yield
ranged from 4766 t to 123000 t, representing a nseawific sediment yield of 48 t kiry*.
Annual yield of particulate organic carbon rangeairf 120 t to 3100 t, representing a mean
specific POC vyield of 1.2 t kiny™. A regression between annual water yield and sited|
annual sediment yield was developed for this ayjtical catchment. Potential source areas of

erosion were also identified.

Key words: Save catchment, SWAT 2005, hydrology, sedimenidyiparticulate organic

carbon,
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6.1.Introduction

Intensive agriculture has led to environmental ddgtion through soil erosion and associated
carbon losses from agricultural land to stream opdte/ (Sharma and Rai, 2003). The global
river network is increasingly being recognised amagor component of the carbon cycle due
to the important role of rivers in the terrestnedhter cycle, regulating the mobilisation and
transfer of components from land to sea. Studiekisg a better understanding of the global
carbon cycle have expressed increasing concern ttreeiquantification of sediment and
carbon transport by rivers to the sea (Milliman &yitski, 1992; Ludwig and Probst, 1998).
The erosion of carbon from land and its subseqtransport to sea via rivers represents a
major pathway in the global carbon cycle (Kemp& 3t Degens et al., 1984). Organic carbon
Is estimated to constitute ~40% of the total fluxcafbon carried by the world’s rivers (1 Gt
yr'l) (Meybeck, 1993).

Effective control of water and soil losses in agltigral catchments requires the use of best
management practice (BMP). Quantifying and undeditey sediment transfer from
agricultural land to watercourses is also esseritialcontrolling soil erosion and in
implementing appropriate mitigation practices taluse stream sediment transport and
associated pollutant loads, and hence improve cisfater quality downstream (Heathwaite
et al., 2005). However, field measurements ancecbiin of data on suspended sediment and
particulate organic carbon are generally diffi¢akks, rarely achieved over long timescales in

large catchments.

Appropriate tools are needed for better assessofdong-term hydrology and soil erosion

processes and as decision support for planningrapmenting appropriate measures. The
tools include various hydrological and soil erosiomdels, as well as geographical
information system (GIS). Due to technological depenents in recent years, distributed
catchment models are increasingly being used toleimgnt alternative management
strategies in the area of water resource allocadioh flood control (Setegn, 2009). Many
hydrological and soil erosion models are designeddéscribe hydrology, erosion and

sedimentation processes. Hydrological models dasthe physical processes controlling the
transformation of precipitation to runoff, while ilscerosion modelling is based on

understanding the physical laws of processes tbatiroin the natural landscape (Setegn,
2009). Distributed hydrological models, mainly siating processes such as runoff and the

transport of sediment and pollutants in a catchpraetcrucial for providing systematic and
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consistent information on water availability, watgrality and anthropogenic activities in the
hydrological regime (Yang et al., 2007). A physigddased distributed model is preferable,
since it can realistically represent the spatialalality of catchment characteristics (Mishra
et al., 2007). A number of water quality modelsathment scale have been developed, such
as AGNPS (Young et al., 1989), CREAMS (Knisel, I9#JROSEM (Morgan et al., 1998),
ANSWERS (Beasley et al., 1980), HSPF (Donigianlgt1®95), KIREROS (Smith, 1981),
WEPP (Nearing et al., 1989), AnnAGPS (Binger anéurkr, 2003), SWAT (Arnold et al.,
1998) and SHETRAN (Ewen et al., 2000). Among thesmlels, SWAT (Soil and Water
Assessment Tool) is frequently used to assess logdraand water quality in agricultural
catchments. To date, a number of SWAT applicatitmstudy hydrology and sediment
transport in small and large catchments have badertaken in different regions, e.g. Miyun
reservoir catchment in China (Xu et al., 2009), . dkyhajarvi, Ylaneenjoki catchment in
Finland (Béarlund et al., 2007; Koskiaho et al., 2Q0rana Lake Basin in Ethiopia (Setegn et
al., 2009), two mountainous catchments in Centiah ((Rostamian et al., 2008), Kapgari
catchment in India (Behera and Panda, 2006), amy stadies in American catchments such
as Cottonwood catchment in Minnesota (Hanratty Stefan, 1998), Upper North Bosque
River in Texas (Di Luzio et al., 2002) and Sandus&ychment in Ohio (Grunwald and Qi,
2006). However, there have been few applicatiorisuropean catchments in which intensive
agriculture is increasingly being practised. Mor@gwnost previous SWAT applications were

made on a monthly timescale.

The objective of the present study was to applyS¥YWAT model to the Save catchment in the
Gascogne area of south-west France in order tes@$seg-term catchment hydrology and
sediment-associated particulate organic carbon jR@@sport and to quantify sediment and
carbon yields from this agricultural catchment.

6.2.Materials and methods

6.2.1.Study area

The Save catchment in the area of Coteaux Gasdegnd 110 krh agricultural catchment.
The Save river has its source in the piedmont znthe Pyrenees Mountains (south-west
France), joining the Garonne River after a 140 kmrse with a linear shape and an average
slope of 3.6%0 (Figure 6-1A). The altitude rangemnfr98 m to 620 m (Figure 6-1B). This
catchment lies on detrital sediments from the RPg@srMountains. It is bound on the east by

the Garonne River, on the south by the Pyreneesmiigde west by the Atlantic Ocean.
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Throughout the Oligocene and Miocene, this catchinsemved as an emergent zone of
subsidence, receiving sandy, clay and calcareadisneats derived from the erosion of the
Pyrenees Mountains, which were in an orogenic plesthat time. The heterogeneous
sediment materials were of low energetic value @moduced a thick detrital formation of the

molasse type in the Miocene. From the Pleistocenweaads, the river became channelised,
cutting broad valleys into the molasse depositslaeadng terraces of coarse alluvium (Revel
and Guiresse 1995). The substratum of the catchroensists of impervious Miocene

molassic deposits.

In this area, which has been cultivated since thddM Ages, mechanical erosion by
ploughing has had a greater impact on downwarddssplacement that water erosion, with a
major impact on surface relief, mainly on levelliagd soil distribution (Guiresse and Revel,
1995). Very weak erosion has led to the developrag@talcic Luvisols (UN FAO soil units)
on the tertiary substratum and local Rendosolshenhtard calcareous sandstone beds. The
Calcic Cambisols on hillsides with very gentle g@lsphave been subjected to moderate
erosion. Non-calcic silty soils, locally nambdulbenesrepresent less than 10% of the soils
in this area. The calcic soils are dominated blag content ranging from 40% to 50%, while
the non-calcic soils are silty (50-60%). The maoils of the Save catchment are presented in
Figure 6-1C. The upstream part of the catchmeat hdlly agricultural area mainly covered
with patchy forest and dominant pastures, whileloeer part is flat and devoted to intensive
agriculture, with sunflower and winter wheat donting the crop rotation (Figure 6-1D).

The climatic conditions are oceanic, with annuacypitation of 700-900 mm and annual
evaporation of 500-600 mm. The dry period runs frdome to August (the month with
maximum deficit) and the wet period from OctobeiMay. The hydrological regime of the
catchment is mainly pluvial, i.e. regulated by ralhfwith maximum discharge in May and
low flows during summer (July to September).

The catchment substratum is relatively impermeabllee to its high clay content.
Consequently, the river discharge is mainly suppbg surface and subsurface runoff, and
groundwater is limited to alluvial and colluvialngatic aquifers. The maximum instantaneous
discharge for the long-term period (1965-2006) i6 68 s* (1 July 1997). The mean annual
discharge (1965-2006) is 6.29 ®" (data from Compagnie d’Aménagement des Coteaux de
Gascogne, CACG). During low flow, the river disdiis sustained by a nested canal at the

catchment head about £ st
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6.2.2.Catchment water quality monitoring

A Sonde YSI 6920 (YSI Incorporated, Ohio, USA) measy probe and Automatic Water
Sampler (ecoTech Umwelt-MelRsysteme GmbH. Bonn, @eyinwith 24 1-litre bottles has
been installed at the Save catchment outlet (Laidme) since January 2007 for water quality
monitoring. The Sonde is positioned near the banthe river under the bridge, where the
homogeneity of water movement is considered reptasee of all hydrological conditions.
The pump inlet is placed next to the Sonde pipe $bnde is programmed to activate the

automatic water sampler to pump water at water leaeations Ax(cm) ranging from 10 cm

to 30 cm, depending on seasonal hydrological cammditfor both the rising and falling stage.
This sampling method provides a high sampling feeqy during storm events (3 samples
per week to 4 samples per day during flood eveMahual sampling is also carried out using
a 2-litre bottle lowered from the Larra bridge, né@e Sonde position, at weekly intervals
when water levels are not remarkably varied. Thal fostantaneous water samples from both

automatic and manual sampling from January 200March 2009 amounted to 246 samples.

6.2.3.Determination of suspended sediment and POC coratimts

All 246 water samples were analysed in the laboyato determine suspended sediment
concentration (SSC) using a nitrocellulose filt&F(0.45 pm) and drying at 40 °C for 48 h.

Volumes of water ranging from 150 to 1000 ml weilgerfed according the suspended
sediment load. Suspended sediment concentratianmdae determined for samples collected
using the automatic and manual sampling method<rides above over a range of

hydrological conditions from January 2007 to Magfl09 (Oeurng et al., 2010). Daily SSC

values were calculated from the mean of instantas &5 C for a given day.

Particulate organic carbon (POC) was analysed arples collected from January 2008 to
March 2009. Water samples were filtered by glassafibre filter paper (GF/F 0.7 pum) for

determination of particulate organic carbon (POQ)e filter paper containing suspended
sediment was then acidified with HCL 2N in order¢mnove carbonates and dried at 60 °C
for 24 h. Particulate organic carbon analyses warded out using a LECO CS200 analyser
(Etcheber et al., 2007). The SSC values obtainety uke nitrocellulose and glass microfibre

filters were identical.
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6.3.Modelling approach

6.3.1.The SWAT model

The Soil and Water Assessment Tool (SWAT 2005) selected for this study primarily
because of its many previous applications to adsgh®logy and sediment transport in small
and large catchments in different regions. The @ free assessable source and user
friendly environment. Furthermore, the SWAT projdot the Save catchment may be

extended in the future to study the other aspdatsitvient and pesticide transport.

SWAT is physically-based, distributed, agro-hydgial model that operates on a daily time
step and is designed to predict the impact of mamagt on water, sediment and agricultural
chemical yields in ungauged catchments (Arnold lgt1#098). Major component models
include weather, hydrology, soil temperature, plgrawth, nutrients, pesticides and land
management. The model is capable of continuouslaion in large complex catchments
with varying soils and management conditions oe&gltime periods. SWAT uses readily
available inputs, has the capability of routing afinand chemicals through stream and
reservoirs, and allows the addition of flows and thclusion of measured data from point

sources.

SWAT can analyse small or large catchments by elistng into sub-basins, which are then
further subdivided into hydrological response ui{&Us) with homogeneous land use, soil
type and slope. The SWAT system embedded withigiggdical information system (GIS)

can integrate various spatial environmental dataluding soil, land cover, climate and

topographical features.

6.3.2.Hydrological modelling component in SWAT

SWAT uses a modification of the SCS curve numbethot (USDA Soil Conservation
Service, 1972) to compute surface runoff volumeefach HRU. Peak runoff rate is estimated
using a modification of the Rational Method (Chawak, 1988). Daily rainfall data are used
for calculations. Flow is routed through the chdnaging a variable storage coefficient
method (Williams, 1969) or the Muskingum routingtha (Cunge, 1969). In this work, SCS
curve number and Muskingum routing methods, alorth daily climate data, were used for
surface runoff and streamflow computations. SWATdates the hydrological cycle based
on the soil and water balance equation as follows:
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SVVt = S\NO + z:zl (Rday - qurf - Ea - Wseep_ ng)i

where SWis the final soil water content (mm), SV¢ the initial soil water content on day i
(mm), t is the time (days), (& is the amount of precipitation on day i (mm)s,&Js the
amount of surface runoff on day i (mm), E the amount of evapotranspiration on day i
(mm), Wseepis the amount of water entering the vadose zoom fthe soil profile on day i
(mm), and Qy is the amount of return flow to the stream on d@ym).

Groundwater flow contribution to total streamflos/ sSimulated by creating shallow aquifer
storage (Arnold & Allen, 1996). Percolation fronethottom of the root zone is considered as
recharge to the shallow aquifer. Three methodg$timating potential evapotranspiration are
used in SWAT: Priestley and Taylor (1972), Penmidor(teith, 1965) and Hargreaves and
Samani (1985). In this study, the Penman method wsed to estimate potential

evapotranspiration.

6.3.3. Suspended sediment modelling component in SWAT

The sediment from sheet erosion for each HRU isutatied using the Modified Universal
Soil Loss Equation (MUSLE) (Williams, 1975).

Sed: 11_8)(( qurf X qpeak ><Ahru )056 X K USLE X C:USLE X I:)USLE X I‘SUSLE X CFRG

where Sed is the sediment yield (t) on a given d@y, is the surface runoff volume
(mm ha'), gpeakis the peak runoff rate hs™), Any is the area of the HRUs (ha)ude is the
soil erodibility factor, Gs.e is the cover and management factqis Pis the support practice
factor, LSsie is the USLE topographical factor and CFRG is tbarse fragment factor.
Details of the USLE factors can be found in Neitsthl. (2005).

The sediment concentration is obtained from thensext yield, which corresponds to flow
volume within the channel on a given day. The tpans of sediment in the channel is
controlled by simultaneous operation of two proesssieposition and degradation. Whether
channel deposition or channel degradation occuperts on the sediment loads from the
upland areas and the transport capacity of the negametwork. If the sediment load in a
channel segment is larger than its sediment trahsppacity, channel deposition will be the
dominant process. Otherwise, channel degradationrs@ver the channel segment. SWAT
calculates the maximum amount of sediment that lwantransported from the channel

segment as a function of the peak channel velocity:
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conc = SPCONx pSPEXP

'sedch,mx

where congg cn.mx(ton n°) is the maximum concentration of sediment thattmatransported
by streamflow (i.e. transport capacity), SPCOId moefficient defined by the user, SPEXP is
an exponent parameter for calculating sedimenttraeed in channel sediment routing that
is defined by the user (1< spexp <2) amdm s%) is the peak channel velocity. The peak
channel velocity in a reach segment at each tieyeistcalculated from:

_ PRF><

2/3 1/2
v Rch X Sch
n

where PRF is the peak rate adjustment factor witlefault value of unity, n is manning’s
roughness coefficient, Ris the hydraulic radius(m), and.xSs the channel invert slope

(m mY).

The maximum concentration in the reach is compargi the concentration of sediment in
the reach at the beginning of the time step, &QR&i

If CONGseq chi> CONGed chmx dEpOSition is the dominant process in the reagment. The net

amount of sediment deposited is calculated by:

Sedie= (CONGed,ch,i— CONGed,ch,my} X Veh

where segh, is the amount of sediment deposited in the reament (metric tons),
CONGed ch iiS the initial sediment that can be transportedvaser (kg L* or ton m®) and \p is

the volume of water in the reach segmeni)(m

If CONGseq ch,i< CONGed ch,mx degradation is the dominant process in the reagiment. The net
amount of sediment reentrained is calculated by:

Sedie (CONGed,ch,mx— CONGed,ch,) X VenX Keh X Cen

where seghq is the amount of sediment reentrained in the ressyiment (metric tons),
CONGed.chmyS the maximum concentration of sediment thatlmatransported by water (kg |
or ton m°), Ve, is the volume of water in the reach segment), (¢, (CH_EROD) is the

channel erodibility factor (cmhPal), and Gn(CH_COV) is the channel cover factor.

The final amount of sediment in the reach is caltad by:

Sedh = Sedh,i— Sedep+ S€leg
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where seg is the amount of suspended sediment in the remetric tons), sed; is the
amount of the suspended sediment in the reacheabehinning of the time period (metric

tons) and sed, isthe amount of sediment reentrained in the reacimeag(metric tons).

The total amount of sediment that is transportedbthe reach segment is computed as:

V
sed,,= sed,, x>
ch

where segl;; is the total amount of sediment transported ouhefreach (metric tons), sgis
the amount of suspended sediment in the reach i@metrs), \b,: is the volume of water
leaving the reach segmentinat each time step andyMs the volume of water in the reach

segment ().

6.3.4.Particulate organic carbon modelling

The relationship between SSC and POC concentraiisnfound to have an’Ralue of 0.93
(Figure 6-2). Based on this relationship (POC=08EC + 1.87), long-term POC could be
computed from simulated SSC obtained from SWAT.

"> 150 y =0.01x + 1.87
R? = 0.93 (P<0.001)

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

SSc (mgt)

Figure 6-2 Relationship between instantaneous suspendesheetconcentration (SSC) and
particulate organic carbon (POC) at Larra samptagjon.
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6.3.5. SWAT data input

The Arc SWAT interface for SWAT version 2005 (Wirdlhet al., 2007) was used to compile
the SWAT input files. The SWAT model requires infut topography, soils, landuse and
meteorological data.

- Digital elevation map (DEM) with a resolution 86 m x 25 m from BD TOPO R IGN
France - Cemagref de Bordeaux (UR ADBX)

- Soil data at the scale of 1:80 000 from CACG digitised by Cemagref de Bordeaux (UR
ADBX) (Macary et al., 2006) and soil propertiesrfrd.escot and Bordenave. (2009) for the
SWAT soil database

- Landuse data from Landsat 2005 (Macary et al62Tbe management practices were taken
into account in the model for simulation. The doamt landuse in the catchment were
pasture, sunflower/winter wheat in rotation. Thartstg dates of plant beginning, amounts,
date of fertilizer and irrigation applications weireluded. For pasture area, there is one
rotation of corn during a period of 4 years. Tibagorks were practiced during April within
this area. For sunflower-winter wheat rotation, phenting date of sunflower is on April 10
then is harvested on July 10. After that, winteeatbegins on October 9 then is harvested on
July 10, following year. The rotation of winter watiesunflower follows the same pattern by
plant begins of winter wheat on October 9 and hasvested on July 10. For following year,
sunflower is planted on April 10, then is harvestedJuly 10. The soil is uncovered from
July through April for this rotation once per tweays.

- Meteorological data included 5 rainfall statiomgh daily precipitation from Meteo France
(Figure 6-1A). Some past and missing data were rgé&eek for some stations by linear
regression equation from the data of the nearasibss with complete measurement. Two
stations at the upstream part having a completesmnement of daily minimum and
maximum air temperature, wind speed, solar radiatiad relative humidity was used to

simulate the potential evapotranspiration (PETthaanmodel by the Penman method.
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Figure 6-3. Map showing 91 sub-basins in the Save catchment.

The catchment was discretized into 91 subbasind widminant landuse and soil
classification. The main dominant landuses in theeScatchment are pasture, sunflower and

winter wheat. The figure 6-3 showed 91 subbasirikerSave catchment.

6.3.6.Model evaluation

The performance of the model in simulating disckamnd sediment was evaluated
graphically and by Nash-Sutcliffe efficiencynd and coefficient of determination {R
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Where Q and $are the observed and simulated values, n is taertomber of paired
valuesQ is the mean observed value 8i$ the mean simulated value.

Ens ranges from negative infinity to 1, with 1 dengtiperfect agreement between simulated
and observed values. Generallysks very good when g is greater than 0.75, satisfactory
when Es is between 0.36 and 0.75, and unsatisfactory vitheris lower than 0.36 (Nash and
Sutcliffe, 1970; Krause et al., 2005). Howeveshartcoming of the Nash-Sutcliffe statistic
is that it does not perform well in periods of Idew, as the denominator of the equation
tends to zero and\g approaches negative infinity with only minor sim@idbn errors in the
model. This statistic works well when the coeffitieof variation for the data set is large
(Pandey et al., 2008). The coefficient of deterniama (R°) is the proportion of variation
explained by fitting a regression line and is vidwas a measure of the strength of a linear
relationship between observed and simulated d&taarRjes between 0 and 1. If the value is

equal to one, the model prediction is considerdakttperfect’.

6.3.7.Calibration process

The period July-December 1998 served as a warmeuipd for the model (allowing state
variables to assume realistic initial values foe dalibration period). The calibration was
carried out at daily time steps using flow datatf@ hydrological years from January 1999 to
March 2009 and suspended sediment data for Ja@0&@&+March 2009. The capability of a
hydrological model to adequately simulate streamfland sediment process typically
depends on the accurate calibration of parameXarse( al., 2009). Parameters can either be
estimated manually or automatically. In this stutg calibration was done manually based
on physical catchment understanding and sensitivanpeters from published literature (e.g.
Barlund et al., 2007; Xu et al., 2009) and caliimratechniques from the SWAT user manual.
After calibration of flow, calibration of sedimemtas carried out. The SCS curve number
(CN2) is a function of soil permeability, landusedaantecedent soil water conditions. This
parameter is important for surface runoff. The Baserecession coefficient (ALPHA_BF) is

a direct index of groundwater flow response to gesnin recharge. This parameter is
necessary for baseflow calibration. The sensitmameters for predictions of sediment are a
linear parameter for calculating the maximum amooihsediment that can be entrained
during channel sediment routing (SPCON), an expioaeparameter for calculating the
channel sediment routing (SPEXP), and a peak rdjestment factor (PRF), which is
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sensitive to peak sediment. There is no channgégtion; however, the channel banks are

covered by riparian vegetation along the Save river

Added to the difficulty of discharge calibration svpossibly another disadvantage caused by
inaccuracy of instantaneous discharge higher titams™ at Larra station, generated from
the rating curve. Moreover, daily nested dischatgi for the Save catchment during water
extraction in summer and during the winter periogustain flow discharge in the Save river
also contribute to the uncertainty in baseflow aliion. The parameters used to calibrate

discharge and suspended sediment, are preseniathlm6-1.

6.4.Results and Discussion

6.4.1.Discharge simulation and hydrological assessment

Simulations were carried out for the period Janue99-March 2009. Flow and sediment

calibration was based on daily simulations. Tablk fresents the calibrated parameters for
discharge, suspended sediment and the range of Sp#éfdmeter values, while Figure 6-4

graphically illustrates observed and simulated ydalischarge at Larra gauging station.

Simulated discharge followed a similar trend toesleed discharge. However, simulated peak
discharge was underestimated during some floodbgersuch as an event in June 2000,
which was the largest flood observed in the stugiaasince 1985 (data from CACG). The

underestimation may be due to local rainfall stonosbeing well represented by the rainfall

data used in the hydrological simulations. In aage; SWAT could not accurately simulate
the flood discharge when the river overflowed, mghie June 2000 flood. Daily simulated

discharge was also overestimated for some pereadsjn May 2007. Larger errors occurred

when simulated peak and average flows differedifsogimtly from the measured values. It

should be noted that the hydrological regime of 8ae fluctuates significantly, possibly

resulting in difficulty in discharge calibrationh& statistical performance was satisfactory,
with a daily s value of 0.53 and an’Ralue of 0.56. Good statistical performance was ha

to achieve for the Save agricultural catchment @veng period of simulation due to strong

spatial heterogeneity and lack of accurate datdédtion (climate data, agricultural data)

within the catchment. Very few studies publishediabe have shown good results of SWAT
model calibration for long periods of daily simudet within an intensively farmed

agricultural catchment.
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Table 6-1 Parameters used to calibrate flow and sedimdrdraf gauging station

Parameters used to calibrate flow

Parameter Definition Min.Value  Max.Value Calibrated value
ESCO Soil evaporation compensation factor 0 1 0.5
basi EPCO Plant water uptake compensation factor 0 1 1
asins.bsn , ) i
ICRK Crack flow (1=model crack flow in soil actv
SURLAG Surface runoff lag time 0 10 1
GW_DELAY Groundwater delay 0 500 30
« GW GW_REVAP Groundwater revap 0.02 0.2 0.05
RCHRG_DP Deep aquifer percolation factor 0 1 0.15
ALPHA BF Baseflow alpha factor 0 1 0.5
*.s0il SOL_AWC Available water capacity of the soil layer 0 1 0.2
*.sub CH N1 Manning's "n" value for tributary chas 0.01 0.5 0.025
*.rte CH_N2 Manning's "n" value for main channel 0D. 0.5 0.04
*hru OV_N Maining's "N" for overland flow 0.01 0.5 0.19
*.mgt CN2 SCS Curve number 35 98 80 (cultivated)
65 (urban)
70 (forest)
Parameters used to calibrate sediment
File Parameter Definition Min.Value Max.Value Calibrated value
* bsn PRE Pea_k rate adjustment factor for sediment 0 > 0.58
routing
*.rte CH_Ccov Channel cover factor -0.001 1 1
*.rte CH_EROD  Channel erodibility factor -0.05 0.6 0.0001
* bsn SPCON Linear parameters for f:alculating the 0.0001 0.01 0.01
channel sediment rooting
*bsn SPEXP Exponent parameter for calculating the 1 5 5

channel sediment routing

For the calibrated parameter set, the model prediitiat mean annual rainfall for the total
simulation period over the area of the catchme6 (fm) is mainly removed through

evapotranspiration ET (78.3%), percolation/groungwaecharge (14.1%) and transmission
loss/abstraction (0.5%), yielding surface runoff Bfl%. The computed water balance
components indicated rather high mean annual EB 1(&@8.3% of mean annual rainfall). This
value is similar to the ET (72%) of an agricultucatchment in an arid area in Tunisia studied
by Ouessar et al. (2009). However, the groundweagenarge rate (14.1% of mean annual
rainfall) of the Save catchment was lower than tfidahe Tunisian catchment (22%). This can
be attributed to limitation of groundwater rechalgethe Save catchment substratum, which
is relatively impermeable due to its high clay @mt Simulated mean total water yield for

the whole simulation period amounted to 138 mm.cWli$ comparable to the observed value
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of 136 mm (1985-2008). In this large intensive agtural catchment, most rainfall was
evapotranspired throughout the year.

——— Observed discharge
- — —- Simulated discharge

Discharge (l%s'l)

] \ ‘
0 e U, N . e B AR o WA 1t i
B 09 o?> N 0” g & & & $ S SSS
NN ég&@“ o@ooq}g&ﬁ 0@006‘?&¢§é&@00$
Date (day)

Figure 6-4. Observed and simulated daily discharge at Lstation (January 1999 to March
2009).

6.4.2. Suspended sediment simulation and yield

The observed values of suspended sediment wereatethwvith simulated sediment values
for the period January 2007-March 2009. Figuregh&ws observed and simulated discharge
and observed and simulated suspended sedimentntmataen during the suspended sediment
sampling period at Larra gauging station. Simileentls were found for observed and
simulated sediment concentrations. During somedda June 2007 and January 2008, there
were no observed sediment data due to the damate sampling instrument. However, the
simulated sediment was underestimated and ovem@stihnduring some flood events. The
underestimation occurred for a flood event in JB0@8 when rainfall intensity was extreme,
resulting in severe sediment load transport (Oewtngl., 2010). In practice, high-intensity
and even short duration rainfall can generate medément than simulated by the model on
the basis of daily rainfall (Xu et al., 2009). Tis&atistical analysis showed reasonable
agreement between observed and simulated dailpsahith an Rvalue of 0.51 (excluding

a few extreme observed concentrations). Howeveihetnnual scale, the model predicted
annual sediment yield which significantly matchkd two years of observed sediment yield
data at the outlet (Figure 6-6B).

- 126 -



Chapter 6. Assessment of hydrology, sediment and #A€ld using the SWAT model

140 4 Obszerved discharge
2o Simulated discharge
100
30 4

Discharge (rrl3 s'l)

(A) 80 1
40_
20
T T T R T T S R . - I
99%@0%>99§ S P U A AL
o &g@’.\ ?g.} &gﬁ %’\}\ ol o %@ Qe.':? N a@@)ﬁ @g’\ N g\i\ Y’& ot o Qe.“' o &g{.‘
Date {day)
3500 4
3000 4 2 Simulated 250
2500 a = Observed 85C
(B) 2000 4

1500 4
1000 4

500 4

Suspended sediment concentration (m@ﬁ

o [ o & B oo @ ®
Sid @“@@ @?@ & \‘Q ‘Fof' o qf‘ xﬁ“‘fﬁﬁc@@ @ \9?9 c:sﬁﬂcc? <F xﬂ“‘fﬁ’@@

Date (day)

Figure 6-5. Observed and simulated daily discharge (A) argknked and daily simulated
suspended sediment concentration (B) at Larra sagigtation (January 2007 to March
2009).

Oeurng et al. (2010) showed that one extreme feaaoht in June 2008 in the Save catchment
yielded a sediment load of 63% of the annual sedimield in 2008. This could indicate that
SWAT might not be able to simulate high sedimeansport flood events and those even-
based models such as AGNPS and ANSWERS should &ée wstead of continuous
simulation models such as SWAT (Xu et al., 2009¢n&man and Shoemaker (2005)
analysed high flow sediment event data to evaltlaeperformance of the SWAT model in
the 1178 krh Cannonsville catchment and concluded that SWATedrto underestimate the
loads for high loading events (greater than 200@riméons). The main disadvantage of
SWAT is the very simplified suspended sedimentingualgorithm as described in section
2.3.3. Furthermore, SWAT allows all soil erodedrbgoff to reach the river directly, without

considering sediment deposition remaining on sertaatchment areas.

The simulated sediment yield of other years is g@sssented in Figure 6-6B. The annual

sediment yield from the Save catchment showed geeatbility, ranging from 4766 t to
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123000 t, representing a mean specific sedimeid pie48 t km?® y*. The sediment yield in
2000 was the highest of all simulated annual sedlingeelds and could be attributed to a
major flooding period when daily maximum dischangached 210 fhs'. The lowest
sediment yield occurred in the driest year (2008)en no major flood events were observed
during the whole year. The great variability of iseeht yield in the Save catchment mainly
resulted from hydrological fluctuations from seasorseason and year to year. Oeurng et al.
(2010) showed that hydro-climatological variablésta]l precipitation during flood event,
flood discharge, flood duration, flood intensity danvater yield) are the main factors
controlling sediment load transport in the Savelaent. The annual sediment yield from
the model was significantly correlated with annuaiter yield, with an Rvalue of 0.82
(Figure 6-7). Based on this strong regression, anwater yield could be used to estimate

annual sediment yield for long-term periods witthirs catchment.

14E5
" 2000
1,265
Y=665X - 34458 X
1E5 | P |
R2=0.82 ~
2 80000 e
oy
=
Lh]
£ 60000
1]
[6)]
40000 |

20000 -~

40 60 80 100 120 140 160 180 200 220 240
Water yield (mm)

Figure 6-7. Regression between annual water yield and steui@nnual sediment yield with
95% confidence interval for the Save catchment
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The mean specific sediment yield of 48 t%kmyi* in the Save catchment is within the range
reported for the Garonne River (11-74 t kng') by Coynel (2005). The 1330 KnBais
catchment and the 970 ki@ers catchment, located in the same Gascogne regitie Save
catchment and with the same climatic conditions)agy (molasse) and agricultural landuse,
also have similar specific sediment yields (63 dfid km? y*, respectively) (Maneux et al.,
2001). The Save sediment yield is also similahat bf the 900 kinTordera catchment (50 t
km?y™) in north-east Spain (Rovira and Batalla, 2006j,rbuch lower than the 414 t Kny

! reported for the 445 kimisdbena catchment (Southern Central Pyreneeshwibighly

erodible and experiences frequent floods (LOpeadan et al., 2009).

6.4.3.POC simulation and yield

Based on the relationship between suspended sediameh particulate organic carbon
(R?=0.93), POC was computed from simulated suspeneeimsnt data for the period
January 1998-March 2009 (Figure 6-6A). The simalatenual POC yield ranged from 120 t
to 3100 t (mean 1327 t; SD 916 t), representingeamspecific POC yield of 1.2 t Ky™.
The 2008 value of 1948 t was statistically simtlarthe observed annual value of 2060 t
(Figure 6-6C). The annual POC yield showed stroagability due to the variability in
sediment yield within the catchment. The averageifis POC yield of 1.2 t kifiin the Save
catchment is similar to that of the Garonne Rivied7 t kn® y) (Veyssy et al., 1999) and
that of other rivers in Europe (mean 1.10 £ki) (Ludwig et al., 1996). However, it is lower
than that of the Amazon River (2.83 t kgi) (Richey et al., 1990).

6.4.4.ldentification of critical areas of soil erosion

Using the total simulation results, it was possiioledentify areas of significant soil erosion
based on the average annual sediment yield fatotaehydrological period within each sub-
basin. The rate of soil erosion ranged from 0.16 toha" (Figure 6-8). Among the 91 sub-
basins within the catchment, numbers 91, 89, 88,837 81 were identified as areas with
serious soil erosion areas (3.16 - 6 thahese are several possible reasons for thisseThe
sub-basins located at high upstream, have the stepp and experience many major rainfall
events, while downstream areas are mostly flat exgkrience fewer major rainfall events
which impacted less soil erosion. Although the dstneam areas are intensively cultivated,
less soil erosion occurs there than in upstrearasamghere high slope, tillage practices in
pasture areas and major rainfall events are sogmfi factors contributing to sediment
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transport from the Save catchment. Therefore, qp@te strategies should be devised to

protect these critical areas where soil erosionast serious.

Sediment yield (t/ha)
. ]o010-055
| ]os6-099
| |100-152
B 153-315
Bl :6-600

0 10 20
o1 Kilometers

Figure 6-8 Simulated soil erosion within the 91 sub-basb@sed on average sediment yield
(1999-2008).

6.5.Conclusions

Parameterisation of the model to achieve good sitiumls of daily flow and sediment

transport for long hydrological periods proved ®dlaborious task in the Save agricultural
catchment. The simulation of daily discharge watiebethan that of sediment transport.
Although the model underestimated and overestimataily discharge and suspended
sediment for some flood events, predictions werthiwiacceptable limits. The hydrological

assessment showed that more than two-thirds dbthérainfall received was removed from
the Save catchment as evapotranspiration. The walance component in SWAT proved
very useful for examining water management in thé&hliment, which is dominated by

intensive agriculture. The simulated sediment yield annual scale well matched the
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measured sediment yield during the two-year stlithg. simulated mean total water yield for
the whole simulation period amounted to 138 mm €ole=d value 136 mm) and annual
sediment yield varied from 4766 t to 123000 t, espnting a mean specific sediment yield of
48 t km? y*. The annual yield of particulate organic carbongexd from 120 t to 3100 t,

representing a specific POC yield of 1.2 tkm'. A regression between annual water yield
and simulated annual sediment yield was developedhis agricultural catchment. This

relationship can be used for generating long-texdirsent yield for the Save catchment in the
future, reducing the need for expensive field wavlareover, potential sources of erosion

were also identified.

SWAT can be a useful tool for assessing hydrologgl aediment yield over long-term
periods. Based on historical flow and climate dSM&AT can generate sediment yield values,
which are crucial in identifying pass soil erosipatterns within a catchment. Prediction of
discharge and soil losses is important for assgssail degradation and for determining
suitable landuse and soil conservation measurea éatchment. The results obtained can be

used to mitigate environmental problems within msigely farmed agricultural catchments.
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Chapter 7

General Discussion

This chapter provides the general discussion oféiselts from the chapter 4, 5 and 6 and the

model.
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7.1.SS, POC and DOC transport dynamics and modelling

The study of the suspended sediment and organtlwomratransport collected at different
temporal scales with high frequency of extensiviaskt in the Save catchment provides an
insight into the characteristics of the temporatialglity in this agricultural catchment.
Maximum SS, POC and DOC concentrations generallyeased during high flood
magnitudes particularly in spring, yielding SS, P@&@l DOC fluxes with strong variability.
Increasing SS on the falling limb during floods ni@g/related to sources of relatively more
available sediment with lower soil aggregate siigbilThe variability in event sediment
transport during successive peaks of similar magdeits influenced by sediment exhaustion
effects. The Save catchment shows a pattern sitail#rat observed in other catchments in
the Mediterranean region, e.g. in the Tordera catéctinfRovira and Batalla, 2006). An
example is the progressive reduction in suspendad &t different temporal scales (within
floods and within multiple-peak events, during acgassion of events, and seasonally) related
to the exhaustion of sediment availability. Theera@f in-channel sediment storage also
controls suspended sediment dynamics during ifldedfperiods of stable flow (Smith and
Dragovich, 2008). Therefore, after a period of trely high sediment transport (supply-rich
floods), sediment becomes less and less availate the channel (exhaustion phenomenon)
and sediment concentrations recorded during sugeefsods events are consequently lower
(Walling, 1978). The two year study of suspendedimsent transport revealed strong
temporal variability (16 614 tonnes in 2007 and 960 tonnes in 2008) attributed to the
hydro-climatic factors such as flood duration, falinintensity and flood amplitude, and other
controlling factors related to soil conditions amgricultural practices in the Save catchment
during both study years. The first hydrological yeathe study (2007) was very dry, since
there were very few rainfall events during autumd &ss sediment was transported during
floods with low duration and flood magnitude. Floodensity is also a main factor to
determine sediment transport. Flood events in 2080@& strong with high flood intensity. The
maximum flood intensity in 2007 was only 1.27 min, while one event in spring 2008
exhibited the maximum flood intensity of 2.48 min, yielding a suspended sediment load
of 63% of annual sediment yield in 2008. Sedimeas wlightly transported during summer

due to low rainfall events.

DOC also showed strong variability in concentragiafuring all hydrological conditions.

However, it transpired that the level of increasdlood discharge did not solely control the
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increase in DOC concentration, as similar peakB@C were produced by different flood

discharges. This is confirmed by the poor stattielationship between maximum DOC and
peak discharge (R=0.31). The temporal dynamic o€CD®very complex (Jones et al., 1996)
and can be controlled not only by microbial activih sediments (Bicudo et al., 1998) and
also by variations in POC (Vervier et al., 19931&oet al., 1995). Regarding POC dynamics,
POC% decreased while SS increased during high feaashts. However, POC loads were
also transported significantly during floods partazly in spring, attributed to high soil

erosion from the catchment.

With only two years of data collection, it is ddtilt to understand temporal dynamics and to
characterise inter-annual variability in a largei@gtural catchment like the Save with the
context of intensive agriculture due to strong eeak and annual hydrological variations.
Therefore, modelling approach using the SWAT maslgkry useful to understand long term
temporal variability of suspended sediment transpmd yield. The model predicted the
annual sediment yield (1999-2008) varying from 4766 123000 t, representing a mean
specific sediment yield of 48 t kfny™. During the 10 years of hydrological variationise t
flux ratio between the maximum load and minimumdi@® 26 times, indicating a significant
variability of sediment yield exporting from the #&@acatchment. POC concentration (1999-
2008) was computed from the relationship betweependged sediment and POC. As POC is
associated with sediment, annual POC fluxes alsoethatrong temporal variability ranging
from 120 t to 3100 t, representing a mean speB®C yield of 1.2 t ki y™.

The annual total specific sediment yields in theeSeatchment (48 t ki) is within the range
of specific yields reported for the Garonne Rivehich vary from 11 to 74 t kihy*
(Coynel, 2005), but lower than the values for Meddanean basins of the Iberian Peninsula
(100 to 200 t kit y) reported by Walling and Webb (1996). Locatedhe same Gascogne
region as the Save catchment, with the same clnwinditions, geology (molasse) and
agricultural landuse, the 1330 krBaise catchment and the 970%®@ers catchment have
specific sediment yields (63 and 41 t kry*, respectively) that are of a similar order of
magnitude to that of the Save catchment (Maneu.ef001). The value of specific POC
yield (1.2 t kn¥y™) is comparable to the value range of the GarorimerRf 1.47 t knf y*
(Vessy et al., 1999) and also similar to the rivier&€urope with a mean of 1.10 t kgt
(Ludwig et al., 1996). However, this value is lowttan Amazon River (2.83 t Kmy'™;

Richey et al., 1990). Moreover, the value of th@eSagricultural catchment is much lower
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than that of the Nivelle River of 5.3 t Kny® (Coynel et al., 2005), draining a typical
Pyrenean mountainous catchment, reaching the B&ysoby (Atlantic Ocean). The value of
specific DOC vyield (0.7 t kihy™) is 2.5 times higher than that of one Himalayaittument
which is also dominated by agriculture studied tardha and Rai (2004) due to landuse
conservation which prevented soil and carbon losthinv this Himalayan catchment.
However, this value is much lower than the peatleatdhments; for instance, a catchment in
northeast Scotland with specific DOC yield of 16k@n” y* (Dawson et al., 2002). This value
is common in peat dominated headwater catchmeriteitK where soil carbon is the major

source of organic carbon to the stream (Aithentead., 1999; Dawson et al., 2001).

7.2.Agro hydrological modelling using the SWAT model

So far lots of models have been developed to dtiuelgoil erosion and sediment transport at
catchment scale. These models were applied withén different catchment context. In
agricultural environment, SWAT has been widely u$ed assessing water resources and
water quality (sediment, nutrients and pesticid&)NAT is semi-distributed model which
subdivides a catchment into different subbasinseoted by a stream network, and further
into hydrological response units (HRUs), which isanbination of the same soil, landuse
and slope. The main advantage of HRUs enablesnplify the physical processes in order to
integrate some empirical equations into the modehsas SCS curve number method and
MUSLE erosion/sediment equation. Furthermore, laedtypes can be directly modified
within the HRUs, which are useful to study the lasel change. SWAT offers many
possibilities to take into account the adversecadjtiral management practices (tillage, crop
planting fertilizer and pesticides applicationsgjgation, harvest/kill), water bodies (ponds,
reservoirs, wetland etc.), point sources (urbanusites etc.,), and exclusion of non-
modelled zones. However, this simplification canwell represent the natural systems into

the model such as grid based processes.

7.2.1.Input data and sub-catchment delineation

SWAT requires lots of input data which is importémtrepresent the spatial processes within
the model. Basically, SWAT takes the climate datéhefclosest station to the centre of each
subbasin to represent HRU where it is located.unaase, there are only 5 meteorological
stations (two at the downstream and three at te&egm). It is therefore difficult to represent
the rainfall specialisation at the middle catchmémother difficulty is that there are only

two stations which were used to simulate poterdiapotranspriration (PET) since data is
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unavailable for other stations. Chaplot et al. (30@Balyzed the effects of rain gauge
distribution on SWAT output by simulating the impmof climatic inputs for a range of 1 to
15 rain gauges in both the Walnut Creek catchmerdentral lowa and the upper North
Bosque River catchment in Texas. Sediment predistionproved significantly when the

densest rain gauge networks were used.

Agricultural management practices and rotation leé trops were taken into account;
however, in this study, only dominant landuse (p@&s, winter wheat, and sunflower) and
dominant solil type were taken into the model. Tdaa decrease the spatial landuse and soil
information and it can affect on erosion processglin the Save catchment. Bosch et al.
(2004) found that SWAT streamflow estimates for al2&nf tributary catchment of the
Little River catchment in Georgia were more acaitaing high resolution topographic, land
use, and soil data versus low resolution dataetms$ of sub-catchment delineation, many
studies found that SWAT streamflow predictions wgemerally insensitive to variations in
HRU and/or sub-catchment delineations for catcheesmging in size from 21.3 to 17 941
km? (Bingner et al., 1997; Manguerra and Engel, 199&-Hugh and Mackay, 2000; Jha et
al., 2004; Chen and Mackay, 2004; Tripathi et2006; and Muleta et al., 2007). Tripathi et
al. (2006) and Muleta et al. (2007) further disc#RU and sub-catchment delineation
impacts on other hydrologic components. Haverkampl.e(2002) report that streamflow
accuracy was much greater when using multiple H®UWharacterize each sub-catchment, as
opposed to using just a single dominant soil typekland use within a sub-catchment, for two
catchments in Germany and one in Texas. Howeverg#p in accuracy between the two

approaches decreased with increasing numbers afsgabments.

7.2.2.Challenges in model calibration and evaluation

There are many parameters in the SWAT model; thegeft is very challenging to calibrate
the model. In this case, we can identify the semsparameters through manual calibration.
SWAT calibration technique can be useful to catiéithe model. The experience on manual

calibration is essential for applying auto calimatand sensitivity analysis.

In this study, lots of parameters associated watsirbparameters and groundwater parameters
were manually tested with maximum, minimum and mealones to assess their sensitivity
within the model. The parameters related to thévasims and the channels were also tested to

evaluate the sediment response from the modeluinnmdel calibration, CN is the most
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sensitive parameter which played an important ialecontrolling surface runoff peak.
However, the main disadvantage of the SCS methtthisthe amount of simulated runoff is
not sensitive to rainfall intensity. Therefore, timethod would compute the same amount of
runoff, given the same amount of total rainfalldependent of event duration or the
distribution of rainfall intensity during the evef8hen et al., 2009). This could affect the soll
erosion resulting from high rainfall intensity dugi a short rainfall period. Furthermore, the
assessment of hydrological and sediment yield niiodeat only the Save catchment outlet
can result in less representation of processe®daityr It is therefore necessary to consider
more gauging stations along the main channel inra@ealibrate/validate hydrology and
sediment. Added to the difficulty of discharge bedtion was possibly another disadvantage
caused by inaccuracy of instantaneous dischargeehithan 40 rhs® at Larra station,
generated from the rating curve. Moreover, inadeudaily discharge data from Neste canal
to the Save catchment under water derivation dusumgmer and winter period to sustain
flow discharge in the Save river also contributethe incertitude for baseflow calibration.

The main disadvantage of SWAT is the very simalifseispended sediment routing algorithm
as described in previous chapter. During the ooerfh the river during high flooding period,
SWAT could not simulate properly. The high undaneation of suspended sediment load
was seen during a flood in early June 2008 whemfathiintensity during this flood was
extreme (Oeurng et al., 2010). In practice, higleasity and even short duration rainfall can
generate more sediment than did the model basedbiby rainfall (Xu et al., 2009). The
model might not be able to daily simulate sedinmteatsport during high sediment loading
period; therefore, even-based models such as AGMBRANSWERS should be used instead
of continuous simulation models such as SWAT (Xalet2009). Benaman and Shoemaker
(2005) evaluated the performance of the SWAT mddethe 1178 krh Cannonsville
catchment and concluded that SWAT tended to untera® the sediment loads for high
loading events (greater than 2000 metric tons).edeer, SWAT does not properly take the
bank erosion into account. A parameter (CH_COV)ciwhcan address the river bank
conditions is only channel cover factor in the modlarough observation, the Save river also
experienced bank collapse particularly during flegents, which could contribute more
sediment export from this catchment.

At monthly or annual scale, SWAT could provide maatisfied results. For the Save
catchment, the model is able to simulate well the years of annual suspended sediment

loads which had strong inter-annual variabilitysediment yield. Kaur et al. (2004) also

- 144 -



Chapter 7. General Discussion

concluded that SWAT predicted annual sediment gialgasonably well for a Nagwan
catchment of 9.58 kmin India. Therefore, SWAT is the agro-hydrologicabdel which is

crucial for long-term assessment purposes.
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Chapter 8

Conclusion and perspectives

This chapter is finalized by the conclusion summag the results of the research findings

and remains some perspectives for future works.
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8.1.Conclusion

The study of suspended sediment and organic carbosport in an agricultural catchment
provides the understanding of the transport dynaraitd factors conditioning the transport
processes. This work confirmed the key factors Wwhdontrol the suspended sediment and
organic carbon transport. The measurement of sediload, together with agro-hydrological

modelling is crucial for soil and water conservatiithin the catchment.

Synthesis of research results:

The two year sampling at the Larra station in tla@eSRiver outlet enables to collect the
interesting dataset. The sediment load during fleeehts from January 2007 to March 2009
varied from 177 t to 41 750 t. The annual sedimead transport in 2007 and 2008 ranged
from 16 614 to 77 960 t (85% to 89 of annual load)ich were transported during floods for
16 % to 20 % of annual duration. The organic cafdbad during flood events (January 2008
to June 2009) varied from 12 t to 748 t for pafatel organic carbon (POC) and from 9 t to
218 t for dissolved organic carbon (DOC). The tetgbort of POC and DOC from the Save
agricultural catchment amounted to 3 091 t and8L.t28epresenting the specific yields of 1.8
tkm?y*and 0.7 t kif y*, respectively.

The analysis of suspended sediment load during feaaohts could allow understanding the
fundamental processes which result in sedimentoresgs from the catchment. Within the
context of water quality monitoring, the estimatiohsuspended sediment load is essential.
Different sediment dynamics reflect different sedithavailability from the catchment. The
results of this study showed that the sediment amgdnic carbon transport in the Save
catchment, varied significantly in time (infra-dgiseasonally and inter-annually). The role of
spring floods impacted on sediment and organic catbad transport, which considerably
contributed to annual load, and could be explameaghly by the hydro-climatic factors. The
application of statistical approach: correlatiomgl &rinciple Component Analysis, could
identify the hydro-climatic factors controlling SBOC and DOC load transport from the
Save catchment. Better correlations were found é&twtotal precipitation, flood discharge,
water yield and SS, POC and DOC load transport, fmutrelationship with antecedent
conditions. The hysteresis analysis at flood tiroales with high data resolution enabled to
estimate the sediment sources: 68% from river deggbsediments and nearby source area,

29% from distant source areas and simultaneitySo&8d discharge 3%.
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The two-year sampling could not explain the longrt@ariability but retrospective modelling
would allow predicting the value range from differehydrological years. Despite the
satisfactory results of sediment modelling at daityestep, SWAT could wells simulation
two years’ annual sediment yield which were simitathe observed values. In this case, the
model was essentially used to estimate long-terainmsnt yield, taking into account
agricultural management practices and hydro-clienatinditions within the catchment. The
modeling results showed that the simulated totalewsgield of 138 mm was close to the
observed value of 136 mm for hydrological period990-2008). During the whole
simulation periods, the simulated annual sedimégitdwaried from 4 766 t to 123 000 t,
representing a specific sediment yield of 48 t%yit and simulated annual POC yield ranged
from 120 t to 3 100 t, representing a specific Pyld of 1.2 t kn¥ y*. We used the model
to reconstruct the past sediment chronic. Accordinthis result, we could establish a good
empirical correlation between annual water yield andual sediment yield. Consequently,
this relation is crucial to generate sediment ylatdusing only water yield. Furthermore, the
potential areas of soil erosion were identifiedhivitthe Save catchment. As a result, this
could help characterize the sediment sources atdtehment scale. Therefore, SWAT was
tested to evaluate catchment hydrology and long-teediment yield, particularly in an
agricultural catchment like the Save catchment.

8.2.Perspectives

This work remains several perspectives for fut@search. The data acquisition from more
sampling points along the main river such as atrldzglle route should be considered in order
to have better understanding of sediment and ocgearbon dynamics within the Save
catchment. These data would be also beneficial nhmdel calibration/validation. The
modelling project of the Save catchment using 'WAF model provides the possibilities to
extend this work for other problematic concerninghwnodelling of nitrate and pesticide
transport. Since particulate pesticide is assatiatgh SS and POC, this work could
contribute to the future study of pesticide tramspo this agricultural catchment. These
perspectives could be also oriented to study thaahof agricultural practice scenarios on
sediment and contaminant transport at catchmete.sthese works would be beneficial to
the catchment manager in order to evaluate theatepd agricultural practices, particularly
to minimize soil erosion and reduce diffuse potiatfrom agriculture-dominated catchments.
Moreover, it is interesting to focus on the role dimate change which can impact on

sediment associated with contaminants transpa@dtahment scale.
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Another research perspective would be to improvestttiment simulations by developing
the model which can integrate the physical proceasé distributed approach so as to better
simulate the suspended sediment transport at tiaiéy/step until hourly time step. To answer
this question, the development of the mechanist@HVD model (http://www.mohid.com/)
will be considered since the model takes into actthendistributed and mechanic processes
rather than the SWAT model. The MOHID model wiltlimde the erosion/deposition on the
catchment into account and allows improving theuation of sediment transport at different
temporal scales. This type of the model could avn&e the simulation from daily to hourly
time scale, particularly flood time scale when agéa of sediments associated with
contaminants (pesticides, metals, particulate acgzarbon) mobilize to the catchment outlet.
Such a model would be indispensable for catchmeartager to predict the water pollution

and minimize these impacts.

The last research perspective from this work wdbh&l SWAT model applications for other
catchments in the future, particularly the catchmemtCambodia in order to better manage
water resources and help the development of agureulvhich is the indispensable sector of
the country. When the agricultural activities ®tdd significantly increase from year to year,
soil erosion problems and diffuse pollutions raagltfrom agricultural practices would be
key factors on surface water degradation. It isettoee to envisage the different scenarios of
agricultural practices using the modelling approsgbh use SWAT or MOHID model so as

to choose a better scenario in response to thextooit sustainable development.
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Conclusion générale

Ce travail a permis la récolte d'un jeu de donriggsrtant sur 2 ans a la sortie d’un bassin
versant agricole, sud-ouest de la France. Cettdegtaur le transport des matieres en
suspension et du carbone organique a I'échelle aisitv versant agricole, a permis de
quantifier la dynamique du transport de ces mati@tede comprendre les facteurs qui la
conditionnent. Ce travail a donc confirmé ou prédisffet de plusieurs facteurs clefs qui
contrdlent le transport des MES et du carbone dggan L'analyse des flux de MES a
I'échelle de la crue permet de mettre en évidéee@rocessus fondamentaux qui régissent le
transfert des sédiments sur le bassin versant. Daeentexte de suivi de la qualité de I'eau,
le suivi des MES repose principalement sur I'estiomades flux de MES. Ces dynamiques de
MES reposent sur des disponibilités en particuleBéréntes. Le probleme de la
quantification des matiéres est lié a la grandeiakdité spatiale et temporelle des
concentrations et de flux de MES, fonction de Ims®ent hydrologique et des
caractéristiques naturelles et/ou anthropiques disifbales résultats de cette étude ont
montré que le transport de MES et du carbone dpadsin versant de la Save est tres variable
dans le temps (réponse infra journaliere, saisoareé interannuelle). Les flux annuels sont
eégalement trés variables entre les années. Laledl€rues saisonniéeres sur le flux de MES a
montré que les crues de printemps étaient plusdaytie les autres, et transportent beaucoup
de MES et de carbone par rapport au flux annueletias sont liées principalement aux
conditions hydro-climatiques. L'utilisation des apghes statistiques, les statistiques de
corrélations et I'’Analyse en Composante Principalpermis d’identifier les facteurs hydro-

climatiques qui peuvent contrdler le transport €& matieres a I'échelle du bassin versant.

Les mesures realisées durant deux ans n’ont piogtdnt pas permis de mettre en évidence
une variabilité sur le long terme. Pour cela, lisidition de modéle permet de prédire les
variations interannuelles pour les différentes asr#ydrologiques. Nous avons pour l'instant

utilisé le modele SWAT _(http://swatmodel.tamu.gduaélibré sur la période de mesure, pour

reconstruire des chroniques passées des MES. & gartes simulations, on a pu établir la
relation empirique entre le flux d’eau annuel eldg annuel de MES sur le long terme. Cette
relation est utile pour générer le flux de MES éutilisant que le flux d’eau. De plus, les

zones potentielles de sources d’érosion ont étatifiEes pour la Save. Cela permet de

caractériser les sources de MES a I'échelle durbasssant.
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Ce travalil ouvre un certain nombre de perspectiesecherche intéressantes. Les travaux de
modélisation a laide du modéle SWAT sur la Saveorse prolongés sur d'autres
problématiques, concernant la modélisation du teansles nitrates et des pesticides. Ces
perspectives peuvent s’orienter notamment versd&de I'impact de scénarios agricoles sur
le transport de MES et d’'autres contaminants vVeraufoire du bassin versant. Ces travaux
sont nécessaires pour les gestionnaires du bafsird’avaluer les impacts des pratiques
agricoles, notamment pour minimiser I'érosion duetdimiter les pollutions diffuses dans le
bassin versant agricole. De plus, on s'intéresséedtent au réle du changement climatique
sur le transport des contaminants associés aux 8iEf®s nutriments a I'échelle du bassin

versant.

Enfin, ce travail a fait 'objet de 3 publicatiodent une publication acceptée et 2 publications

soumises.

- 152 -



References

Abaci O, Thanos Papnicolaou AN. 2009. Long-terfact$ of management practices
on water—driven soil erosion in an intense agrnoalt sub—watershed: monitoring and
modelling.Hydrological Processe®3: 2818-2837

Aitkenhead JA, Hope D, Billettt MF. 1999. The réatship between dissolved
organic carbon in streamwater and soil organicaragnols at different spatial scales.
Hydrological Processe$3: 1289-1302.

Aksoy H, Kavvas ML. 2005. A review of hillslope amhtershed scale erosion and
sediment transport modelSatena64: 247-271.

Alan JD. 1995. Stream ecology: structure and fmctif running waters. Chapman &
Hall, London.

Arain R. 1987. Persisting trends in carbon and mainansport monitoring of the
Indus River. In: Degens, E. T., Kempe, S. and GaibW (Eds) Transport of Carbon
and Minerals in Major World Rivers, Pt. 4. Mitt. @ePaldont. Inst. Univ. Hamburg,
SCOPE/UNEP Sonderl&#l: 417-21.

Alexander RB, Smith RA. 1990. Country—level estimatf nitrogen and phosphorus
fertilizer use in the United States, 1945 to 198SGS Open File Report, Reston, VA,
Australia

Alexandrov Y, Laronne JB, Reid I. 2003a. Suspergtiment concentration and its
variation with water discharge in a dryland ephehehannel, northern Negev, Israel.
Journal of Arid Environments3: 73-84.

Alexandrov Y, Laronne JB, Reid I. 2003b. Suspendediment transport in flash
floods of the semiarid northern Negrev, Isr&&HS Publicatior278 346—352.

Arnold JG, Allen PM. 1996. Estimating hydrologicdmyets for three lllinois
watershedsJournal of Hydrology 76 (1-4): 57-77.

Arnold JG, Srinivasan P, Muttiah RS, Williams JRA9&. Large area hydrologic
modeling and assessment. Part I. Model developndentnal of American Water
Resources Associatid@#: 73—-89.

Asselman NEM. (1999). Suspended sediment dynamics large basin: the River
Rhine. Hydrological Processe$3: 1437-1450.

Aumont O, Orr JC, Monfray P, Ludwig W, Amiotte—SethP, Probst JL. 2001.
Riverine—driven interhemispheric transport of carb@lobal Biogeochemical Cycles
15: 393-405.

Barlund |, Kirkkala T, Malve O, Kamari J. 2007. A&ssing SWAT model
performance in the evaluation of management actionshe implementation of the
Water Framework Directive in a Finnish catchmeghvironmental Modelling &
Software22: 719-724.

- 153 -



Bauer JE, Druffel ERM. 1998. Ocean margins as @fsignt source of organic matter
to the deep open ocedsature46: 1-10.

Beasley DB, Huggins LF, Monke EJ. 1980. ANSWERSmadel for watershed
planning.Trans. ASAR3 (4): 938—-944.

Behera S, Panda RK. 2006. Evaluation of manageai@mhatives for an agricultural
watershed in a sub—humid subtropical region usinghgsical process model.
Agriculture Ecosystem Environmetit3 62—72.

Benaman J, Shoemaker CA. 2005. An analysis of fliglh-sediment event data for
evaluating model performanddydrological Processe$9. 605—-620.

Bernard C, Fabre A, Vervier P. 1994. DOC cyclingsurface and ground waters
interaction zone in a fluvial ecosystexferh. int. Ver. Limnolog25: 1410-1413.

Bicknell BR, Imhoff JC, Kittle JL Jr, Donigian ASr,JJohanson RC. 1997.
Hydrological Simulation Program—FORTRAN, User's Mah for Release-11.
EPA/600/R-97/080. USEPA Environmental Research taboy: Athens, GA.

Bicudo DC, Ward AK, Wetzel RG. 1998. Fluxes ofsdived organic carbon within
attached aquatic microbiotderh. int. Ver. Limnologg26. 1608—-1613.

Binger RL, Theurer FD. 2003. AnnAGNPS technical gesses: documentation
version 3. Available at http://www.ars.usda.gov/&esh/docs.htm

Bingner RL. 1996. Runoff simulated from Goodwin €kevatershed using SWAT.
Trans. ASAB9(1): 85-90.

Bosch DD, Sheridan JM, Batten HL, Arnold GC. 20B4aluation of the SWAT
model on a coastal plain agricultural watersigdns. ASAR7(5): 1493-1506.

Bowes MJ, House WA, Hodgkinson RA, Leach DV. 20Bbosphorus discharge
hysteresis during storm events along a river catctinthe River Swale. UKVater
Researcl89 (5): 751-762.

Braisington J, Richards K. 2000. Suspended sedimhgmamics in small catchments
in the Nepal Middle HillsHydrological Processe$4. 2559-2574.

Chanson H. 2004 {2edition). The Hydraulics of open channel flow: itroduction.
634 pages.

Chaplot V, Saleh A, Jaynes DB. 2005. Effect of #Hezuracy of spatial rainfall
information on the modeling of water, sediment, &©@3—-N loads at the watershed

level. Journal ofHydrology312(1-4): 223-234.

Chow VT, Maidment DR, Mays LW. (Eds.). 1998. Applielydrology. McGrawHIill,
New York, USA.

- 154 -



Copper R, Thoss V, Watson H. 2007. Factors influent¢he release of dissolved
organic carbon and dissolved forms of nitrogen feosmall upland headwater during
autumn runoff eventsdydrological Processe8l: 622—633.

Coynel A, Etcheber H, Abril G, Maneux E, Dumas diytrez JE. 2005. Contribution
of small mountanous rivers to particulate orgaradoon input in the Bay of Biscay.
Biogeochemistry4: 151-171.

Coynel A. 2005. Erosion mécanique des sols etfeasissgéochimiques dans le bassin
AdourGaronne. Ph.D thesis, University of Bordeaux 1

Crawford, CG. 1991. Estimation of Suspended-SedirRating Curves and Mean
Suspended-Sediment Loadsurnal of Hydrologyl29 (1-4): 331-348.

Cunge JA. 1969. On the subject of a flood propagatiethod (Muskingum method.
Journal of Hydraulics Researct{2): 205-230.

Dawson, JC, Backwell C, Billett MF. 2001. Is withétream processing an important
control on spatial changes in headwater carbonefiaxScience of the Total
EnvironmenR651-3): 153-167.

Dawson JC, Billet MF, Neil C, Hill S. 2002. A compson of particulate, dissolved
and gaseous carbon in two contrasting upland sgeamthe UK. Journal of
Hydrology257: 226—246.

Deasy C, Brazier RE, Heathwaite AL, Hodgkinson BO2 Pathways of runoff and
sediment transfer in small agricultural catchmeHggdrological Processe23. 1349—
1358.

Degens ET, Kempe S, Spitzy A. 1984. A biogeochehpodtrait. In: Hutzinger C.O.
(ed.), Handbook of Environmental Chemistry. Sprir§yerlag publisher, Berlin, pp.
127-215.

Di Luzio M, Srinivasan R, Arnold JC. 2002. Integoat of watershed tools and SWAT
model into BASINS American Water Resource Associat88(4): 1127-1141.

Dickinson A, Bolton A. 1992. A program of monitogrsediment transport in north
central Luzon, the Philippines, Erosion and Sedimfeansport Monitoring Programs
in River BasinsIHAS Publicatior210. 483—-492.

Dinehart RL, Burau JR. 2005. Repeated surveys bysic Doppler current profiler
for flow and sediment dynamics in a tidal rivéournal of Hydrologyd14(1-4): 1-21.

Donigian AS, Bicknell BR, Imhoff JC. 1995. Hydroiogl simulation program-—
Fortran (HSPF), chap. 12. In Computer Models of et&ted Hydrology, Singh VP
(ed). Water Resources Publications: Colorado, UE256-442.

Downing J. 2005. Environmental Instrumentation &mwhlysis Handbook. Chapitre
24: Turbidity monitoring, pp. 511-546. John Wiley aBdns.

- 155 -



Echanchu D. 1988. Géochimie des eaux du basin @adanne. Transfers de matieres
dissoutes et particulaires vers l'océan atlantigelk.D thesis, University of Paul
Sabatier Toulouse Ill.

Esser G, Kohlmaier, GH. 1989. Biogeochemistry ofjamavork rivers, modelling
terrestrial sources of nitrogen, phosphorous, sul@nd organic carbon to rivers,
General Ecology Group, University of Freiburg, Gany.

Estrany J, Garcia C, Batalla RJ. 2009. Suspendddnsat transport in a small
Mediterranean agricultural catchmelarth Surface Processes and Landforg4s
929-940.

Etcheber H. 1986. Biogéochimie de la matiere ompami en milieu estuarien:
comportement, bilan, propriétés. Cas de le GiroMem. Inst. Géologie Bassin
Aquitaine., Talence, 379 pp.

Etcheber H, Taillezm A, Abrilm G, Garnier J, Ses/Bi, Moatarm F, Commarieu MV.
2007. Particulate organic carbon in the estuanmbidity maxima of the Gironde,
Loire and Seine estuaries: origin and labillydrobiologia5581): 247-259.

Ewen J, Parkin G, O'Connel PE. 2000. SHETRAN: ithisted river basin flow and
transport modeling systerydrologic Engineering: 250—258.

Fenn CR, Gurnell AM, Beecroft IR. 1985. An Evaloatiof the Use of Suspended
Sediment Rating Curves for the Prediction of Suspdrféediment Concentration in a
Proglacial Stream. Geografiska Annal8eries A, Physical Geograply (1-2): 71—
82.

Ferguson RI.1986. River loads underestimated bygaturves.Water Resources
Researcl22 (1): 74-76.

Ferro V, Minacapilli M. 1995. Sediment delivery pesses at basin scale.
Hydrological Sciences Journal — Journal des Scisrégdrologiquesgl((6): 703—717.

Fiebig DM, Lock MA. 1991. Inmobilization of diss@d organic matter from
groundwater discharging through the stream Beeshwater Biology6: 45-55.

FitzHugh TW, Mackay DS. 2000. Impacts of input paeter spatial aggregation on

an agricultural non—point source pollution modelurnal of Hydrology2361-2): 35-
53.

Flanagan DC, Nearing MA. 1995. USDA-Water Erosioedittion Project: Hillslope
Profile and Watershed Model Documentation. NSERIpdReNo. 10. USDA-ARS
National Soil Erosion Research Laboratory, Weshaiefte.

Foster IDL, Chapman AS, Hodgkinson RA, Jones ARsSL&A, Turner SE, Scott M.

2003. Changing suspended sediment and particubaispporus loads and pathways
in underdrained lowland agricultural catchment; éderdshire and Worcestershire,
UK. Hydrobiologia494(1-3): 119-126.

- 156 -



Fuhrer GL, Gilliom RJ, Hamilton PA, Morace JL, NdiweH, Rinella JF, Stoner JD,
Wentz DA. 1999. The quality of our nation’s wateutrients and pesticides, US
Geological Survey Circular 1225, USA.

Gafrej R. 1993. Modélisation conceptuelle du trartstles matiéres en suspension:
effets d’échelles spatio—temporelles. These deodaiGtUniversité de Paris 6.

Galloway JN, Schlesinger WH, Levy H, Michaels Ach8oor JL. 1995. Nitrogen
fixation: anthropogenic enhancement — environmentadsponse. Global
Biogeochemical Cyclek 235-252.

Gao P, Pasternack GB, Bali KM, Wallender WW. 20@&uspended-sediment
transport in an intensively cultivated watershedontheastern Californi&atena69:
239-252,

Gippel CJ. 1995. Potential of turbidity monitorifigr measuring the transport of
suspended solids in strearhiyidrological Processe8. 83-97.

Goodwin TH, Young AR, Holmes GR, Old GH, Hewitt Neeks GJL, Packman JC,
Smith BPG. 2003. The temporal and spatial varigbitif sediment transport and
yields within the Bradford Beck catchment, West R&tiire. The Science of the Total
Environment3114-316: 475-494.

Grunwald S, Qi C. 2006. GIS—-based water quality efody in the Sandusky
watershed, Ohio, USAAmerican Water Resource Associatifii4). 957-973.

Guiresse M, Revel JC. 1995. Erosion due to cultwabf calcareous clay soils on
hillsides in south—west France. Il. Effect of plougy down the steepest slofoil
Tillage ResearcBB5(3): 157-166.

Hann MJ, Morgan RPC. 2006. Evaluating erosion @dmireasures for bio restoration
between the time of soil reinstatement and vegetagistablishmentzarth Surface
Processes and Landforr34: 589-597.

Hanratty MP, Stefan HG. 1998. Simulating climate ngea effects in a Minnesota
agricultural watershedEnvironmental Qualit®7(6): 1524-1532.

Hargreaves GH, Samani ZA. 1985. Reference crop atkaapspiration from
temperatureApplied Engineering in Agriculturg 96-99.

Haritashya UK, Singh P, Kumar N, Gupta RP. 2005sp8uded sediment from the
Gangotri Glacier: Quantification, variability andsaciations with discharge and air
temperatureJournal of Hydrology27 (1-2): 55-67.

Harrison KW, Broecker W, Bonani G. 1993. A stratdgy estimating the impact of
CO, fertilization on soil carbon storag8lobal Biochemical Cycles 69-80.

- 157 -



Haverkamp S, Srinivasan R, Frede HG, Santhi C. 2B0Bwatershed spatial analysis
tool: Discretization of a distributed hydrologic del by statistical criterialournal of

AmericanWater Resouresources Associat881(6): 1723-1733.

Heaney Sl, Foy RH, Kennedy GJ, Crozier WW, O'CoW@. 2001. Impacts of
agriculture on aquatic systems: lessons learnhamdunknowns in Northern Ireland.
Marine and Freshwater Researbi: 151-163.

Heathwaite AL, Dils RM, Liu S, Carvalho L, BraziBE, Pope L, Hughes M, Philips
G, May L. 2005. A tiered risk—based approach fadpting diffuse and point source
phosphorus losses in agricultural aréasience of the Total Environme3v4 (1-3):
225-239.

Heidel SG. 1956. The progressive lag of sedimententration with flood waves.
Transactions American Geophysical Unid3(1): 56—66.

Hélie JF, Hillaire—Marcel C. 2006. Sources of patite and dissolved organic
carbon in the St Lawrence River : isotopic approagdydrological Processef0:
1945-1959.

Hjulstrom F. 1935. Studies of the morphologicaliatt of rivers as illustrated by
river Fyris.Bulletin of the Geological InstitutioRs: 221-455.

Hoitink AJF, Hoekstra P. 2005. Observations of sasied sediment from ADCP and
OBS measurements in a mud—dominated environnt@mastal Engineerindb2(2):
103-118.

Holdaway GP, Thorne PD, Flatt D, Jones SE, Prabdl£999. Comparison between
ADCP and transmissometer measurements of suspeseldichent concentration.
Continental Shelf Researd® (3): 421-441.

Hope D, Billet MF, Cresser MS. 1997. Exports of amig carbon from two river
systems in NE Scotlandournal of Hydrologyl93 61-82.

Horowitz AJ. 2003. An evaluation of sediment ratmgves for estimating suspended
sediment concentrations for subsequent flux cdlicuia. Hydrological Processe$7
(17): 3387-34009.

House WA, Warwick MS. 1998. Hysteresis of the smlgbncentration/discharge
relationship in rivers during storm@/ater ResearcB2 (8): 2279-2290.

Hudson PF. 2003. Event sequence and sediment diimaus the lower Panuco
Basin, MexicoCatena52: 57—76.

Itakura H, Kishi T. 1980. Open channel flow witrspended sediment$ournal of the
Hydraulics Division ASCE106 1325-1343.

Ittekkot V, Laane RW. 1991. Fate of riverine partate organic matter.

Biogeochemistry of Major World Rivers. SCOPE 42hddViley, New York: 233—
242.

- 158 -



Ittekkot V. 1988. Global trends in the nature cjamic matter in river suspensions.
Nature332 436—-438.

Jansson MB. 2002. Determining sediment source ameasropical river basin, Costa
Rica.Catenad7: 63—84.

Jha M, Gassman PW, Secchi S, Gu R, Arnold J. Zbfidct of watershed subdivision
on SWAT flow, sediment, and nutrient predictiomurnal of American Water

Resources Associatiaiiy(3): 811-825.

Jones JB, Fisher SG, Grimm NB. 1996. A long—ternsgmective of dissolved organic
carbon transport in Sycamore Creek, Arizona, U.8lydrobiologia317: 183-188.

Jones, JB, Fisher SG, Grimm NB. 1995. Vertical bialyic exchange and ecosystem
metabolism in a Sonoran Desert stre&enlogy76:. 942—-952.

Kalbitz K, Solinger S, Park JH, Michalzik B, Matan&. 2000. Controls on the
dynamics of dissolved organic matter in soils: see. Soil Sciencel65. 277-304.

Kao SJ, Liu KK. 1997. Fluxes of dissolved and nossfl particulate organic carbon
from an Oceania small river (Lanyang His) in TaiwBiogeochemistrg9: 255—-269.

Kasai M, Marutani T, Reid L, Trustrum NA. 2001. isation of temporally average
aged sediment delivery ration using aggradatidealaces in headwater catchments of
the Waipaoa River, North Island, New Zealargharth Surface Processes and
Landforms26: 1-16.

Kaur R, Singh O, Srinivasan R, Das SN, Mishra K0£20Comparison of a subjective
and a physical approach for identification of pityrareas for soil and water
management in a watershed: A case study of Nagwatershed in Hazaribagh

District of Jharkhand, Indi&nvironmental Modelling Assessmed(®): 115-127.

Kazama S, Suzuki K, Sawamoto M. 2005. Estimationatihg—curve parameters for
sedimentation using a physical modéydrological Processe$9: 3863—3871.

Kempe S. 1979. Carbon in the freshwater cycleBwlin B, Degens ET, Kempe S.
and Ketner P. (eds)he Global Carbon CycleSCOPE Rep. 13. John Wiley, New
York, pp. 317-342.

Kieber OJ, McDaniel J, Mopper K. 1989. Photochemisaurce of biological
substrates in seawater: implication for carboniogcNature341 637—639.

Kinnell PIA. 2003. Event erosivity factor and esan erosion predictions by some
empirical modelsAustralian Journal of Soil Researdii: 991-1003.

Klein M. 1984. Anti—clockwise hysteresis in suspetidediment concentration during
individual stormsCatenall: 251-257.

- 159 -



Knisel WG. 1980. CREAMS, a field scale model foewgticals, runoff, and erosion
from agricultural management systems. USDA Consenvd&research Report No. 26.
Washington, D.C: USDA.

Koskiaho J, Tattari S, Barlund I. 2007. Assessmeinthydrology and sediment
transport and prospects of simulating agri—envirental measures with SWAT™"4
International SWAT conference Proceedings, UNESEIB-]| Delft, The Netherlands
July 4-6, 2007.

Kostaschuk R, Best B, Villard P, Peakall J, Framkil. 2005. Measuring flow
velocity and sediment transport with an acoustic [@ep current profiler.
Geomorphology8: 25-37.

Kostrenzewski A, Stach A, Zwolinski Z. 1994. Traadpof suspended load in the
Parseta River during the flash flood of June 1¥8and.Geographia Polonic&®3:
63—73.

Krause P, Boyle DP, Base F. 2005. Comparison dérmift efficiency criteria for
hydrological model assessmeAtvances in Geosciencgs33—87.

Lee YH, Singh VP. 2005. Tank model for sedimentldyieWater Resources
Managemen19(4): 349-362.

Lefrancois J, Grimaldi C, Gascuel-Odoux C, Gilket2007. Suspended sediment and
discharge relationship to identify bank degradatisra main sediment source on small
agricultural catchmentslydrological Processe®l: 2923-2933.

Lenzi MA, Lorenzo M. 2000. Suspended sediment Idadng floods in a small
stream of the Dolomites (northeastern ltayatena39: 267—-282.

Lescot JM, Bordenave P. 2009. A decision supporthioose between changes of
agricultural practices; A spatially distributed Edsffectiveness assessment
framework. Integrated Assessment of Agriculture &stainable Development,
Setting the Agenda for Science and Policy; AgSARMf@@nce, 10-12/03/2009,
Egmond aan Zee, NLD: 452 — 453.

Lewis J. 2003. Turbidity—controlled sampling fospended sediment load estimation.
In: Bogen J, Fergus T, Walling DE. (Eds.). Erosiand Sediment Transport
Measurement in Rivers: Technological and methodokbgadvances. Proc. Oslo
Workshop, June 200PAHS Publication283 13-20.

Lin RG. 1988. Etude du potentiel de dégradatiohad@atiere organique particulaire
au passage eau douce—eau salée: Cas de I'estadaeGironde. Thése Doctorat no
218, Bordeaux 1: 196 pp.

Littlewood IG. 1992. Estimating constituent loadgivers: a review, Institute of
Hydrology.

- 160 -



Lépez—Tarazon JA, Batalla RJ, Vericat D, Francké2009). Suspended sediment in
a highly erodible catchment: The River Isabena {$&m Pyreneesizeomorphology
109 210-221.

Lowett S, Price P. 1999. Riparian Land Managemethiical Guidelines, Land and
Water Resources Research and Development Corpor&tamberra.

Lu H, Moran CJ, Prosser IP. 2006. Modelling sedintstivery ratio over the Murray
Darling Basin Environmental Modelling and Softwa24(9): 1297-1308.

Ludwig W, Probst JL, Kempe S. 1996. Predicting tbeamic input of organic carbon
bycontinental erosiorGlobal Biogeochemical Cycld$): 23—-41.

Ludwig W, Probst JL. 1998. River sediment dischargehe oceans: Present—day
controls and global budge#&merican Journal of Scien@98 265-295.

Macary F, Lavie E, Lucas G, Riglos O. 2006. Méthddechangement d'échelle pour
I'estimation du potentiel de contamination des edersurface par I'azotingénieries
—EATA46: 35-49.

Maltby L. 1992. Detritus processing. In Calow, RdaPetts, G.E.(Eds), Th Rivers
Handbook Blackwell Scientific, Oxford.

Maner SB. 1958. Factors influencing sediment dejiveates in the Red Hills
physiographic ared.ransactions of the American Geophysical Ur88n669-675.

Maneux E, Probst JL, Veyssy E, Etcheber H. 200lse8sment of dam trapping
efficiency from water residence time: Applicatianftuvial sediment transport in the
Adour, Dordogne, and Garonne River basins (FraWwa}er Resources Researgh
801-811.

Manguerra HB, Engel BA. 1998. Hydrologic parametation of watersheds for
runoff prediction using SWATJournal of American Water Resources Association

34(5): 1149-1162.

Martins O. 1982. Geochemistry of the Niger River. Degens, E. T. (Ed.) Transport
of Carbon and Minerals in Major World Rivers, PtMitt. Geol.- Palaont. Inst. Univ.
Hamburg, SCOPE/UNEP Sonderb@. 397-418.

Marutani T, Kasai M, Reid LM, Trustrum NA. 1999.flieence of storm-related
sediment storage on the sediment delivery from tayucatchments in the upper
Waipaoa River, New ZealanHarth Surface Processes and Landfo@21ds881—-896.

McDowell WH, Likens GE. 1988. Origin, compositiondaflux of dissolved organic
carbon in the Hubbard Brook valldycological Monograptb8: 177—-195.

McDowell WH. 2002. Connecticut River airshed—wabex$ consortium
comprehensive scientific literature review of lasdrface—groundwater interface
research. In partial fulfillment of the US Enviroantal Protection Agency
Cooperation Agreement X—98145801, April 2002, USA.

- 161 -



McHenry JR, Coleman NL, Willis AC, Sansom OW, CarBR. 1970. Effect of
concentration gradients on the performance of deausediment concentration gage.
Water Resources Resea@(2): 538-548.

Meybeck M, Voérosmarty C. 1999. Global transfer afton rivers.Global Change
News LetteB7: 18-20.

Meybeck M. 1982. Carbon, nitrogen and phosphorassport by World Rivers.
American Journal of Scien@82 401-450.

Meybeck M.1988. How to establish and use world letsl@f riverine materials. In:
Lerman, A. and Meybeck, M. (Eds) Physical and ClamiWeathering in
Geochemical Cycles, Kluwer Academic Publishersdbecht: 247-72.

Meybeck M. 1993. Riverine transport of atmospheadon: sources, global typology
and budgetWater, Air and Soil Pollutio@0: 443-463.

Milliman JD, Syvitski PM. 1992. Geomorphic/tectordontrol of sediment discharge
to the ocean: the importance of small mountaindeess. Journal of Geologyl00:
525-544,

Minella JPG, Merten GH, Reichert JM, Clarke RT. 0&stimating suspended
sediment concentrations from turbidity measuremamts the calibration problem.
Hydrological Processe?2: 1819-1830.

Mishra A, Kar S, Singh VP. 2007. Determination mhoff and sediment yield from a
small watershed in sub—humid subtropics using tf&PH model.Hydrological
Processe21: 3035-3045.

Molot L, Dillon PJ. 1996. Storage of terrestriarlwan in boreal lake sediments and
evasion to the atmosphefelobal Biogeochemical Cycld$): 483—492.

Monteith JL. 1965. Evaporation and the environmantthe state and movement of
water in living organisims. XIXth Symposium. So@rFexp. Biol., Swansea, Cam—
bridge University Press, 205—-234.

Morel B, Durand P, Jaffrezic, Gruau G, Molenat@2 Sources of dissolved organic
carbon during stormflow in a headwater agricultugtchment. Hydrological
Processe23: 2888-2901.

Morgan RPC, Quinton JN, Smith RE, Govers G, Pod%A, Auerswald K, Chisci
G, Torri, D, Styczen ME. 1998. The European sods@n model (EUROSEM): a
dynamic approach for predicting sediment transfyorh fields and small catchments.
Earth Surface Processes and Landfo@28s527-544.

Morgan RPC. 2005 (@edition). Soil erosion and conservation. 316 p.

Mossa J. 1996. Sediment dynamics of the lowermassissippi River Engineering
Geology45: 457-479.

- 162 -



Mou J, Meng Q. 1980. Sediment delivery ratio asdusethe computation of the
watershed sediment yiel@hinese Society of Hydraulic Engineering: Beijing

Muleta MK, Nicklow JW, Bekele EG. 2007. Sensitivity a distributed watershed
simulation model to spatial scallurnal ofHydroogic Engineerind 2(2): 163-172.

Nadal-Romero E, Latron J, Marti-Bono C, Reglués@82 Temporal distribution of
suspended sediment transport in a humid Meditearamadland area: The Araguas
catchment, Central Pyrene€eomorpholog@7: 601— 616.

Nash JE, Sutcliffe JV. 1970. River flow forecastihgough conceptual models. Part
I-a discussion of principledournal of Hydrologyl0: 282—-290.

Nearing MA, Foster GR, Lane LJ, Finkner SC. 198%récess—based soil erosion
model for USDA-water erosion prediction projectiealogy.Transactions of the
ASAE32 (5): 1587- 1593.

Neff JC, Asner GP. 2001. Dissolved organic carbanterrestrial ecosystems:
synthesis and a mod@&cosystem4: 29-48.

Neitsch SL, Arnold JG, Kiniry JR, Srinivasan R, Wiins JR. 2005. Soil and Water
Assessment Tool, Theoretical Documentation: Versk®®5. USDA Agricultural
Research Service and Texas A&M Blackland Reseaertief. Temple.

Ni HG, Lu FH, Luo XL, Tian HY, Zeng YE. (2008). Reavine inputs of total organic
carbon and suspended particulate matter from tlael FRaver Delta to the coastal
ocean off South Chin&larine Pollution Bulletins6: 1150-1157.

Oeurng C, Sauvage S, Sanchez JM. 2010. Dynamisgspiended sediment transport
and yield in a large agricultural catchment, sowstiFranceEarth Surface Processes
and Lanforms35: 1289-1301.

Orwin JF, Smart CC. 2004. The evidence for paraglasedimentation and its
temporal scale in the deglacierizing basin of BnRaver Glacier, Canada.
Geomorphologp8: 175-202.

Ouessar M, Bruggeman A, Abdelli F, Mohtar RH, GalsriD, Cornelis WM. 2009.
Modelling water—harvesting systems in the arid oaf Tunisia using SWAT
Hydrology and Earth System Scierd@2 2003-2021.

Outeiro L, Ubedal X, Farguell J. 2010 (in pres$)eTmpact of agriculture on solute
and suspended sediment load on a Mediterraneamsivatkafter intense rainstorms.
Earth Surface Processes and Lanforms

Pandey A, Chowdary VM, Mal BC, Billib M. 2008. Ruficand sediment vyield

modeling from a small agricultural watershed in &ndsing the WEPP moddournal
of Hydrology348(3—-4): 305-319.

- 163 -



Pawson RR, Lord DR, Evans MG, Allott THE. 2008.\l&l organic carbon flux from
an eroding peatland catchment, southern Pennies Hy#lrology and Earth System
Sciencel2: 625-634.

Peart MR, Walling DE. 1982. Particle size charastess of fluvial suspended
sediment. Recent Developments in the Explanatiah Rrediction of Erosion and
Sediment YieldlAHS Publicationl37. 397—-407.

Phillips JM, Walling DE. 1995. Measurement in sabi the effective particle size
characteristics of fluvial suspended sediment byameeof a field portable laser
backscatter probe: some preliminary restaritime Freshwater Resourcd$. 349—
357.

Picouet C, Hingray B, Olivry JC. 2009. Modellingeteuspended sediment dynamics
of a large tropical river: the Upper Niger Riversimat BanankoroHydrological
Processe&3: 3193-3200.

Pidwirny MJ. 2000. The carbon cycle, Ph.D. studms Michael J. Pidwirny,
Department of Geography, Okanagan University Cell€anada.

Pocklington R, Tan F. 1983. Organic carbon transpothe St. Lawrence River. In:
Degens, E. T., Kempe, S. and Soliman, H. (Eds) Sfrart of Carbon and Minerals in
Major World Rivers, Pt. 2. Mitt, Geol.-Palédont. in&lniv. Hamburg, SCOPE/UNEP
Sonderbd55: 243-52.

Priestley CHB, Taylor RJ. 1972. On the assessmesurface heat flux and
evaporation using large scale parameters. Mon. Mée&tev.100. 81-92.

Probst JL. 1992. Géochimie et hydrologie de I'@oscontinentale, Mécanismes,
bilan global actuel et fluctuations au cours ded &erniers millions d’annéeScience
Géologie Bulletin Strasbourgd: 1-161.

Raymond PA, Bauer JE. 2001. Riverine export of dge@strial organic matter to the
North Atlantic OceanNature409 497-500.

Raymond PA. 2005. Carbon cycle, the age of the AmazbreathNature436. 669—
470.

Renard KG, Foster GR, Weesies GA, McCool DK, YobD€r. 1997. Predicting soil
erosion by water: a guide to conservation planmit the revised universal soil loss
equation (RUSLE). IlUSDA AgricultureHandbook USDA: Blacksburg, VA; 703.

Renard KG, Foster GR, Weesies GA, Porter JP. IRBEBLE: revised universal soil
loss equationJournal of Soil and Water Conservati@d0—33 (January—February).

Renard KG, Foster GR, Yoder DC, McCool DK. 1994. 2B revisited: status,

guestions, answers, and the futuleurnal of Soil and Water Conservatia2il3—220
(May—June).

- 164 -



Revel JC, Guiresse M. 1995. Erosion due to culbwadf calcareous clay soils on the
hillsides of south west France. I. Effect of fornfarming practices. Soil Tillage.
Research. 35(3): 147-155.

Ribeyeix—Claret C. 2001. Agriculture et Environnémneen Gascogne Gersoise.
Erosion du sol et pollution diffuse par phosphdue.cas du basin versant d’ Audradé
(Gers). Ph.D thesis Universié Toulouse II.

Richards K. 1993. Sediment delivery and the dranagtwork. In Channel Network
Hydrology, Beven K, Kirkby MJ (eds). John Wiley &&s: Chichester.

Richey JE, Salati E, Dos Santos U. 1985. Biocheynist the Amazon River: an
update. In: Degens, E. T., Kempe, S. and HerrerdE&s) Transport of Carbon and
Minerals in Major World Rivers, Pt. 3. Mitt, Gedbaldont. Inst. Univ. Hamburg,
SCOPE/UNEP Sonderb88: 245-58.

Richey JE, Hedges JI, Devol AH, Quay PD.1990. Baatpemistry of carbon in the
Amazon RiverLimnology Oceanographs: 352—-371.

Risse LM, Nearing MA, Nicks AD, Laflen JM. 1993. rBr assessment in the
universal soil loss equatioBoil Science Society of Ameridaurnal57: 825-833.

Robertson Al, Boon PI, Bunn SE, Ganf GG, Hergceg Nilman TJ, Walker KF.
1996. A scoping study into the role, importanceirse, transportation and cycling of
carbon in the riverine environment, Report to therddy—Darling Basin Commission,
Project R6067, MDBC, Canberra.

Roehl JE. 1962. Sediment sources areas, delivetiosraand influencing
morphological factordnternational Association of Hydrological Sciendagblication
59: 202-213.

Rosenfeld JS, Roff JC. 1992. Examination of théb@arbase in southern Ontario
streams using stable isotopdsurnal of the North American Benthological Society
11: 1-10.

Rostamian R, Jalth A, Afyuni M, Mousavi SF, Heidaup M, Jalalian A, Abbaspour
KC. 2008. Application of a SWAT model for estimainunoff and sediment in two
mountainous basins in central Ir&dydrological Scienc&3(5): 977-988.

Rovey EW, Woolhiser DA, Smith RE. 1977. A distribdtkinematic model of upland
watersheds. Hydrology Papers, vol. 93. ColoradteStaiversity, Fort Collins, CO.

Rovira A, Batalla R. 2006. Temporal distributionsaispended sediment transport in a
Mediterranean basin: the Lower Tordera (NE Sp&eomorphology9: 58—71.

Sadar M. 2002. Turbidity instumentation — An ovewi of today’s available
technology. In Turbidity and Other Sediment SurtegaVorkshop, Reno.

Salant N, Hassan M, Alonso C. 2008. Suspended sedidynamics at high and low
storm flows in two small watersheddydrological Processe®2: 1573-1587.

- 165 -



Sarin MM, Sudheer AK, Balakrishna K. 2002. Sigrafice of riverine carbon
transport: A case study of a large tropical riv@ndavari (India).Science in China,
series (45 97-108.

Sayer AM, Walsh RPP, Bidin K. 2006. Pipeflow sugpssh sediment dynamics and
their contribution to stream sediment budgets iralsmainforest catchment, Sabah,
Malaysia.Forest Ecology and Managemet#24: 119-130.

Schimel DS, Braswell BH, Holland EA, McKeown R,i®a DS, Painter TH, Parton
WJ, Townsend AR. 1994. Climate, edaphic, and bicbatrols over storage and
turnover of carbon in soil§slobal Biochemical Cycl8(3): 279-293.

Schmidt KH, Morche D. 2006. Sediment output anectf¥e discharge in two small
high mountain catchments in the Bavarian Alps, GerynGeomorphologyg0: 131—
145.

Serrat P. 1999. Present sediment yield from a meditean fluvial system: the Agly
River (France). Comptes rendus de l'académie demaes, Seérie |l Fascicule A :
Sciences de la Terre et des Plan&23(3) : 189-196.

Setegn SG, Srinivasan R, Dargahi B, Melesse AM92@patial delineation of soil
vulnerability in the Lake Tana Basin, Ethiopidydrological Processe3. 3738
3750.

Sharma P, Rai SC. 2004. Streamflow, sediment amBooatransport from a
Himalayan watershedournal of Hydrology289 190-203.

Shen ZY, Gong YW, Li YH, Hong Q, Xu L, Liu RM. 2008 comparison of WEPP
and SWAT for modelling soil erosion of the Zhanghang watershed in the three
Gorges Reservoir AreAgricultural Water Manageme®6: 1435-1442.

Shibata R, Mitsuhashi H, Miyake Y, Nakano S. 200issolved and particulate
carbon dynamics in a cool-temperate forested hasnorthern JaparHydrological
Processed5: 1817-1828.

Shields A. 1936. Anwendung der Ahnlichkeitsmechamikl der Turbulenzforschung
auf die Geschiebebewegunditteilungen der Preussischen Anstalt Wasserbau and
Schiffbau26.

Sichingabula HM. 1998. Factors controlling variaiom suspended sediment
concentration for single—valued sediment ratingvesy Fraser River, British
Columbia, Canadalydrological Processe$2: 1869-1894.

Smith HG, Drogovich D. 2008. Sediment budget anslg$ slop—channel coupling

and in—channel sediment storage in an upland caiehnsouth—eastern Australia.
Geomorphologyl01: 643—-654.

- 166 -



Smith HG. 2008. Estimation of suspended sedimeaddaand delivery in an incised
upland headwater catchment, south—eastern Austrddidrological Processe22
3135-3148.

Smith RE. 1981. A kinematic model for surface mseeliment yieldTransactions of
the ASAE1508- 1514.

Smith SV, Renwick WH, Buddenmeier RW, Crossland 2J01. Budgets of soll
erosion and deposition for sediment and sedimentaganic carbon across the
conterminous United StateSlobal Biogeochemical Cycld%: 697—-707.

Steegen A, Govers G, Nachtergaele J, Takken |, édielsL, Poesen J. 2000.
Sediment export by water from an agricultural cateht in the Loam Belt in central
Belgium.GeomorphologB3: 25-36.

Steegen A, Govers G. 2001. Correction factors &iimating suspended sediment
export from loess catchmentsarth Surface Processes and Landfof6s441-449.

Stutter MI, Langan SJ, Cooper RJ. 2008. Spatiatridmrtions of diffuse inputs and
within-channel processes to the form of stream mpalt@sphorus over storm events.
Journal of Hydrologyd50(3—-4): 203-214.

Sugawara M. 1995. The development of a hydrologicadel-tank. Infime and the
River,Kite GW (ed).Water Resources PublicatigrSolorado: 201-258.

Svoray T, Ben-Said S. 2010. Soil loss, water pandand sediment deposition
variations as a consequence of rainfall intengity landuse: a multi—criteria analysis.
Earth Surface Processes and Lanfoi36s200-216.

Syvitski JP, Morehead MD, Nicholson M. 1998. HYDRRHND: a climate—driven
hydrologic—transport model for predicting dischaiyed sediment load to lakes or
oceansComputer and Geoscienc24 (1): 51-68.

Tate KR, Scott NA, Parshotam A, Brown L, Wilde R@iltrap DJ, Trustrum NA,
Gomez B, Ross DJ. 2000. A multi-scale analysis téreestrial carbon budget. Is
New Zealand a source or sink of carboA@riculture, Ecosystems and Environment
82 229-246.

Tazioli GS. 1981. ‘Nuclear techniques for measurgagliment transport in natural
streams—Examples from instrumented badisc., Erosion and sediment transport
measurementinternational Association of Hydrological Scieac®Vallingford, U.K:
63-81.

Thorne PD, Vincent CE, Hardcastle PJ, Rehman Sis&eaN. 1991. Measuring
suspended sediment concentrations using acoust&sdatter devicesMarine
Geology, Amsterda®8: 7-16.

Thurman EM. 1985. Organic Geochemistry of Naturat&vs. Martinus Nijhoff / Dr.
W. Junk Publishers: Boston.

- 167 -



Thiessen AH. 1911. Precipitation averages for lageasMonthly Weather Review
39:1082-1084.

Townsend SA, Boland KT, Wrigley TJ. 1992. Factaratdbuting to a fish kill in the
Australian wet/dry tropicSNater ResearcB6: 1039-1044.

Tripathi MP, Raghuwanshi NS, Rao GP. 2006. Effdctvatershed subdivision on
simulation of water balance componemigdrological Processe20(5): 1137#1156.

Trustrum NA, Gomez B, Page MJ, Reid LM, Hicks DNM99. Sediment production,
storage and output: The relative role of large ntage events in steepland
catchmentsZz Geomorph. N.F., Suppl.—Btil5 71-86.

USDA Soil Conservation Service. 1972. National Eegiring Handbook, Hydrology
Section 4 (Chapters 4-10).

Valero-Garcés BL, Navas A, Machin J, Walling D. 99%ediment sources and
siltation in mountain reservoirs: a case study fritra Central Spanish Pyrenees.
Geomorphology8: 23-41.

Van Rijn LC. 1984. Sediment transport part II: Sersged load transpordournal of
Hydraulic Engineering, ASCE10(11): 1613-1641.

Van Sickle J, Beschta RL. 1983. Supply—based modélsuspended sediment
transport in stream¥Vater Resources Researt®3): 768—778.

Verstraeten G, Poesen J. 2002. Regional scalebildyian sediment and nutrient
delivery from small agricultural catchment®urnal of Environmental Qualit$l:
870-879.

Vervier P, Dobson M, Pinay P. 1993. Role of intémaczones between surface and
ground waters in DOC transport and processing: iderations for river restoration.
Freshwater Biologyp9: 275-284.

Veyssy E, Etcheber H, Lin RG, Buat—-Menard P, Maneug2999. Seasonal variation
and origin of Particulate Organic Carbon in the dovGaronne River at La Reole
(Southwestern Francejlydrobiologia391 113-126.

Veyssy E. 1998. Transfers des matieres organiqegdadsins versants aux estuaires.
Ph.D thesis, University of Bordeaux 1.

Viney NR, Sivapalan M. 1999. A conceptual modesefliment transport: application
to the Avon River Basin in Western Australdydrological Processe$3: 727—743.

Walker KF, Boulton AJ, Thom MC, Sheldom F. 1994#feEts of water—level changes
induced by weirs on the distribution of littoralapts along the River Murray, South
Australia.Australian Journal of Marine and Freshwater Reséatb: 1421-1438.

Walling DA, Webb BW. 1996. Erosion and sedimentdie global overviewlAHS
Publication236 3-19.

- 168 -



Walling DE, He Q. 1999. Improved models for estimgtsoil erosion rated from
137Cs measruementiurnal of Environmental Qualit®8: 611—-622.

Walling DE, Webb BW. 1982. Sediment availability atiee prediction of storm—
period sediment yields. Recent development in tkgla@ation and prediction of
erosion and sediment yieldHAS Publicationl37: 327-337.

Walling DE. 1977. Assessing the accuracy of susperstediment rating curves for a
small basinWater Resources Researth 531-538.

Walling DE. 1978. Suspend sediment and solute resgppoharacteristics of river Exe,
Devon, England. In: Davidson—Arnott, R., Nickling/. (Eds.), Research in Fluvial
SystemsGeoabstracts, NorwichHL67-197.

Walling DE. 1983. The sediment delivery probledournal of Hydrology65: 209—
237.

Walling DE, Webb BW. 1985. Estimating the dischagjecontaminants to coastal
waters by rivers: Some cautionary commehktsrine Pollution Bulletinl6: 488—492.

Walling DE, Webb BW. 1986. Solutes in river systeins Trudgill, S.T. (Ed.), Solute
Process. John Wiley & Sons Ltd., Chichester, 250--32

Wallis PM, Hynes HB, Telang SA. 1981. The impor@araf groundwater in the
transportation of allochthonous dissolved organatter to the stream draining a small
mountain basinHydrobiologia79: 77-90.

Ward GM, Ward AK, Dahm CN, Aumen NG. 1994. Origimdaformation of organic
and inorganic particles in aquatic systems. In WhttR.S. (Ed), The Biology of
Particles in Aquatic Systems. Lewis Publishers,&8BRaton, Florida.

WBGU-German Advisory Council on Global Change. 198®rd in transition: ways
towards sustainable management of freshwater reseuAnnual Report, Berlin,
Heildelberg, Springer, New York.

Welch NH, Allen PB. 1973. Field calibration and kasion of a nuclear sediment
gage.Water Resources Resea@(i): 154-158.

Williams GP. 1989. Sediment concentration versusemwdischarge during single
hydrologic events in riverdournal of Hydrologyl11: 89—-106.

Williams JR. 1969. Flood routing with variable trav@me or variable storage
coefficients. Transactions of the ASAE(1): 100-103.

Williams JR, Berndt HD. 1972. Sediment yield congautvith Universal equation.

Journal of the Hydraulics Division, American Sogietf Civil Engineer98: 2087—
2098.

- 169 -



Williams JR. 1975. Sediment-yield prediction withiversal equation using runoff
energy factor. Present and Prospective Technologi?fedicting Sediment Yield and
Sources: Proceedings of the Sediment Yield Workstfb, USDA Sedimentation
Lab., Oxford, November 28-30, 1972. ARS48-244-252.

Williams JR. 1977. Sediment delivery ratios detewdi with sediment and runoff
models. International Association of Hydrological Sciencesblication 122 168—
179.

Williams JR. 1982. Testing the Modified UniversabilS Loss Equation. Iri:
Proceedings of the Workshop on Estimating Erosioml &ediment Yield on
Rangelands. U.S. Department of Agriculture ARM-28-157-161.

Williams JR. 1995. The EPIC model. In: Singh, V(Bd.), Computer Models of
WatershedHydrology. Water Resources Publications, HighlaRdach, CO, pp. 909—
1000.

Winchell M, Srinivasan R, Di Luzio M, Arnold J. 200 ArcSWAT Interface for
SWAT User's Guide. Blackland Research Center, TeXgdcultural Experiment
station and USDA Agricul-tural Research Service.

Wischmeier WH, Johnson CB, Cross BV. 1971. A soddéility nomograph for
frarmland and construction site®ournal of Soil and Water Conservati@®: 189—
193.

Wischemeier WH, Smith DD. 1978. Predicting rainfatbsion losses — A guide to
conservation planning. USDA Agricultural Handbdss7, 58pp.

Wood S, Roxburgh SH, Mackey B, Woldendorp G. 2088sessing the carbon
sequestration potential of managed forest: a dasky $n temperate Australian forest.
Version 5, November 2002, CRC for carbon accoun#igJ, Canberra.

Worrall F, Burt T. 2005. Predicting the future D@Gx from upland peat catchments.
Journal of Hydrology80Q: 126—139.

Worrall F, Reed M, Warburton J, Burt TP. 2003. @arltbudget for a British upland
peat catchmenihe Science of Total Environme&it2 133-146.

Wotton RS. 1994. Particulate and dissolved orgamtter as food. In Wotton, R.S.
(Ed), The biology of particles in aquatic systerhewis Publishers, Boca Raton,
Florida.

Wren DG, Barkdoll BD, Kuhnle RA, Derrow RW. 2000iel techniques for
suspended-sediment measurement. Journal of Hydfangineering—ASCH26 (2):
97-104.

Xu ZX, Pang JP, Liu CM, Li JY. 2009. Assessmentwioff and sediment yield in

the Miyun Reservoir catchment by using SWAT modtgldrological Processe&3:
3619-3630.

-170 -



Yalin MS. 1977. Mechanics of sediment transportgBeon press, 298p.

Yang J, Reichert P, Abbaspour KC, Yang H. 2007. rdipdjical modelling of the
Chaohe basin in China: statistical model formulatod Bayesian inferencdournal
of Hydrology340. 167-182.

Young RA, Onstad CA, Bosch DD, Anderson WP. 198@NPS: a nonpoint—source
pollution model for evaluating agricultural wateesls. Journal of Soil and Water
Conservation168-173.

Zabaleta A, Martinez M, Uriarte JA, Antigiedad U00Z. Factors controlling

suspended sediment yield during runoff events ialsheadwater catchments of the
Basque CountryCatena7l: 179-190.

-171 -



Annexe 1

Measured data of suspended sediment concentrgfiangary 2007-June 2009)
and dissolved and particulate organic carbon cdratms
(January 2008-June 2009) in the Save catchment from

N | Samples| Field date Real date Hourg Vol (ml) Filter Filter+SSC SSC_:l
(9) (9) (mg I")
1 L1 15/02/2007| 10/02/2007 19:29 19hR9 740 0.0875 .09%¥ 11
2 L3 15/02/2007| 12/02/2007 10:35 10hB5 500 0.0782 .09D 28
3 L4 15/02/2007| 12/02/2007 14:11 14h{ll 500 0.0808 .1478 134
4 L5 15/02/2007| 13/02/2007 07:04 7h04 500 0.084 11 66
5 L7 15/02/2007| 13/02/2007 14:38 14h38 400 0.0867 .131B 112
6 L8 15/02/2007| 14/02/2007 04:47 4h47 400 0.0819 104 64
7 L1 28/02/2007| 26/02/2007 06:37 6h37 500 0.0939 09711 8
8 L2 28/02/2007| 26/02/2007 09:47 9h37 500 0.0759 094 37
9 L3 28/02/2007| 26/02/2007 15:27 15hp7 400 0.0807 .10@x 50
10 L7 28/02/2007| 26/02/2007 23:57 23h57 215 0.075 .114% 184
11 L9 28/02/2007| 27/02/2007 02:17 2h17 300 0.0764 .14® 232
12 L11 28/02/2007| 27/02/2007 04:17 4h17 300 0.0822 0.1514 231
13 L1 07/03/2007| 01/03/2007 07:42 7h42 400 0.0798 .13®1 139
14 L2 07/03/2007| 02/03/2007 19:36 19h36 540 0.0769 0.1176 75
15 L1 14/03/2007| 08/03/2007 19:40 19h40 500 0.0846 0.1169 65
16 L3 14/03/2007| 08/03/2007 22:12 22h12 500 0.0874 0.1436 112
17 L6 14/03/2007| 09/03/2007 03:10 3h10 400 0.0758 .1641 221
18 L8 14/03/2007| 09/03/2007 05:48 5h48 300 0.0811 .18@ 330
19 L10 14/03/2007| 09/03/2007 12:10 12H10 300 0.0746 0.2024 426
20 L12 14/03/2007| 09/03/2007 15:23 15h23 400 0.0885 0.2362 369
21 L1 21/03/2007| 20/03/2007 16:49 16h49 500 0.079 .124% 91
22 L1 04/04/2007| 24/03/2007 21:28 21h28 500 0.0897 0.1201 61
23 L2 04/04/2007| 25/03/2007 00:18 0h18 350 0.0904 .140 153
24 L4 04/04/2007| 25/03/2007 07:08 7h08 350 0.0886 .183p 270
25 L5 04/04/2007| 25/03/2007 14:58 14h58 300 0.0872 0.1986 371
26 L7 04/04/2007| 25/03/2007 18:31 18h31 300 0.0896 0.1462 189
27 L8 04/04/2007| 28/03/2007 02:38 2h38 500 0.0893 .13D 85
28 L9 04/04/2007| 28/03/2007 02:41 2h41 500 0.0885 .12 70
29 L10 04/04/2007| 02/04/2007 22:38 22h38 500 0.0887 0.1069 36
30 L1 03/05/2007| 27/04/2007 12:20 12h20 950 0.0737 0.1634 94
31 L2 03/05/2007| 01/05/2007 18:46 18h46 850 0.0758 0.1178 49
32 L8 03/05/2007| 02/05/2007 10:32 10h32 275 0.0751 0.2154 510
33 L1 10/05/2007| 03/05/2007 17:34 17h34 300 0.0845 0.1735 297
34 L2 10/05/2007| 04/05/2007 03:44 3h44 300 0.0755 .126% 170
35 L3 10/05/2007| 06/05/2007 09:44 9h44 400 0.0876 .13} 115
36 L1 06/12/2007| 26/11/2007 22:28 22h28 250 0.001 .27@B 719
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37 L2 06/12/2007| 27/11/2007 14:28 14h28 500 0.0895 0.1045 30
38 L3 06/12/2007| 28/11/2007 17:18 17h18 500 0.0924 0.0986 12
39 L1 12/12/2007| 10/12/2007 14:56 14h56 500 0.0757 0.1068 62
40 L2 12/12/2007| 11/12/2007 03:16  3hl6 500 0.0747 .18@x 212
41 L1 19/12/2007| 13/12/2007 12:59 12h59 500 0.0851 0.1526 135
42 L2 19/12/2007| 16/12/2007 15:25 15h25 400 0.0806 0.0982 44
43 | LARRA | 09/01/2007| 09/01/2007 09:30 9H30 50( 0892 0.094 2

44 | LARRA | 15/01/2007| 15/01/2007 13:00 13HO00 500 0.0768 0.0813 9

45 | LARRA | 25/01/2007| 25/01/2007 08:45 8H45 50( 081 0.0848 7

46 | LARRA | 01/02/2007| 01/02/2007 15:45 15H45 500 0.0794 0.0802 2

47 | LARRA | 07/02/2007| 07/02/2007 12:45 12H45 500 0.0828 0.0839 2

48 | LARRA | 15/02/2007| 15/02/2007 09:00 oh 500 0.0913 0.1144 46
49 | LARRA | 21/02/2007| 21/02/2007 09:40 9H40 50( 0.09 0.1053 31
50 | LARRA | 28/02/2007| 28/02/2007 09:40 9h40 400 0800 0.1431 156
51 | LARRA | 07/03/2007| 07/03/2007 09:08 9H08 50( 076  0.0924 32
52 | LARRA | 14/03/2007| 14/03/2007 16:15 16H15 500 0.0913 0.1132 44
53 | LARRA | 21/03/2007| 21/03/2007 09:05 9HO05 50( 0®©80 0.1014 42
54 | LARRA | 04/04/2007| 04/04/2007 08:35 8H%5 50( 0384 0.1092 50
55 | LARRA | 20/04/2007| 20/04/2007 14:30 14H50 500 0.0752 0.1228 95
56 | LARRA | 03/05/2007| 03/05/2007 13:30 13H30 500 0.0764 0.2535 354
57 | LARRA | 10/05/2007| 10/05/2007 14:30 14H50 500 0.0902 0.1125 45
58 | LARRA | 24/05/2007| 24/05/2007 15:05 15H05 500 0.0795 0.1027 46
59 | LARRA | 31/05/2007| 31/05/2007 08:30 8H%0 50( 0.9 0.1721 164
60 | LARRA | 07/06/2007| 07/06/2007 15:30 15H30 500 0.094 0.1495 111
61 | LARRA | 14/06/2007| 14/06/2007 08:35 8h55 800 02204 0.2369 41
62 | LARRA | 21/06/2007| 21/06/2007 08:45 8H45 50( 078 0.1153 73
63 | LARRA | 27/06/2007| 27/06/2007 08:20 8h20 500 0.086 0.1169 62
64 | LARRA | 12/07/2007| 12/07/2007 08:35 8h55 850 0.0p8 0.1242 31
65 | LARRA | 18/07/2007| 18/07/2007 12:55 12hb5 750 999 0.1132 18
66 | LARRA | 26/07/2007| 26/07/2007 15:00 15h 50( 0.08§73 0.0986 23
67 | LARRA | 06/08/2007| 06/08/2007 21:35 21hb5 700 6309 0.125 41
68 | LARRA | 24/08/2007| 24/08/2007 09:28 9h28 750 08095 0.1215 34
69 | LARRA | 29/08/2007| 29/08/2007 13:35 13hb5 790 909 0.1094 13
70 | LARRA | 07/09/2007| 07/09/2007 09:25 9h25 750 03099 0.1168 23
71 | LARRA | 12/09/2007| 12/09/2007 14:20 14H20 500 0.0849 0.0983 27
72 | LARRA | 19/09/2007| 19/09/2007 09:05 9HOQ5 50( 0.092 0.1074 31
73 | LARRA | 26/09/2007| 26/09/2007 09:24 9H24 50( 0.087 0.1043 35
74 | LARRA | 02/10/2007| 02/10/2007 09:35 9H25 50( 0091 0.1074 32
75 | LARRA | 09/10/2007| 09/10/2007 09:30 9H50 85( 099 0.1135 16
76 | LARRA | 17/10/2007| 17/10/2007 09:50 9H5%0 50( 0.092 0.102 20
77 | LARRA | 24/10/2007| 24/10/2007 14:40 14H40 500 0.0903 0.097 13
78 | LARRA | 08/11/2007| 08/11/2007 09:10 9H10 50( 0392 0.0953 6

79 | LARRA | 14/11/2007| 14/11/2007 11:35 11H35 500 0.0906 0.0937 6

80 | LARRA | 21/11/2007| 21/11/2007 09:50 9h50 790 0.098 0.1024 6

81 | LARRA | 06/12/2007| 06/12/2007 09:30 9H30 50( 090 0.0936 6
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82 | LARRA | 12/12/2007| 12/12/2007 09:30 9H30 50( 0®©90 0.1255 70
83 | LARRA | 19/12/2007| 19/12/2007 09:30 9H%0 50( 0086 0.0945 17
84 L1 09/01/2008| 23/12/2007 18:0 450 0.0905 0.1 21
85 L2 09/01/2008| 24/12/2007 00:1 460 0.0906 609 15
86 L3 09/01/2008| 25/12/2007 00:1 460 0.0891 &609 16
87 L4 09/01/2008| 26/12/2007 12:4 460 0.0912 &609 16
88 L5 09/01/2008| 27/12/2007 21:50 420 0.0901 9.09 9
89 L6 09/01/2008| 28/12/2007 02:32 460 0.0895 209 11
90 L7 09/01/2008| 28/12/2007 20:15 460 0.0907 BP09 10
91 L8 09/01/2008| 29/12/2007 22:04 440 0.0894 0.1 24
92 L10 09/01/2008| 31/12/2007 18:19 50( 0.0884 949.0 11
93 L11 09/01/2008| 02/01/2008 18:08 455 0.0883 9280 10
94 L12 09/01/2008| 03/01/2008 14:16 47( 0.0904 9410 8
95 | LARRA | 17/01/2008| 17/01/2008 09:00 9 49( 0.0885 0.1243 73
96 | LARRA | 20/01/2008| 20/01/2008 09:00 500 0.0931 .0941 2
97 | LARRA | 23/01/2008| 23/01/2008 09:00 430 0.0889 .1107 53
98 | LARRA | 07/02/2008| 07/02/2008 09:00 oh 600 0.0882 0.0954 12
99 | LARRA | 13/02/2008| 13/02/2008 09:00 360 0.0899 .0961 9
100 | LARRA | 27/02/2008| 27/02/2008 09:00 o 45( 0.0888 0.0924 8
101 | LARRA | 05/03/2008| 05/03/2008 09:00 9h15 450 934§ 0.0927 8
102 | LARRA | 12/03/2008| 12/03/2008 10:00 9h45 480 080§ 0.0935 8
103 | LARRA | 19/03/2008| 19/03/2008 09:50 9h45 470 0309 0.0945 9
104 | LARRA | 26/03/2008| 26/03/2008 09:30 9h27 420 980§ 0.1476 138
105 L1 26/03/2008| 19/03/2008 16:33 45( 0.0906 9&r0 6
106 L2 26/03/2008| 19/03/2008 21:13 43( 0.0885 9660 19
107 L3 26/03/2008| 21/03/2008 18:13 30( 0.0898 9880 13
108 L4 26/03/2008| 23/03/2008 09:43 426 0.1367 3@bp1 9
109 L5 26/03/2008| 25/03/2008 23:43 455 0.0883 0@r1 39
110 L6 26/03/2008| 26/03/2008 06:03 364 0.0758 0981 92
111 L1 02/04/2008| 28/03/2008 10:19 24( 0.0906 69.3 1160
112 L2 02/04/2008| 28/03/2008 11:39 38( 0.0895 6971 211
113 L3 02/04/2008| 28/03/2008 12:39 32( 0.0912 9161 332
114 L4 02/04/2008| 28/03/2008 13:29 300 0.0904 9861 361
115 L5 02/04/2008| 28/03/2008 14:09 20( 0.0897 6611 382
116 L6 02/04/2008| 28/03/2008 14:49 25( 0.0899 79101 359
117 L7 02/04/2008| 28/03/2008 15:39 234 0.0887 6D.2 736
118 L8 02/04/2008| 28/03/2008 16:49 300 0.0917 0883 712
119 L9 02/04/2008| 28/03/2008 18:19 215 0.089 &22 647
120 L10 02/04/2008| 28/03/2008 19:49 25( 0.0894 342 1011
121 | LARRA | 02/04/2008| 02/04/2008 09:50 9h45 480 0109  0.1405 103
122 | LARRA | 03/04/2008| 03/04/2008 12:40 12h45 445 90.¢ 0.14 112
123 | LARRA | 04/04/2008| 04/04/2008 11:00 390 0.0913 0.1227 81
124 | LARRA | 05/04/2008| 05/04/2008 13:30 13h30 480 898 0.1125 47
125 | LARRA | 09/04/2008] 09/04/2008 10:00  10h 470 03§8 0.0982 21
126 | LARRA | 12/04/2008| 12/04/2008 11:00 315 0.0886 0.1492 192
127 | LARRA | 14/04/2008| 14/04/2008 16:50 16h15 695 9040 0.1145 35
128 | LARRA | 17/04/2008| 17/04/2008 13:30 13h30 440 89.0 0.1001 25
129 | LARRA | 21/04/2008| 21/04/2008 16:30 16h30 240 89 0.4578 1536
130 | LARRA | 22/04/2008| 22/04/2008 16:10 16h10 430 90.¢ 0.1951 244
131 | LARRA | 23/04/2008| 23/04/2008 15:35 15h35 460 93 0.1688 166
132 | LARRA | 24/04/2008| 24/04/2008 15:50 15h50 500 8910 0.1366 95
133 | LARRA | 30/04/2008| 30/04/2008 10:00 10h 480 0889 0.1051 32
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134 | LARRA | 14/05/2008| 14/05/2008 10:00 500 0.0913 0.0972 12
135 | LARRA | 21/05/2008| 21/05/2008 10:00 450 0.0905 0.1482 128
136 | LARRA | 28/05/2008| 28/05/2008 10:00 450 0.0893 0.1486 132
137 L1 21/05/2008| 16/05/2008 11:45 400 0.087 ;819 262
138 L2 21/05/2008| 19/05/2008 20:39 447 0.0887 2.2 298
139 L1 05/06/2008| 01/06/2008 09:28 214 0.0744 2971 226
140 L2 05/06/2008| 01/06/2008 11:18 156 0.0741 7261 631
141 L4 05/06/2008| 01/06/2008 13:48 226 0.074 n144 1651
142 L6 05/06/2008| 01/06/2008 17:38 96 0.0758 1158 15743
143 L7 05/06/2008| 01/06/2008 23:38 10( 0.0Y6 2178 7061
144 L12 05/06/2008| 02/06/2008 04:08 112 0.0159 47D. 3528
145 L14 05/06/2008] 02/06/2008 10:18 108 0.076 8163 2829
146 L15 05/06/2008] 02/06/2008 11:28 14( 0.07937 481x 2914
147 L16 05/06/2008| 02/06/2008 23:38 4750
148 | LARRA | 04/06/2008| 04/06/2008 09:30 22( 0.077 .6584 2643
149 | LARRA | 05/06/2008| 05/06/2008 14:30 363 0.0768 0.2845 572
150 | LARRA | 10/06/2008| 10/06/2008 11:00 490 0.0775 0.1244 96
151 | LARRA | 12/06/2008| 12/06/2008 15:15 291 0.0774 0.4622 1322
152 | LARRA | 13/06/2008| 13/06/2008 13:30 13h30 430 768 0.436 835
153 | LARRA | 14/06/2008| 14/06/2008 16:30 350 0.0768 0.1577 231
154 | LARRA | 15/06/2008| 15/06/2008 16:00 353 0.076 .180 320
155 | LARRA | 18/06/2008| 18/06/2008 10:00 490 0.0T5 .1302 131
156 | LARRA | 26/06/2008| 26/06/2008 10:00 500 0.0752 0.1121 74
157 | LARRA | 03/07/2008| 03/07/2008 10:00 10h 450 0088 0.1128 54
158 | LARRA | 09/07/2008| 09/07/2008 09:40 9h40 500 6407 0.1075 62
159 | LARRA | 16/07/2008| 16/07/2008 09:25 9h25 480 837 0.1073 68
160 | LARRA | 23/07/2008| 23/07/2008 10:00 10h 500 0.0y6 0.093 34
161 | LARRA | 08/08/2008| 08/08/2008 09:55 9h5%5 500 8107 0.1001 50
162 | LARRA | 20/08/2008| 20/08/2008 13:30 13h30 470 7843 0.0939 42
163 | LARRA | 04/09/2008| 04/09/2008 09:40 9h40 470 6.07 0.0943 39
164 | LARRA | 12/09/2008| 12/09/2008 09:45 9h45 490 607 0.0972 43
165 | LARRA | 17/09/2008| 17/09/2008 09:50 9h5%0 500 QD]  0.0941 38
166 | LARRA | 24/09/2008| 24/09/2008 09:00 el 497 0.0163 0.0895 27
167 | LARRA | 08/10/2008| 08/10/2008 11:45 11h45 480 79.0 0.1243 103
168 | LARRA | 15/10/2008| 15/10/2008 09:55 9h%5 480 837 0.0833 19
169 | LARRA | 23/10/2008| 23/10/2008 09:40 9h40 480 207 0.084 20
170 | LARRA | 29/10/2008| 29/10/2008 09:40 9h40 500 6.07  0.0879 24
171 | LARRA | 05/11/2008| 05/11/2008 10:00 10h 500 01075 0.112 74
172 L1 07/11/2008| 07/11/2008 02:54 2h%4 240 0.0745 0.5521 1990
173 | LARRA | 12/11/2008] 12/11/2008 09:40 9h40 500 807  0.0903 32
174 | LARRA | 19/11/2008| 19/11/2008 09:45 9h45 740 6.0  0.0878 16
175 L1 26/11/2008| 24/11/2008 18:49 25( 0.0152 2081 182
176 L2 26/11/2008| 25/11/2008 01:09 25( 0.0757 5361 311
177 L3 26/11/2008| 25/11/2008 04:29 25( 0.0763 190.2 551
178 L4 26/11/2008| 25/11/2008 09:19 20( 0.0742 8182 1038
179 L5 26/11/2008| 26/11/2008 01:09 18( 0.0749 2012 812
180 | LARRA | 26/11/2008| 26/11/2008 09:00 9h40 204 8307  0.1427 330
181 | LARRA | 03/12/2008| 03/12/2008 09:00 10h 500 03076 0.0843 16
182 | LARRA | 08/12/2008] 08/12/2008 09:00  10h 410 0.0y5 0.117 102
183 L1 08/12/2008| 06/12/2008 00:06 35( 0.0765 1@71 115
184 L2 08/12/2008| 06/12/2008 04:48 35( 0.0763 4101 187
185 L3 08/12/2008| 07/12/2008 16:22 25( 0.0738 41 274
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186 | LARRA | 10/12/2008| 10/12/2008 10:00 10h 450 0074 0.1206 102
187 L1 18/12/2008| 14/12/2008 18:24 20( 0.089 4814 279
188 L2 18/12/2008| 14/12/2008 21:51 20( 0.0907 311 206
189 L3 18/12/2008| 15/12/2008 21:02 20( 0.0891 7381 424
190 L4 18/12/2008| 17/12/2008 07:11 20( 0.0882 0881 103
191 | LARRA | 18/12/2008] 18/12/2008 10:00  10h 480 04076 0.1003 50

192 | LARRA| 07/01/2009| 07/01/2009 10:00 10h 500 0.089 0.0957 13

193 | LARRA | 14/01/2009| 14/01/2009 10:00 10h 500 0.091 0.0943 7

194 L1 21/01/2009] 20/01/2009 18:01 40( 0.0895 1911 62

195 | LARRA | 21/01/2009| 21/01/2009 09:00 10h 500 06090 0.1153 49

196 L1 27/01/2009| 23/01/2009 04:46 20( 0.0898 4282 765
197 L3 27/01/2009| 23/01/2009 07:46 1435 0.0882 .20718 833
198 L5 27/01/2009] 23/01/2009 09:46 15( 0.0905 382 988
199 L7 27/01/2009] 23/01/2009 11:16 164 0.088 n125 1031
200 L9 27/01/2009] 23/01/2009 12:46 144 0.0994 9%b2 1362
201 L11 27/01/2009] 23/01/2009 14:56 142 0.1062 304 1368
202 L13 27/01/2009] 23/01/2009 20:06 154 0.0964 4241 2130
203 L14 27/01/2009] 24/01/2009 08:36 17% 0.2 B35 1335
204 L15 27/01/2009] 24/01/2009 21:56 13% 0.1903  248p 1096
205 L16 27/01/2009] 26/01/2009 07:26 156 0.0935 26@b 1071
206 | LARRA | 27/01/2009| 27/01/2009 12:00 12h 250 0.09 0.1921 408
207 L1 04/02/2009| 28/01/2009 05:50 24( 0.01211 254. 1008
208 L2 04/02/2009] 28/01/2009 17:52 206 0.0986 5@r1 282
209 L3 04/02/2009] 28/01/2009 20:31 25( 0.11791 82p1 252
210 L4 04/02/2009| 29/01/2009 01:16 22( 0.095 m15 259
211 L5 04/02/2009| 29/01/2009 07:06 25( 0.0997 6071 248
212 L6 04/02/2009| 29/01/2009 16:05 25( 0.0931 5881 267
213 L7 04/02/2009] 29/01/2009 23:40 25( 0.099 015 235
214 L8 04/02/2009] 30/01/2009 02:47 25( 0.0921 4861 226
215 | LARRA | 04/02/2009| 04/02/2009 09:00 o 50( 0.0923 0.1196 55

216 L1 11/02/2009| 11/02/2009 07:45 20( 0.0991 5161 292
217 L2 11/02/2009| 11/02/2009 08:45 233 0.0951 3@B1 177
218 | LARRA| 11/02/2009| 11/02/2009 10:00 10h 450 06100  0.1497 109
219 L1 18/02/2009| 11/02/2009 10:45 22( 0.101 114 206
220 L2 18/02/2009| 11/02/2009 11:40 25( 0.0764 39.1 226
221 L3 18/02/2009| 11/02/2009 12:46 213 0.0939 44002 708
222 L4 18/02/2009| 11/02/2009 14:01 25( 0.0757 1912 554
223 L5 18/02/2009| 11/02/2009 15:35 228 0.095 w27 799
224 L6 18/02/2009| 11/02/2009 17:39 20( 0.0966 0D¢Z3 1026
225 L7 18/02/2009| 11/02/2009 20:51 22( 0.1 0.326% 1030
226 L8 18/02/2009| 12/02/2009 05:17 20( 0.1Q957 3182 631
227 L9 18/02/2009| 12/02/2009 19:13 25( 0.0942 0o@B2 424
228 L10 18/02/2009] 13/02/2009 16:45 23( 0.0164 128 227
229 L11 18/02/2009] 13/02/2009 20:53 25( 0.0976 15@1 210
230 L12 18/02/2009] 13/02/2009 23:57 25( 0.0759 12@0 204
231 L13 18/02/2009 14/02/2009 02:26 25( 0.0762 12@B 200
232 L14 18/02/2009] 14/02/2009 04:26 25( 0.0747  12D. 209
233 L15 18/02/2009] 14/02/2009 06:21 25( 0.0744 13m 223
234 L16 18/02/2009] 14/02/2009 08:37 25( 0.0763 1316 221
235 L17 18/02/2009] 14/02/2009 11:53 25( 0.0739  129. 220
236 L18 18/02/2009] 14/02/2009 18:34 25( 0.0761 184 417
237 L19 18/02/2009] 15/02/2009 01:34 25( 0.0748 12%p 202
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238 L20 18/02/2009] 15/02/2009 11:44 25( 0.07952 12@b 181
239 L21 18/02/2009] 16/02/2009 05:44 25( 0.0741 11@ 144
240 L22 18/02/2009] 18/02/2009 07:26 25( 0.0752 1488 292
241 | LARRA | 18/02/2009| 18/02/2009 10:00 10h 50( 04074 0.0984 48

242 | LARRA | 25/02/2009| 25/02/2009 10:00  10h 480 0.1219 0.1364 30

243 | LARRA | 03/03/02009 03/03/200910:g0  10h 490 0.1279 0.1514 48

244 | LARRA | 12/03/2009| 12/03/2009 10:00  10h 500 0.129 0.1409 24

245 | LARRA | 25/03/2009| 25/03/2009 10:00  10h 750 0.1305 0.1408 14

246 | LARRA | 27/03/2009| 27/03/2009 10:00  10h 750 0.1254 0.1342 12

247 L1 15/04/2009| 12/04/2009 02:00 400 0.1312 0.2643 333
248 L2 15//04/2009  12/04/2009 OS:d)O 350 0.1273 0.2265 283
249 L3 15//04/2009  12/04/2009 08:(|)O 300 0.1271 0.2025 251
250 L4 15//04/2009  12/04/2009 11:¢0 300 0.1291 0.2465 391
251 L5 15//04/2009  12/04/2009 22:¢0 300 0.1257 0.2158 300
252 L6 15//04/2009  14/04/2009 04:¢0 300 0.1302 0.1954 217
253 L7 15//04/2009  14/04/2009 10:d)0 300 0.1282 0.183 183
254 L8 15//04/2009  14/04/2009 15:00 300 0.1256 0.1725 156
255 | LARRA | 15//04/2009 15/04/2009 10:00 300 0.1277 0.1562 95

256 L1 22/04/2009| 20/04/2009 23:00 300 0.1254 0.2954 567
257 L2 22/04/2009| 21/04/2009 OO:d)O 300 0.1263 0.4428 1055
258 L3 22/04/2009| 21/04/2009 Ol:d)O 250 0.1242 0.3364 849
259 L4 22/04/2009| 21/04/2009 02:(|)O 250 0.1256 0.3279 809
260 L5 22/04/2009| 21/04/2009 03:¢0 200 0.1296 0.2792 748
261 L6 22/04/2009| 21/04/2009 06:¢0 250 0.1276 0.2439 465
262 L7 22/04/2009| 21/04/2009 10:d)0 160 0.1257 0.2218 601
263 L8 22/04/2009| 21/04/2009 12:d)0 180 0.1262 0.259 738
264 L9 22/04/2009]  21/04/2009 13:00 170 0.127 0.239 659
265 L10 22/04/2009] 21/04/2009 14:00 160 0.1262 0.245 743
266 L11 22/04/2009] 21/04/2009 15:00 180 0.1241 0.2689 804
267 L12 22/04/2009) 21/04/2009 21:00 160 0.1266 0.2643 861
268 L13 22/04/2009) 22/04/2009 08:00 180 0.127 0.2148 488
269 | LARRA | 22/04/2009| 22/04/2009 10:00  10h 250 0.1255 0.213 350
271 | LARRA | 29/04/2009 29/04/2009 10h 350 0.1332 0.1765 124
272 L1 13/05/2009| 29/04/2009 17:48 350 0.1286 0.2578 369
273 L2 13/05/2009| 30/04/2009 06:15 300 0.1284 0.3106 607
274 L3 13/05/2009| 01/05/2009 20:07 250 0.1251 0.2487 494
275 L4 13/05/2009| 01/05/2009 23:21 350 0.1272 0.2354 309
276 L5 13/05/2009| 02/05/2009 01:30 450 0.1239 0.21 191
277 L6 13/05/2009| 02/05/2009 03:12 400 0.1275 0.2011 184
278 L7 13/05/2009| 02/05/2009 04:43 450 0.1283 0.2046 170
279 L8 13/05/2009| 02/05/2009 06:24 450 0.1262 0.2437 261
280 L9 13/05/2009| 02/05/2009 08:38 250 0.1276 0.2641 546
281 L10 13/05/2009] 02/05/2009 15:39 350 0.1252 0.2891 468
282 L11 13/05/2009] 02/05/2009 17:04 235 0.1282 0.4094 1197
283 L12 13/05/2009 02/05/2009 18:35 250 0.1252 0.2973 688
284 L13 13/05/2009] 02/05/2009 20:27 400 0.1292 0.3067 444
285 L14 13/05/2009 02/05/2009 23:23 250 0.1234 0.2954 688
286 L15 13/05/2009] 03/05/2009 04:56 200 0.1269 0.329 1011
287 L16 13/05/2009 03/05/2009 14:29 220 0.1268 0.2561 588
288 L17 13/05/2009 05/05/2009 00:01 250 0.125 0.1995 298
289 L18 13/05/2009] 10/05/2009 19:02 250 0.1255 0.1966 284
290 | LARRA | 13/05/2009 10h 500 0.1343 0.2058 143
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291 L1 20/05/2009|  15/05/2009 00:00 500 0.1326 0.143 21
292 L2 20/05/2009| 15/05/2009 02:17 500 0.1351 0.2264 183
293 L3 20/05/2009| 15/05/2009 04:31 500 0.1338 0.2115 155
294 L4 20/05/2009| 15/05/2009 21:34 400 0.1341 0.2049 177
295 L5 20/05/2009| 16/05/2009 14:23 300 0.1339 0.2238 300
296 | LARRA | 20/05/2009| 20/05/2009 10:00 500 0.1318 0.1508 38
297 | LARRA | 27/05/2009 27/05/2009 10h 500 0.1334 0.1559 45
298 | LARRA | 03/06/2009 03/06/2009 10f|1 500 0.1313 0.1408 19
299 | LARRA | 10/06/2009 10/06/2009 10f|1 500 0.1316 0.1499 37
300 | LARRA | 17/06/2009 17/06/2009 10f|1 500 0.1327 0.1448 24
301 | LARRA | 24/06/2009 24/06/2009 10H1 500 0.1312 0.1421 22

Measured data of dissolved and particulate orgaanicon concentrations from January 2008-
June 2009 in the Save catchment

N Samples| Field date Real date (n?gol'ci) F()O/OO)C (rl,:gﬁ)
1 L11 09/01/2008| 02/01/2008 18:08 2.00 7.98 0.64
2 L12 09/01/2008| 03/01/2008 14:16 1.84 6.26 0.49
3 LARRA | 17/01/2008| 17/01/2008 09:90 1.89 2.64 1.47
4 LARRA | 20/01/2008| 20/01/2008 09:¢0 2.78 3.38 0.27
5 LARRA | 23/01/2008| 23/01/2008 09:(()0 3.17 2.39 1.32
6 LARRA | 07/02/2008| 07/02/2008 09:¢0 2.02 7.09 0.71
7 LARRA | 13/02/2008| 13/02/2008 09:(()0 1.63 4.42 0.46
8 LARRA | 27/02/2008| 27/02/2008 09:(1)0 1.65 2.84 0.31
9 LARRA | 05/03/2008| 05/03/2008 09:00 1.70 3.98 0.28
10 LARRA | 12/03/2008| 12/03/2008 10:00 1.70 3.96 0.32
11 LARRA | 19/03/2008| 19/03/2008 09:50 1.69 2.38 0.27
12 LARRA | 26/03/2008| 26/03/2008 09:30 1.92 1.86 3.15
13 L1 26/03/2008| 19/03/2008 16:33 2.15 2.04 0.13
14 L2 26/03/2008| 19/03/2008 21:13 1.67 3.12 0.61
15 L3 26/03/2008| 21/03/2008 18:13 1.66 3.21 0.43
16 L4 26/03/2008| 23/03/2008 09:43 1.65 3.59 0.32
17 L5 26/03/2008| 25/03/2008 23:43 1.65 3.35 0.89
18 L6 26/03/2008| 26/03/2008 06:03 2.03 2.42 3.29
19 L1 02/04/2008| 28/03/2008 10:19 3.66 2.08 21.73
20 L2 02/04/2008| 28/03/2008 11:39 3.89 2.07 4.37
21 L3 02/04/2008| 28/03/2008 12:39 4.22 2.07 6.01
22 L4 02/04/2008| 28/03/2008 13:29 4.54 2.10 7.05
23 L5 02/04/2008| 28/03/2008 14:09 3.66 2.16 9.51
24 L6 02/04/2008| 28/03/2008 14:49 4.38 1.93 8.76
25 L7 02/04/2008| 28/03/2008 15:39 3.87 1.87 9.85
26 L8 02/04/2008| 28/03/2008 16:49 6.12 1.92 15.99
27 L9 02/04/2008| 28/03/2008 18:19 3.21 1.87 17.94
28 L10 02/04/2008| 28/03/2008 19:49 3.19 1.99 18.80
29 LARRA | 02/04/2008| 02/04/2008 09:50 2.53 2.02 2.42
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30 LARRA | 03/04/2008| 03/04/2008 12:40 3.85 7.83 7.63
31 LARRA | 04/04/2008| 04/04/2008 11:00 3.93 1.54 111
32 LARRA | 05/04/2008| 05/04/2008 13:30 3.72 1.97 1.02
33 LARRA | 09/04/2008| 09/04/2008 10:00 2.66 2.48 0.62
34 LARRA | 12/04/2008| 12/04/2008 11:00 2.81 1.72 3.82
35 LARRA | 14/04/2008| 14/04/2008 16:50 2.87 2.43 0.76
36 LARRA | 17/04/2008| 17/04/2008 13:30 2.51 3.20 0.96
37 LARRA | 21/04/2008| 21/04/2008 16:30 2.86 1.55 23.39
38 LARRA | 22/04/2008| 22/04/2008 16:10 5.08 1.85 4.36
39 LARRA | 23/04/2008| 23/04/2008 15:35 4.37 3.42 6.45
40 LARRA | 24/04/2008| 24/04/2008 15:50 4.00 2.37 2.18
41 LARRA | 30/04/2008| 30/04/2008 10:00 2.68 3.10 1.08
42 LARRA | 14/05/2008| 14/05/2008 10:00 1.79 3.14 0.52
43 LARRA | 21/05/2008| 21/05/2008 10:00 3.66 1.47 1.65
44 LARRA | 28/05/2008| 28/05/2008 10:00 3.18 1.53 4.18
45 L1 21/05/2008| 16/05/2008 11:45 1.88 1.96 5.38
46 L2 21/05/2008| 19/05/2008 20:39 3.78 1.63 4.75
47 L1 05/06/2008| 01/06/2008 09:28 3.20 1.79 5.04
48 L2 05/06/2008| 01/06/2008 11:18 3.40 1.50 8.47
49 L4 05/06/2008| 01/06/2008 13:48 3.24 1.40 23.12
50 L6 05/06/2008| 01/06/2008 17:38 3.37 1.10 173.16
51 L7 05/06/2008| 01/06/2008 23:38 4.03 1.22 86.42
52 L12 05/06/2008| 02/06/2008 04:08 5.46 1.23 42.07
53 L14 05/06/2008| 02/06/2008 10:18 7.87 1.23 31.51
54 L15 05/06/2008| 02/06/2008 11:28 5.01 1.11 34.35
55 L16 05/06/2008| 02/06/2008 23:88 4.89 1.24 58.89
56 LARRA | 04/06/2008| 04/06/2008 09:30 4.12 1.16 29.38
57 LARRA | 05/06/2008| 05/06/2008 14:30 4.91 1.44 8.20
58 LARRA | 10/06/2008| 10/06/2008 11:00 2.36 1.88 1.54
59 LARRA | 12/06/2008| 12/06/2008 15:15 6.14 1.33 16.20
60 LARRA | 13/06/2008| 13/06/2008 13:30 4.55 1.52 13.80
61 LARRA | 14/06/2008| 14/06/2008 16:30 3.97 1.70 5.53
62 LARRA | 15/06/2008| 15/06/2008 16:00 3.24 1.60 4.64
63 LARRA | 18/06/2008| 18/06/2008 10:00 2.92 1.90 2.09
64 LARRA | 26/06/2008| 26/06/2008 10:00 2.11 1.67 1.34
65 LARRA | 03/07/2008| 03/07/2008 10:00 1.82 2.59 1.35
66 LARRA | 09/07/2008| 09/07/2008 09:40 1.50 3.13 1.82
67 LARRA | 16/07/2008| 16/07/2008 09:25 1.70 1.69 1.29
68 LARRA | 23/07/2008| 23/07/2008 10:00 1.80 1.92 0.65
69 LARRA | 08/08/2008| 08/08/2008 09:55 1.97 1.92 1.01
70 LARRA | 20/08/2008| 20/08/2008 13:30 1.82 1.96 0.86
71 LARRA | 04/09/2008| 04/09/2008 09:40 2.21 2.09 0.96
72 LARRA | 12/09/2008| 12/09/2008 09:45 2.05 2.13 0.99
73 LARRA | 17/09/2008| 17/09/2008 09:50 1.87 2.02 0.67
74 LARRA | 24/09/2008| 24/09/2008 09:00 1.94 2.08 0.59
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75 LARRA | 08/10/2008| 08/10/2008 11:45 2.54 2.45 2.60
76 LARRA | 15/10/2008| 15/10/2008 09:55 2.21 2.63 0.49
77 LARRA | 23/10/2008| 23/10/2008 09:40 2.47 3.24 0.45
78 LARRA | 29/10/2008| 29/10/2008 09:40 2.35 2.44 0.61
79 LARRA | 05/11/2008| 05/11/2008 10:00 2.90 3.08 1.84
80 L1 07/11/2008| 07/11/2008 02:54 4.84 1.10 22.54
81 LARRA | 12/11/2008| 12/11/2008 09:40 4.12 2.59 0.84
82 LARRA | 19/11/2008| 19/11/2008 09:45 2.61 2.46 0.47
83 L1 26/11/2008| 24/11/2008 18:49 5.23 2.87 5.62
84 L2 26/11/2008| 25/11/2008 01:09 2.95 2.67 10.67
85 L3 26/11/2008| 25/11/2008 04:29 3.01 0.90 5.62
86 L4 26/11/2008| 25/11/2008 09:19 3.43 0.97 10.47
87 L5 26/11/2008| 26/11/2008 01:09 4.03 0.95 8.19
88 LARRA | 26/11/2008| 26/11/2008 09:00 4.88 1.79 6.72
89 LARRA | 03/12/2008| 03/12/2008 09:00 3.00 2.71 0.51
90 LARRA | 08/12/2008| 08/12/2008 09:00 4.20 2.37 2.71
91 L1 08/12/2008| 06/12/2008 00:06 3.28 2.55 3.11
92 L2 08/12/2008| 06/12/2008 04:48 2.70 2.44 4.34
93 L3 08/12/2008| 07/12/2008 16:22 4.30 2.04 5.99
94 LARRA | 10/12/2008| 10/12/2008 10:00 2.96 2.61 2.58
95 L1 18/12/2008| 14/12/2008 18:24 3.56 1.64 5.18
96 L2 18/12/2008| 14/12/2008 21:51 2.92 2.26 4.87
97 L3 18/12/2008| 15/12/2008 21:02 4.15 1.64 9.15
98 L4 18/12/2008| 17/12/2008 07:11 3.96 2.34 2.87
99 LARRA | 18/12/2008| 18/12/2008 10:00 3.18 2.12 1.46
100 LARRA | 07/01/2009| 07/01/2009 10:00 1.92 3.26 0.49
101 LARRA | 14/01/2009| 14/01/2009 10:00 1.87 3.40 0.35
102 L1 21/01/2009| 20/01/2009 18:01 2.67 3.14 2.12
103 LARRA | 21/01/2009| 21/01/2009 09:00 2.00 2.51 1.57
104 L1 27/01/2009| 23/01/2009 04:46 3.79 2.70 18.63
105 L3 27/01/2009| 23/01/2009 07:46 4.35 2.63 21.31
106 L5 27/01/2009| 23/01/2009 09:46 4.30 2.38 21.07
107 L7 27/01/2009| 23/01/2009 11:16 4.50 2.16 22.95
108 L9 27/01/2009| 23/01/2009 12:46 4.99 2.03 25.82
109 L11 27/01/2009| 23/01/2009 14:56 4.42 1.78 24.28
110 L13 27/01/2009| 23/01/2009 20:p6 5.05 1.70 35.39
111 L14 27/01/2009| 24/01/2009 08:36 5.62 1.80 24.09
112 L15 27/01/2009| 24/01/2009 21:56 5.69 1.76 19.50
113 L16 27/01/2009| 26/01/2009 07:6 5.07 1.71 18.90
114 LARRA | 27/01/2009| 27/01/2009 12:00 4.52 2.23 8.91
115 L1 04/02/2009| 28/01/2009 05:50 4.25 1.90 10.32
116 L2 04/02/2009| 28/01/2009 17:52 4.48 2.16 6.04
117 L3 04/02/2009| 28/01/2009 20:81 4.00 1.95 5.07
118 L4 04/02/2009| 29/01/2009 01:16 4.35 2.11 5.70
119 L5 04/02/2009| 29/01/2009 07:06 4.23 2.28 5.49
120 L6 04/02/2009| 29/01/2009 16:05 3.64 2.15 6.01
121 L7 04/02/2009| 29/01/2009 23:40 4.14 1.99 4.96
122 L8 04/02/2009| 30/01/2009 02:47 4.01 2.13 4.92
123 LARRA | 04/02/2009| 04/02/2009 09:00 2.63 2.02 1.29
124 L1 11/02/2009| 11/02/2009 07:45 4.24 251 6.52
125 L2 11/02/2009| 11/02/2009 08:45 2.88 1.89 4.15
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126 | LARRA | 11/02/2009| 11/02/2009 10:00 2.94 | 2.64 3.29
127 L1 | 18/02/2009| 11/02/2009 10:45 2.77 | 2.04 424
128 L3 | 18/02/2009] 11/02/2009 12:46 2.51 137 | 1045
129 L5 | 18/02/2009] 11/02/2009 15:85 2.86 149 | 1266
130 L7 | 18/02/2009] 11/02/2009 20:61 4.19 171 | 1677
131 L8 | 18/02/2009] 12/02/2009 0517 4.29 177 | 12,06
132 Lo | 18/02/2009] 12/02/2009 1913 4.78 1.89 8.27
133 | L1l | 18/02/2009] 13/02/2009 20:53 3.89 1.97 454
134 | 13 | 18/02/2009] 14/02/2009 02:26 4.00 | 2.11 4.44
135 | L15 | 18/02/2009] 14/02/2009 0621 3.92 | 2.10 4.48
136 | L16 | 18/02/2000] 14/02/2009 08:37 3.84 | 2.14 477
137 | 18 | 18/02/2009] 14/02/2009 18:34 3.78 1.88 8.66
138 | 120 | 18/02/2009] 15/02/2009 1144 3.07 | 2.02 3.66
139 | 21 | 18/02/2009] 16/02/2009 05:44 2.84 | 1.02 3.01
140 | L22 | 18/02/2009] 18/02/2009 07:26 2.79 1.88 6.36
141 | LARRA | 18/02/2009] 18/02/2009 10:00 2.62 | 2.66 1.39
142 | LARRA | 25/02/2009] 25/02/2009 10:00 2.04 | 2.50 0.75
143 | LARRA | 03/03/02009 9% 23{83009 2.04 3.47 1.66
144 | LARRA | 12/03/2009] 12/03/2009 10:00 2.30 | 3.14 0.75
145 | LARRA | 25/03/2000] 25/03/2009 10:00 2.07 | 4.36 0.60
146 | LARRA | 27/03/2009] 27/03/2009 10:00 2.16 | 0.31 0.04
147 L1 | 15/04/2009] 12/04/2009 02:00 2.78 | 2.49 8.28
148 L2 | 15//04/2009 12/04/2009 05:00 3.87 1.30 3.67
149 L3 | 15//04/2009 12/04/2009 08:00 3.86 1.06 4.92
150 La | 15/04/2009 12/04/2009 11:00 4.27 | 2.20 8.60
151 L5 | 15//04/2009 12/04/2009 22:00 6.67 | 2.22 6.66
152 L6 | 15//04/2009 14/04/2009 04:00 453 | 2.07 4.49
153 L7 | 15//04/2009 14/04/2009 10:00 4.38 | 2.36 432
154 L8 | 15//04/2009 14/04/2009 15:00 4.71 | 2.57 4.02
155 | LARRA | 15//04/2009 15/04/2009 10-00 4.26 | 2.99 2.84
156 L1 | 22/04/2009| 20/04/2009 23:00 3.65 | 2.06 | 11.66
157 L2 | 22/04/2009] 21/04/2009 00:00 3.69 | 2.35 | 24.78
158 L3 | 22/04/2009| 21/04/2009 01.00 4.04 | 222 | 18.83
159 La | 22/04/2009] 21/04/2009 02:00 5.25 | 0.25 2.04
160 L5 | 22/04/2009] 21/04/2009 03:00 5.46 | 2.23 | 16.67
161 L6 | 22/04/2009| 21/04/2009 06:00 5.83 | 2.19 | 10.18
162 L7 | 22/04/2009] 21/04/2009 10:00 5.20 195 | 1170
163 L8 | 22/04/2009] 21/04/2009 12:00 4.95 178 | 1312
164 Lo | 22/04/2009] 21/04/2009 13:00 4.49 181 | 1191
165 | L10 | 22/04/2009] 21/04/2009 14:00 4.76 188 | 13.95
166 | L1l | 22/04/2009] 21/04/2009 15:00 5.12 187 | 1503
167 | L12 | 22/04/2009] 21/04/2009 21.00 5.83 177 | 1522
168 | L13 | 22/04/2009] 22/04/2009 08:00 6.32 | 2.12 | 10.33
169 | LARRA | 22/04/2009] 22/04/2009 10:00 5.99 | 2.00 6.99
170 | LARRA | 29/04/2009] 29/04/2009 10-00 3.54 | 1.08 1.34
171 L1 | 13/05/2009] 29/04/2009 1748 4.40 1.76 6.49
172 L2 | 13/05/2009] 30/04/2009 06:15 3.83 1.55 9.40
173 L3 | 13/05/2009] 01/05/2009 20:07 2.93 1.89 9.33
174 L4 | 13/05/2009] 01/05/2009 23:21 3.09 1.69 521
175 L5 | 13/05/2009] 02/05/2009 01:80 2.68 1.72 3.30
176 L6 | 13/05/2009] 02/05/2009 0312 2.65 1.55 2.86
177 L7 | 13/05/2009] 02/05/2009 04-43 2.65 1.62 2.75
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178 L8 13/05/2009| 02/05/2009 06:24 2.50 1.57 4.09
179 L9 13/05/2009| 02/05/2009 08:88 2.46 1.65 9.00
180 L10 13/05/2009| 02/05/2009 15:39 4.92 2.15 10.06
181 L11 13/05/2009| 02/05/2009 17:p4 5.19 2.02 24.16
182 L12 13/05/2009| 02/05/2009 18:85 5.03 1.99 13.69
183 L13 13/05/2009| 02/05/2009 20:27 5.18 NA NA

184 L14 13/05/2009| 02/05/2009 23:23 5.28 2.17 14.92
185 L15 13/05/2009| 03/05/2009 04:66 5.24 2.08 21.01
186 L16 13/05/2009| 03/05/2009 14:P9 5.20 2.01 11.80
187 L17 13/05/2009| 05/05/2009 00:p1 3.42 1.98 5.89
188 L18 13/05/2009| 10/05/2009 19:p2 2.74 2.23 6.33
189 LARRA | 13/05/2009| 13/05/2009 10:00 2.05 0.43 0.61
190 L1 20/05/2009| 15/05/2009 00:00 2.81 15.25 3.17
191 L2 20/05/2009| 15/05/2009 02:17 2.50 2.03 3.72
192 L3 20/05/2009| 15/05/2009 04:81 2.30 2.08 3.24
193 L4 20/05/2009| 15/05/2009 21:84 2.83 2.07 3.67
194 L5 20/05/2009| 16/05/2009 14:23 4.56 2.03 6.07
195 LARRA | 20/05/2009| 20/05/2009 10:00 3.08 2.76 1.05
196 LARRA | 27/05/2009| 27/05/2009 10:00 2.07 2.37 1.07
197 LARRA | 03/06/2009| 03/06/2009 10:00 1.91 2.83 0.54
198 LARRA | 10/06/2009| 10/06/2009 10:00 2.21 2.43 0.89
199 LARRA | 17/06/2009| 17/06/2009 10:00 1.77 3.55 0.86
200 LARRA | 24/06/2009| 24/06/2009 10:00 1.78 3.11 0.68
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Agricultural management practices in the Save cateit

Annexe 2

Pasture

Year Month Days Mgt Operation Machine / Product Q(Eg/?]tg

1 April 10 Tillage GenericOSpring Ploughing
peration
1 April 20 Fertilizer 0-25-25 300
1 April 25 Tillage Roller Harrow 15 Ft
1 April 25 Plant/Begin Corn Silage
1 April 25 Fertilizer Ammonitrates 60
1 May 20 Fertilizer Urea 195
1 June 10 Fertilizer Urea 220
1 July 10 Irrigation 30 mm
1 July 31 Irrigation 30 mm
1 August 10 Irrigation 30 mm
1 August 31 Irrigation 30 mm
1 September 10 Irrigation 30 mm
1 September 25 Harvest and Kkill
5 January 15 Tillage GenericOSpring Ploughing
peration
2 February 5 Fertilizer 15-15-15 400
2 February 5 Tillage Roller Harrow 15 Ft
2 February 10 Plant/Begin Tall Fescue
2 February 10 Tillage Roller Groover
2 July 1 Grazing 60 days
2 October 31 Kill/End
3 March 1 Plant/Begin/Begin Tall Fescue
3 July 1 Grazing 60 days
3 October 31 Kill/End
4 March 1 Plant/Begin/Begin Tall Fescue
4 July 1 Grazing 60 days
4 October 31 Kill/End
5 March 1 Plant/Begin/Begin Tall Fescue
5 July 1 Grazing 60 days
5 October 31 Kill/End
Sunflower
Year Month Days Mgt operation Machine / Product Quantity
(kg/ha)

1 April 1 Tillage Fldcdscr
1 April 5 Fertilizer 15-15-15 193,3
1 April 10 Plant/Begin Sunflower
1 May 16 Fertilizer 15-15-15 193,3
1 Oct 1 Harvest and kill
1 Oct 9 Plant/Begin WWHT
2 Jan 12 Fertilizer 15-15-15 306.6
2 Feb 17 Fertilizer 15-15-15 306.6
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2 Mars 20 Fertilizer 15-15-15 306.6
2 July 10 Harvest and kill
2 Sept 8 Tillage subchpw
Winter Wheat
Year Month Days Mgt operation Machine / Product Quantity (kg/ha)
1 Oct 9 Plant/Begin WWTH
2 January 12 Fertilizer 15-15-15 306.6
2 February 17 Fertilizer 15-15-15 306.6
2 March 20 Fertilizer 15-15-15 306.6
2 July 10 Harvest and kill
2 September 8 Tillage Subchpw
3 April 1 Tillage Fldcdscr
3 April 5 Fertilizer 15-15-15 193.3
3 April 10 Plant/Begin Sunflower
3 May 16 Fertilizer 15-15-15 193.3
3 Oct 1 Harvest and kill
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Annexe 3

Association de la Iégende de la carte pédologiguB\dde la Save au 1/8000
(cartes papiers CACG) avec la Iégende détailléguitie des sols de la régio
Midi Pyrénées restituée sur le site de la CRAMRcades profils pédo.

Tableau de synthése de la correspondance entomdies de la Iégende de la carte pédo du
BV de la Save (CACG) et les profils de la léegendéadearte morpho pédo Midi pyrénées de
la CRAMP

SAVE CACG |Type de sol [Unité
131
132
322
321
325
353
331
335
332
351
212
213
221
520
518
327
328
326
127
129
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Scan de la légende de la carte pédologique du B 8ave au 1/80000 (CACG)
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Tableau Excel de la Iégende de la carte pédologigigV de la Save au 1/80000 (CACG)
avec codification des themes

LS

CODE_SOL TOPOGRAPHIE NATURE DESCRIPTION CARACTERISTIQUES
131 Pente faible ou Alluvions Alluvions des rivieres Calcaires
moyenne (<15%) recentes
132 Pente faible ou Alluvions Alluvions des rivieres Non calcaires
moyenne (<15%) recentes
Pente faible ou Alluvions Alluvions de la Garonn¢Limono-sableuses en surface, sa
127 . .
moyenne (<15%) recentes Calcaires limoneuses en profondeur
129 Pente faible ou Alluvions Alluvions de la Garonn¢ Limono-argileuses, sur alluvions
moyenne (<15%) recentes non Calcaires calcaires de | Arrats
Pente faible ou . . . Terreforts profonds (marnes a pl
212 moyenne (<15%) Calcaires Sur formations miocenes de 40 cm de profondeur)
213 Pente faible ou Calcaires Sur formations miocenesTerreforts superficiels (marnes a
moyenne (<15%) moins de 40 cm de profondeur
Pente faible ou . : . -
221 moyenne (<15%) Calcaires Sur depots remanies Colluvions d oridimerse
331 Pente faible ou Non calcaires Boulpenes du_s_ysteme Profondes
moyenne (<15%) ancien des rivieres
332 Pente faible ou Non calcaires Boulb_enes du_s_ysteme Superficielles
moyenne (<15%) ancien des rivieres
335 Pente faible ou Non calcaires Boulpenes du_s_ysteme De basse terrasse
moyenne (<15%) ancien des rivieres
Pente faible ou . Boulbenes du systeme . .
351 Non calcaires . S Limono-argileuses
moyenne (<15%) ancien des rivieres
Pente faible ou . Boulbenes du systeme
321 moyenne (<15%) Non calcaires ancien de la Garonne Profondes
Pente faible ou . Boulbenes du systeme -
322 moyenne (<15%) Non calcaires ancien de la Garonne Superficielles
Pente faible ou . Sol du Plateau de . .
327 Non calcaires Sols noirs sur limons
moyenne (<15%) Lannemezan
328 Pente faible ou Non calcaires Sol du Plateau de Sols bruns sur limons
moyenne (<15%) Lannemezan
353 Pente faible ou Non calcaires Sur depots divers L|mono-.alrg|leux et collgwons d
moyenne (<15%) origine non calcaire
Pente faible ou . . . .
325 moyenne (<15%) Non calcaires Sur depots divers Cailloutis de lomeag
Pente faible ou . .
326 moyenne (<15%) Non calcaires Sur argile rouge
518 Pente forte (<15%) Non calcaires| Sur argile ou colluvions squelettijue
520 Pente forte (<15%) Calcaires Sur marne ou marno- Squelettiques
calcaire
620 Pente forte (<15%) NR NR Bois
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Codification des grands themes morpho-pedo dorriegfls détaillés ont pu étre extraits du

guide des sols consultable depuis le site de lal@RA

Code_corr

Types de sofcarte morpho-pedoCRAMP)

=

Basses plaines d’alluvions récentes Vallées sea@sdde Gascogne

N

Terrasses planes d’alluvions anciennes mal draiadesilbénes Garonne (en av,
de Toulouse)

w

Hautes terrasses anciennes découpées

N

Terrasses d’alluvions anciennes - Vallées secoesldierrasses d'alluvions
anciennes (et glacis de limons soliflues) Sud dgédacogne

(6]

Coteaux peu a moyennement accidentés - Coteaug-agjcaires peu a
moyennement accidentés Gascogne

16

Basse plaine d'alluvions récentes Garonne (endev@bulouse)

~

Coteaux argilo-calcaires accidentés avec bancsaldaie Gascogne

©

Coteaux accidenté sur molasse acide argileusegdo-aaillouteuse - Sud
Gascogne et Piéemont Pyrénéen

15

Hauts niveaux bien conservés - Plateaux de Lanreemetzde Gers

Type

Unité

Description

N

Sols alluviaux argileux et calcaires

[

Sols alluviaux non calcaires des zones amont di&ses gascognes

(=Y
D

Sols peu évolués d'apport alluvial de texture sefdlél limoneuse en surface souvent
sableuse a sablo-graveleuse a moyenne profondeur.

[N
()]

Sols bruns calcaires ou bruns eutrophes, de tekino@euse a argilo-limoneuse.

Sols argilo-calcaires profonds sur marne a 60-8@temeforts profonds)

Sols argilo-calcaires superficiels au-dessus deeng80-35 % de la surface)

Sols argilo-calcaires de colluvionnement (10 %adsurface)

Boulbenes profondes des terrasses

Boulbénes superficielles des terrasses

Sols limoneux hydromorphes (boulbénes de bassessay

b

oulbénes colorées profondes

b

oulbénes colorées superficielles qui sont souvaiibuteuses

WP IWOAINIPIOIN|IWIN [EF

Boulbénes moyennes

2b Les boulbénes profondes (épaisseur de I'holizmmeux > 50 cm)

Boulbénes superficielles

Colluvions profondes hydromoprhes

WWINIWIN|DIDIDIDIDdDOIOT|OT

Sols caillouteux des hauts niveaux ou cailloutit. dmagne

[N
a

Terres noires a Touyas sur limons jaunes

(=Y
a

Sols bruns profonds sur limons ou argile jaune

[N
a

Sol noir profond hydromorphe sur argile rouge @i}

©

Sols bruns caillouteux superficiels sur argilesaketg du Pliocéne.

©

Sols bruns limono-argileux ou argilo-limoneux sujpéels sur argile a faible profondeur

~

EPINIPPIWINPO|D

Sols argilo-calcaires superficiels sur marnes otnoaalcaires
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Correspondance entre les codes de la Iégende dddapédo du BV de la Save (CACG) et
les profils de la Iégende de la carte morpho péab pyrénées de la CRAMP

Sols a pente a faible ou moyenne <15% = Coteauxyp@ moyennement
accidentées

| Alluvions récentes

- Des rivieres
= Type 1 Basses plaines d’alluvions récenets Vak&eondaires de Gascogne

131 Calcaires
1 Unité 2 = Sols alluviaux argileux et calcaires

132Non calcaires
1 Unité 1=Sols alluviaux non calcaires des zones amont @iEses gascognes

- De la Garonne

= Type 16 Basse plaine d'alluvions récentes Gar(@maval de Toulouse)

127 Calcaires Limono-sableuses en surface, sablo-lioseseen profondeur

16 Unité 1 (??) = Sols peu évolués d'apport alude texture sableuse a limoneuse en
surface souvent sableuse a sablo-graveleuse a meopgesfondeur.

129 Non Calcaires Limono-argileuses, sur alluvionsaiaés de | Arrats

16 Unité 2 (?7?) Sols bruns calcaires ou brunsoph#s, de texture limoneuse a argilo-
limoneuse.

[l Sols calcaires

= Type 5 Coteaux peu a moyennement accidentés ea@ot argilo-calcaires peu a
moyennement accidentés Gascogne

- Sur formations miocénes (dépots molassiques)

212 Terreforts profonds (marnes a plus de 40 cm deopdzfur)
5 Unité 3 : Sols argilo-calcaires profonds sur reaar60-80 cm (terreforts profonds)

213 Terreforts superficiels (marnes a moins de 40 cprd®ndeur)
5 Unité 2 : Sols argilo-calcaires superficiels assies de marne (30-35 % de la surface).

- Sur dépots remaniés
221 Pente faible ou moyenne Sols Calcaires Sur déptanmies Colluvions d origine

diverse
5 Unité 6 : Sols argilo-calcaires de colluvionnet@0 % de la surface).
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1l Sols non calcaires

- Boulbenes du systéme ancien des rivieres

= Type 4 Terrasses d’alluvions anciennes - Val&&se®ndaires Terrasses d'alluvions
anciennes (et glacis de limons soliflues) Sud dgdacogne

331Profondes
4 Unité 1 : Boulbénes profondes des terrasses

332 Superficielles
4 Unité 2 : Boulbénes superficielles des terrasses

335De basse terrasse
4 Unité 5 : Sols limoneux hydromorphes (boulbérebakse terrasse)

351 Limono-argileuses (ou colorées)

4 Unité 3 boulbénes colorées profondes
4 Unité 4 boulbénes colorées superficielles qut sonvent caillouteuses

- Boulbénes du systeme ancien de la Garonne

Type 2 = Terrasses planes d’alluvions anciennesdna@ées a boulbenes - Garonne (en aval
de Toulouse)

321 Profondes
7.1.1.2 Unité 3 : Boulbénes moyennes
ou

Type 3 = Hautes terrasses anciennes découpées
3 Unité 2b - Les boulbénes profondes (épaisselinaiézon limoneux > 50 cm)

322 Superficielles
2 Unité 4 : Boulbénes superficielles

- Sur dépbdts divers
Type 3 = Hautes terrasses anciennes découpées
353 Limono-argileux et colluvions d origine non caleai

3 Unité 5 : Colluvions profondes hydromoprhes

325 Cailloutis de lomagne

3 Unité 1 : Sols caillouteux des hauts niveaux oaitoutis de Lomagne
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- Sols du plateau de Lannemezan
Type 15 = Hauts niveaux bien conserveés - Platealbadnemezan et de Gers

327 Sol noirs sur limons
15 Unité 2 : Terres noires a Touyas sur limonsgaun

328Sol bruns sur limons
15 Unité 3 : Sols bruns profonds sur limons oulangune

326 Sols sur argile rouge
15 Unité 1 : Sol noir profond hydromorphe sur argduge (unité 1)

Sols a pentes fortes (>15%) = Coteaux accidentés

518Non calcaire squelettiques sur argile ou colluvions
Type 9 = Coteaux accidenté sur molasse acide asgileu argilo-caillouteuse - Sud
Gascogne et Piéemont Pyrénéen

9 Unité 1 :Sols bruns caillouteux superficiels sur argilesets du Pliocéne.
ou

9 Unité 2 : Sols bruns limono-argileux ou argilorineux superficiels sur argile a faible
profondeur

520Calcaire squelettiques sur marne ou marno-calcaire

Type 7 = Coteaux argilo-calcaires accidentés aaecdde calcaire Gascogne
7 Unité 1 : Sols argilo-calcaires superficiels suarnes ou marno-calcaires
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RESUME

L’étude du transport fluvial des matieres en susfpen(MES) et du carbone organique dans les rigiéghe monde
informe sur le taux d’érosion des continents, leleydu carbone et la contribution du carbone teees I'océan. Les
objectifs du travail sont, d’'une part, de décramalyser et quantifier la dynamique des MES etalbane organique,
particulaire (COP) et dissous (COD), lors des misode crue, d’évaluer la contribution des événésrdm crue sur les
flux annuels et, d’autre part, de quantifier cex #ur le long terme par une approche de moddisatiro-hydrologique.
L'étude expérimentale est basée sur I'échantillgana I'exutoire des données par un prélévement ehaat

automatique dans un bassin versant agricole dé® kitddu Sud-ouest de la France, la Save, un afflueta Garonne,

de Janvier 2007 & Juin 2009. Concernant I'apprden@odélisation, le modéle SWAT 2005 (Soil and WARsessment
Tool) est utilisé pour décrire le transport et difean le flux des MES et du COP sur du long terfh®99-2008) intégrant
les données hydro-climatiques, I'occupation duesdés itinéraires techniques des pratiques agsodéns ce bassin.

Les résultats montrent la forte variabilité temflerele la dynamique de transport des MES, COP b @drant les
différentes crues saisonnieres. Ces flux sont nom transportés au printemps grace aux fréquangestantes des
crues et a la durée des crues. La quantificatidfiudgMES, COP et COD) pendant les crues contnith@ax flux annuel
a été estimé. Le flux annuel des MES en 2007 e$6di14 tonnes, représentant 15 t385% du flux annuel transporté
en crue pour 16% de la durée annuelle) et il eStH®60 tonnes représentant 70 t%an 2008 (95% du flux annuel
transporté en crue pour 20% de la durée annuékeransport du COP et COD durant les crues epentisement de
76% et 62% du flux total pour 22% de la durée to{danvier 2008 a Juin 2009). Les flux de COP eéb@&portés de la
Save sont de 3091 tonnes et 1238 tonnes, représeespectivement, 1,8 t kKian* et 0,7 t knf an™. En utilisant des
analyses statistiques, les facteurs hydro-climasggui conditionnent la dynamique du transport meoritde bonnes
corrélations entre la précipitation totale, le dél® crue, le flux d'eau et les flux de MES, CORC&D. De plus, la
dynamique des MES, COP et COD pour les différents<a été examinée, en utilisant I'analyse defgss.

Les résultats du modele agro-hydrologique SWAT meoritla forte variabilité temporelle des flux anlsude MES et
COP (1999-2008). Le flux annuel de MES varie dé@ fonnes a 123 000 tonnes, représentant un fiécifgque de 48 t
km? an' et le flux annuel de POC varie de 120 tonnes @Mtannes, représentant un flux spécifique de kit an™.
La régression entre le flux d’eau annuel et le fliexMES simulé a été établie et les zones pottagielérosion sont
également identifiées par modélisation pour leibagssant de la Save.

ABSTRACT

The study of the fluvial suspended sediment andrgogcarbon transport through the world’s streantsravers provides
information on the erosion rate of continents, dieling of carbon on earth, and the contributiontesfestrial carbon to
the oceans. The objectives of the research argh®rone hand, to describe and analyse the trangyaemics of
suspended sediment (SS), and dissolved and pat#corganic carbon (DOC and POC) during flood esemith
assessment of flood load contribution and, on ttierohand, to quantify the long term fluxes by alydrological
modelling approach. The experimental study is basedhe field experiment for extensive data coitettat the
catchment outlet from both manual and automaticpdiag within the Save agricultural catchment, 1kb®, a tributary
of the Garonne River in Southwest France from Jang@07 through June 2009. For modelling approdoh, SWAT
model (Soil and Water Assessment Tool) was appiextudy long term trend of sediment transport sses, sediment
and particulate organic carbon yield taking inteamt hydrolo-climaitic data (1999-2008), landuaed agricultural
management practices within the catchment.

Our results revealed high temporal variabilityriansport dynamics during different seasonal floeeh¢és. SS, DOC and
POC load were strongly transported during sprirsglteng from frequent flood events of high magnéuahd timing of
flood. The quantification of flood loads of SS, DG®d POC contributing to annual load was estimafethual
sediment transport in 2007 yielded 16 614 tonresresenting 15 t kih(85% of annual load transport during floods for
16% of annual duration), while the 2008 sedimestdyivas 77 960 tonnes, representing 70 £ Kk85% of annual load
transport during floods for 20% of annual duratioffle transport of POC and DOC during flood evextsibited 76%
and 62% of their total loads within 22% of the wdhdluration (January 2008 to June 2009). POC and BXpOrt from
the Save catchment amounted to 3091 t and 128Bresenting 1.8 t Kiy™ and 0.7 t ki y*, respectively. The hydro-
climatic factors conditioning the transport dynasnigsing statistical analyses revealed strong @iioels between total
precipitation, flood discharge, total water yieldttlwSS, POC, DOC load transport. Moreover, SS, PdD@ DOC
dynamics using concentration-discharge relationghisteresis patterns) at different flood eventsindurising and
falling flow were also examined.

SWAT agro-hydrological model results show strongngeral variability of annual sediment and POC yifloim the
Save catchment (1999-2008). Annual sediment yialtged from 4766 t to 123000 t, representing a negetific
sediment yield of 48 t kiy™ and annual POC yield ranged from 120 t to 31@€gresenting a mean specific POC yield
of 1.2 t km? y*. A regression between annual water yield and sitedl annual sediment yield was established and
potential source areas of erosion were also idedty modelling for the Save agricultural catchinen



