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Résumeé
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Abstract

By linkingcropped fieldsto downstream groundvater and surface waterbodies farm ditches
constitute peferential pathways for pesticide dispersal at tb@tchment scaleBut thanks to their
pesticide retention capacity ditches are known for buffering pesticide-pmint source pollutions.
Ditch management operations were identified as mean to improve diaffering capacities.
However, little is known about how pesticide retention capacities of ditches vary as a function of
ditch properties and management. Accordingly, the objective of this work is to quantify how
pesticide retention capacity in a range bffiltrating ditches evolves subsequently to the main

management operations.

The methodology relies on i) an experimental characterization of the main management operation
effects on the evolution of ditch properties, ii) an analysis of how these pr@einfluence two key
processes regulating herbicides retention: sorption and infiltration, iii) a numerical exploration, based
on the previously mentioned experimentations, of each operation effects on the yearly evolution of
pesticide retention capacityfaitches. The experimental design combined in situ observations at the
reach scale on 3 catchments as well as laboratory experimentations and concerned the behavior of 3

herbicides, glyphosate, diuron and isoproturon.

The results of this works highlightége fact that burning, mowing and chemical weeding operations
increase pesticide retention capacities of the ditches as compared to an unmanaged ditch while
dredging deteriorates it. They also allowed us to improve our knowledge on ditch materials
properties and variability, to propose a new indicator of ditch retention capacity and to evaluate

different modelling approaches of pesticide retention by infiltratdigches

Key words: Farmed ditches, pesticide retention, buffering capacity, management abip@is,

sorption, infiltration, ditch properties, maalling, indicabrs.



Table des matieres

REMIEBICIEIMENTS. ...ttt ettt e ek et e skt e e e b e e e e e b e e e e e e e e e e ne e e e e 1
RESUMIG. ...ttt e oo e e e oo et e e b et e e e et e e e b e e e e e e bt e e e 3
Y 013 1 = Tod AP O TP O PP PUPPPRPPPY”
LISTE TS fIQUIES.... ittt e e e e e et e e e e e et e e e e e e e b b e e e e e e e e b n e e e e e e e nnnnree s 11
LISEE UES tADIEAUX ...ttt et e e e e 15
TaTrgeTo [N o (0T alo =T aT=T = 1= PR 17
Chapitre 19 ( I (i &BEhjeux & pdsiionnement SCIENtIfIQUE.............ccveeeeeeeiseeeee e 21
1.1 LYLI OG RS fQSYGNBUGASY &adz2NJ £ S F2yOiAz2yyS
paysages agricolesd G I G R.S...E.QE NI ..o 22
000 O 101 (o T [ B o 1 PP PP PUPRPPP 23
1.1.2 Y11 { gToTo (0] (oo | Y/ USSP UURPURRRR 26
1.13 Ecosystem services performed by ditches: mechanisms and optimization
(o101 T[40 ] 0 1S ST PP PPP P PPPPPPPPPPNS 27
1.1.31. Waterlogging CONLIOL........ccoiiiiiiiiiie e 28
1.1.3.2.  SOil €roSion PreVENTIQN........ccocii ittt e e e e e e e e eaeaaaeeaaaeaaesaaeaeseaaanaaanns 31
1.1.3.3.  Groundwater rECHAIGE........ccoii i e e e e e e e e e e e e e e e e e e e e e e e e e e e eeaaa 32
1.1.3.4.  Flood regUuIatioN.........c.ooiiiiiiic e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e s aaaaan 33
1.1.3.5.  Water PUNTICATION.... ...ttt ee e ettt e e e e e e e e e s et reeeeeeanes 34
1.1.3.6.  BiodiVersity CONSEIVALION.........ccuuuiiiiiie ettt e e e anees 45
1.1.3.7. Intricacy and control factors of the ecosystem services provided by ditches....... a7
1.1.4  Ditch maintenance: lever for the optimation of ecosystem ServiCes..........cccvvvvvvveeeneen. 50
1.1.4.1. Impact of maintenance operations on ditch characteristics.............cccceeeeeeeeeeenn. 51
1.1.42. Maintenance effecbn the processes and SEerviCes............ooeevveiiiiiiieeiieieececieens 52
1.1.4.3. Designing maintenance toward an optimization of ecosystem services.............. 54
00 0 S T O o (1 ][ o TP PPPPPPRUPPPPPPRP 57
1.2 Objectifs et deémarche SCIENLITIQUE. ........c.oiiiiiiiie e reee e e e 59

LINAR S

tFNIAS L Y LyFtdzSyO0S RS&a LN} (GAljdzS&a RQSY(INBGASYy a
Chapitre 2 / F N> OG0 SNR &l A2y RS fQS@2tdziaAz2y RS& LINE
LINT GAL dz8 8 ... . ROSYANB LA S Y et 67

2.1 [0 Lo [WTe3 1[0 o PR 68



2.2 MALEIIEI €1 METNOUES ... oottt 69

221 { A0S ROSLAZRS .o 69

2.2.2 Méthodes de suivis des propriétés des fOSSES.........ccccceeeiiiiiii i vicccccccniivvevveennnnn O

2.2.2. 1. SuUiVi deS EtatS 0 SUIMACE........ccoiiiiiiiiiiiie e 70

2.2.2.2.  SUIVi €S Propri€tes S SDIS.......uuiieiiiiiieiiieie et 71

2.3 RESUIALS €t AISCUSSION......ceiiiiiiieiiiiiie ittt ettt et e et e e s snte e e s s snneeeeasisneesennees L O

2.3.1  Evolution des étatS de SUMACE...........uiiiiiiiii et 76

2.3.2 Evolution des proprietés des SOIS........ooeoeeeii i 83

2.3.2.1.  Evolution des propriétés physi@himiques des SOIS........uveeeveeiiieiiiiiiiiiiieiieeeeee, 83
2322. [/ 2YyRdzOGAQBAGS K&RNJI dzf Alj dzS...S.0....02A.54....R&8BS 02 d

P ©7o ] s (o1 [V 11 o] o PP PP PPP PP 94

Partie Il : Influence des propriétés des fossés sur les processus clé modulant la rétention de
pesticides dans les fossés

Chapitre 3 Variabilité et déterminants de la capacité de sorption de pesticides des fonds de

(0SS T PP R TP 99
3.1  Sorption du glyphosate et diuron sur les matériaux des fonds de foSsSés..........cccvvvvveeeee. 102
I 0 S [ 11 £ To [F {1 o AP SO P PP PTPPPOPPPPPPPPRN 102
3.1.2  Materials and MethOGS..........ooiiiiiiiiiiii e 104
3.1.2.1.  Physicechemi@l properties of studied pestiCides.............ccceeeerrriiirrireeeniniiiiieenn. 104
3.1.2.2.  Sampling and measurement methods used to determine the properties of
the ditchrbed MALErIAlS..........ocuiiiii e 104
3.1.2.3. Estimation of the pesticide sorption capacities of the ditch beds fiom
Situ observations oOf ditCh PrOPEITIES.......coii i 108
3.1.2.4.  Case studies of ditch bed SOrption CaPaCIty..........ccceerriiirrrrrieeriiiiiiieee e 111
3.1.3 RESUILS @Nd AISCUSSION. ......eeiiiiiiiiiiiiiiia e e e e 112
3.1.3.1.  Ditch-bed material PropertieS.......ccooeriiii e e e e e 112
3.1.3.2.  Variability of the ditch bed sorption capacity.............cooooiiiiiiiciiiciceeeee 115
3.1.3.3.  Estimation of ditch beds sorption capacity: potential and limitations.................. 122
I R o o T 11 3 o o APPSO PPPPPPPR PP 123

32 /AYSiAljdSa RQFR&A2NLIGA2Y Rdz 3t @ LIK241.0.5...820 RAd

321
3.2.2
3.2.3
3.2.4

[T oo [0 ox { o] o NP PP PP PPPPRPPRRP 129
Matériel €t MEtNOAES.........oiiiiiiiie e 130
RESURALS €1 AISCUSSIQN. .....ueeiiieiiiiee ettt e e e e 131
CONCIUSION. ...ttt e e et e s e e e e e e e s aneeeean 134



33 !dAfAaltAzy RS F2yOdArz2ya RS LISR2GNI yaTSNI

sorption des pesticides pour les sols de fonds de fASSES........ccccviiiiiiiiiiiiiiiiieieeee e, 135
IR 20 A [ 11 (o [F o1 1o AT TP PO PP PP PP PPPPRPPPPIN 135
3.3.2  Matériel €t MEtNOUES.........cooiiiiii it 136

3.3.2.1.  Fonctions de PEdOtranSTerl...........oiiiiiiiiiiie e 136
3.3.2.2.  Validation des fonctions de pédotransfert............ccccoiiiiiiiiie i 137

3.3.3  RESURALS €1 HISCUSSION. ....ciiiiiieiiiiii ettt 138
3.3.3.1. Estimation deKdavec les fonctions de pédotransfert............ccccccvvvriiveniieereennnnn. 138
3.3.3.2.  Validation des fonctions de pédotransfert pour les sols de $atelfossés.............. 141

3.314  CONCIUSION. ...ttt ettt e e e e e et e e e e e e e e e e e e e e e nn e r e e e e e e e nnnne s 143

I ©7o ] o (o1 U1 o] o PP PP PP PP PPPPRPP 144
Chapitre 4 Cf dzZE RQAYFAEf NI GA2y Si NBGSYylGA2y RlIya f

L0 ESTT2 T PR 147

4.1. Mesure et estimation de la variabilité des propriétés physiques et physitoniques

desS SO de fONA AE TOSSES....ceiiiiiiii i et e e 150
e I S [ 11 £ To [F o4 1o AT PO PP PUP PP PPPPPPPPPRN 150
4.1.2.  Materials and MEtNOAS..........oiiiiiiiiiii e 153

et R 11 [0 1Y 2K | (= TR 153
4.1.2.2.  EXPEriMeNtal dESION......coiiiiiiiiiiiiie ettt e e e e e anreees 153
4.1.2.3. Inverse modelling of tranSPOrt ProPerties.........cceevirurrrriieeriniiiiiiiee e e e e 160
4.1.3. ReSUIS @Nd AISCUSSION.......eeiiiiiiiiiiiiiiiee ettt e et e e e s e e e s e e e e e e e nnneees 161

4.1.3.1. Heterogeneity soil physieochemical and sorption properties along the

AIECN SOl PrOfilE. .. e 161
4.1.3.2. Heterogeneity and anisotropy of poral structure and water pathway.................. 166
O S o o (1] o] o 1SS 171

4.2 Mesure et modélisation des transferts de solutés réactifs dans les sols des fonds de
fossés173

42.1 [T oo [0 ox i o] o NPT PP PP PPPPPTRTPPPPPPRPP 173
4.2.2  Matériel €t MEINOUES........c.ueiieiiiiie et e e s nnbee e e 174
4.2.2.1.  Acquisition des chémogrammes des traced@CtifS.............cccceeeriiieeiriiieeeiiinenn. 174
4.2.22. Mesure des cinétiques de SOrPLIQN...........uveiiieer i 175
4.2.2.3. Simulations des transferts de traceuéactifsavec HYDRUD...............ccceeernnenen. 177
4.2.3  RESUIBLS €1 HISCUSSION.....cciieiiieiiiiie ettt e et e e e nnnee s 180
4.2.3.1.  Sorption des traceurs fluorescents sur les sols de fond de fossés.................... 180
4.2.3.2. Chémogrammes expérimntaux des traceurs fluorescents................ccceeecvnnnnnns 182



4233. t SNF2NXIyOS RSa&a Y2Rsehuidte cRiqg gdouf A 6 NS S
fQSaGAYlIGA2Y RSa GNLYATSNIA..RS..a.2f.dzi.Sa.. N&F OGA
4.2.3.4. Validité des coefficients de sorption mesurés en batch pour la simulation
des transferts de SOIUtERACHITS. ... ...uiiii i 189
4.2.4 (0] o o] 1§13 o] o SO SSPSPP 193
B T @ T o Tor 11 13 o PP UUUUPPURPR R 195

t I NGIAS
fossés

LLL Y aSGK2R2ft23ASa RQSaildAYlFIiAz2y RSa NI

Chapitre 5 Comparason des méthodegindicateurs etmodéles)R Q S & (i A dés$ tiadsRrs

et de la rétention de pesticides dans 185 FOSSES........cccccuiiiiiiiiiiiieee e 199
ST R | 011 0T [T 1[0 o AP PP PP P PPPPPPP PPN 200
5.2 Matériel e MENOUES.......cooiiiiieiiieii e e e e 202
5.2.1 Mesures expérimentales de rétention dans les fOSSES.........cccvvvvveeeviicciiiiee e, 202
o N Y | (= Y =5 0 1= ] =T ] ¢= LU 203
5.2.1.2.  Traceurs hydrolOQiQUES...........coeiieiiiititttrte e e e e e e e e e e e e e e e e e e e e e e e e e e e 204
5.2.1.3.  Caractéristiques et suivi des Crues SIMuULBES..........cccvveveerieiiieiiiiiiieeeeeeeeeeeeeee, 204
5.2.1.4.  Analyse des traceurs hydrologiQUES...........cccoiiiiiiiiiieee i 206
5.2.1.5.  BilanNS 0 MASSES........ccuiiiiiiieeeiiiiie ettt e s 207
5.2.1.6. Mesure des COEffiCIENtS A& SOMILI.........coviiiiiiiiiiiiiiee e 208
5217 !l ylteaS RQAYOSNIAGdzRS...adzN1.£.84...0.L.dzE. 2005 NI
5.2.2  Modélisation des transferts et de la rétention des tracgau cours des crues............. 209
5.2.2.1. Simulations aveC TOXSWA ... ittt 209
5.2.2.2.  Simulations avec FHBPENFIUI.............coiiiiiiiiiec e 213
5.2.2.3.  Analyse de sensibilité des modéles TOXSWA et.EIP..........cccovvvvieeiiiiiiiiieee e 215
5.2.3  Calcul et calibration des indicateurs de rétentiQn..............ccceeeiiiieeeiiiiee e 215
5231. /I fOdzZ SG OFfA0NLOAZ2Y. .. .RS...LOQAY.RAQOL.G.EENI { t
5232 / kLt OdA SG OFfAONLAARY. RS.ELQAYRAOLGIENI | W
5.3  RESUIALS €1 AISCUSSION. .....ciiiiiiiiiiiiiiie ittt e st e e e e s nbe e e s nnbaee e s sneeeaeaans 217
5.3.1  Propriétés des fossés et transfert des traCeurS..........cc.vveveeeiiiiciiiieee e 217

532 CompdN} Aaz2y RS& YSiK2RSa RQSALAXYLEOGAZ2Y..RSE |

5.3.2.1.  Hiérarchies de rétention dans les jeux de données de référence..................... 221

5322. [/ 2YLI N}FAad2y RSA& Y @nii&ckir Stamodelesfedlai A YI G A2y
rétention a partir des hypotheéses standards.............cccvveiieeeiiiiiiiiieee e 222

5323. [/ 2YLI NFAa2y RSa YSIiK2RSa RQSadAYL.GRBY RS



54 (@018 [¢3 11 [T To ] o R 232

tF NIAS L+ Y LYTFfdzSyO0OS RSa LN} (AljdzSa RQSYGNBGASY
a-vis des pollutions diffuses de pesticides

Chapitre6 : 9 @I f dzZ A2y RS fQSTFSG RS tQSYuUNBGASY &dzNJ
ROQKSNDAOARSA..RSA. ..FZ2AASA e 237
L A 1011 (0T [0 Tox 1o o TP PP PP PUPRPPN 238
6.2 Matériel et METNOUES ......cooiiiii e 239
6.2.1  DesSCription dU MOUEIE...........oiiiiiiee e 239
622 tfly ROQSELISNASY.OS e 240
6.2.3 Paramétrage du MOEIE............oooi e a e 241
6.2.3.1. Parametres de gEOMELIE...........cooi i i a e e 241
6.2.3.2 ELAtS 08 SUIMACE. ... .eiiiiiiiiiiiii e 241
6.2.3.3.  Parametres hydrauliQUeS.........ccoocuiiiiiiiiiiiiiiiee et 243
6234, tF NI YSUGNBE . ROAYV.FALANILAZY e, 244
B.2.4  SCENAIIOS. ... eeieiitiie ettt ettt e et e e a bt e e bt e e e b b e e e b b e e e e bb e e e e e bb e e e e anreee e 244
6.2.4.1.  Scénarios NYdrolOgIQUES........uuuriiiiiiiiiiiieeeeeeeeee e 244
6.2.4.2.  Scénarios de contaminations deaux de ruissellement...............ccccooeeiiiieeennnnen. 245

6.245 {OSYINA24 RS 46201 AYALALL..ROKSNDAQARSE

6.2.4.6.  Scénarios de sorption démrbicides sur les différents matériaux

0E fONA A FOSSES ...ttt e e st e e s anbe e e e e nbe e e e ennes 247
6.2.5  Traitement deS AONNEES...........uiiiiiiiiieiiiee ettt 249
6.3  RESUIALS €1 AISCUSSION. .....ceiiiiiiiiiiiiie ettt e e e anreee e 250
631 / 2YLI NrA&2y RS QS@2ftdziAzy RS& OFLI OAGSA
extrémes des fossés entretenus de maniere CONtraStBe. .......c.uuvviiiiiieiiiiiee e 250

6.3.1.1.  Evolution annuelle des capacités de rétention et remobilisation extrémes
du diuron dans les fossés entretenus de maniére CONrastée.......uvummmmemriieieeiieeeiieeieeeeeeennn. 250

6.3.1.2.  Evolution annuelle des capacités d&antion et remobilisation extrémes
du glyphosate dans les fossés entretenus de maniére contrastée...........cccooveveeeeeiieeeennnne. 253

6.3.1.3.  Evolution annuelle des capacités de rétention et remobilisation extrémes
R QA &uRohdhaBs les fossés entretenus de Maniere CoONtrastée..........ooovvveveveeveeeeeverenn. 255

6.3.2  Analyse de la hiérarchie des capacités de rétention et remobilisation de fossés
entretenus de ManIEre CONIASIEE..........ciiiuiiie it ee e e nreeas 256

6.3.2.1. Analyse de la hiérarchie des capacités de rétention et remobilisation du
RAdNBY a48f2y f 84 LINLGALASA.  ROSYANBALASY.. ..257

6.3.2.2.  Analysede la hiérarchie des capacités de rétention et remobilisation du
JfelK2alriS asSt2y (.S4..LINL.GAL.A2S.A... . RQSY.4NB.L.RDY



6.3.2.3.  Analyse de la hiérarchie des capacités de rétention et remobilisaton d

f QAA2LINRGdzNRY &St 2y..0.54.. LINL.G.A.dzS.4.. . RQS.Y.0.080G A Sy
6.3.2.4. Analyse de la hiérarchie des capacités de rétention et remobilisation
3f 20t S4 ROQKSNDBAOARSA ..aSf.2y. . .54 . LINL.OA.dz2Z20 RQS
L ©7o ] s [od [V 1 o] o PSP PP 270
CONCIUSION GENEIAIR.........cce e e e e e e e e e e e e e e e e e e e e e e e e s e e e s s e s e e e e s eaannnnes 273
RETEIBNCES. ...t e et e e e et e e et e e e s ab e et e e 283
Annexe ADNA f £ S RQ20aSNPFGA2y RSA&..S.0.0.0.4...RS..4adZNFI0DS R
Annexe B Evolution annuelle postntretien des états de surface des fOSSE............ccccevviiiiiiiiiiinnenne 303
Annexe C5 S@St 2 LILISYSY i RQdzyS F2yOlA2y RS LISR2GNIyaT:
de sorption du glyphosate SUI 185 SOIS.........cooi oo e e e e e e e e e e e e e e e e 309
Annexe D :Utilisation de traceurs hydrologiques pour appréhender les transferts et la
rétention de pestiCides dans 185 FOSSES........uiii i 339
Annexe E Description du modéle FH®penFluid hypothéses et algorithmes..........cccccooeeiiiiieecnee 363

10



Liste des figures

Chapitre 1.

Figure 1.1 DitCh MaINIENACE. ........cvi i e a e e e e e e aaaaaaaeeas 24
Figure 1.2 Geochemical, geophysical and biological processes occurring within ditches that modify
the hydrological, pollutants fate and biodiversity functioning of cultivated landscapes........... 28
Figure 1.3 Mean Freundlich sorption coefficients (Kf) indicating the affinity of the various pesticides
for a: sediments (in brown), b: vegetation (in green) and c: litter (in black)...................cc...... 41

Fgure 1.4Y RSYI NOKS aO0OASYyidATAIldzS YAaS Sy dzdz@NB LI2 dzNJ ¢
ROQSYGNBIGASY RSa FT2aasSa FaINRO2f SA...4.dzNJ..£.5.dz80 OF LI OA

Chapitre 2:
Fgure2.lY 5AaLR2aAGAT SELISNAYSyidlt RS &adzdtieteR® f QSO2t
Figure 2.9 Profils de sol des 4 motifs du fossé décrits en juillet 2015 au début gésrmentations

RO S Y (6 NB A Sy e eeeeee oo eee e s e eee e sees e eeeene 73
Figure 2.2 Mesure de la conductivité hydraulique a saturation par la méthode automatisée des
(o [oTN] o] [STSR-TaT g = T= 10 Qo [N\ 11 o | 74
Figure2.3Y [/ I N> OGSNR &I GA2Y RS I YIFIONRLRNRAAGS SiG RS:
L0 PPPEPR PP 75

Figure 2.4 Evolution sur les quadrats témoins du tauxrdeouvrement par la végétation (a), de la

Ot 448 RS KIdziSdzNJ RS I @S3asiliaArzy 60605 Rdz (I dzE
= oto 10 (ol g Lol o [ 11 (=T L= (o N OO UOOOTOPPRPPPRY £ o

Figure 2.5 Evolition sur les quadrats curés du taux de recouvrement par la végétation (a), de la

Ot 448 RS KIdziSdzNJ RS I @S3asilidArzy 60605 Rdz (I dzE
= oto 10 (ol g Lol o [ 11 (=T L= (o ) T PPPPPPPPRPRRPRRY 4. |

Figure 2.6 Evolution sur les quadrats fauchés du taux de recouvrement par la végétation (a), de la

Ot 448 RS KIdziSdzNJ RS I @S3asilidAzy 60605 Rdz (I dzE
18 COUCNE A TIIEIE (d)errrrriieeiiiiieiieie ettt r e e e e e e e e e e e eaaaaaaaaens 80

Figure 2.7 Evolution sur les quadrats brilés du taux de recouvrement par la végétation (a), de la

Ot 448 RS KIdziSdzNJ RS I @S3Sil GA2y d&paisseuréedz G dzE
= oTo 10 (ol a Lol o [ 11 i L=T L= (o ) PP UPPRPPRP 81

Figure 2.8 Evolution sur les quadrats désherbés chimiquement du taux de recouvrement par la

végétation (a), de la classe de hauteur de la végétdtpndu taux de recouvrement par la litiere (c)

Si RS fQSLI A&aaSdzNJ.RS..£.6...Q2.dz20KS...RS...L.AGLASNSE2 O RO @
Figure 2.1Q Facteurs biotiques provoquant une forte hétérogénéité spatiale de la condéctivit

KE@RNJI dzZf AljdzS t al GdzN>F GA2y .S.0..RSA..02A854.RQ802dzx SYS
Figure 2.1y G NJ cel 38 O2f 2NAYSUiNAIdzS RS& @2A8a RQSO2dx S

MOLITS 1 €1 2 €N JUIHIET 20BL.... ... e e e e e e e as 38
Figure 2.1y G NJ cel 3S O2f 2NAYSUONRIdzS RSa ©@2ASa RQSO2dzZ S
MOtIfS 3 €t 4 €N JUIlIEt 2018... ... e e e e e e e e e 89
Figure 2.1 G NJ cel 3S O2f 2NRAYSUONAIdzS RSa ©@2ASa RQSO2dzZ S
MOLIfS L €1 2 €N JUIN 20L6.....coiiiiiiiiiieiiee ettt e e e e e e e e e e e e e e eaaaaaaaaaens 90

11



Figure 214 G NI el 38 O2f 2NAYSYRK§ dRS REBS BazA 5 &NROQS 2 lizdizk

MOLIfS 3 €14 €N JUIN 20L6.... ..o e e e e e e e e e e e e e e e e e e e e e e e e e e e s aa s s e e s s e nnnnanes 91
Figure 215 G NJ cel 3S O2f 2NAYSUONRIdzS RSa @2ASa RQSO2dzZ S
bralés et déskrbés chimiquement en juin 2016.........ccoouiiiiiiiiiiiiie e 92

Chapitre 3 :
Figure 3.11: Distribution of adsorbed glyphosate and diuron in the soil, litter, vegetation and ash in

ditches from the Roujan catChmeNLt.............ccocce e 118
Figure 3.12: Distribution of glyphosate and diuron in the different ditch materials and desorbed
fractions after a norcontaminated flushing event with varying water levels............................ 120
Figure 3.13: Estimated glyphosate and diuron concentrations at the ditch outlets during a clear
Water fIUSNING EVENL.......coi e e e e s e e e e e 121
Figure 3.S1Ditchesfrom the Roujan catchment network on May"™2013.........cccoovvveeveeeeenn. 126

Figure 3.31: Gamme de variation des principales propriétés physhimiques des 36 sols et
sédiments ayant servi & établirlesfohc2 Y& RS LISR2GNI yaFSNI LR dzNJ f QS a

............................................................................................................................................... 137
Figure 3.32: Comparaison des valeurs de Kd mesurés sur les sols de fossés et estimées par les
fONCLioNS de PEAOLIANSTEI........oii e 141
Chapitre 4 :

Figure 4.11: A: studied ditch near the outlet of the Roujan catchment..............cccccceeeiiinnee. 154
Figure 4.12: Soil profile of the ditclerosssection and core sampling scheme...............cc......... 155
Figure 4.13: Imaging of preferential flow patterns within the soil columns............................. 166
Figue 4.1-4: Macroporosity fractions measured in the different crgsgtions of the soil columns by
[0 )Y LS (= o3 T O PP PUU PR 167
Figure 4.15: Hydrograph and bromide breakthrough Curves............cccoovviviviemeieeieeiieeiieeeeee. 169

Figure 4.16: Correspondence of simulated and measured effective macroporosity fractions170
Figure 4.21 : ajustement des modélestwo-sitesone-rate » sur les données expérimentales de

OAYySGAldzSa RQIFRa2NLIIAZ2Y..RQL.W...0.S Y. . KL.dzi0...5182 {w. 08
Figure 42Y aS&ddz2NSad S Y2RSftAaldGAzya AYODSNEJEntaRSE OKS
LINBf S@SSa OSNIAOIESYSyd RIEya tSa K2NAT 2ya ALISOAT
ROU BNt e et e e ettt e e e e e e e e e e e e et e e e e e s 185

Figure 423Y aSadaNBa Si Y2RStAaldAazya Ay eSRE(@agenR)SaE OKS
LINBf S@SSa K2NART 2y Gl fSYSyd RIya fSa K2NRT2ya aLISC
01U = o T PP PPPT T SPPPP 186

Figure 4.24 : Mesures et modélisations directes des chémogra@meR Q! w 62 NJ y3aS0o Si {
LINGf $0S84 OSNIAONESYSyd RIya £5a K2NAT 2ya &LISOAT
01U = o T PP PPPT T SPPPP 191

Figure 4.25 : Mesures et modélisations directes @K SY2 ANJ YYSa RQ!'w 62N} y3So
LINBf S@SSa K2NART 2y GlFfSYSyd RIya fSa K2NRT2ya aLISC

12



Chapitre 5 :

Figure 5.1 Dispodif expérimental de simulations de crues et de tracage dans les fossés....202

Figure 5.2 A: fossé A B: fossé B C: seuil triangulaire et sonde DIVER enregistrant les hauteurs

R Q S b dauivi des paramétreshydlO K A YA Ij dzSBEY tRAX QU XGA T RORA Y 2SO0 A 2

prélevements des EChantilloNS........ ...t —— 206
Figure 5.3 Processus simulés par TOXSWA (Adriaanse,.1996)..........cccceeriveeerniiienenniineens 211
Figure 5.4 Processus simulés par le modele-GFenFIUid..............coooeeeeeeii e, 214

Figure5.5¢Y [/ 2dz2NbSa RQSf dzi A2y RS Biefs{iBindd SalaNek brofbrésdedB Sa ¢
2l dzyS LI2dzNJ f QdzNF yAy S S Sy..YlL.3S8y.0lk..L2.dzNJ.220¢ &dz T2
Figure 5.6 Modéle TOXSWA y Ff dzZSy OS Rdz GSYLJA RQSI|dzAfeAo NBE RS a

f QSLI A&d4aSdzNJ RS fF 12yS RS YStly3aS oKaz2ft 022adzNJ f QS
Figure 5.7 Modele FIFOpenFluidA y Tt dzZSy OS Rdz SYLJA RQS ljicdzatdeh 6 NE RS
f QSLI A&daSdzNJ RS 1 1T2yS RS YStlry3aS 6kKa2f o &dzNJ £ QS
L@ 0 =T o] [T PP SPRSRRRPPRRR 228

Figure 5.8 Modeéle FIPOpenFluid K@ LI2 1 K§ aS&a RS (0 S \aisdgur RopdjdizA £ A 6 NB S
YStly3asS LISNXYSGGFyd RQS&EGAYSNI RSa Gl dzE RS NBGSYGA
entre les bornes min et max des taux de rétention MESUIES. ........cvvveiieeiieiiieeiieeieeeeeeeeeeeeee, 229

Figure 5.9 SPR-LY Tt dzSy 0S RS t QSLJ AaaSdz2NJ RS tI 1T2yS RS Y
calcul des SPRI, a gauche pour le fossé A et a droite pour le fossé B. En magenta pour la SRB et en

21 dzy' S LI2.dZNI. £ WDt 230

Figure 510 SPRIK @ LI2 1 K§aSa RS GSYLA RQSIldzAft AoNBE Si RQSLJ
RQS&GAYSNI RSa (ldzE RS NBGSYlA2y RQ!'w 68y 2l dzySo
Max des tauX de rELENTION MESUIMES.........uuuiriieiiiiieiriieeeeereeeereeeeeeeeeeeaeeeeaaeesssasaaaasasassnseneerrrnes 231

(V)]

Chapitre 6 :
Figure6.ly t f Iy RQSELISNASY.0S. . RSA&..&AY.dz. L.30.A.2y 4940

Figure 6.2y { OSY | NA23a SELISNRYSYy i legiétats R Bfgca debfishé®4? Si RQS
Figure 6.3 Scénarios de chroniques de concentration dans les eaux de ruissellement........ 246

Figue 6.4: Evolution annuelle de la capacité de rétention de diuron des biefs témoins, curés,

fauchés, désherbés chimiquement et Brllés.............ooveiiiiiiiiiiic e 252

Figure 6.5 Evolution annuelle de la capacité de rentishition du diuron dans les biefs témoins,

curés, fauchés, désherbés chimiquement et briles............ccoooviiiiiiiini e 252

Figure 6.6 Evolution annuelle de la capacité de rétention de glyphosate des biefs témoins, curé

fauchés, désherbés chimiquement et DIIES............oooviiiiiiiiiii e 254

Figure 6.7 Evolution annuelle de la capacité de remobilisation du glyphosate dans les biefs témoins,

curés, fauchés, désherbés chimiquemenbBEIIES.............cccceeiiiiii i 254

Figure6.8Y 9 @2t dziA2y | yydStfs RS tF OFLIOAGS RS NBGS)
fauchés, désherbés chimiquement et Brllés.............coooiiiiiiiiiii e 255

Figure 6.9Y 9 @2f dziA2y | yydzSttS RS tF OFLIOAGS RS NBY2(
curés, fauchés, désherbés chimiquement et brll€s...........ccccooviiiiiiiii e 256

Figure 610: Classement de la capacité de rétention de diuron entre les biefs témoins, brdlés, curés,
désherbés chimiquement et fauchés a scénarios hydrologiques et de stock initiaux équivaksts.

Hgure 6.11: Classement de la proportion de diuron remobilisée entre les biefs témoins, bralés,

curés, désherbés chimiguement et fauchés a scénarios hydrologiques et de stock initiaux équivalents.



Figure 6.12 Classement de la capacité de rétention de glyphosate entre les biefs témoins, brilés,
curés, désherbés chimiguement et fauchés a scénarios hydrologiques et de stock initiaux équivalents.

Figure 6.13 Classement de la proportion de glyphosate remobilisée entre les biefs témoins, bralés,
curés, désherbés chimiguement et fauchés a scénarios hydrologiques et de stock initiaux équivalents.

Figure6.14Y / f 1 4aSYSyiGd RS fI OFLIOAGS RS NBGSYylAz2y RQ
curés, désherbés chimiguement et fauchés a scénarios hydrologiques et de stock initiaux équivalents.

Figure6.15y / f I aaSYSylG RS fI LINPLR2NIAZ2Y RQA&2LINEIdINRY
curés, désherbés chimiguement et fauchés a scénarios hydrologiques et de stock initiaux équivalents.

Figure6.16v / f I 3aSYSyid RS tF OFLI OAGS RS NBOSYylGAzy RQ
entre les biefs témoins, brllés, curés, désherbés chimiquement et fauchés a scénarios hyaeslogiq

et de StoCK INItTAUX EQUIVAIBNTS..........coiiiiiiiiiiiie e 268

Figure6.1?7v / f I 4aSYSyd RS fI LINPLRZNIA2Y RQKSNbAOARSaA
remobilisés entre les biefs témoins, brilés, curés, déshedmiquement et fauchés a scénarios
hydrologiques et de stock initiaux EQUIVAIENLS............oouiiiiiiiiie e 269

14



Liste des tableaux

Chapitre 1.

Table 1.2 Nutrientmitigation power Of ditChES............cooi i 38
Table 1.3 Pesticides mitigation power of ditChES............coo oo 43
Table 1.1 Classification of the major effexcof the main processes taking place in ditches on

ECOSYSIEIM SEIVICES. ... uttiiiie e e ittt et e e e e sttt e e e e s sttt e e e e e e s bbb et e e e e e aaab bbbt e e e e e aaassbbbeeeee e e s nsbbeeeeeeeennnbneees 48
Table 1.4 Main ditch characteristics influencing geochemical, geophysical and biological processes
WILNIN QIECNES ... reeeeereereereenaeeaaaeaaaaneeeeeeeenenn 4O
Table 1.5 Effects of the maintenance operations on landscape ProCesSES......cccvvvvveiiieeeeeeeeeeeneenn. 56

Chapitre 2 :

Tableau 2.1 Structure et description dd®rizONS de SOIS.......uuvviiiiiiiiiiiiieeee e, 72
Tableau 2.2 Propriétés physicehimiques initiales des horizons de sols des 4 matifs....................... 84
Tableau 2.3 Propiétés physicechimiques des sols de surface@m) des quadrats apres 9 mois

RO S Y NI . A S Y oottt ettt ettt e e e et et s s et e e enaes 85

Chapitre 3 :

Table 3.23: Main properties of the ditches estimated from in situ observations................cc.veveeeeee.. 113
Table 3.11: Diuron sorption coefficients of the ditch materials..........cccccvvvevieeiii, 114
Table 3.122: Glyphosate sorption coefficients for the ditch t@@als................cccccceciiiiiiiiiiiiiiiieeeeeee, 115
Table3.1-4: Composite sorption coefficients (i) of the ditch materials for glyphosate and diuronl116
Table3.1-5: Sorption induced Pesticide Retention Indicator (SPRI).........ccooiiiiiiiiiiiiiiiieee 117
Table 3.S1Physicechemical properties of glyphosate and diurQn.............ccccoovviviiieiieiiiniiiiieeee e 126
Table 3.S2Properties of soil and ash SAMPIES.........oooviiii e 127
Table 3.S3Properties of living and dead vegetation SAMPIES..........cooiiiiiiiiieiiiiiiiiie e 127
Table 3.S4Duron and glyphosate adsorption coefficients of the ditch materials............................ 128
Tableau3.2lY / 2y adlydiSa RS OAYSOAldzS RfduRidrchNsirJash 2 y
MAatériauX de FONA AEOSSES.......cceiiiiiiie e e e e e e e e e e e et e e e e e e e s snrraaaeeeeaanes 132
Tableau3.2Y /[ 2yadlyidSa RS OAYSGAldzS RQIFRaAZ2NLIIAZY
les matériaux de fONA A fOSSES.......ii it s e e e e s e e e e e nrnees 133
Tableau3.2Y [/ 2SFFAOASY(G RS a2NlJiA2y RS fQAA2LINRBGdINRY
L= (TP 138
Tableau 3.31 : Estimation des coefficients de sorptido glyphosate et du diuron a partir des

fONCHIONS de PEAOLIANSTEIL.......eeiii e e e e e 140

Chapitre 4 :
Table 4.22: Physicechemical properties of pesticides (diuron and glyphosate) and of the fluorescent

dyes(uranine and sulforhodaming B)...........oooii i 158
Table 4.11: Physicechemical properties of ditched and banks materials............cccccccovviiiiiieeeennnnns 163
Table 4.24: Hydodynamic properties of ditch soil horizons................ooo oo, 163
Table 4.13: Sorption coefficients of diuron and glyphosate on ditch SQils............cccccooviiiiiieeenins 165

610

610

Tade4.21Y / 2S8TFTFAOASY(Ga RS a2NLIiA2y RQLw..Si..{.w.18% dzNJ

15



Tableau4.2Y t SNF2NX I yOS RSa Yéilbe Siniqie QdijlapiédicianNB S i

y

destransfetSG RS fI NBGSyidiAz2y RQLw..RL.Y.&..[.54..020.2184/S3a

Tableau4.28Y t SNF2NX I yOS RSa Y-é&ilibre Sinique QdijladpiétiianNBE S
des transferts et de la rétention de SBE1S les colonNes de SOL.......c.coovviiiiiiiee e 184
Tableau4.24Y t I N} YS§(GNB& RS a2NLJiA2y RS fQ!w RlIya 8§
inverse a partir du modéle de sorption fournissant les meille@sgnations..............cccoccvveeeriieeeennnn 187
Tableau 4.2 : Parametres de sorption de la SRB dans les colonnes de sol estimés par optimisation
inverse a partir du modele de sorption fournissant les meilleures estimations..............ccccccceennnnns 187

y

Tableau4.26Y t SNF 2NX I yOS RSa 028TTAOASYy(a RS a2NLIiA2Y

OAYSiGAldzSa RQIFIRa2NLIIA2Y LI2dzNJ f I LINBRA Brindszle/y RS a

G

Tableau4.27Y t SNF 2NX I yOS RSa 028TTAOASY(a RS a2NLIiA2Y

lj

OAYSiUAldzZSa RQIRA&AZ2NLIIAZ2Y LI2dzNJ f I IRRBaRsNed doforthgs RS a
[0 =TS0 A EPPP PP 190
Chapitre 5 :

Tableau 5.1 Propriétés morphologiques et fonctionnelles des fossés étudiés...............ccccoeeee. 203
Tableau 5.2 Propriétés physicehimiques des sols de fonds de fOSSES.........cccccceeeeiiiiiiiiee e, 204
Tableau 5.3 Caractéristiques des CruES SIMUIBES...........uuuiiiiiiiiiiiirierreer et e e e 205
Tableau 5.4: Coefficients de sorption des matériaux des fonds de faSSES.........cccvvvvivvveiieeeeeereenenen. 218
Tableau 5.5 Bilan hydrologique des eXpérimentations.............ccuueiiuieiiiniieee i 219
Tableau 5.6 Bilan de MasSSe ES trACEULS.........cciiiuriiiiieeeeeiitieee e e e e s s e e e e s assibrr e e e e e s sssrreeeeeeeaans 221
Tableau 5.7 Processus biogéochimiques pris en compte par les différentes méthodes................. 223
Tableau5.8r / 2 YL} NI} Aa2y RSa NBGSyadAz2ya RS {w. Si !w
LT (a0 o =TS PPRRR 223
Chapitre 6 :

Tableau 6.1 Coefficients de sorptionde QA 2 2 LINR 1 dzNRB Yy dziAf A&4Sa LI2dzNJ f Sa
0100 LT o U= PSR STPPROPPPR 248
Tableau 6.2 Distribution des gammes de capacité de rétention du diuron sur les 5 types de bief sur

f QSyasSyot S Rasidgs deRcrué e stockanitial. A.0.S......cvovvevieeeiieeeeceeee e, 258

Tableau 6.3 Distribution des gammes de capacité de remobilisation du diuron sur les 5 types de bief
adzNJ £t QSyaSyofS RSa RI(®ifial..S.0....a.0S.y.L.NR.2.4...RS...Q.058S
Tableau &4 : Distribution des gammes de capacité de rétention de glyphosate sur les 5 types de bief
adzNJ £t QSyaSyofS RSa RIFIGSa .S.6..a0SyL.NR24A...RS..Q1RES
Tableau 6.5 Distribution des gammes de capacité de remobilisation de glyphosate sur les 5 types de

0AST &adzNJ f QSyasSyoftS RS& RI G.54..86....840Sy.L.NXA2.24.200S
Tableau6.6Yy 5A&d0GNROdziA2Y RSa 3AFYYS&a RS OFLIOAGS RS
OAST adzNJ f QSyasSyofS RS& RIiG.S4..80..4a0Sy.L.NR.2.4.2RS
Tableau6.%Y 5A&0GNAROdziA2zy RSa&a 3IFYYSa RS OFLIOAGS RS
RS 0AST adaNJ £t QSyaSyofS RS& RL.GSA..S.0..A0SyLNRRLA

16



Introduction générale

17



Depuis plusieursannées,une pollution croissante et généralisée des ressources en pauxes

pesticidesest constatéeau niveau mondi@ [ I CNJ yOS Yy QSOKI LILdBmmellea t+ OS
révelentles réseaux de sueillance de la qualité des eauk,0:°2 RS & LJ2 A Y ileseatx@@ 6 & SN |
adzNF I OS S c o2 RSdesehl® sovitérraineRDim ocoat&iides: pariad iyioins une

molécule de pesticid® { hS{ X aAyAaidsNBE RS fQ; 02t 23ASZ Rdz 58S
2013) Les herbicides tels que le glyphosate,- S (i 2f | OKf 2NB> S RAdzZNRY 2dz f
prés ¢ 90% des 15 molécules les plus fréquemment détectées a la fois dans les eaux de surface et

dans les eaux souterraines en Fraic¢ h S{ > aAyAaidsNB RS fQ; 02t 23AS=2
RS f QSYSOIHAISEN M n®%®d KSNDPAOARSE fS& LXdza RSGSOGS:
ont pourtant été interdits depuis plusieurs annéelgja. Ces pollutions diffuses de pesticides
menacent la santé des écosystén{Bsindschuh et al., 2016; Lal, 20@6)es usages anthropigues de

f Q §Reithenberger et al., 2007; Schultz et al., 19¥ux stratégies permettent de limiter

f QF YLX SdzZNJ RS& LIKSY 2 Y3sgules erReaux pa fed phstidides/ Ba pierBidrte NI & 3
stratégie consiste a réduire les apports geduits phytosaniatires, désignés dans la suite de ce
mémoire par le terme génériquepesticides», aux parcelles et la seconde a optimiser leur rétention

au SeiNRQAY FNI a0 NUzOGdzNBa | ANRSO2f23AljdzSad /Sa (NI gl
stratégie et visent a optimiser la capacité de rétention des pesticides, pauvoir tampon,
RQAYTFNI a0 NUHz2OGdzNBE& | ANRPSO2f23AljdzSa S LX dza LI NI A C

Les réseaux de fossés agricoles, initialement congus et régulierement entretenus pour évacuer
rapidement les flux de ruissellement et/ou de drainage des parcelles cultivées, afin de limiter

f QSy3a32NBSYSy i RSa G§SNNBa S leffef U B Békeimhagnt dirs R N |j dzS
devenir des pesticides au sein des bassins versants agrigédgzon and Helenius, 2008)es

réseaux de fossés, en collectant et acheminant les flux de ruissellement et/ou de drainage vers les
YIdaSa RQSIdz NBOSLIINROSa t+ f AR@BEt RRSEJz0 h & dz8 $ AND.
LIN2P OS&dadza RQAYTFATIONI GA2YT &a2yG &dza0SLIWiAof Sa RS
pesticideg(e.g.,Branger, 2003; GareBoucher, 2003; Louchart et al., 200€ependant, au cours de

leur acheminement dans les réseaux de fossés, un certain nombre de processus biogéochimiques
peuvent générer une diminution des quantités de pesticides que contigntesnflux(e.g.,Dousset

et al., 2010; Margoum et al., 2003; Needelman et al., 20@hI& et al., 2011)Les fossés agricoles

peuvent donc exercer un pouvoir tampon vis-vis des pollutions diffuses de pesticidés.g.,

Margoum et al., 2003; Moore et al., 2011; Needelman et al., 2007; Stehle et al., P8%Ijrocessus
0A23IS20KAYALdzSa t fQ2NRAIAYS RS fQliiSydzidazy RS:
propriétés des fossé&.g.,Margoum et al., 2006)Or les propriétés des fossés sont a priori modulées

de maniére contrastée par les différentes@PI G A 2 Y & (RE Beyavasdeur etSay, 2014;
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Needelman et al., 2007; Pappas and Smith, 2007)) Ay aA X f S& LINAYOAR} f Sa 21
curage, fauche, désherbage chimique, brdlis, de par leurs actions contrastées sur les propriétés des

F2aaSazx a2yiG &adzaOSLIiAofSa RQFYSEA2NBNI 2dz RSGSNAR 2

[ S Y2RS RQSy (i NdsidehcBsyirdes préprietés dég fa8# ¥ LISdzi s GNB dzy €S
LISNYSGGFYyd RQ2LIGAYAASNI €S LIRdz@2AN) GFYLRY RSa 73
f QAYLI OG RS&a RATFSNByGa Y2RSAa RQSY(UNBGASY adzNJ f S
capacité de rétention de pesticides, ne permet pas actuellement de proposer des solutions de

gestion adéquates. Ce travail de thése a donc pour objBc¥S @ f dzSNJ f QA Y LI Ol RSa
RQSYGNBGASY &adzNJ f QS @2 dzii A igavik des pdRutiads? diffdes del Y L2 y
pesticidesLf aQAYaONAR(G RIya f{ SONEMARRNSSEsIHilGaryeSPesticliésh 2y w9 !
visant a développer une méthodologie simple de diagnostic des réseaux de fossés en fonction des
conditions du milieu afin de fournir aux gestionmeai des masses d'eau le moyen i) d'évaluer les
différents impacts (rétention, infiltration) des fossés sur la contamination des eaux et ii) d'identifier

les modes de gestion les plus adéquats. Ce travail de thése aborde un ensemble de questions
cognitivesen amont du projet FIP, relatives aux processus de rétention des pesticides dans les fossés

S t £SdzNJ Y2RdzE [ GA2Y LI NI £fSa RAFFSNBydSa LINIGAL

[ S LINBYASNI OKFLIAGNBE RS OS YSY¥ANDBI LRBEASNEFINRGS
fonctionnement et les roles des fossés au sein des paysages agatpiEsente la démarche mise
Sy dz2dz@NB L2 dzNJ NBLRYRNB | dzE 262S8S0GAFa &LISOATAI dz

structurée en 4 parties. Chacune de ces parties traite respantwnt de:

T tQAY Tt dzSyO0S RS& RAFTFSNByda Y2RSa RQSYGNBGAS
(Chapitre 2),

9 f QAY Tt dzSyOS RS&a LINBLINRASGSE RSa T2aaSa &adzNJ f
transferts et la rétention des pesticides (Chapitrest @),

9 fF O2YLI NI A&a2y RSa YSGK2RSa RQSaldAYFGAZ2Y RSaA
dans les fossés (Chapitre 5),

T t QAY Tt dzSyO0S RSa RATTSNBY G Sdupoudnit taimpdp desS fossésQ Sy (i NX
agricoles (Chapitre 6).
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Chapitre 1
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scientifique
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1ALYLI Ol RS fQSYGNBGASY adz2NJ €S F2yOGAz2
des paysages agricole9 (i & RS f QF NI

[ S GNI @I Af RS NBOKSNOKS 0 A0 tsdadca8shiir lelRohcliotremeRt®tf A Y A G |
les r6les des fossés au sein des paysages agracété initié dans le cadre du projet FIP. En effet, le
LINBYASNI 202SO0GAF RS fQFOGA2y CLt SGFrAG RS RSt AY)
réseaux de fesés. Ce travail a donné lieu, dans un premier temps, a une synthése bibliographique
adzNJ £t QSyaSyotS RSa F2yOiGAaz2ya RSa NBaSldzE RS F24
RATTdzASS [Dolhbef @&l.p29lat) [ I NBTFE SEAZ2Y adzNJ f QA Yy (G SNNB®
F2aaSa SiG RS f SdzNJ Y 2eRtddien diéiézomplétlie Ndr Ia Sie etlaNdniélidpydzS a R
a un article desynthésedans le numéro spéciallrgénierie Agreécologique» de larevue Agronomy

for Sustainable Developmetdl que présenté etlessousCette revue bibliographique peut sembler

dépasser le cadre strict de cette the€el NJ St £ S | 02NRS f QSyasSyoftS RSa
paysages agricolefNéanmoins, il existe des liens trés étroits et des interrelations fortes entre les
processus biogéochimiques alimentant les différeméded  2sdzvicéB écosystémiqu@iME

Assessment, 2005emplispar les fossés. Ainsi, optimiser un service écosystémique spécifique des

fossés agricolesii St I dzS € | LJdzNshn® Zl@ieriilds 2aytresR i@ cessit@ Simedgsion
RQSyaSYotS Rdz F2yOiA2yySYSyld RSa S22 aRGIAFUBHE (RASS yf ¢
fonctionnement

AAAAA

[ 4 2062S500AFTa RS OSG0S NBGdzS o6A06f A23ANIF LKA dz$
écosystémiques que rendent les réseaux de fossés au sein des paggagels> A A0 RQARSY (A
processus biogéochimiquegui les alimentent et iii) de percevoir comment ces processus sont
Y2RdzZ Sa LI NJ fSa LINPLINASGSA RSa Fz2aasa TAY AQO
ddzNJ £t QSyasSyofS RSa &SNIA OSbes 155962 aodtden & /sifgez8ai 1) dzQ A
Y2YONBdzE LINRPOSaadza o0A23S20KAYALdzSa R2yd f Q200dz
propriétés des fossés telles que leur morphologie (e.g., largeur, profondeur, pente), leur couverture
végétale, la nature des sols et des litiere dar ailleurs, ces propriétés sont modifiées de maniére

O2Yy (NI 3GSS LI NI RAFTFSNBYGSEa 2LISNI¥iAz2ya RQSYGNBGA
chimique et lebrilA & RS& F2aasad [ QSYiNBGASYy RSa F2aasa O:
opérationnel pour optimiser les services écosystémiques rendus par les fossés. Ce travail a
cependant mis en lumiére un certain nombre de limites au développement de stratégies de gestion
LISNYSGGI Yyl RQ2LIGAYAASNI O2ye2 APisVEPast 06558 Yat &
simultanée de certain processus dans plusieurs services avec des effets parfois antagonistes.
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Managing ditches for agroecological engineering of landscapeeview
Jeanne Dollinger, Cécile Dages, Je@phane Bailly, Rlgpe Lagacherie, Marc Voltz

Agron. Sustain. Dev. 35, 39920. doi:10.1007/s1359815-0301-6

1.1.1 Introduction

I ANX Odzt GdzZNB  FI 0Sa GKS OKIftSy3asS 2F aFSSRAy3
environment. Indeed, intensive agriculture is involviedsoil and water pollution, soil losses by
erosion and biodiversity erosion. Strategies to limit the adverse environmental effects of agriculture
emerged in the late 1980s and early 1990s in North America and in Europe, with the Best
Management Practicesand the AgrEnvironmental Schemes, respectively. In addition to
recommendations for farmed field practices, these strategies include recommendations on field
margin management, such as the preservation and maintenance of terraces, hillslope and drainage

ditches, and grassed striflsogan, 1993)

Among these field margins, farm ditches play a significant role in many issues of agricultural
landscapes. Farm ditches are hurrraade linear elements that constitute the upstream parts of the
permanent hylrographic networks in agricultural landscapes. Primarily implanted within farmed
landscape to collect surface and subsurface water in order to drain excess water and/or to prevent
soil erosion, farm ditcheshay also control pollution and preserve biodigitly (Herzon and Helenius,
2008) In the USAvegetated ditches are the objects of Best Management Pradiicaheir nutrient

and pesticidse retention capacitieCooper et al., 2004; Dabney et al., 2006; Kroger et al., 2013;
Moore et al., 2001)In The Netherlands, the management of digitlewallsto enhance plant species
diversity is one of the mosvidely implemented AgtEnvironmental Schemé®ijk et al., 2014; Leng

et al., 2011)Other studies or reviews indicate that ditch management should be included in the agri
environmental measures of other European countries, such as farmland bird protection in the UK
(Bradbury and Kirby, 200&)r wetland ecosystem maintenance in the W&avin, 2003)or in
Germany(Langheinrich et al., 2004Considering the abowmentioned functions, ditches can be
seen as providers of regulating ecosystem services according to the classifichtidiennium
Ecosystem Assessme(#005) The services that are provided by ditches include soil waterlogging
and erosion control, which are the initial drivers for ditch creation given their impact on crop
production But they also extend to water purification, flood regulation, gralwater rechargeand

biodiversity conservation
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The maximization of the ecosystem services that are provided by ditches requires an adequate
design of the ditch characteristics and maintenance. The ditch characteristics of interesitheme
structural & shape parameters (length, slope, and crssstion),connectivity between fields and
ditches, ditch network topologiesbed and sidewalls properties (soil texture and structurke or
functional characteristics such as litteegetation nature and coveringderzon and Helenius, 2008;
Lagacherie et al., 2006pitch maintenance is a combination in time of dredging, mowing, chemical
weeding and burningFig. 1.1Yechniques(Kroger et al., 2009; Levavasseur et al., 2014; Needelma

et al., 2007)Designing the best ditch characteristics and maintenance practices requires a thorough
knowledge of their impacts on the underlying biotic and abiotic processes that are involved in the

provision of the expected ecosystem services.

Figure 1.1: Ditch maintenaceDitch maintenance is a combination and a succession in time of four

basic operations namely dredging, mowing, chemical weeding and burning. On top: dredging on the

left and chemical weeding on the rigk@n the bottom: burning on the left and mowing on the right.
Note that ditch maintenance operations exert a strong influence on several important ditch

characteristics and in turn the provision of ecosystem services.
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So far, onlylowland drainage ditches ha been the focus of reviews concerning either their
hydrological functioning and engineerifi@kaggs et al., B8; Skaggs and Schilfgaarde, 19@%heir
biological importance in the maintenance or restoration of biodiver@ditgrzon and Helenius, 2008)

In addition, Needelman et al. (2007) gathered in an overview some case studies mainly focusing on
nitrogen and phosphorus with regard to drainage ditchimtenance practices that are suitable for
water quality protection. These last two papers (Herzon and Hele20@8; Needelmayet al. 2007)
described the role of ditches with respect to water, nutrients, sediment transferetention,
pollination, pestcontrol and habitat provision. Both of these papers mentioned the impact of ditches
on pesticide fate but, due to a lack of studies, did not highlight the complexity of this impact due to
numerous molecules exhibiting a large range of chemical propeaties in turn, behaviors. From
2008, however, several case studies explored the retention ability of vegetated ditches depending on
the pesticide chemical propertieElsaesser et al.,, 2013; Gill et al., 2008; Moeteal., 2011;
Passeport et al., 2011a)ow enabling a more comprehensive review on pesticide fate in ditches. In
their reviews, Herzon and Helenius (2008) and Needelman et al. (2007) indicated that drainage
ditches can be managed for multiple functiopspviding examples of management practices with
positive effects. Nevertheless, these authors did not provide a comprehensive analysis of the impacts
of ditch management, whether positive or negative, on the range of regulating services that are
potentially provided by ditches. This analysis requires atejpth review on how ditch management
modifies the ditch characteristics and may, in turn, impact the processestl@grovision of
services. In addition, it must be underlined that the reviews of Heraoth Helenius (2008) and
Needelman et al. (200did not considethe ditches that are located inighlandsarid and semarid

areas, which act as intermittent streams and can play a significant role in groundwater recharge
(BatlleAguilar and Cook, 2012; Dages et al., 2G0%) groundwater contaminatiofBurkart et al.,

1999; Field et al., 2003)

The main aim of thisreview is to determine whether and how the design of ditches and their
maintenance can be useful for the ageoological engineering of landscapes. In this respgbcte

successive questions are addressed:

(1) Whatis known about the ecosysteservices provided by ditches and how do they depend
on the processes occurring in ditches and on the ditches characte?istics

(2) How can ditch maintenance improve the positive influence of ditches on ecosystem services
and avoid adverse effects?

(3) What are tle future research needs in relation to the previous questions?
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The ditches that were considered in this review are humsade channels forming the upstream

part of hydrological networks located both in lowland and highland areas. In comparison to the
previous reviews mentioned above, three particular and supplemental focuses are given here. First,
the role of ditches in highland and arid or semnid areas is highlighted as they were poorly
considered by previous reviews (Herzon and Helenius, 2008; Neadedtnal., 2007). Second the

role of ditches on the abiotic processes is especially emphasized since the biological functioning of
ditches has been extensively reviewed by Herzon and Helenius (2008). The last focus concerns the
maintenance operations andhé way they impact the ditch characteristics and in tprocesses and

ecosystem services provided by ditches.

In the following, we firsteviewthe ecosystem services and disservices that are provided by ditches
and the processesinvolved We then reviewthe contexts and characteristics modulating the
intensity of the processesFinally, we examine the impacts of ditch maintenance on ditch

characteristics and consequently on the related processes and services.

1.1.2 Methodology

To collect and process the avaib f S A OASYGAFAO YI GSNRI € RS A
maintenanceditch characteristicprocesseS O2 a2 aiSY aSNBAOS&a¢ FT2NJ |
contexts, we conducted three extensive literature searches in five different scientific datatb@kes (

Web of Knowledge, Science Direct, Wiley Online Library, Springer Link and Google Scholar).

1 A first searchaimed at collecting the papers that studied the involvement of ditches in the
provision of ecosystem services. Accordingly associated the key@ NR&a G RA & OKé =
OKI yySt ¢z GAYUGSNYAGGSY leachaal N8 I foléwing A kEywvardsA R dzt

Si
Q.

&
RA

a
ft

aSO2aealiSy asSNpAaoOSa¢cs AKeRNRf23e¢ 3 a L2t f dzi |

GLISAUGAOARSEE YR GO0OA2RAGSNBAGEE ®

1 A second searchaimed at collectingpapers describing the processesolved in the provision
of ecosystem services and how they are affected by ditch characteristics. We therefore
associated thekeyword @ RA 1 OKé¢ gAGK GKS aSkNOK GSN¥a
OaNXHzy 2 FF€é X GRNINYVHASYEYL GAYSRAYSYGlIGAZ2YEéS
GRSANI RIGAZ2YE SHOd0 @
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9 A third search aimed at collecting papers studying the nature and impact of management

S

Q

[j

practices in ditches. Therefore wed 82 OAF SR (KS aYSaydRREY QR4 G ¢

GYYWIIASYSYyGé o

Among the pool of collected papers about 25% were well focused on the topic of this review. The
140 papers selected gather case studies at different scales, microcosms, mesocosms, ditch and ditch
networks as well as numerical experimenthe aalysis of the papers was then conducted in the

aim of documenting the key questions evoked above.

Hereafter, structural characteristicer functional characteristicwill be designed byhe general term
GRAGOK OKINIOGSNRaGAOAE ®

1.1.3 Ecosystem services perfored by ditches mechanisms and
optimization conditions

Ditches perform severalkecosystem services resulting from a combination ofieochemical,
geophysical and biologicprocesseqFig. 1.2) These services vary among ditches according to the
pedoclimaticcontexts, ditch characteristics and anthropogenic drivers. More@arsystenservices
provided by ditchesnay be valued as positive or negative {slisvices), may concern either the
reach or the network or both, and may have changing values a@edsclimatic contextsin the
following, ecosystem services provided by ditches are first independently reviewed considering
successively the hydrological, pollutants fate and biological functioning of ditBlaet subsection
aims at describing one ecosysteservice provided by ditches, identifying the processes involved
either in a positive or negative way and the pedoclimatic and intrinsic characteristics influencing the
occurrence and intensity of these processes. Then, in the final part of the sectioimtricacy and

main control factors of the range of ecosystem services are expésgdre 1.4llustrates the main
processes and the way they are involved in the provision of ecosystem services is summarized in

Table 1.1.
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Figure 1.2: Geochemical, geoptigal and biological processes occurring within ditches that modify

the hydrological, pollutants fate and biodiversity functioning of cultivated landscap8hese
processes are drainage water collection (1), runoff collection (2), water conveyanceil{Bfienf

(3), infiltration (3), population connection (4), shelter provision (5), habitat provision (5),
sedimentation (6), plant uptake of pesticides and nutrients (6), sorption of pesticides and nutrients(6)
degradation and transformation of pesticidesd nutrients (6). Several feedbacks exist between
these processes resulting in the interrelation of the processes involved in catchment hydrology,

biodiversity and pollutant fate.

1.1.3.1. Waterloggingcontrol

In many areas worldwide, agriculture has develdma wetlands in which cropping was enabled by
removing excess water via surface drainage or tile drain networks. In France, approximately 10% of
the cropped areas are artificially drainéda ! 3 NB & (ivéharéas thisipvopoition can exceed 50%

in some states in the U§8kaggs, 1992y in ScotlandAbbot, C.L. and Leetiarrison, 1998; Blann

et al., 2009) The benefits of agricultural drainage are i) increasing the crop yields by limiting the
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anoxic condibns and decreasing plant disease or insect infestation risks and ii) extending the time
for machinery operationgRosenzweig et al., 2002Rosenzweig et al. (2002) reported that, in the
Midwestern USA, agricultural production damages that are related to excess soil moisture, i.e., a lack
of agricultural drainage, can be up to five times higher than the direct damages due to crop
submersion by floods. Moreover, ditches, as the collectors of tile drainage systems, also play a role in
other subsurface drainage functions, e.g., soil salinitytrod (Christen et al., 2001; Ritzema et al.,
2008) especially in irrigated areas. Finally, @i and Belcher(1994) also mentioned that field
drainage associated with water level regulation in ditches controls the minimum water table level
during the dry season for crop subirrigation. In northern Americdoirggation, i.e., subsurface
irrigation, has enabledncreasesof yields from 12 to 48% for maize and soyb&ab QL (G NRA , I y R
1994)

The benefits of waterlogging control vary with the pedoclimatic context. The positive impact of
waterlogging controlon crop production is rather limited in dry areas with relatively deep
groundwater. However, it is of great significance in lowland areas with perennial shallow
groundwater orin irrigated areaswhere excess water needs to be remov¥daterlogging contrb

results from groundwater table lowering by groundwater exfiltration to the ditches, efficient surface
runoff collection, and rapid water routing downstreafBuchanan et al., 2012; Girard et al., 2011;
Kao et al., 2002; Needelman et al., 2Q0Mis ecosystem service isetieby optimized if all of the

three processes involved are maximizdéble 1.1)The occurrence and intensity of these processes
may change across pedoclimatic contexts and ditches or ditch networks characteristics as described

hereafter.

Ditches collecsurface runoff from surrounding plots and roa@uchanan et al., 2012a@uer and
Marsily, 2004; Girard et al., 201The amount of runoff collected by ditches depends on the runoff
that is produced in connected areas and on the ability of the ditches to capturesémiarid areas,
surface runoff fluxes may constitutéé major proportion othe total water flow in ditch networks
whereas this proportion is reduced undeontinental humid climats (Dages et al., 2009; Buchanen

et al,. 2012).

The ability of ditches to capture runoff fluxes is related to several ditch cterstics. The ditch
morphology determines its storage capacity and the surface area of the connected zones where
runoff is generatedLevavasseur, 2012; Tucker and Bras, 19BB¢ locations of the ditches within

the watershed and their orientation with regard to the slope impact their interception efficiency,
which is greater if the ditches are perpendicular to the sl¢@arluer and Marsily, 2004)he designs

of ditch networks, including reaches mawogy, reaches branching and density, is also strongly
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related to the runoff capture efficienc{lLevavasseur, 2012; Zhang et al., 20M\reover, it is
expected that the influence of plettream connections on runoff interceptidiBracken et al., 2013)

is similar to thaof plot-ditch connectionsalthough this has not been demonstrated.

Ditches intercept and drain shallow water tablgdillel, 1998;Skaggs, 1992nd collect subsurface
water from tilldrainage systems(Loumagne and Tallec, 2013Yhe exfiltration of shallow
groundwater depends on the climate andhay undergo seasonal variatiorfBlann et al., 2009;
Debieche et al., 2006; Koivusalo et al., 2008; Loumagne and Tallec, 2013)

Subsurface water collection by ditches is related to sevasaih factors. One factor is the relative
depth between the ditch bed and the groundwater level, which controls the extent of the seepage
area and the hydraulic gradient. Subsurface water collection is also closely linked to the ditch
network design and geecially to the reach morphology and dengi@hilds and Youngs, 2006; Dunn
and Mackay, 1996)The aher factors are thehydraulic characteristics of the ditclgroundwater
interface, especiallyhe hydraulic conductivit (Carluer and Marsi|y2004; Girard et al.2011).The
hydraulic conductivity of ditch sidewalls and beds are related to soil textulesancture and to the
sediment and litter layers. They can differ largely from those of the neighboringMsibfi, 1999;
Moussa et al., 2002; Vaughan et al., 2068 example Marofi (1999) measured saturated hydraulic

conductivities ranging 20 to 600 mm/h in ditch beéds catchment in southern France.

The collected water fluxes are routed downstream by the ditches toward catchment outlets and
receiving water bodies. The downstream transfer is regulated by the ditch hydraulic behavior and
thus depends on several charadgstics, including the ditch shape and morphology, i.e., length, €ross
section, slopebed or sidewallsroughnessScholz and Trepel, 200dhd upstream or downstream
reach connections, such as confluence, piped sections, (Blédélec and Gay, 2008Jriction
mechanisms that are induced by bed shape and roughness may significantly slow the water flow
(Boutron et al., 2011; Hobst al., 2012; Jarvela, 2002; Kréger et al., 2009; Wu et al., 19@8hods

to design a single ditch or open channel cresstion in order to minimize roughness have been
proposed byDas (2007)and Nourani et al. (2009)The hydraulic roughness that expresses these
friction processes is often described by the synthetic Strickler coefficient. Based on the available
Strickler coefficient databases, Lagacherie et al. (2006) highlighted a very Highiliya of
roughness throughout a ditch network even within a small catchm@m values varied from 15
m™2.s* for highly vegetated ditches to 50'fhs® for dredged ditches with a permanent hydraulic
regime.Crabit et al. 2011)empirically estimated smaller values, 3 to 1¥3rs", for highly vegetated
ditches. These authors explained this difference by both the vegetation type, which was bushy non

aquatic and poorly flexible, and the low water level compared to the \aipst heights, which
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violates the theoretical assumptions behind the usual empirical hydraulic laws. In vegetated ditches,
vegetation is the main source of roughnegd¥u et al., 1999Rnd always increases the hydraulic
retention time compared to nonor lessvegetated surface¢Hos! et al., 2012; Kroger et al., 2009;
Rhoads and Massey, 201Z2Roughness varies with the resistance and flexibility of plants, the
blockage factor that is linked to the vegetation denghiepf, 2012)and the watetevelcompared to
vegetation height or roughness height of the ditch b@butron et al., 2011; Jarvela, 2005, 2002;
Nepf, 2012; Wu et al., 1999)

In sum, vaterlogging controlbenefits crop production especially in lowland wet areas. Its
optimizationrelies on a maximized surface runoff and subsurface water colleasowell as rapid
downstream conveyancef theses fluxesThis can generally be achieved when the density of ditches
in the network is high and the reaches poorly vegetatedorly branched, large and deep, which

improves the ditches hydraulic capacities.

1.1.3.2. Soilerosionprevention

Ditch networks play a key role in the preventionsofl erosionby surface runoffn agricultural plots.

The prevention ofsoil erosion by water consists of limiting the erodibility of the field soils and
reducing the intensity o$urface runoff, which is a major factor of the detachment and transport of
particles. Ditches, which are located on field margins, only play a role in surface runoff reduction. The
settlement of terraces withassociatedditches located downsloper ditchesperpendicular to the

slope direction, are typical land conservation technig@@sllart et al., 1994)The combination of
terraces and ditches decrease the lengtrer which overland flow occurs along the catchment slope.
Thereby the flow amount andelocity throughout plotss limited, as well as its ability to dislodge and
transpat soil particles(Galea and Ramez, 1995; Gallart et al., 199iches are usually used to
decrease the slope length throughout plots by intercepting ahannelizing the runoff watef®unn

and Mackay, 1996; Levavasseur, 201R23pecially, ditches intercept and channelize runoff fluxes
exiting the plots and avoid their propagation and acceleration alongropiots located downslope
(Dunn and Mackay, 1996; Levavasseur et al., 2012). The factors and characteristics of ditches that

influence the interception and channeling of surface runoff were already descritsstiion 1.1.3.1

In sum, soilerosion prevetion by capturing overland flow evidentlpenefits crop production
whether on short or long termThis ecosystem service is particularly valued in hilly agricultural
landscapes submitted to high intensity rainfall events. As for waterlogging catgroftimization

relies on the maximization of surface runoff and subsurface water collection as well as rapid
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downstream conveyance. This is generally achieved when the density of ditches in the network is

high and the reaches poorly vegetated, poorly branchade and deep.

1.1.3.3. Groundwaterrecharge

As for any stream, ditches are prone to recharge groundwaten the groundwater table is below
the water level in the ditchHowever,this recharge may be limited bye low infiltration area
offered by ditches comared to plot areagFlint et al., 2002)Neverthelessduring periods of low
water table after drought, the groundwater recharge can be very importnfor examplén the
case ofintermittent rivers in semarid and arid area¢Crerar et al., 1988; Hughes and Sami, 1992)
Dages et al. (2009bservedthat, despite representing only 6% of a Mediterranean catchment area,
groundwater recharge by infiltration from the ditch network can represent up t&/&6¥ the total
groundwater recharge during autumnal rain events followendry period.Of course, ghoundwater

recharge from ditches is unlikely to babstantialin lowlands with perennial shallow groundwater.

Ground water recharge basicallgsults from an efficient surface runoff capture and its maximized
infiltration during slow downstream conveyanc@able 1.1)The conditions for an optimal runoff
collection and reduced downstream conveyance have been described in sectichl. The
conditions for preferential infiltration zonesare found especially in landscapes thatrea
characterized by periods of droughasid ditcheswith low flows and/or ephemeral flows, such as in
arid or semiarid climates(AbuTaleb, 1999; Dages et al., 2009; Sorman et al., 199#) infiltrating
periods may undergo timdependent variations. These variations n&ither be punctual, occurring

at the flood event scale, or seasonal, depending on the clirt@l@nn et al., 2009; Koivusalo et al.,
2008; Loumagne and Tallec, 201Bgbieche et al(2006) for example, observed that infiltration
periods were very short and were restiict to the dry season in a French catchment under humid
oceanic climate. In contrast, under less humid climates, the infiltrating periods within ditches may
undergo more variation (Girard et aR011), as evidenced by Marofi (189in a Mediterranean
catchment. The infiltration and exfiltration periods could alternate in the same ditch within a few
hours during heavy autumnal rainfall events due to the rapidtéiation of the groundwater levels.
Moreover, infiltration occurred in some reaches of the netljowhereas exfiltration occurred in

others.

The intensity of the infiltration process depends on both the hydraulic gradient between the ditch
andthe water table level and the hydraulic properties of the ditsidewallsand bed materials. It is

important to notice that the latter properties are often not well known and are therefore generally
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calibrated as an exchange coefficient in hydrological modeling approd€atuer and Marsily,
2004; Moussa et al., 2002; VanderKwaak, 1998 hydraulic conductivity gives an estimation of the
potential intensity of infiltration fluxes. The hydraulic conductivity values of ditch bedssiteivalls

vary throughout ditch networkas already mentioned in section 1.1.3.1

In sum, the contribution of ditches to groundwater recharge may be substantial angotdithe
hydrological conditions prevailing locally. Accordingly, ditches were described to be preferential
zones of groundwater recharge in seamid areas. Groundwater recharge optimizatialies on an
efficient surface runoff collection and maximalinfiltration allowed by a slow downstream
conveyance.This is generall achieved for high density networks were the reaches are highly
branched, vegetatedperpendicular to the slope, large and deep and if no litter or fine sediment

layer seals the ditched porosity.

1.1.3.4. Floodregulation

Primarily designed to favawaterlogging limitation andsoil erosion contro] ditchesimprove the
hydraulic connectivity between uphill areas and the outles a consequencéhey generally induce

a higher peak discharge, lawer lag time, and a higher flow volume at the catchment outlets
(Buchanan et al.2012; Carluer and de Marsil2004; Moussa et gl2002), increasing the flood
hazard intensity downstreamFor example, by simulation, Moussa et al. (2002) quantified an
increase of 9 to 43% of the peak flow due to the presence of ammaofe ditches network. However,
under particular conditions, ditcimetworks may alsoreduce flood hazards by reducing the peak
discharge and increasing the lag tifi@umagne and Tallec, 2013 his is achievedn the contrary

to natural hydrographic networksyhen ditches are densely vegetated and designed with gentle
slopes, or when ditch networks atéghly branchedand sinuous (Levavasseur et al., 2012). Indeed
this slows down the convewae velocity andengthers the transfer distancesFlood attenuation
should thereby be favored when surface runoff and subsurface water collection are minimal, the

downstream conveyance reduced and the infiltration maximi@eable 1.1).

The equipment of ich networks with hydraulic structures (e.g., buried pipes and wehg}
improve water storage capacityf the network (Acreman et al.,, 2007; Sofia et al., 2Q14jay
attenuate floods downstream during extreme rain events. Equipped ditch netwarksonsidered
as one of the techniques permitting dynamic flood reteami(Poulard et al., 2008)The hydraulic
structures of ditch networks during extreme events as charged structures with open gates,

conferring upon the ditches that are located upstream of these structures a water storage function.
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Diminish flood risk downstream in urbanized floodplains with dynamic flood retention techniques

requires increasinthe uphill water storage in ditches and groundwater.

In sum, an adequate dimensioning of ditch networks can attenuate floods. The attenuation effect is
optimal when ditch networks are highly vegetatd@aluer and Gascuel, 201,1highly branched

across slopes (Levavasseur et2012) and equipped with hydraulic structures such as weirs.

1.1.3.5. Water purification

Ditches connect agricultural fields and streams and may thus rapidly carry diffuse agricultural
pollutions, including sediments, nutrient and pesticides, to downstream receiving water bodies.
Moreover, infiltration processes reducing the pollutant loads in flowing water (Carluer and Marsily
2004) may generate groundwater contaminati(Burkart et al., 1999; Delin and Landon, 2002; Field
et al., 2003) Ditches, however, also hold inherent pollutaetention capacities that confer upon
ditches substantial water purificatiopower. Ditches may thus constitute pathways favoring both
pollutant propagation toward water bodies and efficient buffer zones toward diffuse agricultural

pollution.

Ditch networks: pollutants collectors and propagation pathways

Sediment fluxes reachinditches via overland flow are directly related to runoff generation and
erosion mechanisms on upstream ploffucker and Bras, 1998These sediment fluxes can be
modulated when crossing ditch margins. If gullies are connecting the adjacent field and the ditch, the
sediment loads in the overland flow can reach very high concentrafioesce et al., 2006; Tucker
and Bras, 1998However, if ditches are connected to the adjacent fields by intact grass strips, the
sediment loads may be consistently attenuated before reaching the dtBmiere et al., 2011;
Huang et al., 2002; Tucker and Bras, 19%&jewallserosion is deemed to be a minor source of
suspended sediments that are transported throughout vegetated ditches (Lecce,€2086).
However, it has been punctually observed for substantial flood events occurring after maintenance

operations (Levavasseur &k, 2014).

The nutrient inputs to ditches are intimately related to surface runoff and subsurface water
collection(see section 1.1.3.XEdwards and Withers, 2008; Kroger et al., 200Rjtrient inputs are
closely related to the ditch network design, especially the ditch dengityang et al(2013) for

example, observed that the higher the ditch density is, the higher the nitrogen fluxes entering ditches
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are. Appoximately 90% of the inorganic P is exported by runoff fluxes, whereas 70 to 90% of
inorganic N is exported by tile draina¢fedwards and Withers, 2008; Kroger et al., 2008, 2007a)
surface runoff water, consequent variations in the et loads have been attributed to a seasonal
factor but are also potentially impacted by the rainfall intensity, cropping system and vegetation
cover of the upstream fields (Edwards and With@@08; Kroger et g12008). Accordingly, nutrient
input to dtches via runoff collection mainly occurs during the winter and spring (Edwards and
Withers 2008; Kroger et al.2008) in temperate climates. In runoff fluxes, nitrogen is essentially
dissolved, whereas dissolved phosphorus represents only 25 to 509 tiftal inorganic PEdwards

and Withers, 2008; Nguyen and Sukias, 2002)

Pesticides may attain ditches associated with runioffds and drainage water that are collected by
ditches(see section 1.1.3.1r by drift deposition or direct application during ditch maintenance. At
the annual scale, the cumulated pesticide load in runoff water that is collected by ditches can reach
up to 6% of the dose that is sprayed on adjacent fi€ldsuchartet al., 2001; Tang et al., 201For
example, this has been observed for the herbicides diusimazineand metolachlor when applied

to vineyards (Louchart et alR001; Tang et gl2012). The yearly cumulated amount of pesticides
that leach on crop pits and that reach ditches via tile drains is generally approximately <0.1 to 1% of
the dose that is sprayed on adjacent plots but can occasionally reach up to 4% under significant
macropore flow in the soilGarorBoucher, 2003; Tang et al., 2012; Voltz and Louchart, 2001)
deposition may be a punctual buttense input of pesticides to ditches, potentially amounting to 10

to 50% of the pesticide load that is annually sprayed on surrounding @BasorBoucher, 2003;

Tang et al., 2012)

The capture of surface runoff and subsurface water and their associated pollutants loads negatively
affects water quality downstreamlndeed, he rapid water conveyance contributes to the
degradation of the dowa 4 NB I Y 4 | (i S NJBoaggerA2608;(Kaoljetlzl.,f2008; & ouchart et
al., 2001) It can however be compensatdtithe pollutants are retained in the ditch during their
transport and if infiltration fluxes are substariiavhich may decrease theollutant loads in the

water column within ditches.Of course, pollutant leaching wilkontribute to groundwater
contamination (Dousset et al., 2010However, several processes contribute to the retention of
pollutants within ditchesThe water purification power of ditches is optimal when theahstream
conveyance is reduced and when the processes involved in their retention are max{irabdel 1.1).
These processes and the pedoclimatic context or ditch characteristics modulating their occurrence

and intensity are described hereafter for sucsigsly sediments, nutrients and pesticides.
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Sediment retention in ditches

Some ditches may efficiently trap sediments. Lecce et al. (2006) determined that the mean sediment
retention capacity of ditches ranged from 8.6 kg.gt to 107.2 kg.rit.y", geneating sediment

trapping of 1366 Mg.yin a 7.7km2 catchment in North Carolina, USA. In the latter catchment, the
ASRAYSYll GA2y O2yRAGAZ2YA INB Tl @2NBR o0& 3ISydafs
Moreover,Flora and Krogei2014)measured the total suspended solid removal in vegetated ditches

that were equipped or not by consative weirs, ranging from 72 to 94%.

Within the ditches, sediment retention is mainly due to sedimentation processes or to the infiltration
of particleloaded water fluxes and, more marginally, to the sieving of particles by vegetation and
litter (Fiener and Auerswald, 2003; Liu et al.Q&0The sieving of sediments through vegetation and
litter is negligible because the pore size of these substrates is generally greater than the particle

diameter (Fiener and Auerswal2003).

Sedimentation is effective for santh mediumsilt-grain-sized particles (>4860 pum diameter), which

are characterized by relatively high settling velocities, whereas clay size particles have too low mass
densities to undergo settling by gravity for current flow velocities (Fiener and AuerX08i8; Liu et

al., 2008). As reviewed by Liu et al. (2008), the characteristics affecting sedimeniatgrassed
water waysinclude vegetation cover, watdeveland morphology, i.e., slope, width and lengie
assumed that similar characteristics influence sedimentatiothin ditches.As mentioned above,
vegetation generates friction and roughness, which decrease the flow velocity and enhance the
sedimentation potential(Fiener and Auerswald2003; Gumiere et al.2011; Hosl et al.2012;
Needelman et a).2007) which kas been evidenced byloore et al. (201Q)who detected a lower
proportion of suspended solids in the water column of a vegetated ditch than those in the water
column of a norvegetated ditch. The ditch morphology and the water level fluctuations also

influence the flow velocityLiu et al., 2008)

Sediments may also be efficiently removed from the watelumn via the infiltration of loaded
runoff water (Fiener and Auerswalg003; Liu et aj2008). Claysized particles, which tend to stay in
suspension in the water column, are predominantly removed by infiltration (Fiener and Auerswald
2003). Infiltrdion is driven by both the vegetation cover, which, by reducing the flow velocity,
enhances the potential infiltration time, and the ditch soil characteristics, namely, its porous
structure (Fiener and Auerswald@003; Gumiere et gl.2011; Hosl et al.2012; Liu et al., 2008;
Needelman et aj2007)
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Generalmodels exist that simulate the sedimentation and remobilization of particles and pollutants

within streams and channels according to general physical (Belsud and Baume, 2002; Forstner

et al., 2004; Merritt et al., 2003; Westrich and Férstner, 2008) K SNBE A &y Qlimo#e? 6 S @S NE
specific to ditch networks, which allow quantifying the respective contribution of these processes to

the global retention efficiency.

In sum, he sediment retention power of ditches is optimal when sedimentation, sieving and
infiltration processesare maximized. This is generally observed when ditch networks are highly
vegetated and branched and equipped with hydraulic structures such as weirs. Large ditches with

gentle slope and porous bed substratum generally increase the sediment retention power.

Nutrients retention in ditches

The nutrient retention power of ditches has bemportedto varygreatlybetween 3 and 92%Table

1.2 synthesizes the measured nutrient retention efficiencies of several vegetated andegmtated
ditches. The retentionfogphosphorusand total nitrogen were reported to be higher on averaban

that of nitrates or ammoniumBut no clear positive influence of dense vegetation can be detected
which suggest that a large part of the observed variation of retention is hiddetifieyences in the
local conditions of the studied ditches. In factitent retention relies orseveral processes namely
sorption, transformation, plant uptake or sedimentation of loaded particles. The nutrient removal
efficiency of ditches varies acating to the intensity of the mentioned processes. The ditch

characteristics influencing the occurrence and intensity of these processes are described hereafter.

Sorption processes may lead to some retention of inorganic P within ditches, which shoukdthet b
case for inorganic N. The sorption of P mainly occurs onto ditch sediments (Needelma2@d&|.
Nguyen and Sukia2002). The iroshumic acid and aluminushumic acid complexes play a key role

in P sorption on ditch sediments (Nguyen and Sukf82). The P sorption to iremumic acid
complexes is characterized by lemergy bonds, whereas P is sorbed to alumidwmic acid
complexes by higenergy bonds(Neal and Heathwaite, 2005Yhe P retention capacity of ditch
sediments and the @ential desorption of P is thus impacted by the relative proportion of iron and
aluminum hydroxides. P sorption to sediments is proportional to the grain size, with greater sorption
occurring on fine particles (Nguyen and SukR(02). Fine particles angreferentially transported
throughout ditches, which could lower the retention capacity of sediments (Nguyen and Sukias
2002). These sorption processes are greatly impacted by hydrochemistry, particularly by the redox

potential and pH(Nguyen and Sukias, 2002; Smith and Pappas, 208&jJiments can thus
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alternatively be sources and sinks of P depending on the hydrochemistry and sediment

characteristics (Smith and Pappa807).

Table 1.2: Nutrient mitigation power of ditches

Nutrient Ditch type Mitigation (%) References
vegetated 3.16 Moore et al. 2010
N-NG; vegetated 7to 23 Smith and Pappas 200
non-vegetated 3.37 Moore et al. 2010
vegetated 11.7 Moore et al. 2010
N-NH,"
non-vegetated 19 Moore et al. 2010
92 Moore et al. 2010
vegetated
Total nitrogen 57 Krbger et al. 2007a
non-vegetated 77 Moore et al. 2010
36 Moore et al. 2010
vegetated 43.9 Kroger et al. 2008
Phosphorus
63 to 74 Smith and Pappas 2007
non-vegetated 71 Moore et al. 2010

Ditches and especlglvegetated ditches hold inherent nutrients mitigation power. The reduction in
nutrients loads along a ditch reach varies from 3 to 92% depending on the nutrient considered and
the characteristics of ditches. Total nitrogen and phosphorus are prefetgmédliced along ditches

with regard to nitrates and ammonium.

Particulatebond nutrient, especially phosphorus, may alsosbétractedfrom the water column by
sedimentation (Liu et gl.2008). As previously describethe ditch characteristics influenw

sedimentation include vegetative cover, water height and ditch morpho{sgg section 1.1.3.5)

Plant uptake can be a significant sink of nutrient in ditches. Wetland plants generally assimilate 5% of
the nutrient fluxes(Kréger et al., 2007b)'he amount of nutrient that is assimilated bggetation is

related to the concentration in the water phase. In case of high nutrient concentrations, wetland
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plants assimilate a greater amount of N an@KPdger et al.2007b) which was observed by Kréger
et al. (2007) in a vegetated ditch in whidetincrease in nutrient concentration in water led to an
additional uptake of 2 and 7 mg-glant for P and N, respectively. The plant uptake of nutrient is,
however, subjected to strong seasonal variation because it is intimately related to vegetatigthgr
(Krbger et al 2008, 2007b)Moreover, previously assimilated nutrients may be released after plant

senescence during the dormant seagémoger et al.2007hb)

The decrease in the-NG;” concentrations within ditches mainly results from biologicedgesses,

whereas the decrease in the-NH," and P concentrations is assumed to be due to physicochemical
processes (Smith and Papp2807). The evaluation of the relative importance of each process is
difficult especially for N. Indeed, the major N sgscNNO;, N-NH,", and NNO,” undergo complex

and simultaneous interactions resulting from nitrification, denitrification and assimilation processes
(Krbger et al.2007a) The provision of habitats to microbial and vegetal species within ditches
positively affects nutrient retention. Indeed these species use nutrient for their development and

growth.

In sum, he nutriert retention capacity of ditches can vary largely, from 3 to 92% according to local
conditions. Itis optimal when sorption, sedimentatiortransformation and plant uptake are
maximized Which of these processes are the maost important for retention has not been studied in
details. Given their simultaneous and feedback actions, the link between these processes and general
ditch characteristicds tedious. However they all deperah the vegetation cover density. Highly

vegetated ditches argenerallymost prone to reduce nutrient loads.

Pesticides retention in ditches

The pesticide retention power of ditches halsobeen observed to vargreaty between 3 and 99%.
Table 1.3 synthesizes the measured pesticides retention efficiencies and associated ditch
characteristics. The retention efficiency generally increases with increasing hydrophobicity of the
moleculesThe pesticide molecules are cldigsl from top to bottom by decreasing hydrophobicity in
Table 1.3 Qualitative evaluation of pesticide retention by meaof retention indiceshas been

proposed byMargoum et al(2003)
Ir (Retention IndexX) = aS+ bLV+ cDV

with § LVand DV being the relative cover (% of surface area) of sedime®idiying vegetationL(V)

and dead vegetation) anda, b, andc, being adimensional coefficients describing the relative
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sorption powerof sediments, living vegetation and dead vegetation, respectiselyto 1, 2 and 40
(GaronBoucher 2003; Margoum et al.2003). The retention capacity of ditches as estimated by
these indices may differ from observations and experimental regMligggoum et al., 2003; Stehle et
al., 2011) Levavasseur (2012) thus proposed leRGEffective Pesticide Retention Capacity) index

modulating the gindices by the flow velocity.

Pesticid retention within ditches mainly results from sorption processes (Elsaesser, &04B;
Stehle et al.2011) but also from the processes of degradation, plant uptake or sedimentation of
loaded particles. The ditch characteristics influencing the ocogg@nd intensity of these processes

are described hereafter.

Sorption processes are deemed to be the main mechanisms of pesticide retdniffaring both
surface and leaching fluxegthin ditches Dousset et al., 201Elsaesser et al2013; Stehle etl,
2011). Indeed, several components of ditches, includioify sediments, vegetation and litter, can
provide efficient sorption sites for pesticiddsagacherie et al., 2006; Margoum et al., 2006; Vallée et
al., 2014; Wan et al., 2006)he relative efficiency of these sorption substrates, which is represented
by the sorption coefficient ¢ varies among pesticideBigure 1.3 compiles the mean {Kalues for
various pesticides, fitted from sorption expexents on wetland plants, ditch sediments and litter
(Crum et al., 1999; GareBoucher, 2003; Gebremariam et al., 2012; Passeport et al., 2011a; Vallée et
al., 2014)

Organic matter, espeaglly humified organic matter, provides preferential sorption sites for pesticides
(Margoum et al.2003; Vallée et al2014) which could explain the very high sorption coefficients
that are measured in vegetation and most of all lit{Eig. 1.3)Howe\er, factors other than organic
matter may influence the sorption mechanisms of pesticife¢allée et al.2014) The sorption
mechanisms of polar or polarizable pesticides are highly related to the pH, the clay content of
sediments and the cation exchangapacity (CEQBrown et al., 2004; Ulén et al., 2013; Vallée et al.,
2014) Furthermore, at the ditch scale, the chemical retention time expressing the potential
pesticidesubstrate contact time, the watdevel and ditch bottom shape significantly impact all of
the saption processes (Boutron et aR011; Elsaesser et a013; GarorBoucher 2003; Stehle et

al, 2011).
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Figure 1.3: Mean Freundlich sorption coefficients (Kf) indicating the affinity of the various
pesticides for a: sediments (in brown), b: vegetati (in green) and c: litter (in blackid: no data

available in the literature. The pesticides are classified from top to bottom by increasing

Kf (mg*"kgI")
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hydrophobicity. The various pesticides exhibit high affinity for ditch substrates especially for

vegetation anditter. This affinity increases with increasing hydrophobicity.
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Sedimentation of pesticidlbaded particles may also contribute to pesticidetention, which is
potentially the case of hydrophobic pesticiddbat are likely to be preferentially adsorbeché
transported by suspended particles. For examadd et al. (2009jneasured the proportions of
pyrethrin associated to the particulate phase e 62 to 93% of the total pyrethrin in the water
column in a vegetated ditch. Accordingly, Budd et al. (2009) suggest that the sedimentation of these
loaded particles could lead to an important decrease in pyrethrin concentrations. As previously
described the ditch characteristics influencing sedimentation include vegetative covaer level

and ditch morphologysee section 1.1.3.5)

Plant uptake may also contribute to dissolved pesticitention within ditches (Branger 2003). High
proportion of pesicides, linuron, pyrethrin, chlorpyrifos or carbaryl have been detected in plants that
are grown in ditches, but the distinction between adsorption and absorption (plant uptake) was
rarely evidencedBennett et al., 2005; Crum et al., 1997; Garcinufio et al., 2006; Kroger et al., 2009;
Moore et al., 201).

Biotic and abiotic degradation processes are also involved in pestéatielgion within ditches, which

has been observed in several studies. Moreover, shorter-lival$ (DT50) of pesticides were
observed in ditches than in sediments or in water aadied between 7 and 12 days for linuron,
approximately 1 day for cyhalothrin and 10 days for imidacloprid in vegetated di{€lrem et al.,
1997; Mahabali and Spanoghe, 204¥)In contrast, these halives are reported in the Agritox
database(ANSES, 20158f 46, 22 to 83 and 30 days in sediments and 48, 3 and 129 days in water,
for linuron, cyhalothrin and imidacloprid respectively. Further evidence of pesticide degradation in
ditches was provided by Bennet et al. (2005) who detected thabolites of pyrethrin in ditches. A
detailed study of the degradation potentials within ditches has not been performed. However, it was
suggested that pesticide biodegradation depends primarily on biofilms that develop on vegetation
and sediments (Need®lan et al, 2007) and can be favored by an increase in the hydraulic retention
time (Liu et al., 2012)

Although some significant work has been performed todg the sorption processes in ditches,
sorption kinetics in ditches still need to be investigated in order to be able to relate quantitatively to
the variable hydraulic conditions (flow rates, water levels, and substrate permeabilities) prevailing in
ditches. Similarly, the factors controlling the degradation potentials of pesticides within ditches need
to be thoroughly investigated for prediction according to the ditch characteristiégreover,

pesticides leaching processes within ditches located induighareas needs to be examined.
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Table 1.3: Pesticides mitigation power of ditches

. Vegetation Hydraulic Mitigation
Molecule Reach length (m) Substrate characteristics getat y u I Hgat References
cover (%) retention time (h) (%)
| -cyhalothrin 650 nd 88 6.0 98.8 Bennett & al. 2005
Bifenthrin 650 nd 88 6.0 96.1 Bennett et al. 2005
Permethrin 389 21:35:44 (% sand: silt: clay), 0.6% 100 nd 44 Moore et al. 2011
402 21:35:44 (% sand: silt: clay), 0.6% 100 nd 19 Moore et al. 2011
Chlorpyrifos
200 80-100 nd 38 Gill & al. 2008
50 mineral and organic matters nd nd 16
50 poorly vegetated, coarse sediment nd nd 27 GaronBoucher
Diflufenicanil 2
25 vegetated, coarse sediments nd nd 58 003
100 vegetated, dead leaves nd nd 58
0 92
Indoxacarb 49 97
El t al.
Trifloxystrobin 44 loamy sand, OC 0.78% 72 1.3 97 Sazzslzr eta
Thiacloprde 86 97
100 97
Tebuconazole 44 loamy sand, OC 0.78% 0-100 1.3 92-97
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2013

7.3 hemp fibers nd nd 24-59 Boutron et al. 2011
7.3 hemp fibers nd nd 26-48 Boutron et al. 2011
50 mineral and organic matters nd nd 3
Diuron 50 poorly vegetated, coarse sediment nd nd 24 GaronBoucher

25 vegetated, coarse sediments nd nd 64 2003
100 vegetated, dead leaves nd nd 48
7.3 hemp fibers nd nd 1145 Boutron et al. 2011
50 mineral and organic matters nd nd 9

Isoproturon 50 poorly vegetated, coarse sediment nd nd 16 GaronBoucher
25 vegetated, coarse sediments nd nd 56 2003
100 vegetated, dead leaves nd nd 40

Ditches and especially vegetatdidlches hold inherent pesticides retention power. The reduction pesticides loads along a ditch reach varies from 3 to 99%
depending on the pesticide considered and the characteristics of ditches. Pesticides are classified from top to bott@asiygdpdrophobicity. The
reduction of the more hydrophobic pesticides loads is generally higher than for the less hydrophobic ones but thisieddndditch characteristics. nd:

missing data, OC: organic carbon.
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In sum, the pesticide retention efficiepoof ditches varies largely according to local conditions,
between 3 and 99%. The pesticides retention is predominantly controlled by sorption processes and
to a lesser extent bysedimentation, degradation and plant uptakés for nutrients,pesticide
retention is optimal when sorption, sedimentation, degradation and plant uptake are maximized.
This principally relies on the vegetation cover density but also on sediment texture and litter
properties. Highly vegetated ditches with thick litter layer and Seeiment texture are more prone

to reduce pesticide loads.

1.1.3.6. Biodiversityconservation

Herzon and Helenius (2008) previously reviewed the biodiversity issues that are associated with
lowland drainage ditches. These authors underlined that drainage ditcbssa wide diversity of
species, including plants, invertebrates, insects, amphibians, birds and mammals. The main benefits

of ditches for biodiversity conservation are recalled hereafter and completed with later findings.

The relatively low water levelithin ditches providsideal growth conditions for a large diversity of
aquatic and wetland plant@Bellavance and Brisson, 2010; Elsaesser et al., 201k €tval., 2003)
Wetland plants in ditches are most likely residual marsh plant species that were present before the
area has been drained (Herzon and Helenk@08). Furthermore, in drainage ditches that are
characterized by a rather perennial basewflathe invertebrate diversity has been reported to be
higher than in small lakes and streaf@®mon and Travis, 2011; Verdonschot et al., 2011; Williams et
al., 2004) The number of bird species can also double if ditches are present in cropped/aneais,

1983; Herzon and Helars, 2008; Marja and Herzon, 201Zhe increase in bird diversity, however,

is more related to the presence of trees on ditch margins than to the inherent ditch characteristics
(Arnold 1983; Marja and Herzp2012). Moreover, ditch networks are one of thest frequent nor
cropped networksn cultivated landscapes, thereby providing a key service of ecological corridors
(Herzon and Heleniy2008). These corridors permit the movement of amphibians, mammals or
insects that would otherwise be restricted irogtile and intensively cropped aregblerzon and
Helenius, 2008; Van Geert et al., 201D)tch networks maylso connect fractionated populations
and favor their survival and renewal. Indeed, habitat fractionation leads to plant and animal
population isolation and threatens plant and animal léegn survival, especially for seegtting

plant species, which regre insects for pollination (Van Geert et ,aP010). Van Geert and
collaborators (2010) found that pollen dispersal was greater when plant populations were connected

by ditches.
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Ditches provide numerous microhabitat types, shelters and connect popnatidhe biological
functioning of ditches is conditioned by the water and pollutants fluxes. The collection of water
fluxes allows maintaining a minimum water level along the network which is beneficial for a lot of
species. Intense flows may however, degthabitats and shelters. Most of the processes tending to
lower the pesticide and sediment loads benefit the biodiversithis may not be the case for
pesticides degradation as metabolitegy bemore toxic than the parent molecul&utrients fluxes
stimulate the development of some plants and microbial communitiest may also lead to

eutrophicationthat may be harmful for other species.

The local hydrological catchment regimes induce more or less ephemeral flow within ditches,
thereby controlling thefluctuation of soil humidity in the ditches. Drainage ditches are often
regarded as wetland@-lora and Kréger, 2014; Kroger et al., 2009, 2008 wlands with temperate

and humid climatesThese ditches also present some physicochdnsicailarities with small lakes

and streams (Verdonschot et @011). Ditches are therefore unique ecosystems combining wetland
and stream characteristics (Needelman et 2007). The ditch ecosystem, including besldewalls

and margins, provides a ratification of microhabitats ranging from aquatic to wetland and
terrestrial types (Marja and Herzpr2012). This stratification of habitat type depends on the
vegetation cover (permanence and type) and on the water level fluctuations (Bellavance awohBris
2010; Simon and Trayi2011; Twisk et al2003; Verdonschot et aR011; Williams et al2004).

The vegetation cover of ditches and margins provides efficient shelter for this biodiversity (Arnold
1983; Herzon and Heleniu2008; Marja and Herzqr2012). Moreover, the drying out of some
ditches in the summer excludes the presence of predatory fishes and permits the development of

frogs and newts (Herzon and HeleniR608).

Ditch networks provide sheltered corridors, allowing the movement and ections of amphibian
and insect populations (Herzon and Heleni@®08). Moreover, abundant exchanges with the
surrounding terrestrial matrix may occur in these particular ecotones (Herzon and Hel2dds.
These exchanges, combined with the water floanveyance capacity, confer upon ditches an

important role in seed dispers@Dijk et al., 2014)

The characterization of the habitat stratification and shelter provis®racking within irrigation
ditches or ditcles that are located in arid or seraiid areasand prone to drastic fluctuations of the
water level and the climatic conditionghis hinderghe establishment of a relationship between

ditch characteristics and biodiversity under various climatic contexts
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In sum, ditch networks constitute ecological corridors that play a key role in the conservation of
biodiversity in intensively cropped landscap&sis ecosystem service is optimal when ditches offer
diversified microhabitats and sheltered corridors. sTh generally achieved within highly vegetated

ditches with a relatively permanent base flow and low velocity of the water flow.

1.1.3.7. Intricacy and controfactorsof the ecosystem services provided by
ditches

As can be seen ifiable 1.14dl of the ecosystenserviceghat can be provided by ditchetepend to a

certain extent on the hydrological processes thake place withinditches. Moreover, most
processes are involved in several services in a positive way for some of them and in a negative way
for other (Table 1.1).Simultaneous maximézion of all services that are potentially provided by
ditches is therefore complex given the extensive feedbdmtween processesThis maximization

may even be unachievable in some instances and will most often reduitied tradeoffs between
different services. For example, maximizing the groundwater recharge will positively affect local and
downstream surface water purification (sediment, nutrient and pesticides) and the amount of
groundwater resources but may alsoopide negative feedback to groundwater pollution (nutrient

and pesticides). Finding adequate tradeoffs will certainly requiretfineng according to sitspecific

contexts of the processes in the ditches and of the ditch characteristics that contrel pnesesses.

All of the processes are individually driven by given ditch characteri$tdde 1.4summarizes the

ditch characteristics that have been previously shown as significantly influencing one or several
processes. The main influent ditch charaigics include vegetative cover, ditch morphology (cross
section, length, and slope), orientation with regard to the slope and location within the watershed,
reach connections (piped sections, weirs, etc.), soil texture and structure, sediment and litter
properties, biota and biofilms, and network topology. Some of these characteristics are fixed (e.g.,
orientation and connections) or slowly change with time (e.g., morphology), while others (e.g.,
vegetative cover and litter) are prone to drastic chandeat tare governed by current maintenance
operations. Most of the ditch characteristics have a straightforward impact on only a few processes,
whereas vegetation cover influences almost all of the proce¢$able 1.4) However, given the
intricacy of many mcesses, all of the ditch characteristics influence to a certain extent most
processes. An accurate determination of ditch characteristics is therefore essential for understanding
and predicting the functioning of ditches. In this respect, thigewindicates several characteristics

that are little known and/or weakly defined:
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Table 1.1: Classification of the major effects of the main processes taking place in ditches on ecosystem services

Landscapeervices

Processes Waterlogging Soilerosion Flood Groundwater Water Purification Biodiversity
control prevention regulation recharge conservation
sediments pesticides nutrients

runoff collection + + - + -/ (+) -/ (+) - (+) +/-

subsurface water collection + + - -/(+ -/ (+ -/ (+ +/-

Hydrology . . /(+) /(+) /(+) /
infiltration + + + +/- +/- +/-

water conveyance + + - - - - - +/-
sedimentation + + + + -

Erosion transportand i i i i

remobilization

o sorption + +
Pesticides  degradation + (+/-)
plant uptake + -

. sorption + +/-
Nutrients transformation + +/-
plant uptake + +/-

.. providing habitat (+) (+) +
Biodiversity shelteiing N
populations connection +

Ecosystem services result from a combination of procegtesither positive or negative effects. Direct effects are considered and indirect effects are
indicated in brackets. +: positive effect of the given processes on ecosystem senagggive effect of the given processes on ecosystem services. When
boxes are unfilled, there is no known relation between the given processes and services. Note that a given processottaptsitiedband negative effects
across the range of ecosystem services considered for ditches. The maximization of a gigemmaptkereby contribute to the optimization of one service

and the attenuation of another.
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Table 1.4: Main ditch characteristics influencing geochemical, geophysical and biological processes within ditches

Ditch characteristics

vegetation reach orientation  soil texture  sediments litter biota & network
Processes . . . .
cover morphology & location & structure  properties  properties biofilms topology & reach
connections
subsurface water * * * *
collection
Hydrology runoff collection * * *
water conveyance * * * *
infiltration * * * * *
. sedimentation * *
Sediments e
remobilization
pesticidesorption * * %* *
. . .
Pesticides pest|C|de_
degradation
plant uptake *
nutrient sorption * *
Nutrients nutrient * *
transformation
habitat * *
: . .
Biodiversity sheltermg
populations * *
connection

Ditch characteristics influence most geochemical and geophysical and biological processes across agricultural l&nagbagree of the
given ditch characteristics on the given processes. When boxes are unfilled, there is no known relation between thehgiven dit

characteristics and the processes. Note that the vegetation cover influence most processes.
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1 The physical ahhydraulic characteristics of the sidewalls and bed of the ditch.

9 The variation in the vegetation characteristics of the ditches

1 The sorption properties of pollutants for the variety of substrates that can be found in
ditches, which is a prerequisite fatentifying and possibly improving the sorption capacities

of ditches.

Some ditch characteristics drastically evolve with ditch maintenance. Ditch maintenance may thereby

constitute an efficienengineering tooto optimize given ecosystem services.

1.1.4 Ditch maintenanceilever for the optimization of ecosystem services

As previously described, the pedoclimatic context and intrinsic ditch characteristfuact the
occurrence and intensity of the aforementioned processes and consequentBctisystenservies

that are provided by ditches. Ditch maintenance is a key driver controlling the intrinsic ditch
characteristics, such as vegetation nature and cosed bed soil texture and type, thereby
controlling most of the processes. Ditch maintenance is therettgemed to impact most widely

ditch functioning and serviceslereafter, we address the influence of maintenance operations on
ditch characteristics and on processes and services and then examine how maintenance may be use

for optimizing ecosystem servige

Ditches design has been historically motivated by the necessity of strengthening the initial services,
namely waterlogging limitation and water erosion cont(®leedelman et al.,, 2007; Zhang et al.,
2013) Maintenance techniques wer designed accordingly and aimed at regularly clearing
vegetation and removing sedimefiroger et al.2009; Levavasseur et a22014; Needelman et al.
2007; Twisk et al 2003) The main ditch maintenance operations include dredging, mowing,
chemical weding and burning using manual or mechanized techniqéés. 1.1)Little is known
about ditch maintenance design, i.e., the choice, the modality and the succession of operatisn type
and frequency in maintenance (Levavasseur ¢R@ll4). Depending orhe pedoclimatic context, the
dredging of drainage ditches #tidbeen reported to be performed once every 5 to 50 years
(Levavasseur et ak014; Smith and Pappa2007; Twisk et gl2003), whereas operations leading to
vegetation clearance, i.e., mowinghemical weedingor burning, aremore frequentlyachieved a
priori. In the Mediterranean context, theseperations are performed at least once a year
(Levavasseur et al2014). Often, maintenance strategies result from a combination in time of the

four basc operations that were mentioned above (Dijk et 2014; Levavasseur et @2014).
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1.1.4.1. Impact of maintenanceoperationson ditch characteristics

The direct consequences of these operations on ditches characteristics or properties are threefold
(Kroger etal., 2009; Needelman et al2007) The first consequence is the vegetation removal that is
induced by all operations, and consequently of the biota that are sheltered within the ditch.
Vegetation removal may be completed with dredging, burning and cheémieading operations
(Levavasseur et al2014) or partially completed with mowing and selective chemical weeding
(Needelman et al2007). The second consequence is the modification of the properties of the ditch
bed material after dredging, burning andmetimes mowing. Dredging leads to the complete or
partial removal of accumulated sediments within the ditch bed and of the biota that are sheltered
within this layer. Ditch bed sediments have been reported to exhibit a finer texture with high silt and
clay contents and higher organic matter contef@aronBoucher, 2003; Smith and Pappas, 2007;
Vaughan et al., 200®)efore dredging than afte The permeability properties of ditch beds are
therefore likely to be modified by dredging. To our knowledge, the effect on the soil properties of
ditch burning has not been studied yet. Nevertheless, it has been demonstrated that after wildfire or
field burning practices, the soil wettabilityBentoGongalves et al., 2012; DeBano, 20@dd
available organic matter conter{ftGonzalePérez et al., 2004; Yang and Sheng, 2003a, 2008&b)
altered. If the moved vegetation is not removed from ditches, it can considerably increase the litter
layer and the available organic matter content of the ditch bed matdtiabacherie et al., 2006;
Margoum et al., 2003, 2001 a Mediterranea catchment, Levavasseur et €2014) observed an
earlier and greater increase of litter in mowed ditches relative to the litter accumulation due to
natural plant senescence during autumn and winter. The third consequence of maintenance is the
modification of the shape of the ditch, which mainly concerns dredging and leads to the restoration

of the volumetric storage capacity of the ditch.

In sum, all maintenance operations lead to vegetation clearance. Dredging and burning modify ditch
bed and sidewallsesliments properties including texture and organic matter content. Mowing may
increase the litter layer if the moved vegetation is not removed. Dredging restores the morphology
of ditches. The way maintenance operations affect ditch characteristics Idsatignerally well
described. However, little is known about the impact of upstreaaintenance on the downstream

characteristics.
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1.1.4.2. Maintenanceeffect on the processes and services

The change in the ditch characteristics resulting from maintenance tpesawill purposively
modify the hydrological behavior of ditches and the transport and fate of solids and contaminants
within the ditch as well as its functioning as ecosystem. The influence of ditches maintenance

operations on processes is hereafter deébed and summarized ifiable 1.5

The vegetation clearance resulting from maintenance improves water conveyance within a reach and
consequently decreases the hydraulic retention tirfig6ger et al. 2009; Liu et a).2012) The
increased water conveyangmtential facilitates the rapid removal of excess water on cropped plots
and limits the potential overflow of ditches, positively affecting waterlogging and erosion control
(Levavasseur2012). The increased water conveyance potential combined with alemigidraulic
retention time may lead to decreased infiltration proces¢Emgner and Auerswald, 2003; Krbger et

al.,, 2009; Lecce et al.,, 200@nd, in turn, b reduced groundwater recharge and increased
downstream water flow. The latter impact on groundwater recharge, however, may vary according
to the type of clearing technique. Dredging is known as the most efficient maintenance practice to
restore the waterconveyance function (Lecce et,&006). If properly achieved, dredging should also
restore the permeability of the ditch bed and consequently enhance the exfiltration processes that
are involved in farmed field drainage or infiltration processes that ias®lved in groundwater
recharge. The specific impacts of ditch burning in addition to vegetation clearance have not been
studied. However, because ditch burning modifies the soil wettability and soil organic matter

content, it can be expected that infilition or exfiltrationwill be modified.

At the same time, clearing vegetation in the ditches is likely to decrease the sediment trapping
efficiency of the ditcheqFiener and Auerswald2003; Kroger et al.2009) by suppressing the
filtration effect of the vegetation and by favoring more rapid flow velocities that limit sedimentation
processes and enhance erosion processes. Mowing is, a priori, the operation with the smallest
impact on the sediment trapping efficiency. Lecce et al. (2006) observed thiigdstorms in the
winter and spring, ditches export more sediments than during storms in the summer and autumn. On
the catchment that these authors studied in North Carolina, the maintenance of ditches consisted of
the mowing of vegetation from the ditchanks and bottom in late autumn or early winter. These
authors therefore related the sediment trapping efficiency of ditches to the vegetation cover. The
other maintenance operations, namely, chemical weeding, burning and dredging, may have greater
impactson sediment retention. Levavasseur et al. (2014) observed that the chemical weeding of
ditches in a French catchment resulted in almost no vegetation cover throughout the year.

Accordingly, these chemically weeded ditches were very sensitive to ditchdvasion during the
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intense rainfall events of autumn. Dredging, however, relocates sediments from the ditch to the
adjacent fields, providing an important sediment sink for later runoff events. Burning produces new
fine and noncohesive particles that area priori, easily mobilized by subsequent flows and are
therefore likely to deteriorate the quality of surface waters in terms of turbidity. The real impact of

maintenance operations in terms on water turbidity for downstream water is uncertain.

The impat of maintenance operations on the contaminant transport and fate is most likely more
complex because many processes are involved at different time scales. The higher pollutant
retention capacity of vegetated compared to nwagetated ditches has been demstrated by
specific case studigBudd et al., 2009; Elsaesser et al., 2013, 2011; Moore et al.,.20id)nvolved
mechanisms are not always completely clarified, and the hierarchy of processisg to retention

is generally not specified. The decrease in the hydraulic retention time and in the chemical retention
time automatically leads to less time for the sorption, degradation, plant uptake and sedimentation
of loaded particlefHerzon and Elenius 2008; Kroger et al2009; Liu et aJ.2012)and leaching
processes. Kroger et al. (2009) estimated a chemical retention time that was three times higher for a
vegetated ditch than for a geomorphologically similar, nvagetated ditch. Vegetatiomnd ditch
sediments provide efficient retention sites for nutrients (Needelman et28I07; Smith and Pappas
2007) and pesticide&Gill et al., 2008; Margoum et al., 2003, 2001; Pappas and Smith,. 20G¥)
removal of these sediments is therefore likely to reduce the retention capacity of the ditches.
Dredging is likelyo be the most disturbing practicbecause it removes part of the sediments and

the biota that are responsible for nutrient uptake and biotic pesticide degradation, as clearly shown
for nutrients by Smith and Pappas (2007) and for pesticides by Pappas and Smith (2007), who
observed a greateability of the predredged bed material to remove-NO;, N-NH," and soluble
phosphorus compared to the bed material that was present after dredging. These authors also
observed a greater release of soluble phosphorus from bed material after dredgimgnirast,
dredging relocates nutrient that are trapped in vegetation and sediments to the adjacent fields,
decreasing their potential release during the dormant season (Herzon and He2d0®). The same
phenomena may occur for mowing when the mowed etagjon is removed (Dijk et al2014). The

effect of mowing without the removal of the vegetation requires further exploration. The induced
increase in litter may provide new sorption sites for nutrients and pesticides. To our knowledge, the
effect of buning on the pollutant retention potential of ditches has not yet been studied. We
hypothesize that burning could lead to a significant release of nutrients that were previously trapped
in plants. However, burned crop residues provide preferential sorpies for pesticides as
evidenced for diuron (Yang and Shep@03a, 2003b) and clomazof¥u et al., 2008)If present in a

significant proportion and over a significant period, ashes may enhance the sorption properties.

53

S

Q

[j



A

1AL YLI O RS t QSYiGNBGASY &adzNJ €S F2yO0lAz2yySySyd Si
¢9iGltd RS fQl

Apparently, this increase in sorption issaciated with a decrease in pesticide degrada®asseport

et al.,, 2011b; Xu et al., 20Q8but little is known regarding the desorption processes on ashes.
Moreover, being griori easily erodible, the fate of ashes needs to be studied. Finally, the dredging,
chemical weeding or mowing of drainage ditches is likely to contribute to downstream water
contamination. Of all of the maintenance operations, little is known aboui thgpact ondesorption

and leaching processes. Moreover, infiltrating ditches need to be studied because of the unknown
effect of dredging on the infiltration intensity and groundwater recharge. If infiltration processes
dominate, surface water contaminath should be limited, but the risk of groundwater
contamination increases. The characterization of the impact of burning on the pollutant retention

capacity of ditches also requires specific investigation.

All of the maintenance operations clear the veapn and thus potentially affect the biotic
communities having their habitatsheltered corridoror food sources within ditches (Herzon and
Helenius 2008). The intensity of the deterioration of the ditch ecosystem varies with the
maintenance operationindeed, as observed by Levavasseur et al. (2014), chemically weeded ditches
tend to have a reduced and scattered vegetation cover throughout the year. Dredging is expected to
remove all of the fauna and flora from the upper layer of the ditch bed matésialith and Pappas
2007; Pappas and Smith 2007). In contrast, periodic dredging can restore habitats for rare plant
species as it decreases eutrophication and limits light competition (Herzon and Hel200§).
Mowing also can favor rare pioneer plant sjs for the same reasoriBijk et al, 2014; Leng et al.,
2011)and has been described as an effective means of seed dispersal (Leng26i.d). Finally,
because field burning has been used to enhance soil fertility and vegetation growth, this

maintenance operation should favor rapid &tgtion restoration.

In sum, there is no obvious optimal maintenance operation allowing the simultaneous optimization
of all ecosystem services provided by ditches. All maintenance operations globally impact in a
positive way waterlogging control or sadrosion prevention and in negative way biodiversity
conservation. The effects of maintenance operations on groundwater recharge, flood regulation and

water purification is more contrasted.

1.1.4.3. Designingmaintenancetoward an optimization of ecosystem services

Thisreview showsthat ditch maintenance operations exert a strong influence on several important
ditch characteristics and on most of timeocesses (Table 1.5)\.ccordingly, it can be expected that

the maintenance operations are adequate for optimizirge tcontribution of ditches to several
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ecosystenmservices. We tried to state the global impact of each operation on each range of service,
similar to what has been performed between the operations and the ditch procésseable 51t is
possible to distiguish three types of services according to the impact of the maintenance
operations. The first type of service corresponds to the waterlogging and erosion prevention services
for which all of the maintenance operations have a positive impact because itingpve water
conveyance. A second type of service corresponds to biodiversity conservation, which is negatively
impacted by the maintenance operations except for mowing because these operations strongly
disturb ditch vegetation and habitats. The third typé service corresponds to all of the other
services for which no overall impact of operations can easily been defined. This result occurs for two
reasons. These services depend on several processes for which the impacts of a given operation vary
from postive to negative. Moreover, the respective contributions of the processes to the setting of
the service are either unknown or vary with local conditions, preventing the determination of the

operation impacts of the services on the underlying processes.

Therefore, to move towards the application of ditch maintenance operations to impemesystem
services, thisreview also indicates areas where progress must be made in terms of process

knowledge or experimentation.

9 Burning is the least studied operatiofio better understand the impacts of burning on ditch
processes and services, several specific mechanisms that are likely to occur after burning
must be explored: i) the contribution of ashes to the deterioration of water turbidity, ii) the
change in the hgraulic friction because burning enhances the vegetation growth and selects
vegetation species, iii) the net balance for biodiversity, iv) the impact on solil infiltrability and
therefore on the subsurface water collection and groundwater recharge andcewhhnge in
the retention and degradation capacities of pesticides. For the fifth mechanism, burned plant
residues were shown to be preferential sorption sites (Yang and Sheng, 2003a, 2003b), but it
is not clear whether these new sorption sites can compémsn ditches for the removal of
other sites (litter and living vegetation). In a case study, Xu et al. (2008) observed that
pesticide sorption increased after burning and causedonsequent reduction in the

degradation rate.
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Table 1.5: Effects ohe maintenance operations on landscape processes

Maintenance operations

Processes Dredging Mowing Chemical weeding Burning
runoff collection + + + +
subsurface water collectior ++ 0 0 -
Hydrology
infiltration +4 - - - R
water conveyance +++ ++ ++ ++
sedimentation - - - -
Erosion

transport & non
remobilization

sorption - +/- - ++/-
Pesticides degradation -- - - -

plant uptake -- - -- -

sorption - 0 0 0
Nutrients  transformation -- 0 - R

plant uptake -- - -- -

providing habitat -- - -- -
Biodiversty  providing shelter -- - -- -

connecting populations - +/- - -

The four basic maintenance operations i.e., dredging, mowing, chemical weeding and burning impact
most processes either in a positive or negative wagositive effect of the maintenance operation
on the given processes;negative effect of the maintenance operation on the given processes; 0: no
effect of the maintenance operation on the given processes. Note that the maintenance operations by
modifyingditch characteristics influence either in a positive or negative way the geochemical,
geophysical and biological processes involved in the ecosystem services. There is no obvious optimal

maintenance operation.
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1 Mowing is an interesting practice that hatperformed at an adequate season, no or little
adverse effects on biodiversity because it permits rapid vegetation regrowth and favors seed
dispersal. Moreover, mowing without the removal of mowed vegetation should produce a
new litter that can positivly change ditch bed properties. More-depth knowledge is
required on mowing impacts, including i) the effect of mowed residues on the pollutant
retention and degradation capacities, infiltration processes, and hydraulic roughness of
ditches; and ii) theeffect of regular mowing on the diversity of plant species and therefore
on the ditch properties.

1 The impacts of a succession of maintenance operations need to be examined. The vast
majority of the work that we reported concerned the study of the effects single
maintenance operations, whereas actual ditch maintenance consists of a temporal
succession of operations, which are selected from the four basic operations. Thus, improving
the maintenance strategies of ditches for agroecological engineeringedsires an optimal
succession of operations. It is necessary to define which specific ditch services are foremost
expected at a given time and to select the correct operation for favoring these services.
Process investigation entails examining whetherteaadent maintenance operations
influence the outcome of current maintenance operations and studying the possibility of the

longterm effects of a combination of operations.

In sum, mowing appears as an interesting maintenance operation with limited selwdfects on
biodiversity conservation or water purification when performed at an adequate season and positive
effects on waterlogging control and soil erosion prevention. The effect of burning has been poorly
investigated. Maintenance is a successiotirite of various operationsmniproving the maintenance

strategies of ditches for agroecological engineering requires an optimal succession of operations

1.1.5 Conclusion

Thisreview shows that ditches provide many regulatirgosystemservices, namely, watejging
control, water erosion control, water purification, flood regulatjogroundwater recharge and
biodiversity Sustainable agroecological engineering of cultivated landscapes rely on the optimization
of these ecosystem services. This revigao detais the range of landscape processes involved in
these services, which act on catchment hydrology, erosion and sediment transfers, pesticide and
nutrient sources and fate as well as biodiversity. Several ditch characteristics that influence these

processesvere shown to be amendable by ditch maintenance operations (e.g., dredging, mowing,
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chemical weeding and burning). Accordingly, teeiewdemonstrates that ditch maintenance can be

a powerful lever for improving the services provided by ditches. .

The ineractions between the various processes that are involved in the ditch services and the
simultaneous impacts of ditch characteristics on many services however make these services strongly
interdependent. Therefore, maximizing a given service may lead ¢éapected positive or negative
feedbacks on other services. These feedbacks can be local and immediate, but can also be shifted in

space (e.g., downstream and from the surface to the ground) or in time (e.g., a delayed effect).

Determining a relevant stragyy of ditch maintenance for improving a range of ditch services remains
therefore a very challenging task. Oaview indicates several related research needs. First a better
understanding of the impacts of the maintenance practices on each servicedsdieghich in turn
requires a better understanding of some still poorly studied processes (e.g., sorption and degradation
of pollutants in ditches and shelter provision) and better determinations and mapping of key ditch
characteristics (e.g., hydraulic gerties, vegetation characteristics and sorption properties).
Secondly, when several services are to be considered, efficient strategies of overall maximization
dK2dZZ R 0S RSTAYSR® ¢KS& Oly GF1S | ROIYyKSR&EE 2
of each service. They should aim at optimizing the spatial arrangement of the different maintenance
practices on ditches according to catchment heterogeneity (soil, climate, topography) and ditches
connectivity. They need an a priori ranking of thepected services. The ranking may be specified by
the local context as for example the supply of freshwater for human consumption where the water
purification service should be favored. This ranking requires a valuation of the services by the
different gakeholders, e.g., from a participatory evaluatibiWeaver and Cousins, 200&ventually,

for building the strategies, new knowledge should be acquired on the feedbacks between processes,

which most often, as indicated by oteview,were studied separately.

Given the large number of ditch characteigs and processes to consider, the numerous positive and
negative feeebacks between services, the different spatial and temporal scales that should be taken
into account, imsitu experiments of ditch maintenance strategies cannot address all management
issues, especially when ditch management has to be defined over long term for a sustainable agro
ecological engineering of landscapes. Consequently, in our opinion, a scientific challenge in the
future will also be the development of numerical explicit mtdg approaches at the landscape scale

for integrating and coupling the major processes involved in the provision of landscape services by
ditches. This should positively complement the experiments for analyzing and defining best

management practices oftdhes.
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1.2 Objectifs et démarche scientifique

Les processus physiques et biogéochimiques clés modulant le pouvoir tampon devifeasés des
pesticidesd 2y 4 I &A2NLIiA2y SiG fQAYTFATLONIGA2Y O6{SO0A2
étroitement liée aux propriétés des fossés (Section 1.1.3). Or les propriétés des fossés sont a priori
Y2Rdz SS& RS YIFEYyAsSNB O2y (N} &GSS LI N f£f538 RAFFSNBY
L2y Ol dzSt RS& n LINRA Y O xecaindéSsart & LISRIHADR2 2 WA § REESF Y NR G & S
j dz§ LISdz OF N} OGSNAR&AS SiG € SdzNJ STFSG adzNJ £ QS@2 ¢ dzi A 2
O2yytAaalyOdSs 2FYFAa SGS SGdRAS® [QShGraG FOGdSt R
stratégies de §a i A2y LISNXYSGGFyd RQ2LIGAYAASNI €S LJ2dzd2 A N
LIKSY2Ys8yS&8 RS LRftfdzian2zya RSa Sl dzE RS adaNFI OS Sk
0N} @F dzE RS G(Ks&sasS $S@NZdz b NI aR2yyLal SO Al $z8 & RRNT § NIBIB i
f QS@2ft dziA2y Rdz LJ2 dzdRidddd pdllutigrisidiffiseRde pestiEided. & S &

QAUAYSNI f QAYTFt dzSyOS RS& RAFTFSNByGSa LINI GAljdzS&a RC
nécessite dans un premier temps, de yoh A G NB f QAYLI OG RS 0OSa& LINIF GA
propriétés des fossés telles que la proportion des différents matériaux contribuant a la sorption des
pesticides (sol, litieres, cendres et végétation) et les propriétés des sols de fond de fossés
condih 2y Yy yi f Sa oF t/ddEa RGALSIOGE &0 NI Qi2Ay2y SG S lj dzS G NB a L
le brllis (Section 1.1.4). Dans un second temps, il est nécessaire de connaitre les propriétés de
sorption des différents matériaux des fossés ainsi que les jidsr hydrodynamiques des sols et

f SdzNA RSUSNXYAYlIYG& | FAY RS LI2dz02AN) SAGAYSNI £ QAy T
LINE OSaadza RS a2NIWIBk2y aS50RQA YRR INT A2 ySBY O2 NB X !
LI NI A Odzft FINJG NP dzZNR W QY SOGA2Y MOMPnOd QY TFAYS Saii
ROQSYGNBGASY adNJ f QS@2fdziAzy GSYLRNBEtS Rdz LR dz0
LISNYSGGFYyd RQSAGAYSNI £Sa GNIyaFSNIa @iétéstldss NBGSy
F2aasa S0 RSa O2yRAGAZ2ya KEeRNRf23IAljdzSad tf dzaASdz
Gt ARSS LRdzNJ S OFa aLISOATAILdzS RSa F2aasa AYTFAL
vers les eaux souterraines ontlieudz Y2 Ay a LISYRFYy (G dzyS OSNIFAYS LISNA

En conséquent, les objectifs spécifiques de ces travaux de thése sont

1. de OF N> OGSNRAASN) t QS@2fdziAzy RSa LINBLINARASGSAa R
QSYyiG,NBGASY

Pl
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2. RQA R Slgsiidétdmirang deal variabilitédes processus de sorptiet R QA y F Adrsii NI (1 A 2
destransferts en surfacet étudier leur modulatioren lien avec les propriétés des fossés et
le contexte pédoclimatique

3. de RSOSEt 2 LIISNI S O2 YLI NB W dik fosivoirvtgnpdade! Hssés RQ S & (i

infiltrants.

La démarche suivie pour répondre aux 3 objectifs spécifiques de ces travaux de thése est illustrée

dans la figure 1.4.

Comment évoluent les caractéristiques des fossés en fonction

des différentes pratiques d’entretien? |
Observation des états de surface des fossés . Evolution des états de
> Echelle du réseau de fossés, 3 sites (FIP) surface
*  Types de substrats Expérimentation d’entretien sur fossé et suivis des propriétés +  Evolution des propriétés
*  Variabilité des propriétés »  Echelle du bief des sols
. Gamme de types
d’événements de crues

_> Quelle est I'influence des propriétés des fossés sur les

processus de sorption et d’infiltration?

Tests de sorption au laboratoire, fonctions de pédotransfert et
développement d’un indicateur d’estimation de la capacité de

. Paramétres de sorption sorption glob;le des fonds de fossés (SPR!) ) . Paramétres sorption
. Mécanismes et propriétés des o > E.che\le. dEI sub.stratau bief/evenememf de crue . Je]uf( de données’ de
sols influencant Finfiltration Expérimentation d’infiltration de traceurs hydrologiques sur référence pour étudier
. Indicateur SPRI colonne_de sql au laboratoire et modélisation la variabilité
»  Echelle du profil de sol / événement de crue d'infiltration liée au
changement de
macroporosité

_’ Quelles méthodes permettent d’estimer la rétention en

condition d’écoulementdans le cas des fossés infiltrant?

Expérimentation de transfert de traceurs hydrologiques dans 2

fossés aux propriétés contrastées & calibration et

comparaison des méthodes par indicateur et par modélisation
» Echelle du bief / événement de crue

»  Méthodes optimisées et
calibrées pour estimer la
rétention

' Quel est I'impact des différentes pratiques d’entretien sur le ‘

pouvoir tampon des fossés?

Modélisation de I’évolution du pouvoir tampon des fossés
» Echelle du bief / événement de crue

Figure LARS Yl NDKS 3O0ASYGATA[dzS YA&S Sy dzdz@NB LI dzNJ S
R QS y i NXasseSagricdeS sur leur capacité de rétention de pesticides.

Cette démarche en 4 étapes repose €tig. 1.4):

1. La caractérisation du systeme fossé et de son évolution suite aux différentes pratiques
RQSY IdNBi#i2 &WMI OF NI Ol SNA alé& tld biefQdp® prdpdétés\ dey bsséls f QS (
AYRAZA GSa LI NJ OKF IjdzS LINF GAljdzS RQSYGNBIGASYS RS
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fossé, selon le calendrier généralemesnivi par les gestionnaires, desmesures régulieres

des propriétés des fossés sun wcycle annuel complet ont été mises en place. Ces
expérimentations permettent i) de définir la variabilité des propriétés des fossés a prendre

Sy O02YLIWiS LRdN f QSidzRS RSa LINRPOSaadza RS a2N
A0Syl NA 2 aterRoQrsll@ @eb pinprié®Es des fossés a tester lors de la modélisation de

f QS@2t dziA2y Rdz LIR2dz@2ANI (Il YLI2Y RS FT2aasSa SyiNI

[ OFNIOGSNRALF(GA2Y RS fQAYTtdzSYyOS RS& LINELINA S
a2NLIGIA2Y Si AfR GeAcdrackéfisér Nal variai®lité des processus de sorption et
ROAYFAEGNI GAZY LIdNJ dzyS €1 NEHS 3JFHYYS RS LN
ROQSELISNAYSyGlFGA2y&a Fdz £1 02N G2ANBT adml) S (¢
YA&S Sy dzdzoNB® [ Sa LINRPOS&adadza RS a2NLIJiAzy o
guantifiés en batch pour la diversité des substrats de fonds de fossés i.e., sols, végétation,
fAGASNBaA Si OSYRNBaxX &4StSOUGAZ2YyYSdes dateNle f I 0|
surface. Afin de pouvoir appréhender la variabilité des coefficients de sorptidrpéur les

sols, des fonctions de pédotransfert permettant de prédire Heksur la base de certaines

propriétés clé des sols ont été développées par ragtalyse de données bibliographiques et

gt ARSSa L}Rdz2NJ fI RAGSNERAGS Sa az2fa RS F2yR
OF LI OAGS RS a2NlLJiaz2y 3f2o0lf RQdzy o0AST f 2N&
(Sorption Induced Pesticide Retentioh), SGS RS@St 2LIJIS® [ Sa LINRPOSaa
SGiS OFN)YOGSNRaSa £ fQFARS RS O2f2yySa LINBf SO

R
S

de Roujan. La détermination des parameétres hydrodynamiques et de transfert de solutés a
ensuite été réisée par modélisation. Ces expérimentations permettent i) de paramétrer les
O2STFFAOASY(la RS a2NLJiA2y LIdz2NJ I Y2RSftAAl GA?Z2
SYGiGNBGSydza RS YIYyASNBE O2y(iNradsSS L}RdzNJ OKLF |j dz
fos®s et ii) de construire des scenarios de parametres hydrodynamiques en fonction de

f QS@2tdziA2y RS& LINPLINASGSa RSa a2ta oCAIP mor

[ QARSYGATAOIGA2Y RS YSUK2RSAa LISNXSGOlIYyd RQSAI
RQSO2dzZ SYSy i Rlitgrdis. Pou festeF & Falidgrales Miffeferites méthodes
OAYRAOIF GSdzZNE SG Y2RS8f Sauv RQSadAYFrdAz2y RSa (N
fossés, des expérimentations de transfert de traceurs hydrologiques ont été réalisées dans

deux fossésux propriétés contrastées (Domaine du Merle). Ces expérimentations ont servi
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RS NBTSNByOSa L}RdzNJ fF O2YLI NIA&d2y RSa YSGK2R
RIya fS8Sa F2aasao /SGidS O2YLI NI Aazy @ESN¥YSi
adapSSoav t fQSadGAYF(dA2Y RdzsBBHdEdR2 ANJ GF YLIR2Y RS

4. [ OF NI OGSNRAFGAZ2Y RS fQAYLI OGO RSa RATTFSNE
temporelle du pouvoir tampon des fossés [ QS@2f dziA2y GSYLRNBffS R
fossés entetenus respectivement par fauche, curage, désherbage chimique et brdlis est
caractérisée dans ces travaux de thése par modélisatimasée sur des données
SELISNAYSyi{ltSa RQS@2ftdziAz2y RS& LINBPLINASGSA

pu
'daly

propriétés dessols mises en regard avec une gamR® S @ § y Seyclugsiamsi que les
paramétres de sorptionRifffiltration et de transfert définis lors de la quantification des

processugFig. 1.4)

AAAAA

[ Sa O2yRAGAZ2Yy&a RS YAaS Sy d7dz0 N&resRBemi@rénieit,Jes RS Y I N.
LINE LINASGSa RS&a F2aasSa AyFtdsSycelyid fSa LINRPOSAAdz
varier selon les contextes pédoclimatiques. La gamme des propriétés des fossés et de leur variabilité
LINAE&S Sy O02YR&6E LRAENISBAFMAZRS a2NLIA2Y Si RQAYTA
des campagneR Q26 a SNl GA2y RS& Sl d&a RS &adz2NFIF OS NBIFfAaA
référence du projet (Fig. 1.4) Trois bassins versants, caractérisés par desitextes
agropédoclimatiques différents, onen effet été sélectionnés dans le cadre du projet FIP, afin
RQFLIINBKSYRSNI tF GFENRFOGATAGS aLIl GAlrES S GSYLRNE
Sur ces trois bassins versgntine portionplus ou moins importante des réseaux de fossés est
composée de fossés potentiellement infiltra dzNJ (2 dzi S 2dz ' dz Y2A Y& dzyS |
LINSYASNI 6 daAy OSNBRIFYy(d adiAagir Sad OSfdzhi RS w2dzl
bassinversant de 91 ha est soumis a un climat méditerranéen seide (Andrieux et al., 1993Un

réseau de fossé dense (137 m™a Said Sy dNBGSydz LI2dzNJ t AYAGSNI f Sa
parcelles cultivées lors des fortggécipitations printanieres et automnaled.evavasseur et al.,

2016) Les sols y sont principalement limoneux, calcaires et pauvres en matiere orgéhiglreux

et al., 1993) Le deuxieme bassin versant suisi eelui de la Morcille dans le Beaujolais. Ce bassin

versant de 480 ha, également cultivé principalement en vigne, est soumis a un climat continental
marqué par de forts orages qui constituehtQSa a Sy G A St Bufadt lalsiEBnCohltudalgl | G A 2 v

(Gouy et al., 1998) es sols sabiimoneux peu profonds y sont, par conséquent, soumis a un fort
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NRA &1 dz§ RQSNRAaAAZ2Y KERNRI|dzS® | TAY -Pafellhirk trek deBshd OS N
(375 m hd), les rases, y est trés régulierement entretenu. Enfin, lisifme site suivi est le bassin

versant du Ruiné en Charentes. Ce bassin vedab#0 hacultivé pour moitié en grande culture et

pour moitié en viticulture, est soumis a un climat océanique hunfidernier and Dubernet, 1997)

Le réseau de fossés y est peu dense, 31,5 fEhaSd | L322 dzNJ LINARYOA LN £ S T2y
agricole. On y retroee deux principaux types de sptles sols argileux en amont et des sols crayeux,

riches en matiére organique, en aval. Dans le cadre de ce travail de these, ces 3 sites sont utilisés
comme référence de la variabilité des propriétés des fossés et notamuiearvis de la nature des

substrats de fond de fossés i.e., sols, litieres et végétation.

Par ailleurs, le devenir des pesticides dans les fossés varie non seulement en fonction de leurs
propriétés intrinseques mais également en fonction des propriétésigechimiques des molécules

RS LJS&aGAOARSa ®unkdarhnge dés@dmpdiriidnieritsysBiMmblécules, présentant

des propriétés physicohimiques contrastées, ont été sélectionnées soiglighosate(hydrophile,

ionisable) f QA & 2 LINFenhueiant/hydéophdbe, neutredt le diuron (hydrophobe, neutre)Le

OK2AE RS 0Sa Y2tS0dzA Sa + S3IFtSYSyid SGS JIdzA RS LI N
plus fréquemment détectés dans les eaux de surface et souterraines en K&De&, Ministere de

fQ; 02t 23AS> Rdz 5S@St2LIISY.Syd 5daNFofS Si RS fQSyS

QY TFAYSYISYSI dzayldf @ GAljdzS Rdz [ L{! | madféshas Q14 avecluy I £ & &4 S
colt tres élevé mais pas les moléculesn-marquées. Ainsi les processus de sorptiont été

guantifiés directementpas mesures avec des substances actives marqpées le dyphosate et

pour le diuron. Pouf QA & 2 LINRistedzN@® hase de données considérable de paramétres de
sorption quia permisRS & QF FFNI YyOKANI RS& SELISNRY Sifadndétér 2 y & ®
déroulée avect. RS a (NI OSdzNE anike & NP sulrBoddmitz& 8.>Cesf raptétles
LISNYSGGSyli RQ20GSYAN) RSa 2SdzE RS R2yysSSa SELISN]
I LILINE OKSa RS Y2RStAaldA2y LISNXYSGGFyd Ff2NBR RQ2
molécules présententcdrtA ya | @1 yil3Sa S y2aGFYYSyd OSfdzAi RQI
GNF YATSNIAS AAYAfFANB t OSdzE ROQKSNBAOARSAE Yz2e@:
f QAA2LINRGAZNRY S RIFya RA IDUSNE W] 20130 anddStial., RAIRPIr2 y $a
ailleurs, en raison de leur faible co(t analytique elles permettent de multiplier les expérimentations.

[ QdziAf A&l A2y RS 08Sa Y2tSOdAd §a O02YYS LINPEE RQKS

thése (Annexe D).
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Partie |

Influence des pratj dzS a
f QS@2f dzirzy RSaA

Comment évoluent les caractéristiques des fossés en fonction
des différentes pratiques d’entretien?

4 P

RQS

Types de substrats

Variabilité des propriétés

Observation des états de surface des fossés
> Echelle du réseau de fossés, 3 sites (FIP)
Expérimentation d’entretien sur fossé et suivis des propriétés
>  Echelle du bief

)

Quelle est I'influence des propriétés des fossés sur les
processus de sorption et d’infiltration?

YV U NC

LINER

surface

*  Evolution des états de

. Evolution des propriétés
des sols

. Gamme de types
d’événements de crues

Paramétres de sorption

Mécanismes et propriétés des
sols influengant I'infiltration

Indicateur SPRI

Tests de sorption au laboratoire, fonctions de pédotransfert et
développement d’un indicateur d’estimation de la capacité de
sorption globale des fonds de fossés (SPRI)

»  Echelle du substrat au bief / événement de crue
Expérimentation d’infiltration de traceurs hydrologiques sur
colonne de sol au laboratoire et modélisation

»  Echelle du profil de sol / événement de crue

»

Quelles méthodes permettent d’estimer la rétention en
condition d’écoulement dans le cas des fossés infiltrant?

Parameétres sorption
Jeux de données de
référence pour étudier
la variabilité
d’infiltration liée au
changement de
macroporosité

Méthodes optimisées et
calibrées pour estimer la
rétention

Expérimentation de transfert de traceurs hydrologiques dans 2

fossés aux propriétés contrastées & calibration et

comparaison des méthodes par indicateur et par modélisation
» Echelle du bief / événement de crue

>

Quel est I'impact des différentes pratiques d’entretien sur le
pouvoir tampon des fossés?

Modélisation de I'évolution du pouvoir tampon des fossés
» Echelle du bief / événement de crue
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Chapitre2
/| F N OGSNRal A2y RS QS
des fossés suivant les differentes pratiques

RQSYUNBUASY
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2.1Introduction

2.1 Introduction

Les propriétés des fossés relatives a leur morpdiel (pente, longueur, largeur, profondeur) et a leur
composantes biotiques (végétation) et abiotique (sol de surface, litieres, cendres) sont regroupées
RI'ya f | «éfadde suPfate>. Re® états de surface des fossés sont fortement influencéspar |
RATFSNBY(GSa 2LISNIiA2ya RQSY(UNBGASY NBFftAaSSa LR
(Chapitre 1). Les réseaux de fossés sont en effet régulierement entretenus par les agriculteurs et les
O2tt SOGUAGAGSA G SNN Gt@driNKircipak ayart mdtiye le rpladiafioN d2dS NJ |
fAYAGSN) t QSNRPaA2y KE@RNAIdzS LJ2dz2NJ £t Sa olaaiya @S
f QraalrAyAraasSySyd I 3INKRO2 (BllyelxdAms) S o6 aaAy GSNAEI Yy

'y GNY @At RQSYyljdzsGSa NElFfAasS Rrya fS OFRNB Rdz
du Bourdic, dont Roujan est un sous bassin, a peduigiéfinir le calendrier et les modalités

RQSYy (i NBGASHevaRaSskur, PRLACE Fava f NB GBSt S 1jdzS fSa TNBI dzS)
F2a4Sa GFNASyG aStz2y tSa RAFTFSNByGSa LINIGAldSao
tous les 10 ans, la fauche, le désherbage chimique érl#s sont, quant a eux, réalisés a une

freiquenS YSRAL'YS RQdzyS F2Aa& LINIIFyod [ FNBIldzSyOS 3t
AAAYATFAS 1jdzQdzyS O2YoAYyl Ad2y RS L) dz&aASdzNB LINI (A Jj
RQdzyS FyysSSao [ S O f SYRNARSNI R QiGugsi IS pefio8eg pe@daih S S 3
f SaljdzSttSa tSa Y2RItAGSa RQSy daaRuilet & gttokiiepguii le £ S LI
OdzNF 3S:Z RS YINR t 2dzZAy LRdNI S RSaAKSNbBFIAS OKAYAI
a mars pour lebrllis. Des enquétes similaires menées dans le cadre du projet FIP sur les bassins
versans de Roujan, du Ruiné et de la Morcille, auprés des agriculteurs et collectivités territoriales
impliqués dans la gestion des réseaux, révelent quedis, régulierementéalisé dans les fossés de
w2dz2ly> yQSad LI & dzyS LINT G A I[Btfy etlS ROLSPar Gifeursi dzNJ S &
curage et la fauche sont réalisés plus fréquemment sur les bassins versant de la MorcilRuiéu

j dzS &adz2NJ OSfdzA RS w2dz22lyd [S& LISNA2RSa RQSYyGNBGA
bassins.

t £ dzaASdz2NE OF YLI 3ySa RQ20aSNWIFGA2ya RSa Sil da
permis de définir la variabilité saisonnidReS & LINE LINA S(1Sa RSa ®Balgeasa t f
20150 / SLISYRIYy(d fQS@2ftdziaz2y GSYLRNBtftS RS O0Sa
RQSYGNBGASY yQIF £ y20NB O2yylAaalyOS 2FYlFA&a SGS
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[ 0262880 AKIRS GNB Sais Sy O2yasldSyOoss RS OF NI O
RSa F2a4Sa 02yasOdadiags t OKFIjdzS LINY GALdS RQSy
NEFfAAFGA2Y RS OKFIjdzS RQ2dedSWNI A2y GelLis GStfsSa |ljd

2.2 Matériel et méthodes

2.2.1 SiteRQS (i dzR S

584 SELISNAYSyidliGA2ya RS &adAgr G(SYLRNBt RS tQsS@g2
LINAYOALI £ Sa LINF GAljdzSa RQSy G NB (A Shfdlishodt tédrEaligdatzNI I S =
surunfossé dubashAy @SNEFYy(d Rdz . 2dzZNRAO® [ S &AGS SELISNRAY!
duxSyid onocpQ b2NRZ ocoQ 9aiduvz £t SY@ANRY H 1Y R
120 m environ, a été divisé en 4 sections omatifs », chacun compremr# 5 quadrats de 4 m de

long séparés chacun par des bandes tampon-@atnetenues de 2 m de long (Fig. 2.1). Le premier

guadrat de chaque motif est un quadrat témoin, non entretenu. Les quadrats suivants sont,
respectivement, curés, fauchés, brilés et d8diib S&4 OKAYAljdzSYSy i RS f Ql Y2
chaque motifLe fossé a une largeur inférieure moyenne de 64 cm, une largeur supérieure moyenne

de 160 cm et une profondeur de 54 cm.

[ LINBYASNBE OF YLI 3y S RQSYy (i NBrilis &¢ désherbag§eochimiiiq@e. Sy I @
Le curage a, lui, été échelonné entre avril et début mai 2015 en raison des conditions locales
ROKAzYARAGS (NBa&a RAFTFSNByGSa aStz2y fSa Y2aAaFao |
septembre 2015. La deuxiéme campadd®@ Sy G NSGA Sy X ljdzrydi £ SftfS> R
brodA d& SO aQSad LIRdz2NAdZAGAS Sy | ONAE | SO €S RSAKSN
58dzE LlzA GaX f Qdzy aAGdzS RANBOGSYSyid t tQlY2yid Rdz
suivre les fluctuations du @Sl dz RS fF yIFLIWIS® t I N AffSdNERZ f
fAYYAYSONRIdzS ljdzA SyNBIA&AGNBE Sa FfdzOdda GA2ya R
RQdzy S KSdzNB
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O Puit amont /N\

Amont
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st cane limnimétrique
ot
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NIRICIR S Aval
ol la] |8l 18] 1e 21138 | ol |2l Tl T=
ucddgggaggéé
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' —
Motif N°1 Motif N°2 Motif N°3 Motif N°4
Puit aval

Figure2.1Y 5A&LI2 AAGA T SELISNAYSY (il f R SosstdphsBritretiénS f QS I2
Chaque motif est un ensemble de 5 quadrats de 4 m séparés par une bande tampon non entretenue
RS H Yo [ o&:NBsNiEdratsyestié guivarttmoins non entretenus (QT), curage (QC),

fauche (QFhrilis (QB) et désherbagaimique (QD).

2.2.2 Méthodes de suivis des propriétés des fossés

2.2.2.1. Suivi des états de surface

Q)¢

[ QS@P2fdziA2y RS& Silida RS &dzNFIFOS | SGS adAgArS
fl YSGK2RS RQ204aSNDI (A ppbe dard & cagiié Hulpiojet iBailgaNF | O S

pul

2015) Cette méthodologie consiste & mesurer les caractéristigues morphologiques sur un profil type

du fossé considéré et a apprécier visuellement les caractéristiques fonctionsetlas troncon de 5

Y 2dz3S NBLINBaSydalrdAF RQldz Y2AYya yn 22 Rdz 0ASTFo n
dzy' S 3INXf f S Afhexe Ael guileHesd, e 2ayix dé recouvrement par la végétation et par la

litiere, la hauteur de végétatioet de litiere, le type principal de litiere (feuilles mortes, résidus de

fauche, fragments végétaux plus ou moins décomposés) et la présence/absence de cendres.

58a OF YL} IySa RQ20aSNUIGA2y RS&a SitFia PRurd dzNF I OS
pendant la période de croissance végétale denselcentre avril et juillet puis avec un pas de temps

RS m Y2Aia f S 108pagSes ddvSaindi &4 menyeSsmre avril 2015 et mai 2016.
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2.2 Matériel et méthodes

2.2.2.2. Suivi des propriétés des sols

Propriétés physio-chimiques des horizons de sol

Afin de caractériser les propriétés des différents horizons de sols du fond du fossé, des petites fosses

de 50 cm de large et 50 cm de profondeur ont été excavées dans le fond du fossé sur les témoins de
chacun des 4 motifdébut juillet 2015. La description des profils de sols a permis de délimiter, par
RANB& RQSELISNI 0602YYdzyAOF A2y LISNE2YYySttST Do / 2
et 4 ainsi que 6 horizons pour le motif n°3. Les caractéristiques stales et morphologiques de ces

horizons de sol sont décrites dans le tableau 2.1.

5854 LINBfs@SYSyia RQSYGANRY pnn 3 RS az2ft 2yid sSiésS
MX H SO n FAyair 1jdzS RIya tS& ¢ lesKpPopidétés2ptfydico Rdz Y 2 (
chimiques. La granulométrie, la teneur en carbone organique, en azote, en carbone total et en

Ot OFANBZ €S LI S t1 OFLIOAGS RQSOKIyYy3aS OFiAz2y
des méthodes normalisées, parle2abll G 2 A NB RQlFI ylFfé&asS RSa az2ta RS f¢

Les propriétés physicO KA YA lj dzSa RS f QK2NAIT 2y RS adaNFI OS Rdz a
Oe Ot S84 RS &ASRAYSYydlGA2ykNBY2o0AfAalGA2ZY f2NB RS
differentesmR I t A1 Sa4 RQSYGNBIASYd® t 2dzNJ SGdzZRASNI OSGGS S¢
surface, une deuxiéme série de prélévements a été effectuée sur chacun des quadrats entre 0 et

2cm de profondeur, environ 9 mois aprés le premier prélévement. La m@@eNA S RQl y I f 284S

< A 4 L oA

O2yRAzZAGS &dzNJ OSGGS aAaSNRS RQSOKFYyGAft2ya |jdzS &dzNJ
Des mesures de densité ont également été effectuées dans les 5 premiers centimétres de sol de
OKI Odzy RS& ljdzr RN Gad [ Sa LINBf § JSIYASHRINS 3R SR (id2yt @2y
100 cnf puis les échantillons séchés 24 h & 105°C. La densité est alors définie comme le rapport de la

masse de sol sec sur le volume de sol.
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Tableau 2.1 Structure et description des horizons de sols

Horizon Profondeur Strudure Description
(cm)
Motif 1 H1 0¢2 continue 10% de cailloux, nombreux résidus végeétaux, irrégulierement trés po
H2 2¢ 20 polyédrique sukanguleuse, soustructure trés poreux, nombreux turricules, éléments grossiers faibles (5%)
particulaire
H3 20¢ 35 grenue trés fine nombreux turiculles trés fins, tres nombreuses racines
H4 35¢40 - éléments grossiers > 50 %
H5  40¢50 polyédrique sukanguleuse Y2Y0NBdzaSa GNOKSa RQK&RNEZY2NL
Motif 2 H1 0¢5 continue, polyédigue subanguleuse par FA&dadNB RS m £t modp OY RS f I NH
endroits
H2 5¢20 polyédrique sukanguleuse 1cm poreux, résidus dbérdlis par endroit, éléments grossiers <5%
H3  20¢30 polyédrique sukanguleuse 1cm poreux, DK Sa RQKE@RNRY2NILIKASI Sf
H4  30¢38  polyédrique sukanguleuse trés peu nette 0,5 ci L2 NBdzEZ G(NOKS& RQK&RNZY2NLK
H5 38¢ 50 - horizon trés caillouteux, graviers abondants, calcaires
Motif 3 H1 0¢3 continue beaucoup de petites racines
H2 3¢15 polyédrique sukanguleuse trés poreux, beaucoup de petites racines
H3 15¢ 25 litée alternance de lits, trés granuleux, peu de racines, trés poreux
H4 25¢ 35 litée poreux, nombreuses racines (vigne)
H5 35¢43 polyédrique sukanguleuse trés poreux
H6 43¢50 polyédrique sukanguleuse j dzSf lj dzSa GNOKS&a RQK®&RNJ
Motif 4 H1 0¢3 continue, litage ponctuel
H2 3¢27 polyédrique sukanguleuse trés poreux, beaucoup de petites racines, nombreuses mottégutieres
H3 27¢40 litée trés poreux, litage irrégulier décalé vers la gauche
H4 40¢ 48 granuleuse trés poreux
H5 48¢ 50 granuleuse trés poreux, granites et cailloux abondants, trés dur
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Motif N°1 Motif N°2

H1 s Q€M
e 2Em) H1
H2
H2
niveau de
......... 20cm brulis
H3
niveaux sableux, H3
nombreuses racines
Ha - 35cm Ha
e 40 CM
HS H5
poches de sable graviers
--------- 50cm
Motif N°3
H1
H1 o 0em croite litée continue
lit de cendres a la base ~ 3cm
H2
litage a la base, . H2
galeries de taupes galeries campagnols
=== 15cm
H3
litage partiel
HG W~ = 25cm " 5 H3,
. . litage trés marqué
racines de vignes,
litage irrégulier
H4
----- 35 cm
H5
e 43 €M

Hé

quelques pierres H5

caillouteux

Fente de retrait et campagnols

Figure 29 : Profils de sol des 4 motifs du fossé décéi Sy 2dzAf £ SG wnanmp | dz RSo6dzi RSa SELISNAYS
73



2.2 Matériel et méthodes

Conductivité hydraulique a saturation

Des mesures de conductivité hydraulique a saturation (Ksat) ont été conduites en avril 2016 dans la
zone non entretenue située entre le motif n° 1 et lethn®2 (Fig. 2.1). Les mesures ont été réalisées

par la méthode automatisée des doubles anneaux de Mintz (Fig(@a2pieret Elamri, 2014)Ces
YSadaNBa yQ2yd LIa SGS NBFfA&aSSa adzNss prliguesRA FTSN
RQSYUNBGASY a2ASyid &adzaOSLIWiAofSa RS Y2RdZ SNI £ O

LISNI dzNB SNJ £ S adzA @A RS f QS@2fdziaizy RSa Sarda RS a

Figure 2.2 Mesure de la conductivité hydraulique a saturation par la méthode autaiinée des
doubles anneaux de Muntz.

al ONRPLR2NRaAGS S ©0o85Bd RQSO2dZ SYSyid RS

[ YIFIONRBLRNRAAGS S tSa @2ASa RQSO2dz SYSyi
été caractériséef-situ par colorimétrie. Pour cela, un cadre en acier3D x 40 cm est enfoncé de

 dzSt Ij dz8a OSydAYsiNBa RFya €8 TF2yR Rdz F2484S 6

pufi
(0p))

(Sulforhodamine B) a la concentration de 1'ges$t alors injectée dans le cadre avec une charge
O2yaidlydiS RS o OVatheég/cbla aqua essuyd luy Juitid fiseNet place lglong

du cadre, cadre qui est ensuite retiré. Une fosse de 1 m de long sur 40 cm de large et 45 cm de
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2.2 Matériel et méthodes

LINEF2yRSdzNJ Said SyadaaidS SEOI @SS Sy galtemdil 1 12
mis a niveau, perpendiculairement au fond du fossé, un cadre de 30 cm de large et 40 cm de
profondeur, gradué et étiqueté, est placé sur le profil pour délimiter la zone de prise de vue. Un
appareil photo grand angle a objectif 24 mm est placésdanfosse a une distance de 65 cm et a

environ mihauteur du profil. Une premiére série de prise de vues est alors réalisée. Une tente
opaque placée alR S&d adza Rdz F2aaS> LISNX¥SG RQ20G§SYANI dzy 2Y0o
[ QS Of I A NI 3 Sbréalié@ orazed® dguk Tamgies de leds (Falcon Eyes torche LED, Lovinpix)

L I 0SSa RS LINI Si RQFdziNBE RS f QF LI NBAf LK2G2®
RSOFAaasS RS wmn OY LRdzNJ dzyS vy 2 dzgS frifiltBatios &sNd#in§i RS LIN
LIK23G§23aNF LIKASS LI N GNFryOKS&a RS mn OY &aStz2y tQlES
[ Sa AYI3Sa oNMziSa ldz F2NXI G b9C az2yid LINBIONFXAGSS
de corriger la balance des blancs etatusation des couleurs. La distorsion des images est corrigée a

f QFARS Rdz f23A0AStf tK2(02aK2L) [Sa LXKz2G2a a&azyi

correspondant au cadre puis transformées en format jpeg.

Figure 2.3 Caractérisation de lamacrédpNR aA S S RSa @2ASa RQSO2dzZ SYS
fossé.A: infiltration de colorant dans un cadre en acier de 30 x 40 cre€Buyage de la flaque.. C
SEOIGriAz2y Sy F@Ft RS fF 12yS8 RQAY TrideérNdacer 2y S
ducadredeprisedevueYE 1Sy iS RQ2 Yo NI 3S :pisedevue udprofilINA &3 Sa R
ROAYFALGNI GAZY D

75



2.2 Matériel et méthodes

Une premiére campagne de colorimétrie a été réalisée en juillet 2015 sur les bandes tampons
séparant les témoins des quadrats ésipour chacun des 4 motifs. Ces images sont une référence de

la macroporosité initiale sur chacun des motifs. Afin de détecter un changement potentiellement
AAIYATFAOFGAT RS fI YIONRBLR2NRAAGS Rdz az2fiéemey RdzA G |
OFYLI3AYyS | SGS NBIFIftAASS Sy 2dzAy Hnamc &adzNJ n | dzl
NBEaALSOGABSYSyis OKIOdzy GANB £ SIG2ANBYSyd SaG Aac
OKIljdzS Y20GAFod / S& RSdzEA 86eS&alisés Sua lé motifNEL jpoUmtédlis,i NI G A 2
sur le motif N°2 pour le désherbage chimique, sur le motif N°3 pour la fauche et sur le motif N°4 pour

le curage.

2.3 Résultats et discussion

2.3.1 Evolution des états de surface

Au début des expérimentations é¢n@NA t wHAamMpZ f QSYLINAAS RS tF @sS3si
était trés homogeéne et relativement faible avec un taux de recouvrement de 30 %. La végétation y
SUlFAd LISdz RSyasS Si NBEFGAGSYSYyd NIaSoestsuNI | Af f
f QSyasSyoftS RSa ljdzr RNI Gao

Sur les quadrats témoineon-SyY § NB G Sy dzas fF @S3aASGFGA2y | LINRINBA
fr &adaNFIFOS RSa ljdZa RNFda LISyRFEyd €Sa Y2Aa RS LINA
la végétation a été attgili OSNAR S Y2A4& RS aSLIWGSYONB LIRdzN fQ
YEAY(iSydz LISYRIFIy(d £Sa&a Y2Aa RQldzi2aYySe® | LI NIAN R
@SsASOHlIGA2Y | SGS 20aSNIBISS 2dzalj dzQl dz Y2 AdensiRQ | O NI €
de végétation, cependant, supérieurs a ceux observés au début des expérimentations. Si la
recolonisation de la surface a été progressive, la croissance et la densification de la végétation en
place ont, elles été trés rapides. Par ailleurs, lesches de litieres observées sur ces quadrats
SGFASY(G GNB&a FlAOfSAa 2daljdQldz Y2Aa RS RSOSYONBS
végétation vivante a généré quelques minces apports (Fig. 2.4). Les principaux apports de litieres sur
cesquadr ta 2y d NBadzZ 6§S RS fQF OOdzydz I GA2y RS TFSdzAf

avoisinant le fossé au cours des mois de janvier et février. La quantité de feuilles mortes collectées
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2.3 Résultats et discussion

par les différents quadrats était tres hétérogéne en raison de deigntation différente par rapport

a la direction des vents dominants (Fig. 2.1 et 2.4). Les quadrats des motifs 2, 3 et 4 ont ainsi collecté

f LX dzZLJ NI RS OSGGS fAGASNDB Ff2NR 1jdzS €S |jdzZ RN
décroissance B2 ANB&daAPS RS fQSLI A&daSdNJ RS I  0O2dzOKS
LIN2EINBAAADBS YIFAA S3AFESYSyd RQdzy GFaasSySyid AyRdzl

Sur les quadrats curéda reprise de la colonisation par la végétation a la suite des opérations de
OdzNy 3S | SiS GNBa LINRPINBaarAg@S G2dzi ldz t2y3 RS f
NEfl GABSYSyid NIasS Si LIJSdz RSyaSe [ FIFLAo0ftS aSySa
généré que de faibles apports de litieres. AinsitlouO2 YYS adzNJ £ S& |jdzZt RN} Ga ¢S
apports de litiere ont été constitués par la collecte de feuilles mortes des vignes avoisinantes. Ces

F LI NI & SilFrASyd S3rtSyYSyid (GNBa KSUSNRIASYySa asSt2y

couche de litiere identique a celle des quadrats témoins a été observée (Fig. 2.5).

w»

Pour les quadrats fauchés f I NBLINA &S RS fF @S3ASGFGA2y adzdl
rapide et associéa une densification et une croissance également trésdapinotamment a la suite

de la premiéere opération de fauche (Fig. 2.6). Chacune des opérations de fauche a généré des
F LI NG & O2yaslidzsSyia RS tAGASNE ljdzA 2yG S3ALESYSyd
feuilles mortes. Les quadrats fauchént ainsi été partiellement ou totalement recouverts tout au

f2y3 RS ftQlFyySS LI NJ dzyS 02dzOKS LJ dza 2dz Y2Aya SLI

Sur les quadrats brlléda reprise de la colonisation par la végétation a la suite des opérations de

brilis a été trés progreds@S G 2dzi Fdz f2y3 RS fQlIyySS adzagdlyids
densification trés rapide de la végétation en place (Fig. 2.7). Sur ces quadrats la couche de litiere est
NEaiGsSS GNB&a FLA0fS @2ANB Ay SEA adiféulfes Sort@sdegdpndeQ | dz Y 2
des apports conséquents mais trés hétérogenes. Cette litiere a été totalement élimée en février 2016

par la seconde opération derdlis (Fig. 2.7). Les cendres issues du preitmiélis ont recouvert le

F2yR RSa& | d2YRMIad aR 08 d?aHjidzQbddk & aS a2y d LISdz £ LISdz F
OSYRNBa yQ2yid LIa SGS SyySyssSa LI N t£5a ONMSa ad
couche superficielle de sol. Ceci semble également avoir été le cadrdies antériairs aux
expérimentations comme en témoignent les lits de cendres observés a différentes profondeur des

profils de sol (Tableau 2.4).SOA | SGS O2yFTANXS LI NJ RSa 20aSNDI
crue de tres faibles intensités, en mai et juin 83Dayant généré des écoulements uniqguement sur le
LINBYASNI Y20AF® | fQraadsS RS 0Sa ONHSas + dzOdzy S
RSAKSNDS OKAYAIdSYSyid t fQF@If Rdz ljdz2t RN} & o6 NHE Sd
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surface végétation (%)

surface litiére (%)

Figure 24 : Evolutionsur lesquadrats témoinsdu tauxde recouvrement par la végétatioraj, de la classe de hauteur de la végétatidn),(du taux de
f QS LI A & aSANISRS ofl INNGB2dzARKOS NENS dzNY (INASSLONSS &

(a) Surface
végétation

(c) Surface litiere

recouvrement par la lititre¢p S RS
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2.3 Résultats et discussion

Enfin, sur les quadrats désherbés chimiquemel# reprise végétale a été relativement rapide mais

la végétation est restéé 84S SiG Of F ANBSYSS 6CATD Hdyovd [ &S
RSAKSNDBIF3IS OKAYAIdzZS I ISYSNB dzyS 0O02dz0KS RS f AUGAS
(Fig. 2.8). Tout comme pour les autres quadrats les apports de litiere qui afengent été

O2YLJ SGtSa | dz O2dzNB RS f QKAGSNI LI NI £ O2ffSOGS RS

9y NBadzySz tSa RAFTFSNByGdSa LINIYGAljdzSa RQSYUGNBGAS)
de végétation et de litieres dans les fossés. La recolonisation par la viégétatla suite des

opérations de curage et dbrllis est relativement lente et les apports de litiere générés par la
senescence de la végétation sont faibles. Dans le casidis la croissance de la végétation en place

et sa densification est trés rapiddors que dans le cas du curage la végétation reste relativement

rase et clairsemée. A contrario, la recolonisation par la végétation a la suite des opérations de fauche

et de désherbage chimique est trés rapide mais associée a une croissance et uticatiomsi
relativement lentes. Ces deux pratiques générent des apports conséquents de litiére bien que la
guantité de litiere générée par la fauche soit bien supérieure a celle générée par le désherbage
chimique. Des relevés botaniques ont été réaliséswil 2015 et mai 2016 par F. Vinatier et G. Rudi

Si LISNY¥YSGIONRY(H RQARSYUGAFTASNI f QAYLI OG RSa RATFTS
RATFSNBy(iSa S4L10Sa @s3IsiltsSa Si FAyar ROQSELIX A
surlesdf SNBy (a ljdzt RN dad [ Sa GNIAGSYSyda yQz2yid OSLIS

2.3.2 Evolution des propriétés des sols

2.3.2.1. Evolutiondes popriétés physicechimiques des sal

l dz RSo6dzi RS& SELISNAYSyiGldArAz2yd RQSY (-thbigesSeys Sy
texturales des différents horizons de sol, respectivement, étaient trés similaires entre les 4 motifs du
F244S 0¢lFofSkdz HPHOP 9y NBGFYOKSS I aidNHzOG dzNB

caractéristiques bien spécifiques a chacun dedilgr(Fig. 2.9).
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Tableau 2.2 Propriétés physic@himiques initiales des horizons de sols des 4 motifs

Horizon Profondeur  Argiles Limons Sables carbone organique Azote totale Carbone total CEC CaC@ pH
[cm] [9%] [%] [%] [%] [9 kg'] [4 [cmolkg'] [gkg™] [
Motif 1 H1 0¢g2 29,50 38,20 32,30 2,32 1,80 4,76 14,30 20300 8,26
H2 2¢20 30,00 40,10 29,90 1,80 1,54 4,26 14,10 20500 8,47
H3 20¢ 35 31,40 40,70 27,90 2,39 1,08 4,11 13,40 14400 8,49
H4 35¢ 40 28,90 35,00 36,10 1,17 0,94 3,86 11,70 22400 8,51
Motif 2 H1 0¢5 29,60 42,20 28,20 2,23 1,87 4,98 14,10 22900 8,23
H2 5¢20 34,40 43,10 22,50 1,81 1,49 4,32 16,10 20900 8,47
H3 20¢ 30 31,30 38,40 30,30 1,32 1,17 4,19 1340 23900 8,51
H4 30¢ 38 26,30 31,90 41,80 0,84 0,66 3,86 9,61 25200 8,60
Motif 3 H1 0¢3 28,90 41,80 29,30 2,12 1,70 4,97 13,00 23800 8,19
H2 3¢15 30,10 40,20 29,70 1,97 1,69 4,83 15,10 23800 8,34
H3 15¢25 18,20 18,50 63,30 0,94 0,72 4,66 8,42 31000 8,68
H4 25¢ 35 29,40 38,20 32,40 1,43 1,20 4,45 12,70 25200 8,45
H5 35¢43 32,30 41,70 26,00 1,27 1,05 4,07 1330 23400 8,53
H6 43¢50 25,40 32,60 42,00 0,65 0,60 3,72 9,55 25600 8,64
Motif 4 H1 0¢3 29,30 40,40 30,30 2,34 1,87 4,90 14,40 21300 8,11
H2 3¢ 27 30,60 39,30 30,10 1,39 1,18 4,33 12,90 24500 8,61
H3 27¢ 40 32,40 39,20 28,40 1,17 1,08 3,95 1390 23200 8,55
H4 40¢ 48 25,80 31,00 43,20 0,81 0,67 4,21 10,10 28300 8,60
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Tableau 2.3 Propriétés physicehimiques des sols de surfaced0 OY 0 RS a |j dzI RNatrétian  LINB & ¢ Y2Aa
Quadrats Densité Argiles Limons Sables Carbone organique Carbone total CEC pH
ID [g cm’] [%] [%] [%] [%] [%9 [cmol kg'] [-]
QT1 1,41 22,20(-7,3)  41,20(+3,0)  36,60(+4,3) 2,25(-0,07) 4,69(-0,07) 12,70(-1,6)  8,32(+0,06)
QC1 1,23 27,60(-1,9)  42,30(+4,1)  30,10(-2,2) 1,69(-0,63) 4,16(-0,60) 13,30(-1,0)  8,59(+0,33)
QF1 1,31 26,30(-3,1)  45,70(+7,5)  28,00(-4,3) 2,36(+0,04) 5,19(+0,43) 13,90(-0,4)  8,43(+0,17)
QB1 1,33 21,10(-8,4)  46,20(+8,0)  32,60(+0,4) 2,14(-0,18) 4,73(-0,03 13,20(-1,1)  8,77(+0,51)
QD1 1,35 23,80(-5,7)  39,80(+1,6)  36,40(+4,1) 1,87(-0,45) 4,72(-0,04) 12,40(-1,9)  8,48(+0,22)
QT2 1,23 23,70(-5,9)  40,50(-1,7)  35,80(+7,6) 1,51(-0,72) 4,38(-0,60) 12,50(-1,6)  8,59(+0,36)
QC2 1,14 23,40(-6,2)  3800(-4,2)  38,60(+10,4) 1,43(-0,80) 4,89(-0,09) 11,00(-3,1)  8,55(+0,32)
QF2 1,26 22,80(-6,8)  39,80(-2,4)  37,40(+9,2) 1,86(-0,37) 5,29(+0,31) 11,90(-2,2)  8,50(+0,27)
QB2 1,22 20,60(-9,0)  45,00(+2,8)  34,40(+6,2) 2,05(-0,18) 5,05(+0,07) 12,30(-1,8)  8,73(+0,50)
QD2 1,24 22,70(-6,9)  44,90(+2,7)  32,40(+4,2) 2,08(-0,15) 5,14(+0,16) 13,00(-1,1)  8,45(+0,22)
QT3 1,16 28,70(-0,2)  4550(+3,7)  25,80(-3,5) 1,94(-0,18) 4,95(-0,02) 14,40(+1,4)  8,47(+0,28)
QC3 1,20 27,80(-1,1)  46,00(+42)  26,20(-3,1) 1,74(-0,38) 4,92(-0,05) 13,20(+0,2)  8,54(+0,35)
QF3 1,23 26,70(-2,2)  50,80(+9,0)  22,50(-6,8) 2,80(+0,68) 5,65(+0,68) 14,90(+1,9)  8,40(+0,21)
QB3 1,21 23,30(-5,6)  48,40(+6,6)  28,30(-1,0) 2,95(+0,83) 5,83(+0,86) 14,50(+1,5  8,66(+0,47)
QD3 1,21 25,60(-3,3)  45,90(+4,1)  28,50(-0,8) 3,02(+0,90) 5,84(+0,87) 15,70(+2,7)  8,35(+0,19)
QT4 1,21 26,80(-2,5)  46,70(+6,3)  26,80(-2,5) 2,71(+0,37) 5,47(+0,57) 15,00(+0,6)  8,36(+0,25)
QC4 1,08 27,20(-2,1)  43,10(+2,7)  29,70(+0,6) 1,43(-0,91) 4,21(-0,69) 12,90(-1,5)  8,49(+0,38)
QF4 1,27 27,50(-1,8)  43,10(+2,7)  29,40(-0,9) 2,90(+0,53) 5,62(+0,65) 14,70(+0,3)  8,38(+0,27)
QB4 1,25 20,70(-8,6)  46,30(+5,9)  33,00(+2,7) 2,40(+0,06) 5,35(+0,45) 13,00(-1,4)  8,84(+0,73)
QD4 1,33 26,40(-2,9)  45,70(+5,3)  27,90(-2,4) 2,33(-0,01) 5,21(+0,31) 14,40(0,0) 8,48(0,37)

Les données entre parenthése indiquent les écarts des valeurs de propriétésgfigsmoes des sols mesuré&asiois apres entretien par rapportia
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2.3 Résultats et discussion

[ QK2NRAT 2y RS adaNFI OS 61 mM0OTE RQdzyS SLI A&aSdzNJ RS w
mais le plus riche en carbone organique et carbone total, ayant le pH le plus bas et la CEC la plus
élevée (Tablea 2.2). Une tendance générale de baisse avec la profondeur du carbone organique et
total, de la CEC et une augmentation du pH a été observée dans les différents horizons de chacun des
profils (Tableau 2.2). La texture des différents horizons présentai¢@dgat un léger gradient selon

la profondeur avec des sols plus limoneux en surface (LSA) et plus sableux (SLa) en profondeur
(Tableau 2.2).

Les propriétés physicO KA YA lj dz§4 RSa az2fa LINBfS@Sa RIya f QK2N
avril 2016 (Tabkeu 2.3), soit 9 mois aprés le premier préléevement réalisé en juillet 2015, ont peu
SP2f dzS LI NJ NI LILIR2 NI | dzE LINRLINASGSa RSa az2fa RS ¢
taux de carbone organique dans les sols des quadrats curés est cepéégirement inférieur en

moyenne a ceux des autres quadrats et correspond au taux moyen initialement mesuré dans

f QOK2NAT 2y |1 H 0¢tF06fSkdz HnonOd 9y SFFSGI afé®NER Rdz
RSOIA4aSS OS ljdzA O2 NaB3 LRIYRE A S t RK 2aNRKdBigde ity SIiH L
sols est trés variable localement (Tableau 2.3). Cette variabilité de la densité ne semble cependant

LJ & NBfASS t dzyS RAFFSNBYOS RS LN} GAljdzS RQSy({NB
ont une densité moyenne inférieure a celles des autres sols. Le curage a donc un effet immédiat mais
modéré sur les propriétés physiohimiques des sols de surface. Cependant, pour les autres

LINF GAljdzSas f QAYLI OG LI GSy ik pHydicBORKIAYWIRA |j O i (I \RIS&G Sa 24
donc pas significatif pour un laps de temps de 9 mois. La modification des propriétés physico
chimiques des sols liée a la fauche,balllis ou au désherbage chimique se fait donc probablement

sur une échelle de temps beeoup plus longue.

2.3.2.2. ConductivittK @ RNJ dzf AljdzS SG ©@2ASa RQSO2dz S

La valeur moyenne de conductivité hydraulique a saturation (Ksat) mesurée en avril 2016 sur la zone
non-entretenue située entre les motifs 1 et 2 est élevée mais trés variabbe de$ 4 réplicas soit
387,36° 287,81 mm H. Lors de la mesure, le dispositif comprenant les 4 doubles anneaux était
déployé sur une distance totale de 2 m environ (Fig. 2.2). La forte variabilité locale des valeurs de
Ksat entre les réplicats laisse pager une tres forte hétérogénéité de la conductivité hydraulique a

tf QSOKSttS Rdz 0ASTO

86



2.3Résultats et discussion
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Tertres et galeries de rongeurs

Figure 210: Facteurs biotiques provoquant une forte hétérogénéité spatiale de la conductivité
KE@RNI dzZ AljdzS £ al GdzNy GA2y S RSa @2ASa RC

Lesimages de tracage colorimétrique dans les profils de sol des quadrats sont de bons indicateurs de

f QOKSGSNRISYSAGS aLI GAIESY £ ftQSOKSttS édeldASTI F
conductivité hydraulique a saturation. Lors de la premicampagne de caractérisation des voies
RQSO2dzA SYSyid RS fQSkdz LI NI O2f 2NAYSGNARSSE Sy 2dzif
surface des quadrats témoins des 4 motifs (Fig. 2.4) et la répartition des espéces végétales était
homogene. La sticturation des sols en horizons sur les profils était cependant différente pour

chacun de ces quadrats (Fig. 2.9). Or, malgré des états de surface des quadrats témoins équivalents,

le tracage colorimétrique a révélé des motifs bien spécifiques a chasuprdéls (Fig. 2.11 et 2.12).

87



2.3Résultats et discussion

S

Motif 1-10cm
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Motif 1 -20cm
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Motif 2 — 10 cm Motif 2 — 20 cm Motif 2 — 30 cm

Figure 211: N¥ cel 3S O2t 2NAYSUGNRIjdzS RS&a @2ASa& RQSO2dzZ SY
motifs 1 et 2 en juillet 20159.es échelles sur le bord des images sont graduées.en cm

La différence des motifs de coloiam peut étre en partie expliquée par la texture et la structure des
différents horizons des profils. Pour les motifs 1 et 3 par exemple, les horizons trés granuleux
(horizon 2 du motif 1 et horizon 3 du motif 3) ou comprenant des poches sableuses (Horilzon

motif 1) sont beaucoup plus colorés que les autres horizons et le colorant semble y avoir diffusé trés

N} LARSYSyid 6CATd Hodmm Sl HdmMHOP 9y SFFSiGZ Sy f
hydraulique a saturation est en générale supériepoair les sols sableux que pour les sols argileux
(e.g.,Pachepsky and Park, 201Ppur les autrelorizons, de texture limonargileuse, les motifs de

coloration sont plutdt de type patchs discontinus surtout présents aux alentours des racines et

galeries de rongeurs (motif 4).
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2.3Résultats et discussion

Motif 3—10cm Motif 3—-20cm

Motif 4—10cm Motif 4— 20 cm

Figure 212: G NJ cel 23S O2f 2NA YS{ NX |j dzS R Slés qud@ats3éemoilR 89S 02 dzf SY
motifs 3 et 4 en juillet 2015.es échelles sur le bord des images sont graduées en cm.

/| SLISYRIFyGsz tF LINBaSyOS RS YIONRLRNBa O2yySoOisa
modifie de maniére significative les voieQ § O2 dzf SYSy i RS  QSl dz Sy 02y 0S8
(Motif 3 - 30cm, Fig. 2.11). La variabilité observée entre les différents motifs (Fig. 2.11 et 2.12) est
R2y O R2dzf SS RQdzyS FT2NIS GFINARIOoATAGS f201tS A
macropoes connectés a la surface du fossé (Fig. 2.12).
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2.3Résultats et discussion

Motif 1-30c

e 11 <

Motif 2 — 0 cm Motif 2—-20cm Motif 2—-30cm

Figure 213:( NJ cel 23S O2f 2NAYSUONRIjdzS RSa @2ASa RQSO2dz SY
motifs 1 et 2 en juin 2018.es échelles sur le bord des images sont graduées en cm.

Lors de la deuxiemeampagne, en juin 2016, les quadrats témoins des 4 motifs étaient recouverts a
plus de 80% par une végétation dense (Fig. 2.4). La présence accrue de végétation semble avoir
augmenté la diffusion et les écoulements du colorant dans les horizons liargiheux qui étaient

peu colorés lors de la premiére campagne notamment pour les motifs 2 et 4 (Fig. 2.13 et 2.14). En
effet, la coloration des profils y est plus homogéne que lors de la premiere campagne. La présence de
macropores trés conducteurs tels quesdgaleries de rongeurs a également été mise en évidence
lors de cette deuxieme campagne (motif2Qcm, Fig. 2.13). Pour un motif donné, les motifs des

profils de coloration sont cependant semblables pour les deux campagnes.
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2.3Résultats et discussion

Motif 4 — 10 cm Motif 4 — 20 cm Motif 4 — 30 cm

Figure 214 tracage colorim@& NRA Ij dzS RS&a @2ASa& RQSO2dzZ SYSyid RS fQ
motifs 3 et 4 en juin 2016. Les échelles sur le bord des images sont graduées en cm.

t 2dzNJ £ Sa ljdzZr RN} d§a SyaNBGSydzazs €S GNI el 35S 0O2f 2NJ
réali en juin 2016, pour la fauche sur le motif 3 (M3), pour le curage sur le motif 4 (M4), pour le

brdlis sur le motif 1 (M1) et pour le désherbage chimique sur le motif 2 (M2).
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2.3Résultats et discussion

Brilis — M1 Désherbage chimique — M2

Figure 215: 0 N cel 3S 02t 2 NA YS{ NR |j dzS RS & qudtzats fadchéR QS O2 dzt S
curés,brilés et désherbés chimiquement en juin 201@s échelles sur le bord des images sont
graduées en cm.
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2.3 Résultats et discussion

Les profils de coloration des quadrats entretenus présentent des caractéristiques bien distinctes des
guadrats témoins du mémmotif et sonttres différents les uns des autres (Fig. 2.12, 2.13 et 2.14).
Alors que sur les quadrats témoins, une variabilité locale importante avait été mise en évidence, sur
les quadrats entretenus, cette variabilité des motifs de coloration pour Wt donné est faible.

Ainsi seuls les profils photographiés a 20 cm du bord du cadre sont représentés dans la figure 2.15.

Le long des profils des quadrdisiilés et fauchés, le colorant est présent de maniére homogéne

2dzalj dzQl dz 6 & RulzleddN&irata moind de@dNdiotifdj1deS3, malgré la présence de
macropores trés conducteurs le colorant est essentiellement concentré sur les deux horizons de
surface. Sur les profils des quadrédilés et fauchés la coloration est beaucoup plus intease
YAODSIdz RSa NI OAyS&a 6CATd nompuod [ S O2ft2Nryid aSy
LI NIANJ RSa Ol yldzE NI OAYyLFANBa GSNB S a2t tSyiz
cependant pas supérieure a celle des quadrémdins ni au moment des expérimentations ni au
O2dz2NAE RS fQlFlyySS LINBOSRSyiSe® [ QSYiNBiASY RSa 7:
aStSOGA2Y adzNJ £ S&a SalLlsoOSa @s3asiartSa O2ft2yAralyd f
probablementliée a des différences de populations végétales sur les quadrat entretenus et témoins.

Ceci pourra étre confirmé ultérieurement grace aux relevés botaniques exhaustifs réalisés en avril

Hamp SG YFA uwnmc R2yd £ Sa& 0N Aoteon&gsia yQ2yd L2 dzN

Les profils des quadrats curés et désherbés chimiquement sont trés différents de ceux des quadrats
fauchés etbrilés (Fig. 2.15). La coloration y est concentrée sur le haut du profil et ne semble pas
induite par des écoulements préférentidis long des canaux racinaires. Ces quadrats étaient plus
FLAOESYSYyld @S3asSitrtAasS Fdz Y2YSyid RS& SELISNAYSyGl i
Rdz FFAG RS fSdzNJ ¢S3asil A2y Y2Aya RSyasS G2dzi I dz

crote a QSUlFAG F2NX¥SS t fF &dz2NFFOS OS ljdzA | LJ2 dzNJ
ROQAYFAEGNI GA2Y O

[ S& RAFTFSNByGSa LINIGALdzSAE RQSYIUNBGIASY aSvyofSyid
RQSO2dz SYSyid RS f QS| dz 4obsy atparf c8ndéqur? SR | oyidaictivieS & 2 f
KERNI dzZf AljdzS® [ QKS G SNRISY SA BS lesidubdints téin@nicR § 8 @2 A S a
présence de galeries de rongeurs, a des différences de systémes racinaires et de structuration des
horizons de sols semblespgendant supérieure & celle observée sur les quadrats entretenus de

maniere contrastée.
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2.4 Conclusion

2.4 Conclusion

Les fossés sont entretenus au moins une fois par an, par curage, fauche et désherbage chimique ou
également parbrdlis en zone méditerranéennéBailly et al., 2015; Levavasseur, 201Rps
expérimentations menées dans le cadre de ce travail de thése ont permis de mettre en évidence que
O0Sa RAFTFSNBY(ISa LINI GAljdzSSa mRo& yanth&disar ey dy@agiiuEs R Q dzy ¢
de végétation et de litieres dans les fossés. La recolonisation par la végétation a la suite des
opérations de curage et dbrllis est relativement lente et les apports de litiere générés par la
senescence de la végéitan sont faibles. Dans le cas Htillis la croissance de la végétation en place

et sa densification est trés rapide alors que dans le cas du curage la végétation reste relativement

rase et clairsemée. A contrario, la recolonisation par la végétatiosditades opérations de fauche

et de désherbage chimique est trés rapide mais associée a une croissance et une densification
relativement lente. La fauche et le désherbage générent des apports conséquents de litiere bien que

la quantité de litiere généréear la fauche soit bien supérieure a celle générée par le désherbage
chimique. De plus, lerdlis génére des apports de cendres qui restent pendant plusieurs mois en
AdzZNF I OS Rdz F2aaS | @lyd RQsUNB LINPIAINBaAaAaADSYSyld Ay

Les pratigud RQSYUNBGASY 2yiGX RQIFdzINB LI NIX dzy AYLI O
physicechimiques des sols de fond de fossés. Leur impact est a priori également modéré sur les
LINE LINA SGSa KeRNIdzZ AljdzSad / SLISYRIFI Y¥8YSYDKRESNBTE S yiz
GSttS 1ljdzQAt S&ad RAFFAOAELS RS O2yOf dzZNB ljdz yid t f
RS& LINPLINASGSa KE&RNIdz AljdzSad® [ 2NB Rdz OdzNI 3S3 dzy
surface qui correspond biensdbw i £ £ QK2 NAT 2y €S Li(Nd=delmMih QKIS Sy Y
2007; Vaughan et al., 2008)e curage a donc un effet immédiat mais modéré sur les propriétés
physicachimiques dessal RS adzNFI OSo® {Sf2y fS&a O2yRAGAZ2Ya RQ
curage, cette pratique est également susceptible soit de rétablir la porosité du sol ou de la colmater

O/ KILIAGNB MOP t2dzNJ £ S& | dzi NBa LsiNJesipkolrigt&siphysieb QA Y LI C
OKAYAljdzSa RSa az2fta yQSdiFAdG LIk a AAIYATFAOFGAT LR
propriétés physicechimiques des sols liée a la fauche,kadlis ou au désherbage chimique se fait

donc probablement sur une échelde temps beaucoup plus longue. Par ailleurs, les différentes

LIN} GAljdz8a RQSYGNBGASY aSYof Syt F@2AN) dy AYLI OG |
les sols de fond de fossés et en conséaqueendzNJ £ || O2 y RdzOU0 A @A ( S é dpatimeNT dzf A lj
RSa 02A8a RQSO2dzA SYSyida tASS t fF LINBEasSyds RS 3
de systémes racinaires et de structure et texture des horizons de sols semble cependant supérieure a
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2.4 Conclusion

celle observée sur les quadrats entreterdes maniére contrastée et génére une forte variabilité de
f QAYFALTGNI GA2Yy O

[ S& RAFTFSNByGSa LINT (surthutz® dampdRtCidstetichidBasté Suy lesZwitd deR2 y O
surface des fossés et notamment sur la présence de végétation, de litiere et deese@et impact

Sad ldzityd AYYSRALF G 1jdzQt -£himgdes de$ 300 Sedsonf cBpendddNE LINJR
j dzS Y2RSNBYSyYy(d AYLI OGSS& &dz2NJ dzyS SOKSttS RQdzy Iy
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Partie |

Influence des proprietes des fosses sur
les processus clé modulant la réteaofi
de pesticides dans les fossés

Comment évoluent les caractéristiques des fossés en fonction
des différentes pratiques d’entretien?

Types de substrats
Variabilité des propriétés

Observation des états de surface des fossés
# Echelle du réseau de fossés, 3 sites (FIP)
Expérimentation d’entretien sur fossé et suivis des propriétés
>  Echelle du bief

—

Quelle est I'influence des propriétés des fossés sur les

processus de sorption et d’infiltration?

surface

des sols

+  Evolution des états de
. Evolution des propriétés

. Gamme de types
d’événements de crues

Parameétres de sorption
Mécanismes et propriétés des
sols influengant I'infiltration
Indicateur SPRI

Tests de sorption au laboratoire, fonctions de pédotransfert et
développement d’un indicateur d’estimation de la capacité de
sorption globale des fonds de fossés (SPRI)

»  Echelle du substrat au bief / événement de crue
Expérimentation d’infiltration de traceurs hydrologiques sur
colonne de sol au laboratoire et modélisation

» Echelle du profil de sol / événement de crue

—

Quelles méthodes permettent d’estimer la rétention en
condition d’écoulement dans le cas des fossés infiltrant?

Paramétres sorption
leux de données de
référence pour étudier
la variabilité
d’infiltration liée au
changement de
macroporosité

Méthodes optimisées et
calibrées pour estimer la
rétention

Expérimentation de transfert de traceurs hydrologiques dans 2

fossés aux propriétés contrastées & calibration et

comparaison des méthodes par indicateur et par modélisation
»  Echelle du bief / événement de crue

—P

Quel est I'impact des différentes pratiques d’entretien sur le
pouvoir tampon des fossés?

Modélisation de I’évolution du pouvoir tampon des fossés
»  Echelle du bief / événement de crue
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Chapitre3

Variabilité et déterminants de la capacité de

sorption de pesticides des fonds de fossés
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Le pouvoir tampon des fossés -aisis des pollutions par les pesticides résulte essentiellement de
processugle sorption sur les différents matériaux des fonds de fossés tels que les sols, la végétation,

les litieres et les cendre@.g., Margoum et al., 2006; Stehle et al., 2011; &alet al., 2014)Ces

processus de sorption sont généralement caractérisés au laboratoire sur des petits échantillons des
RAFTFSNByGa YFGSNRFdzZE |3AGSa  2dzalj dzQOECIS lj2080) A 6 NB

/| SLISYRIYy(iz t£Sa O2STFTAOASYVIAA RS RdzINAIGKA 2 i Q SIi dzZRISA d
sont essentiels mais insuffisants pour caractériser la capacité de sogitbale de pesticides des

F2yRa RS F2aasSa OIFNI Afa NByaSA3aySyd dzyAljdzsSYSyid 3
matéri- dZE® hNJ £ OF LI OAGS RS a2NlJiAzy 3t261 S RS& 1
RQdzy LISaiAOARS R2YyYyS LIdz2NJ £ S&4& RAFTFSNBY (G a&KdYIl {SNA
YIA&d S3FESYSyid RS f QF 02 Y R layk@ifsi gNéSded: carac@iistiqieSdes RA F T
ONHzS& A ®Sds KI dzi SdzNJ RQS | dz5 (el Steleletal., 28N LA RS NBGSy

9y STFSGz tSa TF2aasa Sy ONHLS 4az2yd RSa aeaidsys
généralement rapidement. Lestempsde ngté A 2y K& RNJ dzf AljdzS§ az2yid RS Q2
de minutes pour des fossés aux crues intermittentes générées par la collecte des flux de
ruissellement des surfaces connectg8sindschuh et al., 2016; Lange et al., 200, des vitesses

R @d&lement rapides associées a des temps de rétention hydraulique faibles limitent le temps de

O2y il OG LRGSY(GASt SyauNB tSa LSaiAOARSAa RA&az2dza
fossés(Bundschuh et al., 2016; Stehle et al., 20I1ans ces conditions, le temps de résidence des
pea G A OARSa RIya fS&a F2aasa LSdzi sGNB Ay TSNASdzNI
sorption de certains pesticides. Il est alors nécessaire de caractériser les cinétiques de sorption pour

f S48 RAFFSNByGa YI GSNRI dzEs dé mEsidgnceReougdurt lalzbpatité deA Y LI C

sorption de pesticides des fossés.

Par ailleursleskdR Qdzy LIS&aGA OARS R2yyS @GFENASY(d 3INFYRSYSyI
propriétés physica&chimiques(e.g., Wauchope et al., 2002; Weber et al., 2004¢s propriétés des

sols étan tres variables selon les fossés, mesurer Kespour une gamme de pesticides et les
RATFSNBy(a FT24aS4& RQdzy NB&SHdz LISdzi NBOSYANI (NEB &
A2NLIiA2Y RQdzy NBaShdz RS T2 B34 Iy O Sl ats Mazi A f
moindre coltleskdRSa LJISaGAOARS& &addzNJ £ Sa az2fad 55a F2yO0uA
lesKden fonction degropriétés clé des sols influencant lswariatiors (Moeys etal., 2011; Weber

etal, 2004maist SdzNJ L2 G Sy GA St S dziAfAaldAzy L}Rdz2NJ £ Sa a2
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significativement supérieures a celles des autres matériaux et de propriétés de sorption souvent
élevées, les sols sont les principaux constituants de la capacité de sorption de pesticfdad$ede

fossés. La méthodologie développée dans cetéetion permet de hiérarchiser la capacité de

sorption globale de pesticide de fossés aux propriétés contrastée sur la basa des différents
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évidence que la sorption du glyphosate et du diuron sur les matériaux de fonds de fossés est rapide

et varie peu pour chaque type de matériaux. Enfin, la derngetion met en évidence que les

fonctions de pédatansfert permettent de déterminer trés rapidement et avec une précision toujours
inférieure & un ordre de grandeur [€EIRdz RA dzNRy > Rdz 3If @ LK2al S S4 RS

fond de fossés.
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3.1 Sorption du glyphosate et diuron sur les matériades fonds de fossés

La premiéresectiondu chapitre 3 sur les capacités de sorption globales du diuron et du glyphosate
RSa T2yRa RS F2aasSa Lt 7¥ISciéncefohtBedTatd &EnviRediolef qué NI A Of S

présenté cidessous.

Variability of glyphosate and diuron sorption capadds of ditch bedsdetermined using

new indicatorbased methods

Jeanne Dollinger, Cécile Daggandrine NegroJeanStéphane Bailly, Marc Voltz

3.1.1 Introduction

Farm ditch networks are engineered landscape feadithat are designed and managed to perform a
variety of ecosystem services, including waterlogging control, soil erosion prevention, biodiversity
conservation or water purificatio(Dollinger et al., 2015a; Herzon and Helenius, 2008; Levavasseur et
al., 2016) The water purification potential of ditches has raised interests among institutions that are
tasked with protecting water quality. Indeed, farntah networks play an important role in the fates

of pesticides within cropped catchments.

Ditches collect drainage and runoff fluxes potentially loaded with pesticides and rout them
downstream towards receiving water bodies or groundwaferg., Louchart et al., 20Q1DPespite
constituting contaminants dispersal pathwalgecause they link cropped fields with water bodies,
ditches may have buffering effect for attenuating water pollution by pesticides according to their
composition and hydraulic propertiegDollinger et al., 2015a; Herzon and Helenius, 2008;
Needelman et al., 2007a)lhe high pesticide retention capacities reported for ditches have been
attributed so far mainly to the sption of pesticides to the various materials in the ditch beds
although other biogeochemical processes e.g., biadimd abiotic degradation or sedimentation of
pesticidesloaded particles may, to some extent, also contribute to mitigate pesticides iheditc
(Dollinger et al., 2015a; Stehle et al., 201Qpnsequently, the buffering capacity of ditches is closely

linked with the nature and profusion of the ditdled materials.
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The main endogenous materials that providei@éint sorption sites for pesticides include soils and
decaying and living vegetation. Ditch soils are formed from the accumulation of both field eroded
particles and humified plant or algae residues and are structured due to root activity and
drying/wetting cyclegNeedelman et al., 2007b; Ruppert et al., 2014; Vaughan et al., 2008, the

soil texture, structure and chemical composition in ditches are very siteifgpedoreover, these
nutrient-rich soils combined with particular hydrologic conditions provide ideal growth conditions for

a variety of terrestrial and wetland plantslerzon and Helenius, 2008; Needelman et al., 2007b)
Consequently, ditches can be densely vegetated, and the natural decay of ditch plants and the input
of dead leaves from surrounding treasd perennial crops (e.g., vineyards, orchards) may result in

the formation of consequent litter layefsevavasseur et al., 2014)

Managirg farm ditches to maintain ecosystem services will modify the properties of the ditches,
particularly the abundances of various bed materials in the ditches. Ditch management operations,
i.e., dredging, chemical weeding, mowing and burning, impact the epti@s of ditches in
contrasting waygDollinger et al., 2015a)Although dredging removes most materials from ditch
beds, mowing and burning provide additional materials (e.g., hay and ash) that can have high
sorption capacitiegDollinger et al., 2015aYhus, farm ditch management can be used as an efficient
method for protecting water quality in cropped catchments. Performing a diagnosis of farm ditch
networks and designing appropriate management strategies requires kgoodledge of the factors

that drive pesticide adsorption and desorption in ditch beds.

The sorption capacities of ditch beds depend on 3 factors, the abundances and characteristics of the
various bed materials, the relative affinity of a given pesticiddlie available bed materials, and the
hydraulic regimgDollinger et al., 2015a)Adsorption and desorption coefficients measured in the
laboratory using small samples are important but insufficient for characterizing the pesticideogsorpti
capacities of ditch beds because they only provide information regarding the relative affinities of
given pesticides to the various materials. Few studies have reported sorption coefficients for ditch
soils, litter and wetland plantge.g., Cam et al., 1999; Passeport et al., 2011; Rogers and
Stringfellow, 2009; Vallée et al., 2018)oreover, to our knowledge, the global sorption capacity of
ditches resulting from their heterogeneous ditbled compositions has not been determined.
Indeed, nomethods are currently available for assessing the global sorption capacities of ditch beds
with contrasting properties under varying hydraulic regimes based on operationaleffestive and

easily reproducible observations of ditch properties.

In this $udy, we therefore aimed at estimating the variations of the sorption capacities of ditch beds

for glyphosate and diuron of catchments with different management, hydrological and pedological
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features. The specific objectives of this study were to i) idertie main drivers of the pesticide
sorption capacity of ditch beds and ii) develop indicdiased methods suitable for analysing the
ranking of sorption capacities of farmed ditches with contrasting properties and under varying
hydraulic regimes. Threease studies are considered in the present study in three lveser

catchments in France.

3.1.2 Materials and Methods

3.1.2.1. Physicechemical properties of studied pesticides

The herbicides glyphosate and diuron were selected for their potential contrasiimgtion
behaviours to ditch materials based on their physit@mical properties (Tablg.S1). Moreover,

both herbicides are among the 15 pesticides that are most widely detected in surface water bodies
and groundwater in Francé { hS{ > aAyAaiGd8§NB RS fQ; 02t 23AS=>
f QS y S NH.AGyphosaten [phosphomethyl)glycine] is a zwitterionic molecule with strong
hydrophilicity and very high water solubility (TaBI&1). Tk speciation of glyphosate varies with the

pH of the surrounding environmeniDollinger et al., 2015b)Diuron (3(3,4-dichlorophenyl)1,1-
dimethylurea) is a hydrophobic molecule with moderate water solybiind remains neutral under

environmental conditions (Tab&S1).

3.1.2.2. Sampling and measurement methods used to determine the
properties of the ditchbed materials

Sampled ditches and ditch bed materials
Selected ditches, soils and ash

Soils were sampled fro ditch surface layers at different locations along ditch networks from 3-head
water catchments in different agricultural, climatic and pedological settings. Soil310through
ROD9S (Table.S2) were sampled from the Roujan catchment located soutfrafice, which has a
semtarid Mediterranean climate and contains loamy soils and mainly vine drapdrieux et al.,
1993) Soils RWD1-S and RWD2-S were sampled from the Ruiné catchment located west of France,
which has aroceanic climate and contains clay soils and chalky soils on the plateaus and in the
depressiongVernier and Dubernet, 199 Mespectively, and sunflower, corn, and vine crops. Soils M
D1-S and MD2S were sampled from the Morcille catchment located east of France, which is

characterized by a continental temperate climate and contains sémaiy ®ils and mainly vine
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crops(Rabiet et al., 2010)Ash samples were collected just after a burning event from the Roujan

catchment.

Living and dead vegetation

Dead vegetation, including dead leaves {BQ, hay (R®a) and decaying plant residues (RBR),

was cdlected from ditches in the Roujan catchment. Plants, inclu@Rogus fructicosysArum and
Elytrigia were collected from the Roujan catchment shortly before the experiments and were grown
in the greenhouse before use to keep them fresh for the sorptigpeeiments. The three perennial
plant species collected in this study are wide spread and ubiquitous in the three sampled
catchments.Rubus fructicosuss a ligneous species, aldytrigiaand Arum sp are herbaceous and
succulent species, respectiveBibus fructicosuand Elytrigiacolonize ditches all year, adum sp.

is a winter species that grows between October and April. Farm ditches host a wide diversity of
terrestrial and wetland plantéHerzon and Helenius, 2008)he plant species selected for this study

provide an overview of the maiypes of vegetation that commonly colonizes farm ditches in France.

Physicechemical properties othe ditch-bed materiak

The mrticle size distributiog pH values cation exchange capaigis (CEC)and organic carbon,
nitrogen and Olsen Phosphorus@sen)contentsof the soil and astsamplesvere measured at the
INRAARRAS laboratory (Franesingstandardized methodasreported in Table8.2. The soil bulk
densities were estimated by sampling a known volume of soil and meaghendyy weight afer
oven drying fo24 h at 105°C.

The arbon, nitrogen sulfur and residual ash contestof the decaying and living vegetatiavere
measured at the INRASRAVE laboratory (Francsjngstandardized methods as reported in Table

3.3. The lulk densities wee evaluatedusing the watedisplacemenmethod.

Sorption properties otthe ditch-bed materials
Measurement of adsorption coefficients for ditedheds materials

Soil and ash samples were-diied to a target humidity of 10 % {w) and passed through 2mm
sieve Leaves and stems from fresh plants were chopped into 3 to 5 cm fragments just before

performingbatch experiments. Decaying vegetation samples were dried at 30°C to a final humidity of
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10 % (ww). Shortly before the experimenthe dead leaves wre chopped into 3 cm fragments and
mowing residues into 3 to 5 cm fragments. The dry weight and final humidity of all materials were

determined from the difference of themass before and aftevven drying fo24 h at 105°C.

Sorption batchexperiments were performed using*Glabelled glyphosate and diuron (Isotop,
Hungaria) with specific activities of 9.31 and 2.64 MBqg/negpectively Solutionswith glyphosate
and diuron concentrations d, 10, 50, 100 and 1000 pg/l were prepaiaca0.01 M CaGland 200
mg/l NaN electrolyte solution Sodium azide was used to prevent microbial degradation during
batch experimentsBecause of théigh specific activity of the labelled pesticidéise **Glabelled
solutions were mixed with noetabelled glyphosate andiaron (SigmaAldrich, France) solutions of
equal concentration The Abelled/nortlabelled solution ratios were 285 % (w) for glyphosate and
50-50 % (w) for diuron. A fixed volume of 10 i each solutiorwas added to the various materials,
respectiely, in glass centrifuge tubes with Tefldimed caps. The solib-solution ratios (g/ml)for
glyphosatewere 1/10 for soils, 1/5 for decaying vegetation, 3/10 for plants and 1/20 for astithe
solidto-solution ratios fordiuron were 1/5 for soils, 110 for decaying vegetation, 1/10 for plants
and 1/20 for ashThe soligto-liquid ratios were chosen to be as close as possible to ditch conditions
while respecting analytical constraints such as quantification limits. Slightly hégiierto-liquid
ratios were thereby chosen for materials with higher sorption poten&atchexperimentswere
conducted in triplicate. Theentrifugetubes were shaken for 24 h at 23°Cbefore centrifuging at
3000 rpm for 10 minPreliminary kinetic batch tests showed thejuilibrium was reached for all
material/pesticide combination within less than 24Radioactivity countingof the supernatant
solutionswasperformed in duplicate. Aliquots of 1 mlere sampledfrom the supernatantsolutions

and mixed with 4 ml of Ultim&old scintillation liquid (PerkinElmer, US&)measure activityusing
liquid scintillation counting (Tricarb2800, Perkin Elmer, USA amounts of pesticides in the
materials were calculated from the difference in radioactivity betwdlea initial and supernatant
solutions. The pesticide @ncentrationsin water at equilibrium were calculated fronthe activity
data. The amounts of pesticide sorbed to each material were calculated using mass balance.

Adsorption isotherms were represented by both lineay.(&1-1) and Freundlich models (E2j1-2).
G=KdG, (Equation3.1-1)
G=KG" (Equation3.1-2)

where G is the amount of sorbed pesticides in the material at equilibrium (ug/Kg),is the
concentration in the supernatant (ug/lKd is the linear srption coefficient (I/kg)and Kf (ug*™ I" kg

1) and nare theFreundlich coefficients.
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Measuremens of the desorption coefficientof the ditch-bed materials

Desorption batch tests were conducted for all materials in triplicate. After @fidyuilibration with
the solution at 100 pg/lthe activity in the supernatantsolution was measured as previously
described &ection 2.2.3.1)and the residual supernatarsolutionwas removedNext, anequivalent
volume of fresh electrolytesolution was added andhe tubes were shaken again for 24 h. Five
successive desorption steps of 24 h each were performed. For each desorptiothstetivity in
the supernatantsolutionand the exact volumes dhe removed supernatant and added electrolyte
solutionswere precisely measured. The amowf pesticide sorbed to each material at each step
were calculatedusing mass balance. Desorption isotherms were describsthg the Freundlich
model (Eq.3.1-2). Hysteresis betweerorrespondingadsorption and desorption isothms was

represented by the H parameter (E31-3).

H=— (Equation3.1-3)

where n is the linearity parameter of the Freundlich isotherm (Eq-3.Either for the adsorption

isotherm f,4¢9 Or for the desorption isothernmfey).

Estimation of soil adsorption coefficientssingpedotransfer functions

Pesticide adsorption coefficients are highly variable among soils because they depend on the sail
physicechemical propertiegDollinger et al., 2015b; Wauchope et al., 2002; Weber et al., 2004)
Measuring adsorption coefficients can be expensive and time consuming, especially for soils, because
ditch soils have a large range of sorption properties (TaBle4d and 3.1-2). Pedotransfefunction

for predicting soil and sediment adsorption coefficients are available for a wide range of molecules
(Dollinger et al., 2015bMoeys et al., 2011; Weber et al., 2004hcluding diuron. Here, we
investigate the possibility of using these pedotransfer functions to estimate the diuron adsorption
coefficients of ditch soils RD1-S to R&D8S, which were not experimentally measdrd-or diuron,

the pedotransfer functions for estimating soil adsorption coefficients is b@aasber et al., 20049n

the organic matter content (E§.1-4).
Kdgiuron = 3.26 OM; 0.1 OM2¢ 1.4 ¢ 1.1 cni/g) (Equation3.1-4)
whereOMisthe organic matter content (%).

Accordingly, théd values othe ditch soil materiad for diuron were estimatedisingequation3.1-4

and theproperties described in TabR 2. Next, theset of experimentally measuredl values(RO
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D9S, MOD1-S, MGD2S, RLD1-S and RtD2-S)was compared with the predictedd values for
these soils (data not shownyith aprediction accuracyf 0.09 cni/g. Eq 3.1-4 wasvery accurate,
and the Kd valuesof ROD1-S to RED8S werethen estimated using thispedotransfer function
(Table3.1-1).

3.1.2.3. Estimation of the pesticide sorption capadads of the ditch beds from
in situ observations of ditch properties

Calculation otthe adsorption coefficients forthe composite ditchmaterials

Global adsorption coefficiestfor the composite ditch beds can be calculated from the relative
mase®s of the individual materiad and ther respective sorption coefficients (E8..1-5, Appendix A).
Eq. 3.15 isbased on the following assumptiani the adsorption isotherms are linear and ihe
pesticide concentrations are uniforriiroughout the water column and in equilibrium with the

sorbed pesticide cocentrationson the ditch-bed materials
Kdgirch =— Kds +—— Kdveg +—— Kdpy+—— Kdash = CHEE (Equation3.1-5)

whereMs, Myeg, My, MashandM are the masses of the soilegettion, decaying vegetatiorash and

the total composite material (g)respectively;Kds, Kdy., Kdpy and Kda.sn are the adsorption
coefficiens for the soil, plants decaying vegetationandash (cni/g), respectivelyM; is themass of
material | wherei is one of theditch materialg[soil (s), decaying (DV) and living vegetation (veg) or
ash (ash) (¢) Kd; is thesorption coefficient of material andKdg.h is theglobal sorption coefficient

(cn/g).

The masss of the different materials can be apptonated fromin situ observations of ditch

properties &ction 3.1.2.3. It must be noted that the amounts of dead and living vegetation

available for sorption vary among flood events with the water leNeéhe water level is lower than

the total depth d the material layer, only a fraction of iklayeris available for sorption. Thisffect

may besignificant particularly¥ 2 NJ RSIF R Ty R f A@Ay 3 @S adhidwivatey @ C2 N
depths (< 15 cm), the proportion of ditdbank to ditchbed materials is smalConsequently, itch-

bank materials are neglecteghen calculatind<dycn.
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Estimatingthe retention and remobilization of pesticides ithe ditch beds

Toassess the retention capaigis of the ditch beds during a contaminated flood event, we propose
computing anindicator that corresponds withlthe percentags of the pesticide flowing in the ditch
that could potentially be retained by sorption on the bed materiaM/e refer to this indicator aSPRI
(Sorption inducedPesticideRetention Indicator) hereafter. The SPRIis calculatedbased on the same
hypothesis than that used faralculatingthe Kdgi, but being based on a mass balance approach, it
additionally supposes that thentire volume of water flowing in the ditch during a flood event is
jointly in contact with albf the material surface®elow the water levend that sorption equilibrium
with the different materials occurs neatiystantaneouty. Thus, theestimatedconcentrations of the
pesticidesat the ditch outletcorrespond with theconcentratiors in the water columnwhen sorption
equilibrium is reacheavith all of thematerialsin the ditch bed. The mathematical derivation SPRI

is described in Appendix Ahe SPRValuevaries according to the volume of water flowing in the
ditch, the characteristics of the ditch and the sorption properties of diteh-bed materias, as

shownby the following equation:

YO 'YEO p Ta— 100 (Equation3.1-6)

whereVisthe volume of water flowing in the ditch during a specific ticheing aflood event(cn?).

The ontributions of each individual material to global pesticide retentidaring flood events with
non-varying water levels andonstant initialaqueous concentrations was approximatedrs; which
isthe fraction of pesticidesorbed on material relative to the total amount of sorbed pesticide (%)
(Eq. 3.17).

"O0

= pTT (Equation3.1-7)

whereP, isthe amount of pesticide sorbed on materigh)and iscomputed by combiningq. 31-1

and the mass balance equatias follows(see Appendix A, Eg-2Aand A6):

0 6 0D 0Q

0 0Q (Equation3.1-8)

where M; is the mass of material i (i = s, veg, DV or &his the concentration in the water column

at equilibrium (g/cm) andG,; isthe pesticide conentration in the inflow water (g/cr).

The mass of pesticidinat remainssorbed to each individual material after one flushing event with

clear water (k) can be estimatedrom the Freundlich desorption model and mass balabgeising
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a numerical solve (R Core Team, 2014The fraction of the initially sorbed pesticides that is

remobilized after onelear water flood event=-0 (%), can be approximated as describe&3.1-9.

00 ———~pmnm (Equation3.1-9)

Approximatingthe amounts ofditch material from insitu observations

The qualitative operational method proposed by Bailly e{20.15)for in situobseavations of ditch
properties was used to approximate the amounts of the different bed materials. Briefly, this method
is based on precise measurements of ditch geometry (bottom and top width, depth and length) and
visualestimates ofvegetation, decayingegetation ash coverand thethicknesses of the material
layersin arepresentative ditch segmerdf 5 m The masses dfifferent materials can be derived
from these observations using E@s1-10 to 3.1-13. However, given the roughness of the vegetation
and decaying vegetation layers, derivitige masses fromin situ observations otthe surface area
covered by a given material and the maximum thickness of the layer requires good knowledge of the
porosity of the layer The porosities oplants, dead leaveand mowing residues were assessed by
harvesting plants or decaying vegetation in 30 by 40qrmadrats, where the layer depths were
measured.The harvested plants and decaying vegetation were weighed in the laboratorg the
porosity was calculated as theatio between the volume othe material (the dry mass of the

material divided by its bulk density; see Table 3t83)e volume of the layer

Ms =Whot Loiten I s hs (Equation3.1-10)
Mpv=Wpot Loiteh Sov (1-Pov) I ovmin(hpyhy) (Equation3.1-11)
Myeg = Whot Loitch Sreg (1-Preg) I vegMin(hveg hw) (Equation3.1-12)
Moash=Whot Lpitch Sish I ash Nash (Equation3.1-13)

where Wy is the bottom width of the ditch (cm)lpicn is the length of the ditch (cm;; is the bulk
density ofthe material i (g/cm), Sisthe fraction of the total surface area occupied by the material i,
h, isthe water level (cm)p.egiSthe vegetation porosityppyisthe decaying vegetation porosjtgnd

h;isthe layer depth of material i (cm).

For the soil layer, a mixing zomgth a depth of2 cmis commonly assumed in modelling approaches
(FOCUS, 20Q7yhus the soil deptty) in EqQ.3.1-10 was set as 2 cm. For the dead vegetation layer,

the maintype ofdecaying vegetatiowasconsidered irEgs.3.1-5 and3.1-11.
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3.1.2.4. Case studies of ditch bed sorption capacity

Eight ditches from the Roujan catchment were investigated on Mady 2013, (Table3.1-3) to
determine theproperties of their beds using qualitative operational metk@8ection 3.12.3). The
massedrom all materials were derived from these observations using £4sl0 to 3.1-13 and the
porosity values reported in Tabl&S and3.3. The characteristics of the ditches are described in
Table3.1-3, andthe properties of the bed soils are given in TaBI& (RGD1-S to RED8-S).

We estimatedthe diuron and glyphosatadsorption capacities of ditcheds during contaminated
flood events with varying concentrations and water levels by calculatieddyi., and SPRValues.
The contributiors of the various bed materials to the global adsorption of ditch bedsevalso
assessed. Finallyve estimated diuron and glyphosatdesorption, the repartitioring of residual
sorbed pesticides among various materials a@hd diuron and glyphosate concentrations the

water at the ditch outlets following a clear water flood event.

The dobal sorption coefficients for the 8 ditche&d.,) were calculatedusing Eq. 3.1-5 for a
normalized ditch lengthLicn) of 100 m and a normalized ditch widthy(,) of 1 m. These data were
used to estimate the proportionof glyphosate and diuron thatould be adsorbed in ditch beds
during flood evats with flowing volumes of 15, 30, 180, 429 and 749 aarresponding towater
depths of 0.5, 1, 5, 10 and 15 cm (Bd.-6). The proportios of pesticides retained inthe ditch beds
calculatedusingSPR(Eq.3.1-6) did not vary withthe pesticide concemationsin the water column
becauseonly linear adsorption isothermsvere considered. Howeverthe assessient of the
contributions of each individual material to the totglesticideretention as well asthe pesticide
residues remaining after a clear watlushing event (Eg3.1-7, 3.1-8 and 3.1-9), depend on the
agqueouspesticideconcentrations. The repartitiang of adsorbed glyphosate and diuron among ditch
materials vasthen calculated usindgegs. 3.17 and3.1-8 for aqueous concentrations of 50 and 300
Mg/l, respectivelywhich are representative ahe herbicide concentrations measured in the outlet
ditch of the Roujan catchmeriDages et al., 2015The masses of adsorbed glyphosate and diuron
remaining in the ditch materials after flushing step were calculatedsing Eqg. 3.1-9, and their
repartitioning among all materialsvas calculated usingqg. 3.1-7 by replacingP) with P The
resultsare expressed ake proportions of the masesremaining in the different materialelative to

the total mass initially adsorbed

The witary volumes flowig in the ditches duringthe flood evens were approximated from the

water depth to flowrate rating curve established for the outlet ditch of the Roujan catchraedt
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correspond forall water depthsto approximately 3h floods depending on the vegetation sign

This ditchis similar in shape to thRGD1andROD8ditches

Similarstudiescould not beperformedfor the other catchments due to missing information, namely
the soil bulk densities. Neverthelesbe characteristics of the Ruiné and Morcillectliés are within
the ranges of the characteristics othe 8 Roujan ditchegas shown in Table 33), which are

sufficient for estimatinghe globalvariation ofditch sorption.

3.1.3 Results and discussion

3.1.3.1. Ditch-bed material properties
Basic characteristics

The dtch soils collected alontie ditch networksof the Roujan, Ruiné and Morcille catchmehizve
highly variabletextures and chemical compositian(Table 3.2). Particularly, theorganic carbon
content varied by 1 to 7 fold among the soils collecfesin the ditches of a given catchment and
was significantly higher than the organic carbon contents of the surrounding crofiengset et al.,
2010; Dageés et al., 2015Jhis result is consistent with the sipecific pedogenic processes that
were reported by Vaughan (2008) and Needelman (2007), i.e., humification. The soil pHavalues
relatively constant across each network, with acidic soils in the Morcille catchment, neutral to basic
soils in the Ruiné catchment and basic soils in the Roujan catchment @&B)e The ditch soils
contain high nutrientloads especially nitrogenTable 3.2), which mayfavour dense vegetation
cover. The elementary ion compositions and C/N ratios vary among plants species3(Ebleith
Rubus fructicosusxhibiting the highest C/N ratio. The variatgin the C/N ratics among species are
inversdy proportional to the residual ash contenthe sametrend was observed for decaying
vegetation i.e., dead leaves and hay. Th&sultsuggests that the C/N ratio is higher for living or dead

vegetation that contaishigh concentrationsf lignin,e.g.,Rubus fructicosusr hay (Tabl8.3).

The proportiors of the various materials varied significantly among the 8 ditches investigated
simultaneously in th&koujan catchment (Tabk1-3). Thenature andthe proportions of the various
ditch-bed materialswere both related to pedological characteristics and management strategies
(Dollinger et al., 2015awhich were different between the observed ditches. For example, litter
layers were observed in ditches B, RGD4, RGD5, REGD6 and RED8. Ditches REDS5 and RED6

were chemically weedethe month before thesurveyand ditch RGD8 was mowedDitches RED1
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and RGD4 were not managed in the month preceding the survey (Table-33.1but earlier
investigations (data not shown) indicate that theseifches werechemically weeded and mowed
respectively 2 monthsbefore the survey. Furthermore, denser vegetation coves observed for
ditches R@2 and R&D3 (Fig3.9L), whichwere not subjected t@ny management operatiarin the
preceding month. Téacontrasting soil propertieand the differing vegetation, decaying vegetation
and ash profusion among the 8 ditches may result in composite -Bich materials withvery

contrastingsorptive properties.

Table3.1-3: Main properties of the ditches estimtead from in situ observations

Ditch  Vegetation Vegetation Litter Litter Main decf';lylng Ash Last visible
. vegetation management
ID cover height cover depth cover .
type operation
% cm % cm %
RGOD1 15 >15 60 5 Ha 0 not managed
RGD2 100 >15 0 0 - 0 not maraged
RGD3 80 >15 15 1 DL 0 not managed
RGD4 18 >15 55 5 Ha 0 not managed
RGD5 30 >15 40 1 Ha 0 chemical weeding
RGD6 5 >15 15 1 Ha 50 chemical weeding
RGD7 1 >15 2 1 Ha 0 not managed
ROD8 10 <15 48 1 Ha 100 mowing
RUD1 50 <15 0 0 - 0 dredged
RUD2 10 <15 10 5 Ha 0 not managed
MO-D1 0 0 0 0 - 0 chemical weeding
MO-D2 20 <15 30 1 Ha 0 not managed

Ha: hay- DL: dead leaves

Sorption properties

Both the linear and Freundlich models were satisfactorily adjusted to the experimental adsorption
isotherms andthe Freundlich modelvas adjustedo the experimental desorption isotherms (Tables
3.54, 3.41 and 3.1-2). For both diuron and glyphosatie adsorption coefficientskd,gsand Kf .49 for

the soils covered one order of magnitude. Moreovire adsorption coefficients for the various soils
were one to two orders of magnitude higher for glyphosate than for diuron, Withsvalues ranging

from 50 to 320 I’kg and 1.5 to 19 l/kg, respectively. Desorption hysteresis is commonly considered
signifcant when H (Ed.1-3) is lower than 0.7QPasseport et al., 20L1Accordingly, the desorption

hysteresis was significant in all soils for diuron and especially glyphosate. The large variability in the
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adsorption and desorption behaviours among sailstfoth pesticides may be related to the different
physicachemical properties of the soi(®ollinger et al., 2015b; Wauchope et al., 2002; Weber et al.,
2004)

Table 3.11: Diuron sorption coefficients of the ditematerials

Material KOs R2 Kfdes Ndes R2 H
| kg-l ug(l-n) In kgl
RGODI1-S 17.21* nd 114.66* 0.32* nd nd
ROD2-S 8.59* nd 114.66* 0.32* nd nd
RQGOD3S 19.37* nd 114.66* 0.32* nd nd
ROD4-S 6.63* nd 114.66* 0.32* nd nd
ROD5-S 6.06* nd 114.66* 0.32* nd nd
RGOD6-S 5.24* nd 114.66* 0.32* nd nd
ROD7-S 3.66* nd 114.66* 0.32* nd nd
ROD8&-S 6.30* nd 114.66* 0.32* nd nd
RGODSS 5.17 1.00 114.66 0.32 0.99 0.39
RUDI1-S 2.91 1.00 86.41 0.27 0.99 0.34
RUD2-S 14.97 0.99 175.96 0.41 0.85 0.47
M-D1-S 151 1.00 121.44 0.07 0.94 0.09
M-D2-S 14.90 1.00 103.37 0.52 0.94 0.58
RODPR 22.44 1.00 130.91 0.56 0.99 0.59
RGDL 46.53 1.00 140.79 0.70 0.96 0.60
ROHa 28.62 1.00 40.28 0.97 0.99 0.99
ROP1 2.58 0.98 181.81 0.17 0.63 0.18
ROP2 2.15 1.00 30.70 0.71 0.97 1.06
ROP3 3.15 0.98 222.32 0.15 0.85 0.18
RGA 1009.08 0.99 2196.98 0.00 0.80 0.00

TheKqgs (*) valuesfor soils RED1-S to REDS-S were estimated usinge pedotransfer functionThe
desorption parameters kfand nysof soil RED9-S were sed as proxiefor the desorption

parameters of soils from RD1, RED2, RED3, RED4, RED5, RED6, RED7 and ReD8.

Among allof the ditch-bed materials the adsorption of diuronto ash wasespecially high and nen
reversible.In addition, deadregetationexhibited astrong sorption capacity for diurgmvhich dd not

vary much among thélifferent types ofdecaying vegetationlespite their different characteristics
Adsorption on living vegetatiowasrelatively low anddid notvary much from one plant spss to
another. However, desorption hysteresis is significantRabus fructicosand Elytrigiabut not for
Arumsp. The adsorption ofjlyphosate on living and dead vegetation is 1 to 3 orders of magnitude
lower thanthe adsorption of glyphosate osoils,anda significantly greateproportion of glyphosate

wasdesorbed from living and dead vegetatitran from soilgTable3.1-2).

114



3.1Sorption du glyphosate et du diuron sur les matériaux des fonds de fossés

Table3.1-2: Glyphosate sorption coefficients for the ditch materials

Material Kdags R2 Kfges Nes R2 H
| kgl ug(l-n) In kgl
ROD1S 30.70 1.00 354.81 0.32 0.97 0.33
ROD2-S 26.15 1.00 410.11 0.20 0.94 0.22
ROD3S 44.66 1.00 557.24 0.15 0.96 0.16
ROD4-S 23.58 0.99 388.34 0.22 0.98 0.23
ROD5S 31.89 1.00 489.94 0.18 0.97 0.19
ROD6-S 64.86 1.00 508.03 0.21 0.94 0.22
ROD7-S 33.02 0.99 479.16 0.32 0.72 0.33
ROD8-S 69.15 0.99 448.19 0.17 0.99 0.17
ROD9S 51.69 1.00 675.64 0.14 0.98 0.15
RUDI-S 302.63 1.00 1096.48 0.07 0.95 0.06
RUD2-S 262.41 1.00 1029.52 0.10 0.99 0.10
M-D1-S 89.07 1.00 751.16 0.25 0.98 0.27
M-D2-S 318.82 1.00 1067.30 0.04 0.79 0.04
RODPR 5.25 1.00 56.84 0.44 1.00 0.49
RODL 4.35 0.98 42.57 0.37 0.82 0.31
ROHa 0.77 0.98 4.30 0.67 0.75 0.68
RGP1 0.54 0.98 34.29 -0.01 0.23 -0.01
RGP2 0.30 0.97 26.98 -0.13 0.63 -0.17
ROP3 2.04 0.97 59.27 0.01 0.52 0.01
ROA 23.58 1.00 298.20 0.38 0.98 0.43

Among all of the ditch materials, the experimental sorption experiments show that diuron exhibits
the greatest affinity for ash and dead vegetation, with less affinity for soils. This restdsgonds

with the studies ofGaronBoucher (2003) and Yang (2008ho reported high diurofd,gysvalues for
dead leaves or humus an,ys values for crop burnshiat were approximately 1000 times higher
than the Kd,gs values observed for soils. Moreover, among the ditch materials, glyphosate had the

greatest affinities for soil and ash.

3.1.3.2. Variability ofthe ditch bed sorption capacity
Global adsorption coefficients

Composite ditchmaterialkd (Kdgir) Values varied greatlgmongthe ditches for both glyphosate and
diuron with 2- and 9fold variations respectivelyamong the 8 ditches from the Roujan catchment
(Table3.1-4). The water levebnly slightly influencedhe Kdg., valuesfor both pesticides. However,

a slight decreasing trend dfdg..n was noticeable for all ditches when the water leviecreased
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except for diuron irthe ditches containing significant decaying vegetation layers (i.eDRMRCD4
andRODD5). For teseditches,the maximumKdg.r value wageached when the water level eqglied
the decaying vegetation deptihe values oKdgi., were alsogreater for glyphosate than for diuron
in the ditches containing ash and dense decaying vegetaliyers. The values &8, were very
similar to those of the bed soils for glyphosathich indicated thatsoils dominated the global
sorption potential ofthe ditchesfor this substanceGiven, thesoil Kd valuesfor glyphosate higher
than the Kd valuesfor the other ditch materials (Tabl8.1-2) and, considering the very high apparent
porosity of decaying and living vegetation (TaBI&), the soilswere from far the most abundant
materialin the ditch beds with proportions of 85.6 to 99.9 % othe total material massef the 8
ditches. For diuronthe Kdgicn Values wereslightly greater tharthe soil Kd, particularlyfor ditches
ROD6 and RED8 which werecoveredwith thin layers ofash. Decaying vegetation did not influence
the globaldiuron sorption capacitymuchbecausevery little decaying vegetation was present relative

to the amount ofsoil.

Table3.1-4: Composite sorption coefficients (lgh) of the ditch materials for glyphosate and

diuron

Ditch ID Kdgich glyphosate Kdgitch diuron

05cm 1cm 5cm 10cm 15cm 05cm 1cm 5cm 10cm 15cm
RGD1 30.60 30.49 29.70 29.50 29.30 21.97 21.97 22.01 2186 21.71
RGD2 26.01 25.87 24.82 23.62 2253 940 935 8.95 8.50 8.09
RGD3 44.49 4431 43.07 41.61 40.25 26.00 25.91 25.17 2430 23.48
RGD4 23.50 23.42 2280 2259 22.40 7.16 722 7.64 7.57 7.50
ROD5 31.79 31.68 31.33 30.90 30.48 6.48 6.52 6.44 6.35 6.26
RGD6 64.19 64.13 64.01 63.86 63.72 20.40 20.40 20.36 20.31 20.27
RGD7 33.02 33.01 33.00 32.99 32.98 3.79 3.79 379 3.79 3.79
RGDS8 67.65 67.48 67.24 66.94 66.64 35.75 35.72 35,59 3543 35.27

Retention and remobilization during flood events

The proportiors of both glyphosate and diuron potentially retained by sorption during contaminated
flood eventsand estimated bySPRVaried largelybetween theditches (Table.1-5). The computed
SPRIvalues for diuronwere likely realistic becausethey were within the range ofthe diuron

retention values observed byvargoum (2003)for ditches with equivalent properties and water
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levels varying between 3 and 35 cm. Margoum (2003) measured diuron retention and observed that
it varied from 3 to 39 % in ditches characterized by different abundances of living and dead
vegemntion. The SPRIvalues significantly decreased when the water levels increased. Thus, the
proportion of ditchbed materials compared with the volume of the water column also decreased,
leading to less favourable conditions for adsorption processes. Indefén the water level
increased from 0.5 to 15 cm, a gene&PRdecrease of approximately 90 % was recorded in all
ditches (Table3.1-5). Again this result is consistent with the findings of Margoum (2003), who
detected the significant retention of diuroonly when the water depths were lower than 10 cm for

ditches 100 m long.

Table3.1-5: Sorption induced Pesticide Retention Indicator (SPRI)

Ditch ID SPRylyphosate(%) SPRtiuron (%)

05cm 1cm 5cm 10cm 15cm 05cm 1cm 5cm 10cm 15cm
RO-D1 84.76 73.09 3144 16.10 9.91 79.97 66.18 25.37 1245 7.53
RGD2 80.12 66.32 2497 1224 7.41 59.29 4156 10.71 4.78 2.80
RGD3 89.21 80.16 40.55 22.21 14.07 82.86 70.26 2850 14.29 8.72
ROD4 79.94 66.06 24.74 12.09 7.31 5485 3750 9.92 4,04 2.57
RGD5 8496 73.39 31.77 16.30 10.05 53.563 36.20 8.74 3.85 2.24
RGD6 92.14 85.13 49.14 28.78 18.80 78.84 6456 2351 11.39 6.86
RGD7 88.29 78.65 38.33 20.63 12.97 46.42 29.74 6.67 2.90 1.68
RGD8 92.68 86.07 51.05 30.37 20.00 86.99 7659 3557 18.76 11.68

The repartitioring of adsorbed glyphosate and diuron among the various bed materials3(Eid)
shows thatsoils are the main adsorbentahich wasxpected from the analysis ttie Kdgic, values.
Soilsaccounted for nearly all ahe glyphosateadsorption,with only asmall fraction of glyphosate
adsorbedby ash The fractions of diuron adsorbed Ipfants and decaying plants are very lcand
low, respectivelycomparedwith the fraction of diuronadsorbedby soils, althougtthe Kdpy valueis
much larger tharthe Kds,; values.However, despite the very low mass of ash compasétth the
mass ofthe soil in ditches RM6 and R&D8,the ash accounted for3 and 81 % ahe total diuron
adsorption (Fig3.1-1). Indeed, diuron exhibita very high affinity for ash (TabB1-1). Accordingly,
the repartitioning of adsorbed glyphosate and diuron among the various ditch materials did not vary
much with water level fluctuations (Fig.1-1). In fact, even at the lowest water level, aflthe soil
and ash wereassumedto be in contact with thewater column.However, theroles of soils in the

sorption capacies of ditchesmay be more important foglyphosate and diurorthan for more
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hydrophobic pesticideshat have previoushexhibited affinities forliving and dead vegetatiothat

were from1 to 3 orders of magnitude higher than their affinities for g@ibllinger et al., 2015a)
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Figure 3.11: Distribution of adsorbed glyphosate and diuron in the soil, litter, vegetatiemd ash
in ditches from the Roujan catchmenthe result@re expresseds themass perceragesof the
pesticides in a given material to the total amount of adsorbed pesticidedi$tndbutionwas
calculated for water levels of 0.5, 5 and 15&nadl is notdependent on the initial concentration as

only linear sorption isotherms are considered

The estimated fraction of desorbed pesticides after clear water flood evd@gpends orthe initial
contamination, desorptiofehaviours of the pesticidedsom variaus materials and water level of the
clear water flood events (Fi§.1-2). For ditches from the Roujan catchmetite estimated fraction
of pesticides desorbed after clear water flood events varied 6004 % to 94.6 % for glyphosate and

from 2.8 % to 9 % for diuronwith the greatest desorption rates estimated for high initial pesticide
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loads and high water levefsr both contaminated and nogontaminated flood events (Fi§.1-2).
Due to the noHinearity ofthe desorption isotherms, the percentagef pesticide desdredfrom the
ditch bedsvaried with theinitial amount of pesticideadsorgion. The estimatedraction of pesticides
desorbedwas greater for highamounts ofinitially adsorbedpesticide than fodower amounts of
initially adsorbed pestide. Moreover, the proportion of desorbed pesticiddaring high water level
flows was larger becausethe solidto-liquid ratio decreaseé when the water level increased
Moreover, the desorption intensity varieé between the bed materias. After a clear wadr flood
event, the glyphosate and diuron initially adsorbed on decaying vegetation and pkamdsthe
glyphosate initially absorbed on astere nearlycompletely desorbed. In fact, the relatively low
abundancs of these materials result in very low setioHiquid ratios andconsequently conditions
that are favourable fodesorption processes. In contragite outstanding desorption hysteresis from
ash counterbalances the effexdf a very low solido-liquid ratio for diuron. Among albf the ditch
materials, soils exhibitd the lowest desorption potential (Fi§.1-2) for glyphosate The same trend
was observed for diuron in ditches RO, RED2, READ3, RED4, RED5 and R&D7. Howeverthe
exceptionally low desorption rateis the ditches covered by thilayers of ashthat resulted from
burning operationswvere attributed to the ash. Accordinglythe sorption capacity ranking diffed
slightly after a clear water flood eventhen compared with after arnitial contaminated event

particularly forditchescontaining ash.

The estimated glyphosate and diur@oncentrationsat the ditch outlets after their remobilization

from the ditch bedsdue to a flushing event varied greatBmong the ditches and with the
characteristics of bothnitial and flushingfloods (Fig.3.1-3). However, even for ditches with high
estimated desorption rates, the glyphosate and diuron concentrations at the ditch outlets after a
flushing event were less than 50 % of the initial concentrations in the ditcheS8(FR&). Thus, even

if the long term pesticide retention capacity of ditch beds is limited due to reversible adsorption
processes, ditches can be expected to buffer pesticide concentrations in receiving water bodies and
thereby reduce the risks of acute toxicity in these ectays (e.g., Bundschuh et al., 2016; Werner

et al., 2010)

119



3.1 Sorption du glyphosate et du diuron sur les matériaux des fonds de fossés

0.5 cm water depth 5 cm water depth 15 cm water depth
— Q________ e — T —
g & =h=
> o
= ® L]
S
£ 8 Sl
E — —
£ Q- — LAl Ci. glyphosate
5 o = [ 50 pg/I
g
£
+ o J T e e e ] e ] e e e )
fc
ol —
© -
g . SN
_: —
o | -
> © —
5 o GCini Elyphosate
it = L 300 pg/l
L2 o | -
g N S| O | | = || || —
c . il =
T I e e L e L L e P L ) S | B ) B | B | S | S |
QO T — T e — — .
g —
S ] =y
g 81
2 o —
ERS
= | -
% e | = — Cipi diuron
£ | 50 pg/l
§ ] [
=
-
o © - I I I SN S | G S ) S | S | S | S (S} S | S |
£ . - I
- [=]
I -
SRR
o
=
3| g —
g |- Cini diuron
c S4E 300 pg/!
2
T 9 ]
E ~ L | [ - —
L — - ___—
U I S S ) S S ) S S S S | S S e | S | I | | S S} . | O
D1 D2D3 D4 D5D6 D7 D8 D1 D2D3 D4 D5 D6 D7 D8 D1 D2 D3 D4 D5 D6 D7 D8

IV‘pest.-sc:nil . Ileest.-DV IV‘pest.-plamts. . Ileest.-ash . Mpest.—desorbed

Figure 3.22: Distribution of glyphosate and diuron in the different ditch materialschdesorbed
fractions after a noncontaminated flushing event with varying water level3he individual graphs
differ depending on theharacteristicof the contamination event, thiaitial amount of adsorbed
pesticidesand thewater levels of the flushinevents. The initial flood events were characterized by
agueous concentrations (Cini) of 50 and 300 g/l and water levels of 0.5, 5 and 15 cm. The following
clear water flushing events had water levidlat were equal to theontaminatedevens. The resis
are expresseds themass perceratge of pesticides in a given material to the total amount of

adsorbed pesticides.
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3.1.3.3. Estimation of dith beds sorption capacity: potential and limitations

Estimating the global pesticide sorption capacity of ditch beds usigg,, SPRhnd the following
potential of desorption (Eq3.1-9) based on simple situ observatiors of ditch propertiesenables
for rapid and coseffective ranking of ditchesegardingtheir potential ofwater purificationandthe
a prioriidentification ofthe effect of different management strategies on the retention of pesticides
in ditch bedsKdgi.n and SPRprovided equivdent rankingfor the investigatedditchesregardingtheir
pesticide adsorption capacitigsecause they arbased on the same hypothesddowever because
Kdgircn ranks ditches onlgn basis of thaffinities of thepesticide to theditch-bed materia andtheir
relative abundanceSPRallowsfor a more quantitative assessment of pesticide retentibacause it
is based on a mass balance approathe SPRialues estimated for the 8 ditches from the Roujan
catchment (Tabl&.1-5) are in the rang®f the measured pesticide retention capacitieseported for

ditches according to the review of Dolling@015a)(between 3 and 99%).

This approach, however, has several limitations due to the accuracy of the input(elgtathe
relative amounts ofhie different materialy¥ and due tosome hypotheses underlying the calculations
of Kdditch andSPRI

Thein situ characterization of ditch propertieim anetwork is difficult because dahe spatially very
heterogeneous conditions of ditches. The visuap#ction of ditch propertiegBailly et al., 2015)an
provide estimates of the respective amounts of variditeh-bed materials. However, estimates of
the porosities of living and dead vegetation layers approximatebecausethey vary with the type
of vegetationand change when the vegetatiotlecays or whemompaction occurs due to successive
flood events. However, given the logontribution of both materials in ditch ranking towardkeir
sorption capacities of diuron and glypsate, alight bias in theporosity assessmentaould have

little influence on thdinal ditchrankings.

For computingKdgi.n and SPRIit was assumed that all flowing wateis mixedsimultaneous and
perfecly with the adsorbingditch-bed materiat and that equilibrium is instantaneousThis
assumptiondiffers from the actual conditions in ditchesvhere water flows rather quickly and
possibly heterogeneously. The difference between this assumption and reality may |sadedal
estimation biaseshat may compensatdor each other.The actual water flow in ditches may indeed
be fast and concentrated into specific pathways then limiting the contact time and the fraction of
adsorbing material in contact with the diluted pesticide and in turn, limiting thstipide sorption
compared with the hypothesis of a simultaneous contact of the solution with all ditch bed materials.

In contrast, the assumption thaperfect mixing and instantaneous equilibriuntcurs tends to
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overestimate the adsorption capacityheobserved equilibrium times of diuron and glyphosate with
the variousditch-bed materiaé ranged from 5 minto 36 dzi RARY Qi @I NB Y dzOK
type e.qg., soil, litter, vegetatiofdata not shown)Thereby, even if the absolute value of SPRI lreay

affected by norequilibrium sorption, the ranking between ditches would not be affected.

Finally, tosimplify the calculations, thditch bank materialsvere neglectedwhen calculatindgdgich
and SPRIHowever, or ditches with a width of 1 m and watelepths of10 to 20 cm, the proportion
of ditch-banks comparedvith the ditch-bed materials becomes significant, potentially representing
up to 50 % ofhe bed materialmass for a water depth &0 cm. Neglectinghe ditch bank materials
when calculating<dgi.n and SPRwould then lead to great underestimation @fie ditch sorption

capacity

3.1.4 Conclusion

In this papeywe present anapriori estimation of thevariation of ditch pesticide sorptiorcapacities
and an analysis of the factors that control pe&te sorption for aset of farmed ditchesWe also
propose twonew indicators for estimating the global ditch bed sorption capadithese indicators
were evaluated on three heagater catchments with nojpermanent flow, but are suitable for both

temporaryand permanent flow conditions.

Ditch bedsare composedof soil, living and decaying vegetation and ashvariable proportions
according to their pedological substrate adidlch managementMeasurements of theadsorption

and desorption coefficients of dion and glyphosate indicate that the sorption affiniof the
different ditch-bed materiaé may also vary largely between pesticides. Diuron exhibited the greatest
affinity for ash, dead vegetation ant a lesser extentsoils while glyphosateexhibitedthe greatest
affinity for soils and ash. The global sorption capacity of the observed ditches was significant and
confirmed that the ditches couldhave a buffer function by decreasing pesticide pollution in the
water. However, the sorption capacityaried largely between ditche from 1 to 3 or 4fold
depending on thepesticide studie)y which indicates that the buffering potentialf ditchesis
variable. The variatiom the sorption capacities between ditches waainly driven by the nature of
soils andabundance of ashlhus,regulaty burning ditch vegetation may improve pesticide retention

in the ditch beds. Moreover, mowing providelayers of decayed vegetatiprwhich can be
progressively humified in ditch beds increasing the organic carbon coatehtconsequently, the

soil sorption potential for hydrophobic pesticide$§siven the range and factors involved in the
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variation of sorption capacities, they need to be estimated specifically for each ditch according to its

specific characteristic and to theffect of various management strategies.

The development omanagement strategies fayperating farm ditch networks to attenuate diffuse
pollution by pesticidesrequires the use ofrapid and coseffective tools. As shown, the new
indicators Kdgi.n, and SPRpresented in this study arealculated from simple observations of farm
ditch properties andmake it possible to rank ditches accordingtheir global sorption potential.
Although the used indicators arassociated with uncertainties, they may be fidefrom an
operational point ofview for investigating thea priori impact of using different management
strategiesin ditch networks andtan be used when designiogtimal strategies foprotectingwater

quality in catchmentsdominated by cropland

Appendix A

Calculations oKdgicn and SPRAre based on thefollowing assumptionsi) adsorption isotherms are
linear, ii) pesticide concentrations are unifothroughout thewater column and in equilibrium with
the sorbed pesticide contentsf all of the dich-bed materias and iii) the volume of water flowing in
the ditch during a flood event im joint contact with allof the material surfaces. Therebyhe
estimated concentrations of the pesticideat the ditch outlet G.) correspond with the
concentrdion in the water column @,) whenthe sorption equilibriumis reachedwith all of the
materials in the ditch bedin the ditches with limited infiltration potentia, the inflow volume (V)
correspond with the sum of theoutflow (V,,) and water column (Y volumes for an initially dry
ditch.

V=Vou +V (A1)

In the ditches with n solid compartments (here n=4, namely soils, decaying vegetation, vegetation

and ash) withdifferent Kd values, the mass balance equation witka solid and liquid phses are at

equilibriumis

0 0 0 B 0 (A-2)
and

0 6 o (A-3)
0 6 o 6 (A4)
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0 0 W (A5)
Qe RAD 8 O 00 (A6)
wherei refersto one of the n solid compartment$/; the mass of the solid compartment i (¢; is
the sorption coefficient of compartment i (cfg), P is the amount of pesticides sorbed on
compartmenti (g), R is the amount of pesticides in the aqueous phase at equilibriumHRg)s the
amount of pesticide entering the ditch (0. is the amount of pesticide recovered at the ditch
outlet (g),G, isthe averagepesticideconcentrationat sorption equilibriumin the ditch and outflow

water (g/cn?), G is the pesticideconcentration at the ditch outlet (g/cfh andG,; is the aqueous

pesticideconcentration in the inflow water (g/cfh

The percentage of pesticide retained on the bed nniaieby sorption during a flood evenuhich is

referred to as thesorption induced pesticide retention indicatd®PR) is expresseas follows:

> B
"YOYO—— pTiTt (A7a)
By combining=gs A-1 to A6, the following eqations were obtained:

YO YO———pmm (A-7b)

YO YO

p TTTT (A-7c)

YO YQ———pmm (A7d)
When combining thddg, from Eq.3.1-5 with Eq.A-7d, the SPRI cahe expresseds follows:
"YOYO——p T (A-8)

whereM =B 0 , which is theotal mass othe ditch-bed materials.
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Appendix B: Supplementary material

Figure3.S1: Ditches from the Roujan catchment network on May'22013

Table3.S1: Physice@hemical properties of glyphosate and diuron

Propetties Glyphosate Diuron
Formula GHsNG,P GHy0CENO
Molecular mass g mol* 169.1 233.1
Aqueous solubility at 20°C gL' 10.5t0 12.0 0.04
Log Kow at pH 7 -4.1t0-3.2 2.7
pKa ¢ pKa ¢ pKag 2.2¢5.5¢10.2 13.2
Vapor pressure at 25 °C mPa 1.31 0? 1.15 10°
I SyNBEQa fl ¢ O Pam’mol 2.10 10’ 2.00 10

FromANSES 2015 and FOOTPRINT 2015
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