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Résumé

Les fossés agricoles sont des lieux préférentiels d’écoulement des pesticides a I'échelle du bassin
versant depuis les parcelles agricoles vers les masses d’eau avales de surface et souterraines. Du fait
de leur capacité de rétention ils sont réputés pouvoir exercer un pouvoir tampon pour limiter la
dispersion des pesticides dans I’environnement. Les opérations d’entretien des fossés sont
identifiées comme un moyen d’améliorer ce pouvoir tampon. Cependant, la connaissance du pouvoir
tampon des fossés en fonction de leurs caractéristiques et de leur entretien est trés limitée.
L'objectif de ce travail est ainsi de quantifier I'impact des principales pratiques d’entretien sur

I’évolution du pouvoir tampon d’une gamme de fossés infiltrants.

La démarche suivie repose sur i) une caractérisation expérimentale de I'effet des principales
pratiques d’entretien sur I’évolution des propriétés des fossés, ii) une analyse de I'influence de ces
propriétés sur deux processus clé modulant la rétention des herbicides : la sorption et I'infiltration,
iii) une exploration numérique, concue sur la base des expérimentations, de I'effet de chaque
pratique sur I’évolution annuelle du pouvoir tampon des fossés. Le dispositif expérimental a combiné
des observations in situ a I'échelle du fossé élémentaire sur 3 bassins versants et des
expérimentations au laboratoire et a concerné I’étude du comportement de 3 herbicides, glyphosate,

diuron et isoproturon.

Les résultats de ce travail ont mis en évidence que les opérations de brdlis, fauche et désherbage
chimique améliorent le pouvoir tampon des fossés par rapport a un fossé non-entretenu alors que le
curage le détériore. lls ont aussi permis d’améliorer notre connaissance des propriétés et de la
variabilité des matériaux formant les fossés, de proposer un nouvel indicateur de la capacité de
rétention des fossés et d’évaluer des approches de modélisation de la rétention des pesticides par un

bief de fossé infiltrant.

Mots clés: Fossés agricoles, rétention des pesticides, pouvoir tampon, pratiques d’entretien,

sorption, infiltration, propriétés des fossés, modélisation, indicateurs.



Abstract

By linking cropped fields to downstream groundwater and surface water bodies, farm ditches
constitute preferential pathways for pesticide dispersal at the catchment scale. But thanks to their
pesticide retention capacity ditches are known for buffering pesticide non-point source pollutions.
Ditch management operations were identified as mean to improve ditch buffering 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 of infiltrating 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 properties influence 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 capacity of ditches. 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 highlighted the 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 infiltrating ditches.

Key words: Farmed ditches, pesticide retention, buffering capacity, management operations,

sorption, infiltration, ditch properties, modelling, indicators.
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Depuis plusieurs années, une pollution croissante et généralisée des ressources en eaux par les
pesticides est constatée au niveau mondial. La France n’échappe pas a ce phénomeéne car, comme le
révelent les réseaux de surveillance de la qualité des eaux, 93% des points d’observation des eaux de
surface et 63% des points d’observation des eaux souterraines sont contaminés par au moins une
molécule de pesticide (SOeS, Ministere de I'Ecologie, du Développement Durable et de I'énergie,
2013). Les herbicides tels que le glyphosate, le S-metolachlore, le diuron ou I'isoproturon constituent
pres de 90% des 15 molécules les plus fréquemment détectées a la fois dans les eaux de surface et
dans les eaux souterraines en France (SOeS, Ministére de I’Ecologie, du Développement Durable et
de I'énergie, 2013). Parmi ces herbicides les plus détectés, certains tels que le diuron ou I'atrazine
ont pourtant été interdits depuis plusieurs années déja. Ces pollutions diffuses de pesticides
menacent la santé des écosystémes (Bundschuh et al., 2016; Lal, 2006) et les usages anthropiques de
I’eau (Reichenberger et al., 2007; Schultz et al., 1995). Deux stratégies permettent de limiter
I'ampleur des phénomeénes de pollutions des ressources en eaux par les pesticides. La premiére
stratégie consiste a réduire les apports de produits phytosaniatires, désignés dans la suite de ce
mémoire par le terme générique « pesticides », aux parcelles et la seconde a optimiser leur rétention
au sein d’infrastructures agroécologiques. Ces travaux de thése s’inscrivent dans cette seconde
stratégie et visent a optimiser la capacité de rétention des pesticides, ou « pouvoir tampon »,

d’infrastructures agroécologiques et plus particulierement des fossés.

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
I’engorgement des terres et I'érosion hydrique des sols, jouent en effet un réle déterminant dans le
devenir des pesticides au sein des bassins versants agricoles (Herzon and Helenius, 2008). Les
réseaux de fossés, en collectant et acheminant les flux de ruissellement et/ou de drainage vers les
masses d’eau réceptrices a I'aval des bassins versants et vers les masses d’eau souterraines via des
processus d’infiltration, sont susceptibles de favoriser la propagation des pollutions diffuses de
pesticides (e.g., Branger, 2003; Garon-Boucher, 2003; Louchart et al., 2001). Cependant, 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 contiennent ces flux (e.g., Dousset
et al., 2010; Margoum et al., 2003; Needelman et al., 2007; Stehle et al., 2011). Les fossés agricoles
peuvent donc exercer un pouvoir tampon vis-a-vis des pollutions diffuses de pesticides (e.g.,
Margoum et al., 2003; Moore et al., 2011; Needelman et al., 2007; Stehle et al., 2011). Les processus
biogéochimiques a I'origine de I'atténuation des pesticides dans les fossés sont étroitement liés aux
propriétés des fossés (e.g., Margoum et al., 2006). Or les propriétés des fossés sont a priori modulées

de maniere contrastée par les différentes opérations d’entretien (e.g., Levavasseur et al., 2014;
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Needelman et al., 2007; Pappas and Smith, 2007). Ainsi, les principales opérations d’entretien i.e.,
curage, fauche, désherbage chimique, brdlis, de par leurs actions contrastées sur les propriétés des

fossés, sont susceptibles d’améliorer ou détériorer le pouvoir tampon des fossés.

Le mode d’entretien, de par son incidence sur les propriétés des fossés, peut étre un levier d’action
permettant d’optimiser le pouvoir tampon des fossés. Pour autant, I'état des connaissances sur
I'impact des différents modes d’entretien sur les propriétés des fossés et, rétrospectivement, sur leur
capacité de rétention des pesticides, ne permet pas actuellement de proposer des solutions de
gestion adéquates. Ce travail de thése a donc pour objectif d’évaluer I'impact des différents modes
d’entretien sur I’évolution du pouvoir tampon des fossés vis-a-vis des pollutions diffuses de
pesticides. Il s’inscrit dans le cadre d’une action R&D INRA-ONEMA (Fossés Infiltrant et Pesticides)
visant a développer une méthodologie simple de diagnostic des réseaux de fossés en fonction des
conditions du milieu afin de fournir aux gestionnaires 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
cognitives, en amont du projet FIP, relatives aux processus de rétention des pesticides dans les fossés

et a leur modulation par les différentes pratiques d’entretien.

Le premier chapitre de ce mémoire présente I'état de I'art relatif a I'impact de I'entretien sur le
fonctionnement et les roles des fossés au sein des paysages agricoles et présente la démarche mise
en ceuvre pour répondre aux objectifs spécifiques de cette these. La suite de ce mémoire est

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

e [linfluence des différents modes d’entretien sur I'évolution des propriétés des fossés
(Chapitre 2),

e linfluence des propriétés des fossés sur les processus biogéochimiques clé modulant les
transferts et la rétention des pesticides (Chapitres 3 et 4),

e |a comparaison des méthodes d’estimation des transferts et de la rétention des pesticides
dans les fossés (Chapitre 5),

e [linfluence des différentes pratiques d’entretien sur |’évolution du pouvoir tampon des fossés

agricoles (Chapitre 6).
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Chapitre 1

Etat de I'art — Enjeux et positionnement

scientifique
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1.1 Impact de I’entretien sur le fonctionnement et les roles des fossés au sein

des paysages agricoles — Etat de I'art

Le travail de recherche bibliographique délimitant I’état des connaissances sur le fonctionnement et
les réles des fossés au sein des paysages agricoles a été initié dans le cadre du projet FIP. En effet, le
premier objectif de I'action FIP était de délimiter I’état des connaissances sur le fonctionnement des
réseaux de fossés. Ce travail a donné lieu, dans un premier temps, a une synthese bibliographique
sur 'ensemble des fonctions des réseaux de fossés aux échelles du fossé élémentaire et du réseau,
diffusée par 'ONEMA (Dollinger et al., 2014). La réflexion sur l'interrelation des différents réles des
fossés et de leur modulation par les pratiques d’entretien a été complétée par la suite et a donné lieu
a un article de synthese dans le numéro spécial « Ingénierie Agro-écologique » de la revue Agronomy
for Sustainable Development tel que présenté ci-dessous. Cette revue bibliographique peut sembler
dépasser le cadre strict de cette thése car elle aborde I'ensemble des roles des fossés au sein des
paysages agricoles. Néanmoins, il existe des liens tres étroits et des interrelations fortes entre les
processus biogéochimiques alimentant les différents rdéles ou ‘services écosystémiques’ (ME
Assessment, 2005) remplis par les fossés. Ainsi, optimiser un service écosystémique spécifique des
fossés agricoles, tel que la purification de I'eau, sans altérer les autres, nécessite une vision
d’ensemble du fonctionnement des fossés et de I'impact des différentes pratiques d’entretien sur ce

fonctionnement.

Les objectifs de cette revue bibliographique sont i) d’identifier I'ensemble des services
écosystémiques que rendent les réseaux de fossés au sein des paysages agricoles, ii) d’identifier les
processus biogéochimiques qui les alimentent et iii) de percevoir comment ces processus sont
modulés par les propriétés des fossés afin iv) d’évaluer I'impact de différentes stratégies de gestion
sur I’'ensemble des services écosystémiques qu’ils fournissent. Les fossés sont en effet le siege de
nombreux processus biogéochimiques dont lI'occurrence et l'intensité varient en fonction des
propriétés des fossés telles que leur morphologie (e.g., largeur, profondeur, pente), leur couverture
végétale, la nature des sols et des litiere etc. Par ailleurs, ces propriétés sont modifiées de maniere
contrastée par différentes opérations d’entretien telles que la fauche, le curage, le désherbage
chimique et le brllis des fossés. L’entretien des fossés constitue donc un levier d’action efficace et
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
permettant d’optimiser conjointement I'ensemble des services écosystémiques, liées a I'implication

simultanée de certain processus dans plusieurs services avec des effets parfois antagonistes.
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— Etat de I'art

Managing ditches for agroecological engineering of landscape. A review
Jeanne Dollinger, Cécile Dagés, Jean-Stéphane Bailly, Philippe Lagacherie, Marc Voltz.

Agron. Sustain. Dev. 35, 999-1020. doi:10.1007/s13593-015-0301-6

1.1.1 Introduction

Agriculture faces the challenge of “feeding the planet” while minimizing its impact on the
environment. Indeed, intensive agriculture is involved in soil 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 Practices and the Agri-Environmental 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 strips (Logan, 1993).

Among these field margins, farm ditches play a significant role in many issues of agricultural
landscapes. Farm ditches are human-made linear elements that constitute the upstream parts of the
permanent hydrographic 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 ditches may also control pollution and preserve biodiversity (Herzon and Helenius,
2008). In the USA, vegetated ditches are the objects of Best Management Practices for their nutrient
and pesticides retention capacities (Cooper et al., 2004; Dabney et al., 2006; Kroger et al., 2013;
Moore et al., 2001). In The Netherlands, the management of ditch sidewalls to enhance plant species
diversity is one of the most widely implemented Agri-Environmental Schemes (Dijk 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, 2006) or wetland ecosystem maintenance in the UK (Gavin, 2003) or in
Germany (Langheinrich et al., 2004). Considering the above-mentioned functions, ditches can be
seen as providers of regulating ecosystem services according to the classification of Millennium
Ecosystem Assessment (2005). 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, groundwater recharge and

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 interest are either
structural as shape parameters (length, slope, and cross-section), connectivity between fields and
ditches, ditch network topologies, bed and sidewalls properties (soil texture and structure) or
functional characteristics such as litter, vegetation nature and covering (Herzon and Helenius, 2008;
Lagacherie et al., 2006). Ditch maintenance is a combination in time of dredging, mowing, chemical
weeding and burning (Fig. 1.1) techniques (Kroger et al., 2009; Levavasseur et al., 2014; Needelman
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 maintenace. Ditch 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 right. On 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, only lowland drainage ditches have been the focus of reviews concerning either their
hydrological functioning and engineering (Skaggs et al., 2005; Skaggs and Schilfgaarde, 1999) or their
biological importance in the maintenance or restoration of biodiversity (Herzon 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 ditch maintenance practices that are suitable for
water quality protection. These last two papers (Herzon and Helenius, 2008; Needelman, et al. 2007)
described the role of ditches with respect to water, nutrients, sediment transfer or retention,
pollination, pest control 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 properties and, in turn, behaviors. From
2008, however, several case studies explored the retention ability of vegetated ditches depending on
the pesticide chemical properties (Elsaesser et al.,, 2013; Gill et al., 2008; Moore et al., 2011,
Passeport et al., 2011a), now 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 functions, providing 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 an in-depth review on how ditch management
modifies the ditch characteristics and may, in turn, impact the processes and the provision of
services. In addition, it must be underlined that the reviews of Herzon and Helenius (2008) and
Needelman et al. (2007) did not consider the ditches that are located in highlands, arid and semi-arid
areas, which act as intermittent streams and can play a significant role in groundwater recharge
(Batlle-Aguilar and Cook, 2012; Dages et al., 2009) and groundwater contamination (Burkart et al.,
1999; Field et al., 2003).

The main aim of this review is to determine whether and how the design of ditches and their
maintenance can be useful for the agro-ecological engineering of landscapes. In this respect, three

successive questions are addressed:

(1) What is known about the ecosystem services provided by ditches and how do they depend
on the processes occurring in ditches and on the ditches characteristics?

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

(3) What are the future research needs in relation to the previous questions?
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The ditches that were considered in this review are human-made 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 semi-arid areas is highlighted as they were poorly
considered by previous reviews (Herzon and Helenius, 2008; Needelman et al., 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 and the way they impact the ditch characteristics and in turn processes and

ecosystem services provided by ditches.

In the following, we first review the ecosystem services and disservices that are provided by ditches
and the processes involved. We then review the contexts and characteristics modulating the
intensity of the processes. Finally, 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 available scientific material dealing with the whole chain “ditch
maintenance-ditch characteristics-processes-ecosystem services” for a diversity of pedoclimatic
contexts, we conducted three extensive literature searches in five different scientific databases (ISl

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

e A first search aimed at collecting the papers that studied the involvement of ditches in the
provision of ecosystem services. Accordingly we associated the keywords “ditch”, “open-
channel”, “intermittent stream” individually with each of the following keywords:
“ecosystem services”, “hydrology”, “pollutants”, “sediments”, “erosion”, “nutrient”,
“pesticides” and “biodiversity”.

e Asecond search aimed at collecting papers describing the processes involved in the provision
of ecosystem services and how they are affected by ditch characteristics. We therefore
associated the keyword “ditch” with the search terms corresponding to the processes
(“runoff”, “drainage”, “infiltration”, “sedimentation”, “plant uptake”, “sorption”,

“degradation” etc.).
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e A third search aimed at collecting papers studying the nature and impact of management
practices in ditches. Therefore we associated the keywords “ditch”, “maintenance” and

“management”.

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 experiments. The analysis of the papers was then conducted in the

aim of documenting the key questions evoked above.

Hereafter, structural characteristics or functional characteristics will be designed by the general term

“ditch characteristics”.

1.1.3 Ecosystem services performed by ditches: mechanisms and
optimization conditions

Ditches perform several ecosystem services resulting from a combination of geochemical,
geophysical and biological processes (Fig. 1.2). These services vary among ditches according to the
pedoclimatic contexts, ditch characteristics and anthropogenic drivers. Moreover, ecosystem services
provided by ditches may be valued as positive or negative (dis-services), may concern either the
reach or the network or both, and may have changing values across pedoclimatic contexts. In the
following, ecosystem services provided by ditches are first independently reviewed considering
successively the hydrological, pollutants fate and biological functioning of ditches. Each subsection
aims at describing one ecosystem service 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 section, the intricacy and
main control factors of the range of ecosystem services are exposed. Figure 1.2 illustrates 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, geophysical and biological processes occurring within ditches that modify
the hydrological, pollutants fate and biodiversity functioning of cultivated landscapes. These
processes are drainage water collection (1), runoff collection (2), water conveyance (3), exfiltration
(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 pesticides and 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. Waterlogging control

In many areas worldwide, agriculture has developed on 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 drained (“Agreste,” 2010), whereas this proportion can exceed 50%
in some states in the USA (Skaggs, 1992) or in Scotland (Abbot, C.L. and Leeds-Harrison, 1998; Blann

et al., 2009). The benefits of agricultural drainage are i) increasing the crop yields by limiting the
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anoxic conditions and decreasing plant disease or insect infestation risks and ii) extending the time
for machinery operations (Rosenzweig et al., 2002). Rosenzweig 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 salinity control (Christen et al., 2001; Ritzema et al.,
2008) especially in irrigated areas. Finally, D’Itri 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 America, subirrigation, i.e., subsurface
irrigation, has enabled increases of yields from 12 to 48% for maize and soybean (D’Itri and Belcher,

1994).

The benefits of waterlogging control vary with the pedoclimatic context. The positive impact of
waterlogging control on 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 or in irrigated areas, where excess water needs to be removed. Waterlogging control
results from groundwater table lowering by groundwater exfiltration to the ditches, efficient surface
runoff collection, and rapid water routing downstream (Buchanan et al., 2012; Girard et al., 2011,
Kao et al., 2002; Needelman et al., 2007). This ecosystem service is thereby optimized if all of the
three processes involved are maximized (Table 1.1). The occurrence and intensity of these processes
may change across pedoclimatic contexts and ditches or ditch networks characteristics as described

hereafter.

Ditches collect surface runoff from surrounding plots and roads (Buchanan et al., 2012; Carluer and
Marsily, 2004; Girard et al., 2011). The amount of runoff collected by ditches depends on the runoff
that is produced in connected areas and on the ability of the ditches to capture it. In semi-arid areas,
surface runoff fluxes may constitute the major proportion of the total water flow in ditch networks
whereas this proportion is reduced under continental humid climates (Dages et al., 2009; Buchanen

et al,. 2012).

The ability of ditches to capture runoff fluxes is related to several ditch characteristics. The ditch
morphology determines its storage capacity and the surface area of the connected zones where
runoff is generated (Levavasseur, 2012; Tucker and Bras, 1998). The 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 slope (Carluer and Marsily, 2004). The designs

of ditch networks, including reaches morphology, reaches branching and density, is also strongly
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related to the runoff capture efficiency (Levavasseur, 2012; Zhang et al., 2013). Moreover, it is
expected that the influence of plot-stream connections on runoff interception (Bracken et al., 2013)

is similar to that of plot-ditch connections, although this has not been demonstrated.

Ditches intercept and drain shallow water tables (Hillel, 1998; Skaggs, 1992) and collect subsurface
water from till-drainage systems (Loumagne and Tallec, 2013). The exfiltration of shallow
groundwater depends on the climate and may undergo seasonal variations (Blann et al., 2009;

Debieche et al., 2006; Koivusalo et al., 2008; Loumagne and Tallec, 2013).

Subsurface water collection by ditches is related to several main 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 especially to the reach morphology and density (Childs and Youngs, 2006; Dunn
and Mackay, 1996). The other factors are the hydraulic characteristics of the ditch-groundwater
interface, especially the hydraulic conductivity (Carluer and Marsily, 2004; Girard et al., 2011). The
hydraulic conductivity of ditch sidewalls and beds are related to soil texture and structure and to the
sediment and litter layers. They can differ largely from those of the neighb