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Abstract Agriculture must now feed the planet with the low-
est environmental impact. Landscape management is a means
to protect natural resources from the adverse impacts. In par-
ticular, the adequate management of ditches could improve
crop quality. Here, we review ditch design and maintenance.
We found the following major points: (1) ditch networks have
been primarily designed for waterlogging control and erosion
prevention. Nonetheless, when properly managed, farm
ditches provide other important ecosystem services, namely
groundwater recharge, flood attenuation, water purification, or
biodiversity conservation. (2) All ditch ecosystem services
depend on many geochemical, geophysical, and biological
processes, whose occurrence and intensity vary largely with
ditch characteristics. (3) The major ruling characteristics are
vegetative cover; ditch morphology; slope orientation; reach
connections such as piped sections and weirs, soil, sediment
and litter properties, biota, and biofilms; and network topolo-
gy. (4) Ditch maintenance is an efficient engineering tool to
optimize ecosystem services because several ditch character-
istics change widely with ditch maintenance. For instance,
maintenance operations, dredging, chemical weeding, and
burning improve waterlogging and soil erosion control, but

they are negative for biodiversity conservation. Mowing has
low adverse effects on biodiversity conservation and water
purificationwhenmowing is performed at an adequate season.
The effects of burning have been poorly investigated.
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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 recom-
mendations for farmed field practices, these strategies include
recommendations on field margin management, such as the
preservation and maintenance of terraces, hillslope and drain-
age 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 pesticide
retention capacities (Cooper et al. 2004; Dabney et al. 2006;
Kröger et al. 2013;Moore et al. 2001). In The Netherlands, the
management of ditch sidewalls to enhance plant species di-
versity is one of the most widely implemented Agri-
Environmental Schemes (van Dijk et al. 2014; Leng et al.
2011). Other studies or reviews indicate that ditch manage-
ment 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 reg-
ulating 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 bio-
diversity conservation.

The maximization of the ecosystem services that are provid-
ed by ditches requires an adequate design of the ditch charac-
teristics 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 sidewall properties (soil texture and struc-
ture); or functional characteristics such as litter, vegetation na-
ture, 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) techniques
(Needelman et al. 2007; Kröger et al. 2009; Levavasseur et al.
2014). 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.

So far, only lowland drainage ditches have been the focus
of reviews concerning either their hydrological functioning
and engineering (Skaggs and Schilfgaarde 1999; Skaggs
et al. 2005) 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 phospho-
rus 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 pro-
vision. 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, the-
se 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 provid-
ed 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 contam-
ination (Burkart et al. 1999; Field et al. 2003).
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The main aim of this review is to determine whether and
how the design of ditches and their maintenance can be useful
for the agroecological engineering of landscapes. In this re-
spect, three successive questions are addressed:

1. What is known about the ecosystem services provided by
ditches and how do they depend on the processes occur-
ring in ditches and on the ditch characteristics?

2. How can ditch maintenance improve the positive influ-
ence of ditches on ecosystem services and avoid adverse
effects?

3. What are the future research needs in relation to the pre-
vious questions?

The ditches that were considered in this review are human-
made channels forming the upstream part of hydrological net-
works located both in lowland and in highland areas. In com-
parison 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 re-
views (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 main-
tenance operations and the way that they impact the
ditch characteristics and, in turn, processes and ecosys-
tem services provided by ditches.

In the following, we first review the ecosystem ser-
vices 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.

Fig. 1 Ditch maintenance. 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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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 (ISI Web of Knowledge,
Science Direct, Wiley Online Library, Springer Link, and
Google Scholar).

& 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” individual-
ly with each of the following keywords: “ecosystem ser-
vices”, “hydrology”, “pollutants”, “sediments”, “erosion”,
“nutrient”, “pesticides”, and “biodiversity”.

& A second 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”, “drain-
age”, “infiltration”, “sedimentation”, “plant uptake”,
“sorption”, “degradation”, etc.).

& A third search aimed at collecting papers studying the
nature and impact of management practices in ditches.
Therefore, we associated the keywords ditch, “mainte-
nance”, 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, and numerical experi-
ments. The analysis of the papers was then conducted in the
aim of documenting the key questions evoked above.

Hereafter, structural characteristics or functional characteris-
tics will be designed by the general term “ditch characteristics.”

3 Ecosystem services performed by ditches:
mechanisms and optimization conditions

Ditches perform several ecosystem services resulting from a
combination of geochemical, geophysical, and biological pro-
cesses (Fig. 2). These services vary among ditches according
to the pedoclimatic contexts, ditch characteristics, and anthro-
pogenic 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 hydro-
logical, pollutant 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 intrin-
sic 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 2 illustrates the main processes,
and the way that they are involved in the provision of ecosys-
tem services is summarized in Table 1.

3.1 Waterlogging control

In many areas worldwide, agriculture has developed on wet-
lands 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 and Leeds-Harrison 1998; Blann et al. 2009). The
benefits of agricultural drainage are (i) increasing the crop
yields by limiting the 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 ex-
cess 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. Final-
ly, D’Itri and Belcher (1994) also mentioned that field drain-
age 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., subsur-
face 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 signifi-
cance 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 (Bu-
chanan 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). The occurrence and intensity of these processes may
change across pedoclimatic contexts and ditches or ditch net-
work characteristics as described hereafter.
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Ditches collect surface runoff from surrounding plots and
roads (Buchanan et al. 2012; Carluer and Marsily 2004; Gi-
rard 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; Buchanan et al. 2012).

The ability of ditches to capture runoff fluxes is related to
several ditch characteristics. The ditch morphology deter-
mines its storage capacity and the surface area of the connect-
ed zones where runoff is generated (Levavasseur et al. 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 reach morphology, reach
branching, and density, are also strongly related to the runoff
capture efficiency (Levavasseur et al. 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 reachmorphology and density (Dunn and
Mackay 1996; Childs and Youngs 2006). The other factors are
the hydraulic characteristics of the ditch-groundwater inter-
face, especially the hydraulic conductivity (Carluer and
Marsily 2004; Girard et al. 2011). The hydraulic conductivity
of ditch sidewalls and beds is related to soil texture and struc-
ture and to the sediment and litter layers. They can differ
largely from those of the neighboring soil (Marofi 1999;

Table 1 Classification of the major effects of the main processes taking place in ditches on ecosystem services

Processes Landscape services

Waterlogging
control

Soil erosion
prevention

Flood
regulation

Groundwater
recharge

Water purification Biodiversity
conservation

Sediments Pesticides Nutrients

Hydrology Runoff collection + + − + −/(+) −/(+) −/(+) +/−
Subsurface water
collection

+ + − −/(+) −/(+) −/(+) +/−

Infiltration + + + +/− +/− +/−
Water conveyance + + − − − − − +/−

Erosion Sedimentation + + + +/−
Transport and
remobilization

− − − −

Pesticides Sorption + +

Degradation + (+/−)
Plant uptake + −

Nutrients Sorption + +/−
Transformation + +/−
Plant uptake + +/−

Biodiversity plant uptake

Providing habitat (+) (+) +

Sheltering +

Population
connection

+

Ecosystem services result from a combination of processes with either positive or negative effects. Direct effects are considered and indirect effects are
indicated in brackets. When boxes are unfilled, there is no known relation between the given processes and services. Note that a given process may have
both positive and negative effects across the range of ecosystem services considered for ditches. The maximization of a given process may thereby
contribute to the optimization of one service and the attenuation of another

+positive effect of the given processes on ecosystem services, − negative effect of the given processes on ecosystem services
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Moussa et al. 2002; Vaughan et al. 2008). For example,
Marofi (1999) measured saturated hydraulic conductivities
ranging 20 to 600 mm h−1 in ditch beds in a 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 characteristics, includ-
ing the ditch shape and morphology, i.e., length, cross section,
slope, bed, or sidewall roughness (Scholz and Trepel 2004),
and upstream or downstream reach connections, such as con-
fluence, piped sections, etc. (Nédélec and Gay 2008). Friction
mechanisms that are induced by bed shape and roughness may
significantly slow the water flow (Boutron et al. 2011; Hösl
et al. 2012; Jarvela 2002; Kröger et al. 2009; Wu et al. 1999).
Methods to design a single ditch or open-channel cross section
in order to minimize roughness have been proposed by Das
(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 high variability of roughness throughout a
ditch network even within a small catchment. The values var-
ied from 15m1/3 s−1 for highly vegetated ditches to 50m1/3 s−1

for dredged ditches with a permanent hydraulic regime. Crabit
et al. (2011) empirically estimated smaller values, 3 to
11 m1/3 s−1, for highly vegetated ditches. These authors ex-
plained this difference by both the vegetation type, which was
bushy non-aquatic and poorly flexible, and the lowwater level
compared to the vegetation heights, which violates the

theoretical assumptions behind the usual empirical hydraulic
laws. In vegetated ditches, vegetation is the main source of
roughness (Wu et al. 1999) and always increases the hydraulic
retention time compared to non- or less-vegetated surfaces
(Hösl et al. 2012; Kröger et al. 2009; Rhoads and Massey
2012). Roughness varies with the resistance and flexibility
of plants, the blockage factor that is linked to the vegetation
density (Nepf 2012), and the water level compared to vegeta-
tion height or roughness height of the ditch bed (Boutron et al.
2011; Jarvela 2005, 2002; Nepf 2012; Wu et al. 1999).

In sum, waterlogging control benefits crop production es-
pecially in lowland wet areas. Its optimization relies on a
maximized surface runoff and subsurface water collection as
well as rapid downstream conveyance of these fluxes. This
can generally be achieved when the density of ditches in the
network is high and the reaches poorly vegetated, poorly
branched, large and deep, which improves the ditch hydraulic
capacities.

3.2 Soil erosion prevention

Ditch networks play a key role in the prevention of soil ero-
sion by surface runoff in agricultural plots. The prevention of
soil erosion by water consists of limiting the erodibility of the
field soils and reducing the intensity of surface 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 with asso-
ciated ditches located downslope or ditches perpendicular to
the slope direction is typical land conservation techniques

Fig. 2 Geochemical,
geophysical, and biological
processes occurring within
ditches that modify the
hydrological, pollutant 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), and 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
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(Gallart et al. 1994). The combination of terraces and ditches
decreases the length over which overland flow occurs along
the catchment slope. Thereby, the flow amount and velocity
throughout plots are limited, as well as its ability to dislodge
and transport soil particles (Galea and Ramez 1995; Gallart
et al. 1994). Ditches are usually used to decrease the slope
length throughout plots by intercepting and channelizing the
runoff waters (Dunn and Mackay 1996; Levavasseur et al.
2012). Especially, ditches intercept and channelize runoff
fluxes exiting the plots and avoid their propagation and accel-
eration along other plots located downslope (Dunn and
Mackay 1996; Levavasseur et al. 2012). The factors and char-
acteristics of ditches that influence the interception and
channeling of surface runoff were already described in
Sect. 3.1.

In sum, soil erosion prevention by capturing overland flow
evidently benefits crop production whether on short or long
term. This ecosystem service is particularly valued in hilly
agricultural landscapes submitted to high-intensity rainfall
events. As for waterlogging control, its optimization relies
on the maximization of surface runoff and subsurface water
collection as well as rapid downstream conveyance. This is
generally achieved when the density of ditches in the network
is high and the reaches poorly vegetated, poorly branched,
large and deep.

3.3 Groundwater recharge

As for any stream, ditches are prone to recharge groundwater
when the groundwater table is below the water level in the
ditch. However, this recharge may be limited by the low infil-
tration area offered by ditches compared to plot areas (Flint
et al. 2002). Nevertheless, during periods of low water table
after drought, the groundwater recharge can be very important
as, for example, the case of intermittent rivers in semi-arid and
arid areas (Crerar et al. 1988; Hughes and Sami 1992). Dages
et al. (2009) observed that, despite representing only 6 % of a
Mediterranean catchment area, groundwater recharge by infil-
tration from the ditch network can represent up to 50 % of the
total groundwater recharge during autumnal rain events fol-
lowing a dry period. Of course, groundwater recharge from
ditches is unlikely to be substantial in lowlands with perennial
shallow groundwater.

Ground water recharge basically results from an efficient
surface runoff capture and its maximized infiltration during
slow downstream conveyance (Table 1). The conditions for
an optimal runoff collection and reduced downstream convey-
ance have been described in Sect. 3.1. The conditions for
preferential infiltration zones are found, especially in land-
scapes that are characterized by periods of droughts and
ditches with low flows and/or ephemeral flows, such as in arid
or semi-arid climates (Abu-Taleb 1999; Dages et al. 2009;
Sorman et al. 1997). The infiltrating periods may undergo

time-dependent variations. These variations may either be
punctual, occurring at the flood event scale, or seasonal, de-
pending on the climate (Blann et al. 2009; Koivusalo et al.
2008; Loumagne and Tallec 2013). Debieche et al. (2006), for
example, observed that infiltration periods were very short
and were restricted 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 al. 2011), as evidenced by Marofi
(1999) in 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
rapid fluctuation of the groundwater levels. Moreover, infil-
tration occurred in some reaches of the network, whereas
exfiltration occurred in others.

The intensity of the infiltration process depends on both the
hydraulic gradient between the ditch and the water table level
and the hydraulic properties of the ditch sidewalls and bed
materials. It is important to notice that the latter properties
are often not well known and are therefore generally calibrated
as an exchange coefficient in hydrological modeling ap-
proaches (Carluer and Marsily 2004; Moussa et al. 2002;
VanderKwaak 1999). The hydraulic conductivity gives an es-
timation of the potential intensity of infiltration fluxes. The
hydraulic conductivity values of ditch beds and sidewalls vary
throughout ditch networks as already mentioned in Sect. 3.1.

In sum, the contribution of ditches to groundwater recharge
may be substantial according to the hydrological conditions
prevailing locally. Accordingly, ditches were described to be
preferential zones of groundwater recharge in semi-arid areas.
Groundwater recharge optimization relies on an efficient sur-
face runoff collection and a maximal infiltration allowed by a
slow downstream conveyance. This is generally achieved for
high-density networks where the reaches are highly branched,
vegetated, perpendicular to the slope, large and deep, and if no
litter or fine sediment layer seals the ditch bed porosity.

3.4 Flood regulation

Primarily designed to favor waterlogging limitation and soil
erosion control, ditches improve the hydraulic connectivity
between uphill areas and the outlet. As a consequence, they
generally induce a higher peak discharge, a lower lag time,
and a higher flow volume at the catchment outlets (Buchanan
et al. 2012; Carluer and deMarsily 2004; Moussa et al. 2002),
increasing the flood hazard intensity downstream. For exam-
ple, by simulation, Moussa et al. (2002) quantified an increase
of 9 to 43 % of the peak flow due to the presence of a man-
made ditch network. However, under particular conditions,
ditch networks may also reduce flood hazards by reducing
the peak discharge and increasing the lag time (Loumagne
and Tallec 2013). This is achieved, on the contrary to natural
hydrographic networks, when ditches are densely vegetated
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and designed with gentle slopes or when ditch networks are
highly branched and sinuous (Levavasseur et al. 2012). In-
deed, this slows down the conveyance velocity and lengthens
the transfer distances. Flood attenuation should thereby fa-
vored when surface runoff and subsurface water collection
are minimal, the downstream conveyance reduced, and the
infiltration maximized (Table 1).

The equipment of ditch networks with hydraulic structures
(e.g., buried pipes and weirs) that improve water storage ca-
pacity of the network (Acreman et al. 2007; Sofia et al. 2014)
may attenuate floods downstream during extreme rain events.
Equipped ditch networks are considered as one of the tech-
niques permitting dynamic flood retention (Poulard et al.
2008). The hydraulic structures of ditch networks act as
charged structures with open gates during extreme events.
The ditches located upstream of these structures display im-
proved water storage capacity. Diminish flood risk down-
stream in urbanized floodplains with dynamic flood retention
techniques requires increasing the 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 vegetated (Carluer and Gascuel 2011),
highly branched across slopes (Levavasseur et al. 2012), and
equipped with hydraulic structures such as weirs.

3.5 Water purification

Ditches connect agricultural fields and streams and may thus
rapidly carry diffuse agricultural pollutions, including sedi-
ments, nutrient, and pesticides, to downstream receiving water
bodies. Moreover, infiltration processes reducing the pollutant
loads in flowing water (Carluer and Marsily 2004) may gen-
erate groundwater contamination (Burkat et al. 1999; Delin
and Landon 2002; Field et al. 2003). Ditches, however, also
hold inherent pollutant retention capacities that confer upon
ditches substantial water purification power. Ditches may thus
constitute pathways favoring both pollutant propagation to-
ward water bodies and efficient buffer zones toward diffuse
agricultural pollution.

3.5.1 Ditch networks: pollutant collectors and propagation
pathways

Sediment fluxes reaching ditches via overland flow are direct-
ly related to runoff generation and erosion mechanisms on
upstream plots (Tucker and Bras 1998). These 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 concentrations (Lec-
ce et al. 2006; Tucker and Bras 1998). However, if ditches are
connected to the adjacent fields by intact grass strips, the sed-
iment loads may be consistently attenuated before reaching

the ditch (Gumiere et al. 2011; Huang et al. 2002; Tucker
and Bras 1998). Sidewall erosion is deemed to be a minor
source of suspended sediments that are transported throughout
vegetated ditches (Lecce et al. 2006). However, it has been
punctually observed for substantial flood events occurring af-
ter maintenance operations (Levavasseur et al. 2014).

The nutrient inputs to ditches are intimately related to sur-
face runoff and subsurface water collection (see Sect. 3.1)
(Edwards and Withers 2008; Kröger et al. 2008). Nutrient
inputs are closely related to the ditch network design, espe-
cially the ditch density. Zhang et al. (2013), for example, ob-
served that the higher the ditch density is, the higher the ni-
trogen fluxes entering ditches are. Approximately 90 % of the
inorganic P is exported by runoff fluxes, whereas 70 to 90 %
of inorganic N is exported by tile drainage (Edwards and
Withers 2008; Kröger et al. 2008, 2007a). In surface runoff
water, consequent variations in the nutrient loads have been
attributed to a seasonal factor but are also potentially impacted
by the rainfall intensity, cropping system, and vegetation cov-
er of the upstream fields (Edwards and Withers 2008; Kröger
et al. 2008). Accordingly, nutrient input to ditches via runoff
collection mainly occurs during the winter and spring
(Edwards and Withers 2008; Kröger et al. 2008) in temperate
climates. In runoff fluxes, nitrogen is essentially dissolved,
whereas dissolved phosphorus represents only 25 to 50 % of
the total inorganic P (Edwards andWithers 2008; Nguyen and
Sukias 2002).

Pesticides may attain ditches associated with runoff fluxes
and drainage water that are collected by ditches (see Sect. 3.1)
or by drift deposition or direct application during ditch main-
tenance. 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 fields (Louchart et al.
2001; Tang et al. 2012). For example, this has been observed
for the herbicides diuron, simazine, and metolachlor when
applied to vineyards (Louchart et al. 2001; Tang et al. 2012).
The yearly cumulated amount of pesticides that leach on crop
plots and that reach ditches via tile drains is generally approx-
imately <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 soil (Garon-Boucher 2003; Tang et al.
2012; Voltz and Louchart 2001). Drift deposition may be a
punctual but intense input of pesticides to ditches, potentially
amounting to 10 to 50 % of the pesticide load that is annually
sprayed on surrounding plots (Garon-Boucher 2003; Tang
et al. 2012).

The capture of surface runoff and subsurface water and
their associated pollutant loads negatively affects water qual-
ity downstream. Indeed, the rapid water conveyance contrib-
utes to the degradation of the downstream water bodies’ qual-
ity (Branger 2003; Kao et al. 2002; Louchart et al. 2001). It
can however be compensated if the pollutants are retained in
the ditch during their transport and if infiltration fluxes are
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substantial, which may decrease the pollutant loads in the
water column within ditches. Of course, pollutant leaching
will contribute to groundwater contamination (Dousset et al.
2010). However, several processes contribute to the retention
of pollutants within ditches. The water purification power of
ditches is optimal when the downstream conveyance is re-
duced and when the processes involved in their retention are
maximized (Table 1). These processes and the pedoclimatic
context or ditch characteristics modulating their occurrence
and intensity are described hereafter for successively
sediments, nutrients, and pesticides.

3.5.2 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 to 107.2 kg m−1 year−1, generating
sediment trapping of 1366 Mg year−1 in a 7.7-km2 catchment
in North Carolina, USA. In the latter catchment, the sedimen-
tation conditions are favored by gentle slopes ranging from 1
to 4 ‰ (Lecce et al. 2006). Moreover, Flora and Kröger
(2014) measured the total suspended solid removal in vege-
tated ditches that were equipped or not by consecutive weirs,
ranging from 72 to 94 %.

Within the ditches, sediment retention is mainly due to
sedimentation processes or to the infiltration of particle-
loaded water fluxes and, more marginally, to the sieving of
particles by vegetation and litter (Fiener and Auerswald 2003;
Liu et al. 2008). The 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
Auerswald 2003).

Sedimentation is effective for sand- to medium-silt-grain-
sized particles (>40–60-μm diameter), which are character-
ized 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 Auerswald
2003; Liu et al. 2008). As reviewed by Liu et al. (2008), the
characteristics affecting sedimentation in grassed water ways
include vegetation cover, water level, and morphology, i.e.,
slope, width, and length. We assumed that similar character-
istics influence sedimentation within ditches. As mentioned
above, vegetation generates friction and roughness, which de-
crease the flow velocity and enhance the sedimentation poten-
tial (Fiener and Auerswald 2003; Gumiere et al. 2011; Hösl
et al. 2012; Needelman et al. 2007), which has been evidenced
by Moore et al. (2010), who detected a lower proportion of
suspended solids in the water column of a vegetated ditch than
those in the water column of a non-vegetated ditch. The ditch
morphology and the water level fluctuations also influence the
flow velocity (Liu et al. 2008).

Sediments may also be efficiently removed from the water
column via the infiltration of loaded runoff water (Fiener and

Auerswald 2003; Liu et al. 2008). Clay-sized particles, which
tend to stay in suspension in the water column, are predomi-
nantly removed by infiltration (Fiener and Auerswald 2003).
Infiltration 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 2003; Gumiere et al. 2011;
Hösl et al. 2012; Liu et al. 2008; Needelman et al. 2007).

General models exist that simulate the sedimentation and
remobilization of particles and pollutants within streams and
channels according to general physical laws (Merritt et al.
2003; Förstner et al. 2004;Westrich and Förstner 2007; Belaud
andBaume 2002). There is not, however, anymodel specific to
ditch networks, which allow quantifying the respective contri-
bution of these processes to the global retention efficiency.

In sum, the sediment retention power of ditches is optimal
when sedimentation, sieving, and infiltration processes are
maximized. This is generally observed when ditch networks
are highly vegetated and branched and equipped with hydrau-
lic structures such as weirs. Large ditches with gentle slope
and porous bed substratum generally increase the sediment
retention power.

3.5.3 Nutrient retention in ditches

The nutrient retention power of ditches has been reported to
vary greatly between 3 and 92 %. Table 2 synthesizes the
measured nutrient retention efficiencies of several vegetated
and non-vegetated ditches. The retention of phosphorus and
total nitrogenwas reported to be higher on average than that of
nitrates or ammonium. But, no clear positive influence of
dense vegetation can be detected which suggest that a large
part of the observed variation of retention is hidden by differ-
ences in the local conditions of the studied ditches. In fact,
nutrient retention relies on several processes namely sorption,
transformation, plant uptake, or sedimentation of loaded par-
ticles. The nutrient removal efficiency of ditches varies ac-
cording to the intensity of the mentioned processes. The ditch
characteristics influencing the occurrence and intensity of the-
se processes are described hereafter.

Sorption processes may lead to some retention of inorganic
P within ditches, which should not be the case for inorganic N.
The sorption of P mainly occurs onto ditch sediments
(Needelman et al. 2007; Nguyen and Sukias 2002). The
iron-humic acid and aluminum-humic acid complexes play a
key role in P sorption on ditch sediments (Nguyen and Sukias
2002). The P sorption to iron-humic acid complexes is char-
acterized by low-energy bonds, whereas P is sorbed to
aluminum-humic acid complexes by high-energy bonds (Neal
and Heathwaite 2005). The P retention capacity of ditch sed-
iments and the potential desorption of P are thus impacted by
the relative proportion of iron and aluminum hydroxides. P
sorption to sediments is proportional to the grain size, with
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greater sorption occurring on fine particles (Nguyen and
Sukias 2002). Fine particles are preferentially transported
throughout ditches, which could lower the retention capacity
of sediments (Nguyen and Sukias 2002). These sorption pro-
cesses are greatly impacted by hydrochemistry, particularly by
the redox potential and pH (Nguyen and Sukias 2002; Smith
and Pappas 2007). Sediments can thus alternatively be sources
and sinks of P depending on the hydrochemistry and sediment
characteristics (Smith and Pappas 2007).

Particulate-bound nutrient, especially phosphorus, may
also be subtracted from the water column by sedimenta-
tion (Liu et al. 2008). As previously described, the ditch
characteristics influencing sedimentation include vegeta-
tive cover, water height, and ditch morphology (see
Sect. 3.5.2).

Plant uptake can be a significant sink of nutrient in
ditches. Wetland plants generally assimilate 5 % of the
nutrient fluxes (Kröger et al. 2007b). The amount of nu-
trient that is assimilated by vegetation is related to the
concentration in the water phase. In case of high nutrient
concentrations, wetland plants assimilate a greater amount
of N and P (Kröger et al. 2007b), which was observed by
Kröger et al. (2007a, b) in a vegetated ditch in which the
increase in nutrient concentration in water led to an addi-
tional uptake of 2 and 7 mg g−1 plant for P and N, re-
spectively. The plant uptake of nutrient is, however, sub-
jected to strong seasonal variation because it is intimately
related to vegetation growth (Kröger et al. 2008, 2007b).
Moreover, previously assimilated nutrients may be re-
leased after plant senescence during the dormant season
(Kröger et al. 2007b).

The decrease in the N-NO3
− concentrations within ditches

mainly results from biological processes, whereas the de-
crease in the N-NH4

+ and P concentrations is assumed to be
due to physicochemical processes (Smith and Pappas 2007).
The evaluation of the relative importance of each process is
difficult especially for N. Indeed, the major N species N-
NO3

−, N-NH4
+, and N-NO2

− undergo complex and simulta-
neous interactions resulting from nitrification, denitrification,
and assimilation processes (Kröger et al. 2007a). The provi-
sion 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, the nutrient retention capacity of ditches can vary
largely, from 3 to 92 % according to local conditions. It is
optimal when sorption, sedimentation, transformation, and
plant uptake are maximized. Which of these processes are
the most important for retention has not been studied in de-
tails. Given their simultaneous and feedback actions, the link
between these processes and general ditch characteristics is
tedious. However, they all depend on the vegetation cover
density. Highly vegetated ditches are generally most prone
to reduce nutrient loads.

3.5.4 Pesticide retention in ditches

The pesticide retention power of ditches has also been ob-
served to vary greatly between 3 and 99 %. Table 3 synthe-
sizes the measured pesticide retention efficiencies and associ-
ated ditch characteristics. The retention efficiency generally
increases with increasing hydrophobicity of the molecules.
The pesticide molecules are classified from top to bottom by
decreasing hydrophobicity in Table 3. Qualitative evaluation
of pesticide retention by mean of retention indices has been
proposed by Margoum et al. (2003):

IR Retention Indexð Þ ¼ a:Sþ b:LVþ c:DV

with S, LV, and DV being the relative cover (% of surface
area) of sediments (S), living vegetation (LV), and dead veg-
etation (DV) and a, b, and c, being a dimensional coefficients
describing the relative sorption power of sediments, living
vegetation, and dead vegetation, respectively set to 1, 2, and
40 (Garon-Boucher 2003; Margoum et al. 2003). The reten-
tion capacity of ditches as estimated by these indices may
differ from observations and experimental results (Margoum
et al. 2003; Stehle et al. 2011). Levavasseur (2012) thus pro-
posed the effective pesticide retention capacity (EPRC) index
modulating the IR indices by the flow velocity.

Pesticide retention within ditches mainly results not only
from sorption processes (Elsaesser et al. 2013; Stehle et al.
2011) but also from the processes of degradation, plant up-
take, or sedimentation of loaded particles. The ditch charac-
teristics influencing the occurrence and intensity of these pro-
cesses are described hereafter.

Sorption processes are deemed to be the main mechanisms
of pesticide retention buffering both surface and leaching
fluxes within ditches (Dousset et al. 2010; Elsaesser et al.
2013; Stehle et al. 2011). Indeed, several components of
ditches, including soil, sediments, vegetation, and litter, can
provide efficient sorption sites for pesticides (Lagacherie et al.
2006; Margoum et al. 2006; Vallée et al. 2014; Wan et al.
2006). The relative efficiency of these sorption substrates,
which is represented by the sorption coefficient (Kf), varies
among pesticides. Figure 3 compiles the mean Kf values for
various pesticides, fitted from sorption experiments on wet-
land plants, ditch sediments, and litter (Crum et al. 1999;
Garon-Boucher 2003; Gebremariam et al. 2012; Passeport
et al. 2011a; Vallée et al. 2014).

Organic matter, especially humified organic matter, pro-
vides preferential sorption sites for pesticides (Margoum
et al. 2003; Vallée et al. 2014), which could explain the very
high sorption coefficients that are measured in vegetation and
most of all litter (Fig. 3). However, factors other than organic
matter may influence the sorption mechanisms of pesticides
(Vallée et al. 2014). The sorption mechanisms of polar or
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polarizable pesticides are highly related to the pH, the clay
content of sediments, and the cation exchange capacity
(CEC) (Brown et al. 2004; Ulén et al. 2013; Vallée et al.
2014). Furthermore, at the ditch scale, the chemical retention
time expressing the potential pesticide-substrate contact time,
the water level, and ditch bottom shape significantly impact all
of the sorption processes (Boutron et al. 2011; Elsaesser et al.
2013; Garon-Boucher 2003; Stehle et al. 2011).

Sedimentation of pesticide-loaded particles may also con-
tribute to pesticide retention, which is potentially the case of
hydrophobic pesticides that are likely to be preferentially
adsorbed and transported by suspended particles. For
example, Budd et al. (2009) measured the proportions of py-
rethrin associated to the particulate phase to be 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
cover, water level, and ditch morphology (see Sect. 3.5.2).

Plant uptake may also contribute to dissolved pesticide
retention within ditches (Branger 2003). High proportion of
pesticides, linuron, pyrethrin, chlorpyrifos, or carbaryl has
been detected in plants that are grown in ditches, but the dis-
tinction between adsorption and absorption (plant uptake) was
rarely evidenced (Bennett et al. 2005; Crum et al. 1997;
Garcinuño et al. 2006; Kröger et al. 2009; Moore et al. 2011).

Biotic and abiotic degradation processes are also involved in
pesticide retention within ditches, which has been observed in
several studies. Moreover, shorter half-lives (DT50) of pesti-
cides were observed in ditches than in sediments or in water
and varied between 7 and 12 days for linuron, approximately
1 day for cyhalothrin and 10 days for imidacloprid in vegetated

ditches (Crum et al. 1997; Mahabali and Spanoghe 2014). In
contrast, these half-lives are reported in the Agritox database
(ANSES 2014) as 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 the metabolites of pyrethrin in ditches. A detailed
study of the degradation potentials within ditches has not been
performed. However, it was suggested that pesticide biodegra-
dation depends primarily on biofilms that develop on vegeta-
tion and sediments (Needelman 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 to
study 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 po-
tentials of pesticides within ditches need to be thoroughly
investigated for prediction according to the ditch characteris-
tics. Moreover, pesticide leaching processes within ditches
located in highland areas need to be examined.

In sum, the pesticide retention efficiency of ditches varies
largely according to local conditions, between 3 and 99 %.
The pesticide retention is predominantly controlled by sorp-
tion processes and, to a lesser extent, by sedimentation,
degradation, and plant uptake. As for nutrients, pesticide
retention is optimal when sorption, sedimentation,
degradation, and plant uptake are maximized. This
principally relies not only on the vegetation cover density
but also on sediment texture and litter properties. Highly
vegetated ditches with thick litter layer and fine sediment
texture are more prone to reduce pesticide loads.

Table 2 Nutrient mitigation
power of ditches Nutrient Ditch type Mitigation (%) References

N-NO3
- Vegetated 3.16 Moore et al. (2010)

Vegetated 7 to 23 Smith and Pappas (2007)

Non-vegetated 3.37 Moore et al. (2010)

N-NH4
+ Vegetated 11.7 Moore et al. (2010)

Non-vegetated 19 Moore et al. (2010)

Total nitrogen Vegetated 92 Moore et al. (2010)

57 Kröger et al. (2007a)

Non-vegetated 77 Moore et al. (2010)

Phosphorus Vegetated 36 Moore et al. (2010)

43.9 Kröger et al. (2008)

63 to 74 Smith and Pappas (2007)

Non-vegetated 71 Moore et al. (2010)

Ditches and especially vegetated ditches hold inherent nutrient mitigation power. The reduction in nutrient 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 preferentially reduced along ditches with regard to nitrates and ammonium
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3.6 Biodiversity conservation

Herzon and Helenius (2008) previously reviewed the biodi-
versity issues that are associated with lowland drainage
ditches. These authors underlined that drainage ditches host
a 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 level within ditches provides ideal
growth conditions for a large diversity of aquatic and wetland
plants (Bellavance and Brisson 2010; Elsaesser et al. 2013;
Twisk et al. 2003). Wetland plants in ditches are most likely
residual marsh plant species that were present before the area
has been drained (Herzon and Helenius 2008). Furthermore,
in drainage ditches that are characterized by a rather perennial

base flow, the invertebrate diversity has been reported to be
higher than in small lakes and streams (Simon 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 areas (Arnold 1983; Herzon and Helenius 2008;
Marja and Herzon 2012). The increase in bird diversity, how-
ever, is more related to the presence of trees on ditch margins
than to the inherent ditch characteristics (Arnold 1983; Marja
and Herzon 2012). Moreover, ditch networks are one of the
most frequent non-cropped networks in cultivated landscapes,
thereby providing a key service of ecological corridors
(Herzon and Helenius 2008). These corridors permit the
movement of amphibians, mammals, or insects that would
otherwise be restricted in hostile and intensively cropped areas
(Herzon and Helenius 2008; Van Geert et al. 2010). Ditch
networks may also connect fractionated populations and favor

Table 3 Pesticide mitigation power of ditches

Molecule Reach length
(m)

Substrate characteristics Vegetation
cover (%)

Hydraulic retention
time (h)

Mitigation (%) References

λ-Cyhalothrin 650 nd 88 6.0 98.8 Bennett et al. (2005)

Bifenthrin 650 nd 88 6.0 96.1 Bennett et al. (2005)

Permethrin 389 21:35:44 (% sand/silt/clay),
0.6 % OC

100 nd 44 Moore et al. (2011)

Chlorpyrifos 402 21:35:44 (% sand/silt/clay),
0.6 % OC

100 nd 19 Moore et al. (2011)

200 80–100 nd 38 Gill et al. (2008)

Diflufenicanil 50 Mineral and organic matters nd nd 16 Garon-Boucher (2003)
50 Poorly vegetated, coarse sediments nd nd 27

25 Vegetated, coarse sediments nd nd 58

100 Vegetated, dead leaves nd nd 58

Indoxacarb
Trifloxystrobin
Thiacloprid

44 Loamy sand, oc 0.78 % 0 1.3 92 Elsaesser et al. (2013)
49 97

72 97

86 97

100 97

Tebuconazole 44 Loamy sand, oc 0.78 % 0–100 1.3 92–97 Elsaesser et al. (2013)

7.3 Hemp fibers nd nd 24–59 Boutron et al. (2011)

Diuron 7.3 Hemp fibers nd nd 26–48 Boutron et al. (2011)

50 Mineral and organic matters nd nd 3 Garon-Boucher (2003)
50 Poorly vegetated, coarse sediments nd nd 24

25 Vegetated, coarse sediments nd nd 64

100 Vegetated, dead leaves nd nd 48

Isoproturon 7.3 Hemp fibers nd nd 11–45 Boutron et al. (2011)

50 Mineral and organic matters nd nd 9 Garon-Boucher (2003)
50 Poorly vegetated, coarse sediments nd nd 16

25 Vegetated, coarse sediments nd nd 56

100 Vegetated, dead leaves nd nd 40

Ditches and especially vegetated ditches hold inherent pesticide retention power. The reduction in pesticide 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 bottom by decreasing hydrophobicity.
The reduction of the more hydrophobic pesticide loads is generally higher than for the less hydrophobic ones, but this is conditioned by ditch
characteristics

nd missing data, OC organic carbon
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their survival and renewal. Indeed, habitat fractionation leads
to plant and animal population isolation and threatens plant
and animal long-term survival, especially for seed-setting
plant species, which require insects for pollination (Van Geert
et al. 2010). Van Geert and collaborators (2010) found that
pollen dispersal was greater when plant populations were con-
nected by ditches.

Ditches provide numerous microhabitat types, shelters, and
connect populations. The biological functioning of ditches is

conditioned by the water and pollutant 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, destroy habitats and shelters. Most of
the processes tending to lower the pesticide and sediment loads
benefit the biodiversity. This may not be the case for pesticide
degradation, as metabolites are usually more toxic than the
parent molecule. Nutrient fluxes stimulate the development of
some plants and microbial communities but may also lead to
eutrophication that may be harmful for other species.

The local hydrological catchment regimes induce more or
less ephemeral flowwithin ditches, thereby controlling the fluc-
tuation of soil humidity in the ditches. Drainage ditches are
often regarded as wetlands (Flora and Kröger 2014; Kröger
et al. 2008, 2009) in lowlands with temperate and humid cli-
mates. These ditches also present some physicochemical simi-
larities with small lakes and streams (Verdonschot et al. 2011).
Ditches are therefore unique ecosystems combining wetland
and stream characteristics (Needelman et al. 2007). The ditch
ecosystem, including beds, sidewalls, and margins, provides a
stratification of microhabitats ranging from aquatic to wetland
and terrestrial types (Marja and Herzon 2012). This stratifica-
tion of habitat type depends on the vegetation cover (perma-
nence and type) and on the water level fluctuations (Bellavance
and Brisson 2010; Simon and Travis 2011; Twisk et al. 2003;
Verdonschot et al. 2011; Williams et al. 2004).

The vegetation cover of ditches and margins provides effi-
cient shelter for this biodiversity (Arnold 1983; Herzon and
Helenius 2008; Marja and Herzon 2012). Moreover, the dry-
ing out of some ditches in the summer excludes the presence
of predatory fishes and permits the development of frogs and
newts (Herzon and Helenius 2008).

Ditch networks provide sheltered corridors, allowing the
movement and connections of amphibian and insect popula-
tions (Herzon and Helenius 2008). Moreover, abundant ex-
changes with the surrounding terrestrial matrix may occur in
these particular ecotones (Herzon and Helenius 2008). These
exchanges, combined with the water flow conveyance capac-
ity, confer upon ditches an important role in seed dispersal
(van Dijk et al. 2014).

The characterization of the habitat stratification and shelter
provision is lacking within irrigation ditches or ditches that are
located in arid or semi-arid areas and prone to drastic fluctu-
ations of the water level and the climatic conditions. This
hinders the establishment of a relationship between ditch char-
acteristics and biodiversity under various climatic contexts.

In sum, ditch networks constitute ecological corridors that
play a key role in the conservation of biodiversity in inten-
sively cropped landscapes. This ecosystem service is optimal
when ditches offer diversified microhabitats and sheltered cor-
ridors. This is generally achieved within highly vegetated
ditches with a relatively permanent base flow and low velocity
of the water flow.

Fig. 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). nd no data available in the literature. The
pesticides are classified from top to bottom by increasing hydrophobicity.
The various pesticides exhibit high affinity for ditch substrates especially
for vegetation and litter. This affinity increases with increasing
hydrophobicity
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3.7 Intricacy and control factors of the ecosystem services
provided by ditches

As can be seen in Table 1, all of the ecosystem services that
can be provided by ditches depend, to a certain extent, on the
hydrological processes that take place within ditches. More-
over, most processes are involved in several services in a
positive way for some of them and in a negative way for other
(Table 1). Simultaneous maximization of all services that are
potentially provided by ditches is therefore complex given the
extensive feedbacks between processes. This maximization
may even be unachievable in some instances and will most
often require finding tradeoffs between different services. For
example, maximizing the groundwater recharge will positive-
ly affect local and downstream surface water purification (sed-
iment, nutrient, and pesticides) and the amount of groundwa-
ter resources but may also provide negative feedback to
groundwater pollution (nutrient and pesticides). Finding ade-
quate tradeoffs will certainly require fine tuning according to
site-specific contexts of the processes in the ditches and of the
ditch characteristics that control these processes.

All of the processes are individually driven by given ditch
characteristics. Table 4 summarizes the ditch characteristics
that have been previously shown as significantly influencing
one or several processes. The main influent ditch characteris-
tics include vegetative cover, ditch morphology (cross section,
length, and slope), orientation with regard to the slope and
location within the watershed, reach connections (piped sec-
tions, 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 connec-
tions) or slowly change with time (e.g., morphology), while
others (e.g., vegetative cover and litter) are prone to drastic
changes that are 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 processes (Table 4). However,
given the intricacy of many processes, all of the ditch
characteristics influence, to a certain extent, most process-
es. An accurate determination of ditch characteristics is
therefore essential for understanding and predicting the
functioning of ditches. In this respect, this review indi-
cates several characteristics that are little known and/or
weakly defined:

& The physical and hydraulic characteristics of the sidewalls
and bed of the ditch.

& The variation in the vegetation characteristics of the
ditches

& The sorption properties of pollutants for the variety of
substrates that can be found in ditches, which is a prereq-
uisite for identifying and possibly improving the sorption
capacities of ditches.

Some ditch characteristics drastically evolve with ditch
maintenance. Ditch maintenance may thereby constitute an
efficient engineering tool to optimize given ecosystem
services.

4 Ditch maintenance: lever for the optimization
of ecosystem services

As previously described, the pedoclimatic context and intrin-
sic ditch characteristics impact the occurrence and intensity of
the aforementioned processes and, consequently, the ecosys-
tem services that are provided by ditches. Ditch maintenance
is a key driver controlling the intrinsic ditch characteristics,
such as vegetation nature and cover and bed soil texture and
type, thereby controlling most of the processes. Ditch mainte-
nance is therefore deemed to impact most widely ditch func-
tioning and services. Hereafter, we address the influence of
maintenance operations on ditch characteristics and on pro-
cesses and services and then examine how maintenance may
be used for optimizing ecosystem services.

Ditch design has been historically motivated by the neces-
sity of strengthening the initial services, namely waterlogging
limitation and water erosion control (Needelman et al. 2007;
Zhang et al. 2013). Maintenance techniques were designed
accordingly and aimed at regularly clearing vegetation and
removing sediment (Kröger et al. 2009; Levavasseur et al.
2014; Needelman et al. 2007; Twisk et al. 2003). The main
ditch maintenance operations include dredging, mowing,
chemical weeding, and burning using manual or mechanized
techniques (Fig. 1). Little is known about ditch maintenance
design, i.e., the choice, the modality, and the succession of
operation type and frequency in maintenance (Levavasseur
et al. 2014). Depending on the pedoclimatic context, the
dredging of drainage ditches has been reported to be per-
formed once every 5 to 50 years (Levavasseur et al. 2014;
Smith and Pappas 2007; Twisk et al. 2003), whereas opera-
tions leading to vegetation clearance, i.e., mowing, chemical
weeding, or burning, are more frequently achieved a priori. In
the Mediterranean context, these operations are performed at
least once a year (Levavasseur et al. 2014). Often, mainte-
nance strategies result from a combination in time of the four
basic operations that were mentioned above (van Dijk et al.
2014; Levavasseur et al. 2014).

4.1 Impact of maintenance operations on ditch
characteristics

The direct consequences of these operations on ditch charac-
teristics or properties are threefold (Kröger et al. 2009;
Needelman et al. 2007). The first consequence is the vegeta-
tion removal that is induced by all operations and, consequent-
ly, of the biota that are sheltered within the ditch. Vegetation
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removal may be completed with dredging, burning, and chem-
ical weeding operations (Levavasseur et al. 2014) or partially
completed with mowing and selective chemical weeding
(Needelman et al. 2007). The second consequence is the mod-
ification of the properties of the ditch bed material after dredg-
ing, burning, and sometimes 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 organ-
ic matter content (Garon-Boucher 2003; Smith and Pappas
2007; Vaughan et al. 2008) before dredging than after. 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. Never-
theless, it has been demonstrated that after wildfire or field
burning practices, the soil wettability (Bento-Gonçalves
et al. 2012; DeBano 2000) and available organic matter con-
tent (González-Pérez et al. 2004; Yang and Sheng 2003a, b)
are altered. If the mowed vegetation is not removed from
ditches, it can considerably increase the litter layer and the
available organic matter content of the ditch bed material
(Lagacherie et al. 2006; Margoum et al. 2003, 2001). In a
Mediterranean catchment, Levavasseur et al. (2014) observed
an earlier and greater increase of litter in mowed ditches rela-
tive to the litter accumulation due to natural plant senescence

during autumn and winter. The third consequence of mainte-
nance 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 clear-
ance. Dredging and burning modify ditch bed and sidewall
sediment properties including texture and organic matter con-
tent. Mowing may increase the litter layer if the moved vege-
tation is not removed. Dredging restores the morphology of
ditches. The way maintenance operations affect ditch charac-
teristics locally is generally well described. However, little is
known about the impact of upstream maintenance on the
downstream characteristics.

4.2 Maintenance effect on the processes and services

The change in the ditch characteristics resulting from mainte-
nance operations will 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 ditch maintenance operations
on processes is hereafter described and summarized in
Table 5.

The vegetation clearance resulting from maintenance im-
proves water conveyance within a reach and consequently
decreases the hydraulic retention time (Kröger et al. 2009;

Table 4 Main ditch characteristics influencing geochemical, geophysical, and biological processes within ditches

Ditch characteristics

Processes Vegetation
cover

Reach
morphology

Orientation
and location

Soil texture
and structure

Sediments
properties

Litter
properties

Biota and
biofilms

Network topology
and reach connections

Hydrology Subsurface water
collection

* * * *

Runoff collection * * *

Water conveyance * * * *

Infiltration * * * * *

Sediments Sedimentation * *

Remobilization

Pesticides Pesticide sorption * * * *

Pesticide degradation * *

Plant uptake *

Nutrients Nutrient sorption * *

Nutrient
transformation

* *

Biodiversity Habitat * *

Sheltering * *

Population
connection

* *

Ditch characteristics influence most geochemical and geophysical and biological processes across agricultural landscapes.When boxes are unfilled, there
is no known relation between the given ditch characteristics and the processes. Note that the vegetation cover influences most processes

*Influence of the given ditch characteristics on the given processes
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Liu et al. 2012). The increased water conveyance potential
facilitates the rapid removal of excess water on cropped plots
and limits the potential overflow of ditches, positively affect-
ing waterlogging and erosion control (Levavasseur 2012). The
increased water conveyance potential combined with a small-
er hydraulic retention time may lead to decreased infiltration
processes (Fiener and Auerswald 2003; Kröger et al. 2009;
Lecce et al. 2006) and, in turn, to reduced groundwater re-
charge and increased downstream water flow. The latter im-
pact 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 water con-
veyance function (Lecce et al. 2006). 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 are involved in groundwater recharge. The specific im-
pacts 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 infiltration or exfiltration will be modified.

At the same time, clearing vegetation in the ditches is likely
to decrease the sediment trapping efficiency of the ditches
(Fiener and Auerswald 2003; Kröger et al. 2009) by suppress-
ing 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 that during storms 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
ditch banks 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 impacts on sediment retention.
Levavasseur et al. (2014) observed that the chemical weeding
of ditches in a French catchment resulted in almost no vege-
tation cover throughout the year. Accordingly, these chemical-
ly weeded ditches were very sensitive to ditch bank erosion
during the intense rainfall events of autumn. Dredging, how-
ever, relocates sediments from the ditch to the adjacent fields,
providing an important sediment sink for later runoff events.
Burning produces new fine and non-cohesive particles that
are, a 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 of water turbidity for downstream water is uncertain.

The impact of maintenance operations on the contaminant
transport and fate is most likely more complex because many
processes are involved at different timescales. The higher pol-
lutant retention capacity of vegetated compared to non-

Table 5 Effects of the
maintenance operations on
landscape processes

Maintenance operations

Processes Dredging Mowing Chemical weeding Burning

Hydrology Runoff collection + + + +

Subsurface water collection ++ 0 0 −
Infiltration ++/− − − −
Water conveyance +++ ++ ++ ++

Erosion Sedimentation − − − −
Transport and non-remobilization ++/− − − −

Pesticides Sorption − +/− − ++/−
Degradation −− − − −
Plant uptake −− − −− −

Nutrients Sorption − 0 0 0

Transformation −− 0 − −
Plant uptake −− − −− −

Biodiversity Providing habitat −− − −− −
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 way. Note that the maintenance operations by modifying ditch charac-
teristics 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

+ positive 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
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vegetated ditches has been demonstrated by specific case stud-
ies (Budd et al. 2009; Elsaesser et al. 2013, 2011; Moore et al.
2010). The involved mechanisms are not always completely
clarified, and the hierarchy of processes leading to retention is
generally not specified. The decrease in the hydraulic reten-
tion time and in the chemical retention time automatically
leads to less time for the sorption, degradation, plant uptake,
and sedimentation of loaded particles (Herzon and Helenius
2008; Kröger et al. 2009; Liu et al. 2012) and leaching pro-
cesses. Kröger et al. (2009) estimated a chemical retention
time that was three times higher for a vegetated ditch than
for a geomorphologically similar, non-vegetated ditch. Vege-
tation and ditch sediments provide efficient retention sites for
nutrients (Needelman et al. 2007; Smith and Pappas 2007) and
pesticides (Gill et al. 2008; Margoum et al. 2003; Margoum
et al. 2001; Pappas and Smith 2007). The removal of these
sediments is therefore likely to reduce the retention capacity of
the ditches. Dredging is most likely the most disturbing prac-
tice because 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 greater ability of the pre-dredged
bed material to remove N-NO3

−, N-NH4
+, and soluble phos-

phorus compared to the bed material that was present after
dredging. These authors also observed a greater release of
soluble phosphorus from bed material after dredging. In con-
trast, dredging relocates nutrient that are trapped in vegetation
and sediments to the adjacent fields, decreasing their potential
release during the dormant season (Herzon and Helenius
2008). The same phenomena may occur for mowing when
the mowed vegetation is removed (van Dijk et al. 2014).
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 burning 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 res-
idues provide preferential sorption sites for pesticides as evi-
denced for diuron (Yang and Sheng 2003a, b) and clomazone
(Xu et al. 2008). If present in a significant proportion and over
a significant period, ashes may enhance the sorption proper-
ties. Apparently, this increase in sorption is associated with a
decrease in pesticide degradation (Passeport et al. 2011b; Xu
et al. 2008), but little is known regarding the desorption pro-
cesses on ashes. Moreover, being a priori easily erodible, the
fate of ashes needs to be studied. Finally, the dredging, chem-
ical weeding, or mowing of drainage ditches is likely to con-
tribute to downstreamwater contamination. Of all of the main-
tenance operations, little is known about their impact on de-
sorption 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 infil-
tration processes dominate, surface water contamination
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 vegetation and
thus potentially affect the biotic communities having their
habitat, sheltered corridors, or food sources within ditches
(Herzon and Helenius 2008). The intensity of the deterioration
of the ditch ecosystem varies with the maintenance operation.
Indeed, as observed by Levavasseur et al. (2014), chemically
weeded ditches tend to have a reduced and scattered vegeta-
tion cover throughout the year. Dredging is expected to re-
move all of the fauna and flora from the upper layer of the
ditch bed material (Smith 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 Helenius 2008). Mowing also
can favor rare pioneer plant species for the same reasons (van
Dijk et al. 2014; Leng et al. 2011) and has been described as an
effective means of seed dispersal (Leng et al. 2011). Finally,
because field burning has been used to enhance soil fertility
and vegetation growth, this maintenance operation should fa-
vor rapid vegetation restoration.

In sum, there is no obvious optimal maintenance operation
allowing the simultaneous optimization of all ecosystem ser-
vices provided by ditches. All maintenance operations glob-
ally impact, in a positive way, waterlogging control or soil
erosion prevention and, in negative way, biodiversity conser-
vation. The effects of maintenance operations on groundwater
recharge, flood regulation, and water purification are more
contrasted.

4.3 Designing maintenance toward an optimization
of ecosystem services

This review shows that ditch maintenance operations exert a
strong influence on several important ditch characteristics and
on most of the processes (Table 5). Accordingly, it can be
expected that the maintenance operations are adequate for
optimizing the contribution of ditches to several ecosystem
services. 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 processes in Table 5. It is
possible to distinguish three types of services according to the
impact of the maintenance operations. The first type of service
corresponds to the waterlogging and erosion prevention ser-
vices for which all of the maintenance operations have a pos-
itive impact because they improve water conveyance. A sec-
ond type of service corresponds to biodiversity conservation,
which is negatively impacted by the maintenance operations
except for mowing because these operations strongly disturb
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ditch vegetation and habitats. The third type of service corre-
sponds 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 positive to
negative. Moreover, the respective contributions of the pro-
cesses to the setting of the service are either unknown or vary
with local conditions, preventing the determination of the op-
eration impacts of the services on the underlying processes.

Therefore, to move toward the application of ditch mainte-
nance operations to improve ecosystem services, this review
also indicates areas where progress must be made in terms of
process knowledge or experimentation.

& Burning is the least studied operation. To better under-
stand the impacts of burning on ditch processes and ser-
vices, 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 hydraulic friction because burning enhances the
vegetation growth and selects vegetation species, (iii) the
net balance for biodiversity, (iv) the impact on soil
infiltrability and, therefore, on the subsurface water col-
lection and groundwater recharge, and (v) the change 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, b),
but it is not clear whether these new sorption sites can
compensate in 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 caused the consequent reduction in the degradation
rate.

& Mowing is an interesting practice that has, if performed at
an adequate season, no or little adverse effects on biodi-
versity because it permits rapid vegetation regrowth and
favors seed dispersal. Moreover, mowing without the re-
moval of mowed vegetation should produce a new litter
that can positively change ditch bed properties. More in-
depth knowledge is required on mowing impacts, includ-
ing (i) the effect of mowed residues on the pollutant reten-
tion and degradation capacities, infiltration processes, and
hydraulic roughness of ditches and (ii) the effect of regular
mowing on the diversity of plant species and, therefore, on
the ditch properties.

& 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 of single
maintenance operations, whereas actual ditch mainte-
nance consists of a temporal succession of operations,
which are selected from the four basic operations. Thus,
improving the maintenance strategies of ditches for agro-
ecological engineering also requires 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 whether antecedent main-
tenance operations influence the outcome of current main-
tenance operations and studying the possibility of the
long-term effects of a combination of operations.

In sum, mowing appears as an interesting maintenance op-
eration with limited adverse effects on biodiversity conserva-
tion or water purification when performed at an adequate sea-
son and positive effects on waterlogging control and soil ero-
sion prevention. The effect of burning has been poorly inves-
tigated. Maintenance is a succession in time of various oper-
ations. Improving the maintenance strategies of ditches for
agroecological engineering requires an optimal succession of
operations.

5 Conclusion

This review shows that ditches provide many regulating eco-
system services, namely, waterlogging control, water erosion
control, water purification, flood regulation, groundwater re-
charge, and biodiversity. Sustainable agroecological engineer-
ing of cultivated landscapes relies on the optimization of these
ecosystem services. This review also details the range of land-
scape processes involved in these services, which act on catch-
ment hydrology, erosion and sediment transfers, pesticide and
nutrient sources and fate, and biodiversity. Several ditch char-
acteristics that influence these processes were shown to be
amendable by ditch maintenance operations (e.g., dredging,
mowing, chemical weeding, and burning). Accordingly, the
review demonstrates that ditch maintenance can be a powerful
lever for improving the services provided by ditches.

The interactions 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 to unexpected positive or negative
feedbacks on other services. These feedbacks not only 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 strategy of ditch maintenance for
improving a range of ditch services remains therefore a very
challenging task. Our review indicates several related research
needs. First, a better understanding of the impacts of the main-
tenance practices on each service is needed, which, 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
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properties, vegetation characteristics, and sorption properties).
Secondly, when several services are to be considered, efficient
strategies of overall maximization should be defined. They
can take advantage of the rather different timescale and “crit-
ical schedule” 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 ditch connectivity. They need an a priori
ranking of the expected services. The ranking may be speci-
fied by the local context as, for example, the supply of fresh-
water for human consumption where the water purification
service should be favored. This ranking requires a valuation
of the services by the different stakeholders, e.g., from a par-
ticipatory evaluation (Weaver and Cousins 2005). Eventually,
for building the strategies, new knowledge should be acquired
on the feedbacks between processes, which most often, as
indicated by our review, were studied separately.

Given the large number of ditch characteristics and pro-
cesses to consider, the numerous positive and negative feed-
backs between services, and the different spatial and temporal
scales that should be taken into account, in situ experiments of
ditch maintenance strategies cannot address all management
issues, especially when ditch management has to be defined
over long term for a sustainable agroecological engineering of
landscapes. Consequently, in our opinion, a scientific chal-
lenge in the future will also be the development of numerical
explicit modeling approaches at the landscape scale for inte-
grating and coupling the major processes involved in the pro-
vision of landscape services by ditches. This should positively
complement the experiments for analyzing and defining best
management practices of ditches.
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