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1. Introduction

In the field of cultivated catchment hydrology, changes in land-
scape patterns resulting from different agricultural practices have
been extensively studied to obtain information that would aim in
reducing the negative impacts of agriculture on hydrological pro-
cesses. Previous hydrological studies have considered the impact of
spatial or temporal variability in the cultivated landscape resulting
mainly from agricultural practices on plots, hedgerows and/or grass
strips; for example, the effects of the spatial structure of hedgerow
networks on evapotranspiration fluxes (Viaud et al., 2005) and
the effects of agricultural practices on nitrate contamination in
a small agricultural catchment (Ferrant et al., 2013) have been
examined. To realistically describe differences in landscape pat-
terns, these studies first attempted to quantify the variability in
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the anthropogenic events under study (e.g., hedgerow settlements
and agricultural practices).

Despite the recognition that man-made drainage networks can
have a strong impact on the hydrology of cultivated catchments
(Krauseet al., 2007; Stanchi et al., 2012; Dages et al., 2009), no pre-
vious studies have examined the impacts of the spatio-temporal
variability of man-made drainage networks on the hydrology of
these catchments areas. These impacts should be evaluated in
terms of the vegetation cover, which can act on multiple hydro-
logical processes such as flow resistance (Nepf, 2012), pesticide
retention (Margoum et al., 2003), sedimentation and adsorption
of pollutants (Lecce etal., 2006; Nguyen and Sukias, 2002).

Man-made drainage networks consisting primarily of ditches
can have opposing effects on cultivated catchments; the magnitude
of these effects can be greater than those of the initially antic-
ipated effects. Most ditches must be managed to prevent them
from being filled and invaded by vegetation, as the vegetation can
affect their subsequent ability to remove excess water or can result
in overflows. Farmers and local authorities can apply a variety of
management operations, including dredging or mowing, that are
organised within management regimes, as for crop management
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Fig. 1. Study area and ditch networks.

(Paré, 2011). These management regimes, which act on vegeta-
tion cover in the ditches, most likely impact the aforementioned
hydrological processes.

Few studies in the literature have characterised ditch man-
agement regimes or evaluated their impacts on ditch vegetation.
Several studies have considered the impact of ditch dredging on
the hydrological processes occurring in peatland forest catchments
(Koivusaloet al., 2008) and on the nutrient uptake capacity of
ditches (Smith and Pappas, 2007); other studies have examined
the impact of ditch mowing on temporal patterns of erosion and
sedimentation in ditch networks (Lecce et al., 2006). These stud-
ies addressed a single aspect of ditch management at a single
time point; however, management regimes may impact vegeta-
tion cover in multiple ways and may have time-varying effects
on hydrological processes. To date, no studies have examined the
variety of ditch management regimes currently in use or their
consequences for vegetation cover. Such information is needed to
subsequently quantify the impacts of ditch management opera-
tions on the hydrology of catchments.

The objective of this study was to identify ditch management
regimes and to characterise the multiple, time-varying impacts of
these regimes on the vegetation cover of ditches. This character-
isation will provide a foundation that can be used to discuss the
hydrological impacts of these regimes and the resulting vegeta-
tion cover. The study uses information obtained from observations
made in a Mediterranean vineyard landscape in the south of France.

2. Study area

The study areais located in the downstream portion of the Peyne
catchment in southern France (Fig. 1). The area is approximately

40 km? in extent, and approximately 60% of the area is covered
with vineyards. The altitude ranges from 28 m to 128 m. The region
has a Mediterranean climate, receives 600—800 mm of precipita-
tion per year and is characterised by two short but intense rainy
seasons in the autumn and spring. The vines are currently not
irrigated.

The study area is prone to intense periods of Mediterranean rain-
fall and flooding, during which the ditch networks discharge excess
water (Moussaet al., 2002). Soil erosion, which averages a rate of
10.5 t/haly, can be severe and highly spatially variable (Paroissien
et al., 2010). The pesticides used in the study area are primarily
associated with vineyard husbandry and include herbicides, fungi-
cides and insecticides. Herbicides are applied primarily from March
to April, whereas various fungicides and insecticides are applied
from April to August (Paré, 2011).

The man-made drainage networks of the study area were com-
pletely mapped in a previous study (Levavasseur et al., 2014)
(Fig. 1). These networks consist primarily of agricultural and road-
side ditches and include sunken paths and channelized rivers.
To simplify terminology, we refer to these networks as ditch
networks, although they do not consist only of ditches. The prin-
cipal function of these ditches s to intercept surface runoff during
periods of heavy rain and to convey it towards downstream rivers
(Levavasseur, 2012). The maintenance of the hydraulic capacity of
the ditches during such periods of rainfall is therefore very impor-
tant. In flat areas, these ditches can also play a role in controlling
the level of the water table. The width and depth of the ditches
are highly variable, both ranging from 30 cm to several metres.
The mean drainage density is 95 m of ditches/ha. The vegetation
in the ditches consists primarily of herbaceous plants (e.g., Elytri-
gia juncea, Equisetum arvense, Bromus spp.) and shrubs (e.g., Arundo
donax, Rubus fruticosus).

3. Methods

To characterise the time-varying effects of the ditch manage-
ment regimes in the study area on vegetation cover, we surveyed a
sample of vine growers and characterised their ditch management
regimes. We also visually assessed ditch vegetation to characterise
the temporal evolution of the vegetation cover resulting from the
management regimes.

3.1. Characterisation of ditch management regimes

The management regimes currently in use, the frequency and
period of each specific operation for a given ditch and the reasons
for the technical choices made by the vine growers were obtained
by survey. To maximise the number of vine growers and ditches sur-
veyed in the limited time period of the study and thereby increase
the generalisability of our results, we approached farmers in their
fields instead of attempting to schedule appointments. A total of
61 vine growers, representing 101 ditches (Fig. 1), were surveyed
in May 2011.

3.2. Ditch vegetation monitoring

The type and quantity of dead and living vegetation in the bot-
tom of the ditch (the deepest 5 cm of the ditch perimeter) and living
vegetation on the banks of the ditches were recorded six times (in
May, Augustand November of 2011 and in January, March and May
2012). The density of the vegetative material was visually estimated
(Fig. 2). Because the living vegetation cover corresponded to the
combined grass cover and shrub cover, the estimated cover could
surpass 100%. Because the ditches were highly spatially variable
and because it was difficultto assess the vegetation cover by visual
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Fig. 2. Example of the vegetation cover in a ditch. The dead and living vegetation
cover at the bottom of the ditch and along the ditch banks was visually estimated
at different times of the year.
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inspection alone, the precision of the estimates was predicted to be
approximately 20%. If evidence of a previous different management
operation was observed at a survey site, the operation was noted
and compared with the survey responses provided by the grower
in May 2011.

4. Results
4.1. Characterisation of ditch management regimes

The results of the survey showed that most of the ditches
were actively managed. Four types of ditch management opera-
tions were identified: 58%, 49%, 54% and 28% of the ditches were
dredged, mowed, burned and chemically weeded, respectively.
The frequency of implementation of each type of ditch manage-
ment operation was highly variable: dredging was undertaken at a
median frequency of 0.1 times per year (or once per ten years),
whereas the other operations were performed once every year.
Dredging and mowing primarily occurred in the summer, chem-
ical weeding occurred in the springto coincide with the chemical
weeding of the vine plots, and burning occurred from mid-October
to mid-March when local authorities authorised burning in the
area.

Any given ditch could be exposed to a combination of man-
agement operations during a single year. We therefore defined
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Fig. 3. Probability of occurrence of each management regime for a given year and
the percentage of corresponding observations from May 2011 to May 2012.

several management regimes characterised by different combina-
tions of ditch management operations conducted over the course
of the year. Using the frequency with which an operation was
conducted and the order in which the different operations were
mentioned in the surveys, we computed the probability of occur-
rence of each management regime for a given year (Fig. 3). Only
six management regimes (no management, mowing only, mow-
ing and burning, burning only, chemical weeding and burning, and
chemical weeding only) had a probability of occurrence of more
than 5%. The probability of occurrence of these six most preva-
lent management regimes was 0.84 according to the survey and
0.86 according to the empirical observations; the ranking of these
regimes was identical for the surveys and observations, thus vali-
dating the results of the survey. In subsequent analyses, only these
six management regimes were considered.

4.2. Impact of management regimeson ditch vegetation

Fig. 4 illustrates the impact of each management operation on
the ditch vegetation covers. An analysis of the annual pattern of the
distribution of vegetation along and in the ditches allowed us to
quantify the effects of each management regime during the study
period (Fig. 5). Sunken roads and rivers were excluded from the
analysis (nine ditches).

An increase in the dead vegetation cover at the bottom of
the ditches was observed beginning in November 2011 regard-
less of the applied management regime. This increase coincided
with the natural accumulation of dead vegetation (especially
dead leaves) in autumn and winter. The increase was greater
and occurred earlier in the mowed ditches (MR 4 and 5), as
mowed vegetation from the banks of the ditch tended to accu-
mulate at the bottom of these ditches. Chemical weeding also
increased the accumulation of dead vegetation at the bottom of
the ditches (MR 2 and 3). In contrast, burning at the end of win-
ter removed almost all of the dead vegetation from the bottom
of the ditches (MR 3, 5 and 6). A less pronounced decrease in
the dead vegetation cover at the bottom of the ditches was also
observed for non-burned ditches in May 2012. We assumed that
this decrease was related to the flows of water following spring
rainfall events.

Regardless of the applied management regime, the living vege-
tation coveron the bottom of the ditches remained low throughout
the year (almost always lower than 50%). In March of 2012, burn-
ing markedly impacted the living vegetation cover (MR 3, 5 and 6).
Chemically weeded ditches also appeared to have less living vege-
tation at the bottom of the ditch; however, the differences among
the other ditches were low.

The management regime had a clearly detectable impact on
the living vegetation cover on the banks of the ditch. Chemi-
cally weeded ditches had less living vegetation on their banks
throughout the year than the other ditches. The living vegeta-
tion almost completely disappeared from burned ditches (MR 3,
5 and 6) from January 2012 to March 2012 (i.e., when most of
the burning occurred). Mowed ditches (MR 4 and 5) also had
less living vegetation cover in August and November 2011 (i.e.,
when most of the mowing took place). However, this decrease was
less pronounced than the decrease observed in burned ditches,
as taller plants were partly replaced with shorter plants in the
mowed ditches. We observed a progressive decrease in the amount
of living vegetation on the banks of unmanaged ditches from
November 2011 to March 2012; we assumed that this decrease
was related to the natural senescence of vegetation in autumn
and winter. Finally, the regrowth of vegetation on the banks of
almost all of the ditches was limited from March 2012 to May
2012.
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Fig. 4. Illustration of the effectsof each type of management operation.

5. Discussion

5.1. Spatial and temporal variability in vegetation cover resulting
from ditch management regimes

We found that the yearly management operations had a strong
impact on the vegetation coverin the ditches (e.g, burning removed
almost all of the living and dead vegetation). The senescence of liv-
ing vegetation, the accumulation of dead vegetation and regrowth
also impacted the vegetation cover.

The various yearly management operations were not mutually
exclusive and occurred at different periods throughout the year.
Different ditch management regimes (Fig. 3) that were charac-
terised by a temporal pattern of ditch vegetation cover (Fig. 5) could
therefore be defined. In addition, two main types of variability in
vegetation cover were defined:

* temporal variability in the vegetation coverthat varied with the
pattern of ditch management operations,
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Fig. 5. Seasonal variation in ditch vegetation covers from May 2011 to May 2012 for each ditch management regime. The living vegetation cover corresponds to the sum of
the grass cover and shrub cover (for this reason, the cover can be greater than 100%). The horizontal lines within the boxes represent the median values, the boxes represent
the interquartile range, and the whiskers indicate the range of the data dispersion (no more than 1.5 times the interquartile range from the nearest box edge on either side).

* spatial variability in the vegetation cover at a given time that
varied with the type of management regimes that was applied.

For example, certain ditches could be entirely covered by vege-
tation at a given time of the year but could have almost completely
bare soil at another time (e.g., certain mowed and burned ditches),
whereas other ditches had bare soil throughout the year (e.g.,
certain chemically weeded ditches). The management regimes
observed in our study and the resulting patterns of ditch vegetation
cover were therefore much more complex than those presented in
the literature (Milsomet al.,, 2004; Blomqvistet al., 2006; Lecce
et al., 2006; Manhoudt and Visser, 2007; Smith and Pappas, 2007;
Koivusalo et al., 2008).

5.2. Potential hydrological impacts of ditth management regimes

5.2.1. Hydraulic capacity and ditch bank erosion

The living vegetation cover was more dense during the main
rainy season (October—November 2012), than during the other
periods of the year (Fig. 5), in all ditches except the chemically
weeded ditches. We can therefore hypothesise that the hydraulic
capacity of the ditches was not maximal at that time. The presence
of living vegetation cover during this rainy season could limit the
erosion of ditch banks and favour sedimentation in ditches (Stott,
2005; Lecce et al,, 2006). Conversely, chemically weeded ditches
(MR 2 and 3) appeared to be sensitive to ditch bank erosion during
the intense rain events of autumn.

The hydraulic capacity of most of the ditches was expected to
be maximal during the spring rainy season (March—May 2012),
as burning conducted at the end of the winter and chemical

weeding conducted in spring minimised the living vegetation cover
in the ditches (Fig. 5). This lack of living vegetation in the spring
rainy season could promote the erosion of the banks of the ditches.
Ultimately, farmers must adopt management practices that favour
the flow of water in the ditch to prevent its overflow and the
formation of gullies while limiting the erosion of the banks and
sedimentation to avoid the cost associated with ditch dredging
(Martnez-Casasnovas and Ramos, 2006). Because each manage-
ment regime was associated with contrasting and time-varying
effects, achieving both of these objectives is most likely difficult
during the autumn and spring rainy seasons.

5.2.2. Pesticide transfer

To limit the transfer of pesticides into ditches during rainfall
events of low-to-moderate intensity, the retention of pesticides at
the bottom of the ditches can be promoted; more specifically, the
vegetation (particularly the dead vegetation), can act as a sorption
site for pesticides (Margoum et al., 2003; Bennettet al., 2005; Moore
et al., 2008; Rogers and Stringfellow, 2009). The presence of such
retention sites would be of particular benefit when the pesticide are
sprayed (spring and early summer). However, as shown in Fig. 3,
the dead vegetation cover was low in March and May 2012 in all
ditches except those managed with chemical weeding and mowing
(MR 2 and MR 4). The effect of burning on the dead vegetation
cover was particularly pronounced (MR 3, 5 and 6). These results
suggest that vegetation control measures aimed at favouring the
hydraulic capacities of the ditch during the spring may negatively
impact the ability of these ditches to retain pesticides. The direct
spraying of pesticides within the ditches may also increase water
contamination.



6. Conclusion

We found that most of the observed ditches were managed
at least once a year, which was surprisingly frequent for non-
productive terrains. The observed management regimes were
characterised by a combination of dredging, chemical weeding,
mowing and burning. These management regimes have a drastic
impact on ditch vegetation: strong spatial and temporal variabil-
ity in the vegetation cover among ditches and within a given
ditch, respectively, was observed. It is probable that the actual
management regimes applied to the ditches had time-varying and
contrasting impacts on the hydraulic capacity of ditches, the ero-
sion of ditch banks and sedimentation and pesticide retention
in the ditches, as indicated by the extensive literature on these
topics.

In the future, the variability of ditch vegetation should be charac-
terised in greater depth to consider impacts of ditch management
regimes, climate and soils on vegetation cover in and along the
ditches. Models of vegetation growth in ditches couldalso be devel-
oped to help to understand spatial and temporal variability in ditch
vegetation cover at the catchment scale. Finally, field experiments
investigating the impacts of ditch management regimes on flow
resistance, ditch bank erosion or pesticide retention could be con-
ducted.
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