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a b s t r a c t

Mediterranean wetlands are increasingly managed to maintain their functions and services following
modification in water allocation, embankment and climate change, calling for proactive and adaptive
water management. In a first step, we used long-term monitoring of water levels in 37 adjacent
embanked marshes in the Camargue as a repeated non-controlled experiment to build a hydrological
model. Without information on water input/output by marsh users, we could nevertheless estimate
evapotranspiration under flooding and dry conditions, and soil water coefficient. The model provided a
high predictive accuracy (adjusted R2 ¼ 0.73e0.83) of monthly water levels when applied to an inde-
pendent sample of 12 marshes. In a second step we developed an interactive decision-aid tool that allows
users to visualize the impact of their management strategy (desired water level at a specific month) on
subsequent water levels, and their consequence on different components of the ecosystem over a 10-yr
period.

© 2015 Elsevier Ltd. All rights reserved.
Software availability

Software name: Mar-O-Sel
Developer: Christophe Germain
Year first official release: 2014
Hardware requirements: Any device
System requirements: Internet access
Software requirements: Internet Browser (tested with Internet

Explorer (V � 9), Chrome & Firefox
Program language: php and MySQL (server side), HTML and

JavaScript (user side)
Software language: French, English
Availability: www.Mar-O-Sel.net
License: Free e Open source (code available upon request)
1. Introduction

Hydrology is a prime factor influencing wetland functions,
biodiversity and services (Coops and Hosper, 2002; Janssen et al.,
).
2005). In semi-permanent and brackish environments, seasonal
variations in water levels are particularly crucial for the mainte-
nance of emerged and submerged macrophytes and their associ-
ated fauna (Bolduc and Afton, 2004; Osland et al., 2011). As a result
of urban and agricultural development, palustrine wetlands
(shallow lakes, marshes, ponds) are often disconnected from most
of their catchment area, requiring active water management to
maintain or enhance their functions (Tamisier and Grillas, 1994;
Janssen et al., 2005). Further reduction in freshwater availability
either due to modification in land use, water allocation, or climate
variability is increasingly threatening biodiversity and human uses
of wetlands (Lyons et al., 2008; Germer et al., 2011). Preserving
wetlands functions and services is a priority of the European Water
Framework Directive, with management of water scarcity being
recognized as a major future challenge in southern Europe
(European Commission, 2010). Proactive and adaptive water man-
agement should hence be encouraged in the Mediterranean region,
which is already characterized by a hydric deficit during the sum-
mer period (Zacharias et al., 2005; Beklioglu et al., 2007). Although
many studies emphasize the importance of hydrology for wetlands,
it remains one of the least understood components of these eco-
systems (LaBaugh, 2007). Studies in hydrology are typically carried
out at thewatershed scale, using site-specific physical variables and
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costly instrumentation (Stannard et al., 2013). Downscaling this
approach to a marsh would result in a low potential for general-
isation and a level of precision well beyond that required by the
wetland manager. On the other hand, measurement of water levels
is frequently included by wetland managers in their monitoring
scheme. These long-term data can be considered as repeated non-
controlled experiments of which the combination can serve to
describe and understand a hydrological system. For a seasonal
marsh having fine sediments as substrate and connected to a
confinedwater table, four types of information are required to build
a hydrological model: rainfall, temporal variation in evapotranspi-
ration under flooding and dry conditions, and the amount of water
needed to saturate dry soil.

This study presents an original empirical approach to hydro-
logical modelling based on the monitoring of water levels initiated
within a LIFE Nature project on reedbed management and resto-
ration for Eurasian bitterns in 2001. We created a hydrological
model using a 10-yr dataset on bimonthly water levels from 37
adjacent marshes and precipitation data from a nearby meteoro-
logical station. Monthly evapotranspiration rates and soil water
coefficient were deduced by selecting appropriate parts of the
dataset using simple statistical rules. From this model, an interac-
tive simulation tool was developed to orientmanagement decisions
within a context of short and long term variability in climate con-
ditions, which temporally affects availability of freshwater pumped
from the Rhône River caused by increased salinity in low-flow
periods.

In this paper, we explain the reasoning of the model building
and the options provided by the generic interactive tool Mar-O-Sel.
A validation of the model is presented using an independent
dataset of 12 marshes of different sizes and vegetation types. A first
application of Mar-O-Sel is used to estimate temporal hydrological
patterns of the studymarshes under the hypothetical scenario of no
water supply, using a 21-year meteorological dataset. These results
are briefly discussed in terms of ecological consequences on the
maintenance of these socio-ecosystems in the Mediterranean re-
gion. A second application of the model is provided through a case
study aiming at maximising the carrying capacity of a marsh to
waterbirds while minimising water inputs and respecting the
natural cycle of Mediterranean wetlands.

2. Methods

2.1. Study site

Located in the Camargue, southern France, the study site cor-
responds to 2000 ha of marshes divided into 37 hydrological units
embanked and disconnected from their catchment area, except
under exceptional flooding episodes (Fig. 1). These marshes are
actively managed for different uses among reed harvesting,
waterfowl hunting, fishing, cattle grazing and nature conservation
(Poulin et al., 2005). Because seasonal water needs differ among
human activities, conflicts arise among land owners (n ¼ 29) and
users (>200) with spurious interventions on hydraulic structures.
Accordingly, information on when and how much water is entered
to or evacuated from the system is not available.

The substrate of these marshes, which are totally or partially
covered with common reed Phragmites australis, is dominated by
very fine sediment (silt and clay) covered by a 10e60 cm layer of
organic matter. Mean reed density varies from 120 to 556 stems/m2

based on 292 quadrats of 50 � 50 cm spread throughout the
marshes (Poulin et al., 2005). Some other emergents (ie. Bolbo-
schoenus maritimus, Typha angustifolia) are locally present at low
density, while hydrophytes (ie. Potamogeton pectinatum, Myr-
iophyllum spicatum, P. pusillus and P. crispus, Najas marina, and
Chara spp) can be found in open-water areas. The climate is Med-
iterraneanwith a mean annual rainfall of 694 mm occurring mostly
in April and OctobereNovember. Mean lowest and highest daily
temperatures are 2.7 �C in January and 31 �C in August. Meteoro-
logical data were obtained from the Saint-Gilles M�et�eo France
station located 10 km from the study site (Fig. 1).

2.2. Field data

Water level data were collected from 37 PVC tubes 8-cm wide,
180-cm tall and buried 50-cm into the ground, each one located in a
different hydrological unit of the CharniereScamandre marshes.
The dataset consists of surface and underground water levels
collected twice monthly since April 2001 during at least a year over
a 10-yr period. Water levels were measured outside (flooding
condition) or inside (drought condition) the PVC tube using the
external and internal air draughts calculated from thewater surface
to the top of the tube.

2.3. Building of the hydrological model

The difference between two consecutive water level measures
were calculated and assigned to either one of two groups: positive
values (water input) and negative values (water evapotranspira-
tion). A simple statistical rule was defined according to an iterative
procedure to detect water input smaller than water evapotranspi-
ration: any value lying above the maximal 99% confidence interval
of monthly evapotranspiration was assigned to water input.
Calculation of mean evapotranspiration was made easy because
rainfall is relatively rare and clumped over short periods in the
Mediterranean region. The two groups were further divided in two
sub-groups whether water increase or decrease occurred when the
ground was flooded or dry in order to permit the calculation of
evapotranspiration under flooding and dry conditions, as well and
the amount of water needed to saturate soil. Rainfall data were
compiled according to the same timeframe as the water level data,
twice monthly for model building, monthly for model validation
and application.

2.4. Model performance

Our estimation of monthly evapotranspiration values were
compared to a power-relation transformation of the Penman
equation (Penman, 1948) based on real evapotranspiration calcu-
lated from reed mesocosm controlled-experiments carried out in
the Camargue (Chauvelon, 1996). To validate our hydrological
model, a cross-validation procedure was applied to 12 independent
marshes located on nature reserves in the Camargue (Tour du Valat
and Marais du Vigueirat, Fig. 1 and Table 1) where time series of
water level measurements were available, and for which periods of
water input or output were known. Because the model calculates a
water level at the end of each month and measurements can be
taken at anytime during a month, water levels were extrapolated
using a linear relationship between two measures to get a value for
the end of each month. Parameters related to catchment area, dyke
height, dyke water tightness, and soil porosity were estimated
iteratively by model fit. Water inputs or outputs were incorporated
to the model at each of the periods identified by the manager, with
the unknown amount of water defined iteratively through model
fit. In some cases, managers knew that there were uncontrolled
water input and these episodes could be easily identified by the
model and integrated to the management actions.

Model performance was estimated by direct value comparisons
using simple metrics (mean and variance), by computing the sta-
tistical properties of real values plotted against predicted values



Fig. 1. Study area with the location of the marshes used for model building and validation, and the location of the Saint-Gilles M�et�eo-France station.

Table 1
Characteristics of the 12 marshes used for model validation in terms of type of management and dominant vegetation, as well as the number of monthly water level measures
(from piezometer or rules). Uncontrolled management refers to periodical overflow from a neighbouring managed hydrological unit. Soil water coefficient, overflow level, and
dyke water tightness were set during the modelling process.

Site Type of management Vegetation type Soil water
coefficient

Overflow level
(cm)

Catchment area
coefficient

Dyke water
tightness (%)

Number of measures
(months)

St Seren Controlled Bulrush, hydrophytes 0.19 100 1.9 100 207
Relongues

nord
Controlled Bulrush, hydrophytes 0.59 80 1.4 97 83

Moncanard Uncontrolled Reed, hydrophytes 0.19 50 1 99 92
Grenouillet Uncontrolled Hydrophytes 0.19 40 1.6 85 183
Daillade No intervention Bulrush, hydrophytes 0.19 40 2 80 183
Sarcelles No intervention Bulrush, hydrophytes 0.19 40 2 85 183
Fangouse Uncontrolled Bulrush, hydrophytes 0.19 40 1.7 84 115
Baisse Sal�ee Sporadically

uncontrolled
Reed, bulrush,
hydrophytes

0.17 100 2.4 96 202

Saline No intervention Hydrophytes 0.19 70 2.1 98 109
Redon No intervention Bulrush, hydrophytes 0.19 90 2.4 100 126
Bomborinette No intervention Bulrush, hydrophytes 0.50 80 2.5 100 127
Canisson No intervention Reed, sedge 0.13 15 1.4 100 108
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(regression line coefficients), and by cross-correlations (adjusted
R2) (Bennett et al., 2013). Adjusted R2 was based on the equation:
R2 ¼ 1�(1�R2)((n�1)/(n�k�1)), where k ¼ number of variables
(k ¼ 5, Fig. 4) and n ¼ number of monthly measures (n ¼ 83e207)
(Sokal and Rohlf, 2012).

2.5. Sensitivity analysis of the model variables

Sensitivity of model variables was assessed through a bootstrap
procedure using values from the 12-marsh validation sample over
the 18-yr tested period. Expected monthly water levels were esti-
mated based on mean values of the variables, except rainfall, and
then compared to water levels obtained by using the minimal and
maximal values of each variable, tested separately and through
gradual incrementation. For the rainfall variable, expected water
levels were compared using mean and real monthly rainfall values
of the 18-yr dataset. Sensitivity of model variables was estimated
through correlation coefficients between expected and simulated
values (McKay, 1995).

3. Results

3.1. Parameter estimation for hydrological model

3.1.1. Evapotranspiration under flooding conditions
Our estimates of monthly evapotranspiration under flooding



Fig. 2. Comparison of mean monthly values (95% Confidence Interval) of evapo-
transpiration estimated from the empirical data with those estimated from controlled
experiments (drawn from Chauvelon, 1996) in the same area.

Fig. 3. Mean monthly values (95% Confidence Interval) of rainfall and of positive water
levels in the CharniereScamandre marshes over a 10-year period.
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conditions varied from 7 cm in December to 40 cm in June (Fig. 2).
These values were compared to a power-relation transformation of
the Penman equation (Penman, 1948) based on real evapotranspi-
ration calculated from reed mesocosm controlled-experiments
carried out in the Camargue (Chauvelon, 1996). Significant differ-
ences (p � 0.01) occurred only in the months of January, February
and March whenwater outputs are frequent in some units used for
reed harvesting. Using the same rule as mentioned in the method
section, water output was assigned to units whenever their
monthly estimated evapotranspiration lied below the 99% confi-
dence interval of mean evapotranspiration. When the marshes
having water levels associated with output events are excluded, the
two methods provide similar monthly values of evapotranspiration
(R2 ¼ 0.939, df¼ 11. p < 0.001, Fig. 2). Overall, annual water balance
was estimated at �202 cm based on the control experiments
and �239 cm based on the empirical data. By comparison, the
Penman equation used without correcting for the presence of
emergent vegetation provides a water balance of �150 cm.

3.1.2. Evapotranspiration under dry conditions
Evapotranspiration occurring during dry ground conditions was
also estimated by discarding the marshes submitted to water out-
puts by manager. Its estimated monthly value ranged from 1.4 to
8.0 cm. Results from controlled-experiments carried out locally
were not available to validate these results, but monthly evapo-
transpiration under dry ground condition was perfectly correlated
with that observed under flooding conditions (r ¼ 0.983, df ¼ 11,
P < 0.001), although obtained from a different subset of data. By
comparison, the minemax monthly values for a loamy bare soil
were estimated at 2.8e6.6 cm inmesocosm controlled experiments
(Chauvelon, 1996).
3.1.3. Soil water coefficient
Variation in water levels was compared to rainfall patterns in

order to distinguish natural from anthropogenic water inputs.
Overall, monthly water levels differed significantly from monthly
rainfall only in August, September and November, when water was
artificially added to the marsh (Fig. 3). Outside these periods, it was
considered that no water input occurred. The amount of water
needed to saturate grounds was estimated using the data from
April through July, in order to avoid periods of water inputs and
outputs. The water table level increase observed on a dry ground
was compared to the amount of rainfall at the corresponding
period. It appeared that 1 cm of water corresponds to a 5.17-cm
increase in the ground water level, providing a soil porosity of
0.19 (1/5.17). Porosity of a similar soil under laboratory controlled
conditions was estimated at 0.43 (Chauvelon, 1996), suggesting
that our « dry » ground was on average 56% [(0.43e0.19)/0.43]
saturated through water retention.
3.2. Building of an interactive model

A schematic diagram of the model variables and their relation-
ships is provided in Fig. 4. Estimated monthly evapotranspiration
under flooding and dry ground conditions are used as fixed vari-
ables. The soil water coefficient can be either used such as calcu-
lated or calibrated based on local data if available. Local
precipitation (mean, extremes, or real) are added to the model, as
well as an estimated catchment area, which represents a multiplier
of rainfall (ratio between instant water level increase in marsh and
amount of rainfall in cm). Overestimation of maximum water
levels, if occurring, can be corrected by adding an overflow level
(cm) to the model. Water loss higher than evapotranspiration un-
der flooded conditions can be corrected by adding a coefficient of
dyke water tightness, which is the inverse of the proportion of
monthly water loss deduced from an iterative fit of the model. To
launch the model, the desired water level from one month must be
entered. At the beginning of the next month, the water level is first
checked to make sure it does not exceed the overflow level, in
which case it is decreased to the dyke height. If water is present, the
estimated evapotranspiration under flooding conditions is used,
while if water is absent, the estimated evapotranspiration under a
dry ground condition is used. Amount of monthly rainfall, multi-
plied by the catchment area, is added. Under dry conditions, this
value is multiplied by the soil water coefficient. Should water
condition (flooded or dry) change during the month, water level is
calculated using both evapotranspiration coefficients proportion-
ately to their contribution during this time period. Under specific
situations, when the water balance is negative under flooded
conditions and positive under dry conditions, we considered that
the ground was water-saturated, ie. that the water was levelled
with the ground.Whenever water is present, the coefficient of dyke
water tightness is applied. All these steps provide a resulting water
level at the end of the month, which is used as initial value for the
beginning of the following month.



Fig. 4. Model variables and their relationships, where the dashed lines refer to an additional loop associated with water management, and ET ¼ evapotranspiration.

Table 2
Sensitivity of model variables estimated through correlation coefficients between expected and simulated values using the minemax range values from the 12 marshes used
for model validation over the 18-yr tested period.

Variable Mean Tested value r n Sensitivity

Soil water coefficient 5.0 1.7 2.8 3.8 4.9 5.9 7.0 8.0 0.83 1512 30.7
Catchment area coefficient 1.9 1.0 1.3 1.5 1.8 2.0 2.3 2.5 0.90 1512 19.5
Dyke water tightness 0.9 0.7 0.8 0.8 0.9 0.9 1.0 1.0 0.98 1512 4.5
Overflow level 58.8 15.0 29.2 43.3 57.5 71.7 85.8 100.0 0.98 1512 4.3
Rainfall 0.77 216 40.2
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3.3. Building of a web interactive simulation tool

An interactive web interface has been developed to assist
wetland managers so that they can adapt their calendar of water
inputs to track period of freshwater availability in terms of quantity
or quality. For eachmonth, a minimal ormaximal water level can be
set if considered relevant. If a water level different from that pro-
vided by the water balance under natural conditions is desired, the
model calculates thewater input or output needed and these values
are integrated to themodel as increased or decreased rainfall. These
management options can be tested under average, random or
extreme rainfall conditions. The model can be adapted to areas
characterized by lower or higher amount of precipitations should
they follow a similar temporal pattern, by decreasing or increasing
the catchment coefficient. The cumulative water input and output
corresponding to management decision are provided in cubic me-
ters of water per hectare.

3.4. Model performance

3.4.1. Sensitivity analyses of the model variables
Rainfall was the most sensitive variable, owing to the large

variations observed in monthly values, which is typical of the
Mediterranean region (Table 2). While we cannot attribute an un-
certainty factor to rainfall values, this high sensitivity demonstrates
the importance of using local precipitation data when applying
Mar-O-Sel to other areas. Soil water coefficient is the second vari-
able having the highest influence on predictions. However, when
we exclude the lowest value tested (i.e. 1.7, Table 2), its impact on
the explained variance is reduced to 6.7%. Accordingly, the model is
little affected by soil water coefficient except under conditions of
highly compacted soil for which field data might be useful for
calibration. Catchment area coefficient has a relatively high
contribution to predicted values but is easy to calibrate in the field
by comparing water level shortly before and after a rainy episode.
The last two variables contribute little to model predictions, having
an influence only under conditions of high water levels in the
marsh.

3.4.2. Model predictive accuracy based on 12 independent marshes
Model performance is consistent across the 12 marshes used for

validation, suggesting our modelling approach is robust. Metrics
such as mean and variance are generally similar for predicted and
observed values (Table 3), and the scatter plot reveals no discrep-
ancies or systematic divergence between the data and the model
(Fig. 5). The slope and intercept are close to 1 and 0, with slight
divergences typically associatedwith very low/high values. Because
these extreme values are rare, the proportion of variance explained
by the model remains high (73e83%) for all twelve marshes.
(Table 2).

Comparison of the monthly water levels measured and pre-
dicted by the model are shown in Fig. 6 for the St-Seren, a 69-ha



Table 3
Predictive accuracy of the hydrological model for the 12 marshes in the Camargue.

Site Mean Variance Intercept Slope % Variance (adjusted R2)

Observed Predicted Observed Predicted

St Seren 51.3 51.9 679 1009 �4.6 1.10 0.79
Relongues nord 25.8 23.8 407 393 0.5 0.90 0.79
Moncanard 35.8 35.3 338 367 1.7 0.94 0.76
Grenouillet 28.8 26.5 326 302 1.2 0.88 0.80
Daillade 16.1 16.2 335 330 1.9 0.89 0.77
Sarcelles 15.6 17.0 314 347 2.6 0.92 0.75
Fangouse 23.9 22.7 228 256 �0.03 0.95 0.76
Baisse Sal�ee 69.0 64.9 899 1040 �3.1 0.98 0.81
Saline 54.0 49.5 547 536 1.9 0.87 0.73
Redon 47.2 45.4 877 985 0.1 0.96 0.78
Bomborinette 43.8 42.0 1163 1031 3.4 0.88 0.83
Canisson �4.2 �5.5 501 739 �0.9 1.09 0.76

Fig. 5. Scatterplot of the predicted versus observed water levels for the twelve inde-
pendent marsh used for model validation.
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pond partially covered with bulrush and located at 30 km from the
CharniereScamandre marshes. Each year, a single period of water
input occurred between July and September. The proportion of
variance explained by the model for this site is in the average (79%)
of the tested sites (Table 3). Model fit is high considering that: (1)
peaks in water levels related to heavy rainfalls are systematically
absent from the water measurements owing to site inaccessibility
at these periods; (2) the meteorological stations is located 30 km
away; (3) rainfall can either occur before or after water level
measurement within a given month and (4) water level at the end
of the month is extrapolated from two measures taken around day
15 of each month. Because of these spatio-temporal artefacts, we
cannot expect a perfect match between the observed and predicted
Fig. 6. Comparison of the monthly water levels observed and predicted by the mod
data. However, performance of our model should be assessed pri-
marily through its robustness and ease of use (Bennett et al., 2013).
3.5. Virtual application of the model

Although adding water to marshes is a long-standing tradition
in the Camargue, no quantitative information exist about how these
practices affect marsh hydroperiods and what water volumes are
involved at different parts of the years. Such information is required
to estimate the foreseen impact of climate change (reduced rainfall
and increased salinity of the Rhone river) on marsh functional
ecology and socio-economic value. Using mean monthly estimates
of evapotranspiration and monthly rainfall data from 1993 to 2013,
we simulated three scenarios for the 37 study marshes: (1) no
water input, (2) a minimum of 10 cm of water year round, and (3) a
minimum of 10 cm of water from September through May (Fig. 7,
Table 4). Without water inputs, a mean hydroperiod of five months
per year (range 0e9) would have been observed in these marshes,
which were actually flooded nine months per year on average.
Years with annual rainfall shortage (25% below mean value)
translated into extended drought periods (�15 months) with cu-
mulative effects when occurring on consecutive years. For instance,
the marshes would have been dry during 30 of the 32 months
between April 2006 and November 2008, following rainfall
shortage in both 2006 and 2007. In contrast, the summer heat wave
that hit Europe in 2003 had little impact on the marsh hydrology
because they were already dry at that period.

Water input needed to maintain a minimum of 10 cm of water
year round varied between 31,369 and 70,724 m3 per hectare over
the 21-year period. On average, the period of June through August
alone required 59% of these water volumes (Table 4). When fitting
the model by adding or retrieving water to get the observed water
levels over the 13-yr study period (Fig. 7), it appears that 55% of the
water supply comes from rainfall vs. 45% from human intervention
(28,802 m3/ha/yr on average).
el at the St Seren marsh, one of the twelve marshes used for model validation.



Fig. 7. Observed mean monthly water levels of the 37 hydrological units of the CharniereScamandre marshes from 2004 to 2013 in comparison to those predicted by the model if
there was no water input/output by managers.

Table 4
Predicted variation in hydrology of the CharniereScamandre marshes over a 21-yr period should there be no intervention on water levels with the water volumes needed to
maintain a constant water level year round and outside the summer period.

Year Rainfall (mm) Water level (cm) Number of months with Water volume needed to maintain
constant level (m3/ha)

Minimal Maximal Surface water Water-saturated ground dry ground Year round From Sept through May

1993 648.2 �66.6 11.9 7 0 5 49,583 18,319
1994 762 �70.1 10.9 6 1 5 52,509 17,300
1995 670.3 �115.4 6.9 5 0 7 56,335 20,702
1996 1047 �21.3 25.3 7 2 3 32,416 14,886
1997 559.5 �62.4 30.2 5 1 6 57,502 27,466
1998 523 �82.7 8.6 4 0 8 65,123 30,448
1999 903 �61.5 19.9 3 2 7 41,676 13,413
2000 587 �63.6 13.5 6 0 6 52,085 21,128
2001 694.7 �58.8 10.7 6 0 6 44,985 14,128
2002 969 �17.8 13.5 6 4 2 31,369 7499
2003 975.6 �83.9 17.3 9 0 3 47,065 5958
2004 451.5 �90.9 28.4 5 0 7 62,174 27,582
2005 695 �99.1 11.0 4 0 8 61,759 13,760
2006 497.5 �128.4 13.8 3 0 9 58,431 34,462
2007 542.5 �74.1 3.6 1 1 10 62,905 37,942
2008 762 �77.3 0.7 2 2 8 58,564 25,821
2009 693.5 �72.1 17.5 6 0 6 45,141 19,838
2010 911.5 �61.6 9.9 8 0 4 34,475 10,747
2011 768.85 �56.9 18.2 6 0 6 58,657 25,390
2012 366.23 �68.2 11.0 3 1 8 65,312 31,270
2013 552.8 �108.0 0.0 0 1 11 70,724 38,084
MEAN 694.32 �73.4 13.4 4.9 0.7 6.4 52,800 21,721
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3.6. Field application of the model

The marsh of the Baisse Sal�ee, used for model validation
(Table 1), is located on a natural reserve benefitting from a man-
agement plan. This 50-ha marsh is over 100 cm deep and fringed
with 17 ha of reeds. Environmental goals for 2011e2015 were to
provide suitable conditions to specific birds at different times of the
year without intervention onwater levels: nesting purple herons in
the breeding season, white spatula and shorebirds in the post-
breeding season, shorebirds during migration, and wintering wa-
terfowls. Following the dry years of 2012 and 2013 (rainfall > 25%
below average), only ducks used the site in winter, questioning the
compatibility between the bird objectives and the natural hydrol-
ogy of the site. In a first step, use of Mar-O-Sel permitted to
demonstrate that the bird objective could be met only three years
per decade on average based on rainfall data from the last 20 years.
In a second step, Mar-O-Sel was used to estimate the water man-
agement required to fulfil the environmental goals, with the
constraint of no water input in spring due to heavy pesticide loads
at that period. According to simulations, water inputs would have
been required in both summer and autumn for most of the years,
representing a volume of 8500 m3/ha/yr on average. Because this
management scenariowas opposite to the philosophy of this nature
reserve, which is to respect natural cycles, Mar-O-Sel was used
again to test alternative scenarios providing the best compromise
between maximising bird carrying capacities and minimising
intervention on water levels. A management scheme offering two
options pending upon real-time hydrological conditions was
retained: (1) should the marsh dry out naturally in June, water will
be added in autumn to reach a level of 50 cm in October; (2) should
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the marsh dry out naturally in July, water will be added to maintain
10 cm throughout July and August. This management strategy,
which represents a mean water volume of 3400 m3/ha/yr, will
provide suitable conditions in either summer (post-breeding of
white spatula and shorebirds) or autumn/winter (migrating
shorebirds and wintering waterfowl) according to years. Extended
drought periods such as those observed in 2012e2013 will be
avoided, and breeding of reed species, such as purple herons, will
be possible on wet years. This management rule will be applied for
the next five-year plan along with bird monitoring for further re-
evaluation according to the adaptive management concept.

4. Discussion

The long-term (10 years) monitoring of several adjacent
marshes potentially managed differently but influenced by the
same weather conditions and geomorphologic origin (a Mediter-
ranean delta), provided an ideal situation for testing the potenti-
ality of water level data for understanding and modelling marsh
hydrology. This empirical approach offers the advantage of being
based on widely available data and to provide a good compromise
in terms of precision relative to wetland manager needs, and
robustness relative to a generic rather than site-specific applica-
tion. Besides, we cannot exclude the potentiality of these data for
providing a more realistic picture than those extracted from
physical equations combined with controlled-experiments, which
are typically used to derive evapotranspiration and soil water
coefficient (Fetter, 2000). Our estimated water balance was slightly
under the value obtained from controlled experiment, which is
probably explained by the fact that mesocosms can hardly repli-
cate the heterogeneous cover and maximal height of natural
reedbeds. The estimated evapotranspiration values were slightly
higher for all months except August when reed growth is maximal
and create a specific microclimate that increases air humidity,
while reducing wind, temperature and solar irradiance
(Bernatowicz et al., 1976). Soil porosity (19%) was lower that values
typically reported from laboratory experiments for silt (35e50%)
and clay (33e60%) substrates (Fetter, 2000), but we would expect
in-situ marsh soil to retain more water than extracted and dried
soil samples used in controlled experiments. Discrepancies be-
tween our empirical data and the laboratory-controlled experi-
ment from Chauvelon (1996), further suggest a water retention
value of 24%, which lies between field capacity of reed soil and
permanent wilting point (Gonzalez-Alcaraz et al., 2014). Finally,
our model is robust when applied to other marshes characterized
by various types and covers of vegetation. This is in line with the
reference evapotranspiration concept according to which plants
growing under similar climate conditions have relatively similar
evapotranspiration (Allen et al., 1998).

Hydrological studies carried out in the Camargue have focused
on conceptual modelling of the Vaccar�es hydro-system (Fig. 1),
integrating water pumping from the Rhône river (for ricefield
irrigation) and seawater exchanges (Loubet, 2012; Chauvelon
et al., 2003, 2013). This work is the first one addressing hydrol-
ogy of inland marshes, which cover 22,000 ha in the Rhône Delta
(Davranche et al., 2010). These marshes, which are a common
feature on most agricultural properties, represent a major eco-
nomic income through leasing for waterfowl hunting (Mathevet
and Mesl�eard, 2002). In spite of the long-lasting tradition of
marsh management through water control in the Camargue, this
work provides the first quantitative information on the impact of
human intervention on marsh hydrology. This knowledge, issued
from empirical modelling, is essential for predicting the impact of
global changes on these wetlands. The dataset used to build the
model shows that the origin of the water in the marshes is
currently 55% from rainfall and 45% from human intervention.
However, these marshes are not among the most intensively
managed since they generally get dry during the summer period,
in contrast to most hunting marshes. Summer drawdown brings
oxygen into the soil and avoids toxicity of reduced compounds
(Linthurst, 1979; Van Wijck and De Groot, 1993), in addition to
decreasing the effects of eutrophication (Cizkova-Koncalova et al.,
1992). To emergent plant species like common reed, it is bene-
ficial in the long term for nutrient uptake, plant growth (partic-
ularly underground), and for the overall stability of the plant
formation (Morris and Dacey, 1984; Weisner and Graneli, 1989;
Armstrong et al., 1996; Brix and Sorrel, 1996). While summer
drought is not a problem for reed, plant growth is optimal with
shallow water levels in the early stages of shoot emergence,
mainly in April and May, (Mauchamp et al., 2001). According to
the simulation, the required surface water in April to ensure a
vigorous reed growth would not have been reached in 10 of the
21 years. This means that under natural conditions, reed domi-
nance in embanked marshes would regress at the advantage of
Salicornia, Juncus, or Scirpus maritimus (given that most of these
marshes are brackish), leading to a more temporally dynamic and
spatially diverse ecosystem mosaic. Anthropogenic water inputs
currently permit the maintenance of human activities historically
associated with this site before it was isolated from its catchment
area. In contrast, maintenance of permanent water throughout
the summer period, which is a current practice in the Camargue
to attract waterfowls for the hunting season (mid-September to
late January), often leads to eutrophication and degradation of
the macrophyte flora (Aznar et al., 2003). The estimated amount
of water needed to flood the marshes during the summer
months, such as demonstrated by our model, is certainly another
criterion that should be taken into account to encourage summer
drawdown, since climate change is likely to augment discrep-
ancies between freshwater availability and needs, especially in
summer when seawater intrusion in the Rhône River is frequent.
Respecting the natural calendar of autumn re-flooding, in addi-
tion to preserve the typical Mediterranean flora and fauna (Berger
et al., 1979; Grillas, 1990), would permit to reduce the water
volume needed by 60%.

Seasonal fluctuations in water levels is also a crucial factor
influencing the organization of bird communities in these reed
marsh ecosystems, both directly and indirectly through its impact
on vegetation (Poulin et al., 2010). Duration of flooding from June
through December explains 53% of the variance in food resource
available to reed passerine breeding in the following spring (Poulin
et al., 2002). Water presence from April through mid July has a
significant effect on breeding site selection by the Eurasian Bittern
(Poulin et al., 2005) and Purple heron Ardea purpurea (Barbraud
et al., 2002). These data, as well as other models available on the
dynamic of the marsh vegetation, have hence been incorporated to
the interactive web interface. In addition to simulating water levels
according to climate data and management decisions, Mar-O-Sel
allows users to visualize the effect of their water management
strategies on the evolution of surface and underground water
salinity, common reed height and density, submerged macrophyte
coverage and composition, as well as abundance or probability of
presence of reed passerines, Eurasian bitterns (Botaurus stellaris),
Purple herons (A. purpurea), and dabbling ducks (Anas platyrhyn-
chos) during the breeding season.
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dissertation thesis). University of Montpellier, p. 275.

Chauvelon, P., Tournoud, M.G., Sandoz, A., 2003. Integrated hydrological modelling
of a managed coastal Mediterranean wetland (Rhone delta, France): initial
calibration. Hydrol. Earth Syst. Sci. 7, 123e132.

Chauvelon, P., Boutron, O., Loubet, A., Sandoz, A., H€ohener, P., 2013. A story of water,
salt and sediments: constraints for adaptive management in the River Rhone
delta. In: Deltas: Landforms, Ecosystems and Human Activities. IAHS Publica-
tion 358, pp. 176e184.

Ci�zkov�a-Koncalova, H., Kvet, J., Thompson, K., 1992. Carbon starvation: a key to reed
decline in eutrophic lakes. Aquat. Bot. 43, 105e113.
Coops, H., Hosper, S.H., 2002. Water-level management as a tool for the restoration

of shallow lakes in the Netherlands. Lake Reserv. Manag. 18, 293e298.
Davranche, A., Lefebvre, G., Poulin, B., 2010. Wetland monitoring using classification

trees and SPOT-5 seasonal time series. Remote Sens. Environ. 114, 552e562.
European Commission, 2010. Water Framework Directive. http://ec.europa.eu/

environment/pubs/pdf/factsheets/water-framework-directive.pdf.
Fetter, C.W., 2000. Applied Hydrogeology, fourth ed. Prentice Hall, Inc, Upper Saddle

River, NJ.
Germer, S., Kaiser, K., Bens, O., Hüttl, R., 2011. Water balance changes and responses

of ecosystems and society in the Berlin-Brandenburg region e a review. ERDE
142, 65e96.

Gonzalez-Alcaraz, M., Jimenez-Carceles, F., Alvarez, Y., Alvarez-Rogel, J., 2014. Gra-
dients of soil salinity and moisture, and plant distribution, in a Mediterranean
semiarid saline watershed: a model of soil-plant relationships for contributing
to the management. CATENA 115, 150e158.

Grillas, P., 1990. Distribution of submerged macrophytes in the Camargue in relation
to environmental factors. J. Veg. Sci. 1, 393e402.

Janssen, R., Goosen, H., Verhoeven, M.L., Verhoeven, J.T.A., Omtzigt, A.Q.A.,
Maltby, E., 2005. Decision support for integrated wetland management. Envi-
ron. Modell. Softw. 20, 215e229.

LaBaugh, J.W., 2007. Wetland ecosystem studies from a hydrological perspective.
J. Am. Water Resour. Assoc. 22, 1e10.

Linthurst, R.A., 1979. The effect of aeration on the growth of Spartina alterniflora
Loisel. Am. J. Bot. 66, 685e691.

Loubet, A., 2012. Mod�elisation de l'Hydrosyst�eme Vaccar�es: contribution �a une
gestion adaptative des ressources en eau dans le delta du Rhône, France (Ph.D.
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