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Abstract
Wetlands are sensitive ecosystems that are increasingly subjected to threats from anthro-

pogenic factors. In the last decades, coastal Mediterranean wetlands have been suffering

considerable pressures from land use change, intensification of urban growth, increasing

tourism infrastructure and intensification of agricultural practices. Remote sensing (RS) and

Geographic Information Systems (GIS) techniques are efficient tools that can support moni-

toring Mediterranean coastal wetlands on large scales and over long periods of time. The

study aims at developing a wetland indicator to support monitoring Mediterranean coastal

wetlands using these techniques. The indicator makes use of multi-temporal Landsat im-

ages, land use reference layers, a 50m numerical model of the territory (NMT) and Corine

Land Cover (CLC) for the identification and mapping of wetlands. The approach combines

supervised image classification techniques making use of vegetation indices and decision

tree analysis to identify the surface covered by wetlands at a given date. A validation pro-

cess is put in place to compare outcomes with existing local wetland inventories to check

the results reliability. The indicator´s results demonstrate an improvement in the level of pre-

cision of change detection methods achieved by traditional tools providing reliability up to

95% in main wetland areas. The results confirm that the use of RS techniques improves the

precision of wetland detection compared to the use of CLC for wetland monitoring and

stress the strong relation between the level of wetland detection and the nature of the wet-

land areas and the monitoring scale considered.

Introduction
In the context of freshwater management, resource mapping and inventorying are key to iden-
tify the location, biological productivity, potential multiple uses and biodiversity profiles of
wetland ecosystems [1]. Traditional methods for mapping and inventorying resources at re-
gional or national scales, mainly through fieldwork, are expensive and time-consuming [2] and
frequently suffer spatial incompleteness, scalar inconsistencies and temporal uncertainties [3]
[4]. The Ramsar convention highlights the importance of filling the gaps in baseline inventory,
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and stresses the need of developing techniques that can fill these gaps by using new technolo-
gies namely RS and GIS applications [3] [5].

Over large spatial and temporal scales, these powerful techniques are used as cost effective
tools to improve knowledge on the types and conditions of wetlands [5] [6] in the context of
standardizing wetland monitoring mechanisms, and for managing extensive wetlands in the
context of the Ramsar Convention [7].

Accurate spatial information proved to assess efficiently natural and anthropogenic wet-
lands [8] and temporal imagery proved to be effective in analyzing wetland dynamics in space
and time [9], making satellite imagery and RS techniques valid tools to be used by wetland
managers and scientific researchers for monitoring and analyzing changes in wetlands.

In this context, this research supported the RhoMeo program (Rhone Mediterranean Obser-
vatory, http://rhomeo.espaces-naturels.fr), led by the Rhone Basin Water Authority in south-
east France, in the development and testing of methods to improve the analysis of wetlands
using RS techniques.

It is to note that, though very useful, RS techniques have some limitations as well. For some
purposes, such as mapping and inventorying, RS can serve as a foundation or core technology,
but in others, such as monitoring, hydrological modeling or generation of historical time series
information, its use is normally limited to a support technology to complement ground-based
programs [7].

The goal of this study is to develop an indicator to detect the extension of Mediterranean
wetlands at local level based on RS techniques. In addition, the use of the indicator can support
detecting changes in wetlands to improve their monitoring and assessment potentials at
local scale.

Study Area
The spatial framework of the study is the region Provence-Alpes-Côte d'Azur (PACA region),
in southeastern France, including five of its six departments due to the availability of data
(Fig 1): Dep. 04 (Alpes-de-Haute-Provence), 05 (Hautes-Alpes), 13 (Bouches-du-Rhône), 83
(Var) and 84 (Vaucluse).

The PACA region has a total surface of around 3 million ha of which around 156,000 ha are
inventoried as wetlands. Around 67% of the wetland surface is located in Dep. 13 (Table 1)
dominated by large wetland areas having a mean surface of 1185 ha. The Camargue Natural
Regional Park (PNRC) is a wetland of international importance (under Ramsar), and is located
in Department 13. The PNRC covers 82,000 ha of which 52,000 ha are wetlands. Rice fields in
the PACA region are limited to this department covering a surface ranging between 10,000–
15,000 ha, depending on the study year. They are included under the category “wetlands”, fol-
lowing the Ramsar definition used throughout this study.

The size of wetlands and water bodies is highly variable, ranging between 0.05 and 12,500
ha according to the inventories. The wetlands are diverse, especially in the PNRC area where
there is a mixture of natural and semi-natural wetlands: large brackish lagoons, marshes,
ponds, salinas, rushes, reeds, salt meadows, rice fields, etc. Due to the region´s topography, dif-
ferent types exist in the study area where wetlands of the northern (Alpine) departments are
composed mostly of rivers and their annexes (wet meadows, riparian woodlands) which to-
gether with lakes and dams account for a large part of the wetland surface, e.g. in departments
04 and 05, being about 24% of wetlands in the PACA.

Another aspect is the difference in the distribution and shape of wetlands throughout the re-
gion (Fig 2). While in the southern, coastal areas the wetlands are large and well defined, the
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alpine areas show a very homogeneous appearance, with wetlands mostly poorly defined or
with small size and linear features, that hinders their detection by RS techniques.

Material and Methods

Datasets and spatial information
Satellite imagery. The images used in this study were Landsat satellite series (NASA,

USGS) having the longest temporal record of space-based earth observations [10] and having
their historical data archives freely available for research purposes. The images used have a res-
olution of 30 m and cover the year 1984 (Landsat 5 TM), and 2001 (7 ETM+ imagery). Between
4 and 6 images were collected for each department covering different months of both years
(Table 2). We attempted to collect images on similar dates (months), paying special attention
to the hydrologic cycle and the seasonality of the wetlands in the PACA region, in order to

Fig 1. Study area. PACA region: location and departments.

doi:10.1371/journal.pone.0122694.g001

Table 1. Percentage of total wetlands in the PACA region by department.

Dep 05 Dep 04 Dep 84 Dep 13 Dep 83 Dep 6

10.8% 13.2% 5.3% 66.8% 3.9% -

Currently there is not data on the surface of wetlands for Dep. 6.

doi:10.1371/journal.pone.0122694.t001
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cover all seasons of the year and the different flooding stages of wetlands in the region. Due to
the high presence of clouds in the images of the spring of 1984, we chose pictures of 1985.

Tasseled Cap (TC) transformation [12] was applied to the Landsat imagery. The TC is in-
spired by the method of principal component analysis combined with a generalization from
empirical observations. It transforms the Landsat bands in six principal components: the first
three represent important information of the image while the others provide residual informa-
tion. The TC variables used in this study were the Greenness (G) and Wetness (W) indices to

Fig 2. Topographic map of the PACA region and samples of satellite images (false color) of Dep. 13 (littoral) and Dep. 05 (mountainous).

doi:10.1371/journal.pone.0122694.g002

Table 2. Summary of dates and properties of the satellite imagery used in the study.

Period Satellite Number of Bands Bands used Resolution Image Date

1984 Landsat 5 TM 7 Bands 1 to 5, and 7 30 m Jul—Aug 1984 Sep—Oct 1984 Nov—Dec 1984 Mar 1985

2001 Landsat 7 ETM+ 7 Bands + 1 Panchromatic 1 to 5, and 7 30 m Jan—Mar 2001 Apr—May 2001 Jul—Aug 2001 Oct 2001

According to the department, dates may change due to the presence of clouds in the images.

doi:10.1371/journal.pone.0122694.t002
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separate wetland areas and water bodies from the rest of the areas. These variables have values
between -1 as minimum and 1 as maximum. G is correlated with the vegetation vigor (vegetat-
ed areas are greater than zero) and W related to vegetation and soil moisture (wet areas are
greater than zero).

Spatial data. Four layers of land reference data available for the PACA region were used for
this study: the wetland inventories of the PACA Region (Fig 2), the land use/land cover (LULC)
layers of the PNRC, the CLC maps of the region, and a numerical model of the territory (NMT).

The first one, the wetland inventory, displays the surface covered by water bodies and wet-
lands in the study area. These inventories were developed by local authorities and experts and
have been validated through field-checking (except for Dep. 06, which has none). The invento-
ries were developed between 2001 and 2012, then aggregated and they provide a reliable over-
view of regional wetlands for the decade 2001–2010. Inventories of Dep. 05 and 84 were not
totally completed at the time of the analysis (Fig 3), and the analysis only covered their
inventoried parts.

In the case of Dep. 13, a land use layer was available for the PNRC region that was used in
this study, providing more comprehensiveness because the inventory for this department did
not map at all the rice fields in the region. The LULC layer contains accurate and detailed infor-
mation about the land use classes in the PNRC: types of agriculture, water bodies, forests,
urban areas, etc. This layer was updated every 5 years by the PNRC authorities since 1991, in-
cluding methodological improvements over time that however hinders diachronic compari-
sons. In this study we used the 2001 map.

Due to the lack of an accurate LULC layer that covers the whole PACA region, CLC layers
for the years 1990 and 2000 were used whenever a deeper analysis of land uses was required.

Fig 3. Study area: Departments of the PACA region, their relative wetland surfaces, and% covered by wetland.

doi:10.1371/journal.pone.0122694.g003
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Classes under Agricultural and Urban areas, wetlands and water bodies (excluding Sea and
ocean) were extracted due to the relevance to the analysis.

Monitoring the mountainous part of the PACA region presents topographical and climatic
limitations due to the alpine influence in the North increasing the appearance of shadows,
clouds and snow in the satellite images analyzed. This hinders the correct image analysis as it
generates certain confusions in the classification process [13]. A numerical model of the terri-
tory (NMT) of 50 m resolution produced by the National Institute of Geography of France was
used as ancillary data to correct these topographic effects.

Description of the indicator
The wetland indicator aims at identifying the total surface of wetlands at a given date including
wetlands, water bodies, and rice fields. In addition, it detects the wet part of the meadows cate-
gory that are not categorized as such in the CLC and rather included within one meadow cate-
gory without differentiation of wet and dry meadows. The analyses of this study covered the
period between 1984 and 2001.

The methodology combines different classification techniques according to land coverage
and uses some masking layers to exclude regions not related to the analysis. The study area was
divided into three categories in order to improve the detection mechanism being water bodies,
land and overlaying vegetation, and rice fields.

Therefore, the indicator is basically the sum of three layers obtained with three different
methods of classification (Fig 4).

Fig 4. Diagram of the classification process developed for the wetland indicator.

doi:10.1371/journal.pone.0122694.g004
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Water bodies are detected using a decision tree based on the Greenness andWetness indices
of the TC transformation. Land and overlaying vegetation associated to water (wet areas) are
detected through a supervised classification of Landsat imagery using the maximum likelihood
algorithm. Rice fields are detected using a seasonal image change analysis based on vegetation
dynamics provided by the Greenness and Wetness indices.

Each of these techniques is used with different parameters according to the properties of
each image and the criteria of the researcher.

Binary masks. Binary masks are developed based on the spatial datasets defined earlier.
These masks contain two types of information: presence of data, represented as 1, or absence of
data, represented as 0. This selection is used to exclude areas that are not contributing to the
analysis of the satellite reducing unnecessary processing and reducing the amount of errors.
The following masks are used:

Inventory mask: a mask created for each department using the spatial information from the
wetland inventories of the PACA region limiting the extension of certain analysis to the
inventoried areas.

Slope mask: Based on the NMT data, a slope layer was developed presenting slopes lower or
equal to 15%. The assumption was based on the presence of wetlands in areas presenting low
slopes [14]. This layer is used in order to reduce errors in the classification process in moun-
tainous regions within the PACA.

CLC masks: this mask was created by two supervised classifications of the Landsat imagery,
one targeting the agricultural areas and another for urban areas. The extension of agriculture
and urban areas of CLC 1990 and 2000 were used as a mask to cover the Landsat images. The
resulting layers contain finer information on agriculture and urban areas as regions that CLC
may overestimate the extension of these regions due to its coarse resolution or internal errors.
Namely, in the case of the PNRC, CLC overestimates rice fields including areas that do not sup-
port this cultivation [15].

Due to their higher resolution (30 m), these new layers are a more accurate reference for ag-
ricultural and urban areas that are used to contrast the changes of wetlands. These layers also
support in reducing some classifications errors when analyzing wetland areas, namely the er-
rors in classifications between natural vegetation and crops or river beds and urban areas.

Water bodies: decision tree and flow accumulation lines. Greenness (G) andWetness
(W) are used in a decision tree (Fig 5) to distinguish between water areas, having a greenness
less than zero and a wetness greater than zero (G< 0; W> 0), and no water areas, with green-
ness values higher than zero and wetness below zero (G> 0; W< 0). In order to avoid errone-
ous classifications, different thresholds are chosen based on the data of each satellite image as
water presents different spectral responses according to the time of year (water depth, particles
in suspension, etc.).

The NMT is used to calculate the parameters of flow direction and flow accumulation lines.
These parameters account the number of pixels that naturally drain into an outlet (pixel) mark-
ing the water flow. Once contrasted with the satellite information, this parameter proves to be
a valid tool in identifying narrow linear features (channels and streams) that are not always de-
tected by satellite images (Fig 6). An appropriate threshold is set, based on a visual analysis, for
each image to reduce the amount of information reducing the error rates as there are a substan-
tial number of small streams that may be omitted due to their low contribution to the major
water flows. Thresholds range between 200–700 mm/year and the resulting information on
water courses is added to the decision tree layer obtaining a full layer on water bodies.

Wetland vegetation: supervised classification. The supervised classification supports the
process of separating soils and vegetation related to water bodies or wetlands from other land
covers. The slope masks were used in the classification of the satellite images to minimize the
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Fig 5. Decision tree generated for a Landasat 7 ETM+ image of the PNRC of July 2001.Red surface correspond to water bodies.

doi:10.1371/journal.pone.0122694.g005

Fig 6. Calculation process of flux accumulation lines for Department 4.

doi:10.1371/journal.pone.0122694.g006
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effect of the mountains, as this process covers a larger number of land covers and is quite sensi-
tive to the effects of the hill shades (i.e. shadows, bare rocks). Through this process we extracted
different classes of wetland namely riparian forest, floodplains and river beds. This step in-
cludes two processes with different approaches depending on the analyzed area:

Areas inside the inventories are classified using the inventory masks, a supervised classifica-
tion is performed only for the areas that are included in the wetlands inventories or in the wet-
land classes of the PNRC LULC layers. That way, it is possible to focus on representing
wetlands. Lower thresholds can be used for the different classes making the classification more
sensitive for wetland detection.

The second classification process is used to represent the areas outside the inventories (not
inventoried as wetlands). In order to reduce the errors, the thresholds used for the classes are
lower than the previous ones (less sensitive classification). The urban and agriculture mask de-
rived from CLC was used in order to generate less classification confusions. Mask based on
CLC 1990 was used for images from 1984 and mask of CLC 2000 for those from 2001.

Rice fields: image change. Rice fields were analyzed comparing Greenness values between
summer and autumn months. According to rice crops annual cycle [11], rice plants have their
maximum height (growth) between July and August, while the harvest begins in late Septem-
ber. Therefore, the highest differences in this variable are observed during summer and early
autumn periods. A change threshold is applied to differentiate and exclude other types of vege-
tation as they experience a much lower change in the G and W indices (Fig 7). The resulting
layer represents the surface strictly covered by rice fields.

Fig 7. Image change process for rice fields detection in the PNRC between July and October, 2001.White areas correspond to a high change on
greenness values representing rice fields.

doi:10.1371/journal.pone.0122694.g007
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Surface of wetlands: union of layers. The resulting three layers on water bodies, wet areas
and rice fields are combined to form the wetland indicator layer. The monthly images of each
department are aggregated into one to get the total surface covered by wetlands in a complete
annual cycle (Fig 8). The layer is the union of all the pixels detected as wetland by the indicator.

Evaluation of results. A ground truth process is applied to the final layer of the indicator.
The results obtained for the years 1984 and 2001 are compared to the wetlands inventories in
order to assess the reliability of the indicator. The classification results are validated using the
available wetlands reference (inventories) where two types of errors (errors A and B) are calcu-
lated (Fig 9):

Error A is the percentage of land that is erroneously classified as wetland. This error is un-
derstood as the surface detected by the indicator that is outside the reference layers (not consid-
ered as wetland in the inventory). It would be the overestimation of wetlands compared with
the inventories.

Error B corresponds to the percentage of real wetlands (present in the inventories) that are
not detected by the indicator. In other words, this would be the surface of the references that is
not classified as wetland (omission).

Due to the temporal gap between inventories (2000–2001) and images used for the indicator
development, as comparisons are made, error A observed in 1984 may correspond to actual
wetlands of that date that have been lost in the year 2000 so they are not included in invento-
ries. Similarly, a portion of error B can be caused by new wetland areas generated between 1984
and 2001, and therefore they are not detected in the images of 1984.

Fig 8. Example of the layer union process for Dep. 13.Water bodies, wetland vegetation and rice fields are combined to obtain the wetland indicator layer.

doi:10.1371/journal.pone.0122694.g008
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Results and Discussion

Wetland indicator results
Wetland detection showed to exceed 80% of the inventoried surfaces in most of the studied de-
partments for the years 1984 and 2001, although Dep. 84 showed a lower detection rate, around
70–76%.

Fig 10 shows the results of the level of detection of the indicator per department. Interannu-
al differences exist, such as in the case of Dep. 04 or 83, where the detection varies by as much
as 20%. Several reasons could explain this, such as changes in wetland areas (land use change),
the quality of the images used in the classifications, or inaccuracies in the inventories. Consid-
ering the whole study area (the 5 departments.), the total wetland surface detected corresponds
well with the inventories, with only a slight over-estimation: +4.6% in 1984, +0.6% in 2001.

Fig 9. Illustrative example of error A and error B calculated from the layers of the indicator and the inventories of wetlands.

doi:10.1371/journal.pone.0122694.g009
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Two types of errors have been calculated in the areas detected by the indicator. Fig 11 shows
the percentage of errors varying between 6–73%. Dep. 13 shows the least percentage of errors,
rounding 6% for both errors in year 2001; 20% for error A and 10% for error B in 1984. This is
expected as remote sensing has proven to be a very efficient tool in areas with flat topography
where the wetlands are large and well defined [16]. Wetlands in this area have good flood con-
ditions throughout the year, being mainly large lagoons, marshes, salines and rice fields receiv-
ing the majority of the water contributions of the basin. Therefore, as results showed, it is an
ideal area for wetland detection through RS techniques. The results in this department are real-
ly good, in line with, and improving in some cases, those obtained by other wetland indicators
[2, 16, 17]. In fact it has achieved similar results to those achieved with SPOT-5 imagery in the
PNRC region [18, 19]

Results for Dep. 13 contrast with those obtained for the alpine areas, especially in Dep. 05
and 04 whose error rates are much higher being around 30–50% for both errors A and B (suc-
cess of 50–70%). These results are below the expected accuracy but are acceptable considering
the topography of the area [20] but it does not reach the accuracy that other authors have suc-
ceeded in other areas of research [21, 22].

Dep. 84 shows big differences between error A and B, unlike the previous ones which were
quite similar although slightly higher in error B, about 5%. Dep. 84 presents better numbers for
overestimated areas (error A), 21% and 31% for years 2001 and 1984 respectively, being about

Fig 10. Indicator results in hectares. Years 1984 and 2001 are compared with the wetland inventories.Different scales are used in order to show in
more detail the differences in surface detected by RS in each department.

doi:10.1371/journal.pone.0122694.g010
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20% higher for B error, 40% in 2001 and 54% in 1984. Wetlands areas located in the Alpine re-
gion of the PACA are based mainly on rivers and streams, most of short length and width, with
few areas of flooding. These are difficult to detect visually because of the resolution of the Land-
sat imagery. This would explain the higher percentage obtained for error B, since a large part of
the surface inventoried in the field was not detected due to the limitations of the Landsat 30 m
resolution imagery [23, 24]. Most wetlands that are easily detectable correspond to large water
bodies, i.e. lakes or dams identified through the main channels. Satellite images of higher reso-
lution have been shown to improve the accuracy of remote sensing studies on different topics
[25, 26]. Therefore, it is expected that advances in the technology of satellites and the availabili-
ty of higher quality images will bring improvements in the study of these departments.

Dep. 83 alto presents important percentages for errors A and B, being higher than 55%. De-
spite being a coastal department, it has a pronounced relief in the northern part presenting wet
areas of small size which are difficult to detect. It is therefore another case limited by the topog-
raphy and the small size of wetlands

Fig 11. Results of Error A and B (%) obtained in the analysis of the wetland indicator in years 1984 and 2001.

doi:10.1371/journal.pone.0122694.g011
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Department 06 does not have an inventory of wetlands so far to perform the validation of
the indicator. However, being a region very similar to Dep. 83 in terms of topography, probably
error rates would be quite similar, being also the accuracy quite low compared to Dep. 13

The errors A and B calculated for the whole region (5 departments) are respectively 27%
and 24% for the year 1984, and 17% and 18% for 2001 accounting for the differences in the spa-
tial overlap between the inventories and the wetland indicator layers (Fig 9). Therefore, it is
possible to say that the overall results are good and are in line with the studies consulted during
this research.

As discussed above, the indicator shows more accurate results in large, well defined wet-
lands, especially in regions with minor slopes. Errors A & B range between 6–20% in Dept. 13,
but between 20–73% in Depts. with complex topography, mainly due to shadow effects, the na-
ture of the wetlands in these regions (i.e. mainly small or linear wetlands), and also the limita-
tions on image resolution.

Fig 12 compares wetlands mapped from inventories with the surface detected by the satel-
lite-derived indicator. The maps show that the regional distribution of wetlands matches with
reasonable accuracy from a visual standpoint; the satellite-based indicator seems to detect a
higher amount of isolated wetlands in mountainous regions. But facing a regional mapping,
the result can be considered quite acceptable.

It is also remarkable that despite the ranges of errors A (7%– 73%) and B (7%– 60%)
(Fig 11) at department scale, the overall wetland surfaces detected at PACA scale in both years
fit within 5% the surface inventoried (Fig 10). Both types of errors largely compensate each

Fig 12. Map of wetlands of the PACA region. To the left, surface detected by the wetland indicator; to the right, inventory of wetlands.

doi:10.1371/journal.pone.0122694.g012
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other, and when combined over a broad scale lead to an overall good approximation of wetland
areas at the regional level.

Another positive aspect of the results is that the indicator reaches its highest accuracy in
PRNC area where most wetlands are concentrated (67% of the PACA region) and where these
have greater ecological, environmental and socioeconomic importance [27, 28]. The alpine
areas (Dep. 05, 04 and 84) represent about 30% of the total wetland surface in the region, being
a significant percentage. Given the nature of wetlands in the area, there are additional methods
that could support the monitoring of wetlands such as streamflow and hydrometric monitoring
systems [29].

Evolution of wetlands between 1984 and 2001
Table 3 shows variations between 1984 and 2001 of surfaces and error rates obtained for the
wetland indicator. Positive values correspond to increase in surface detected or error rates. De-
creases are negative numbers, being in the case of error A and B improvements in the precision
of detection.

The total surface of wetlands detected by the indicator for the PACA region declined by c.
4% between 1984 and 2001, resulting in a loss of 6,302 hectares of wetlands in the region. Error
A variation between these dates is -10.4%, accounting for the loss of wetlands. These areas are
not reflected in the inventories of the year 2000s and the indicator can support in providing an
indication on where major reduction in wetland areas have occurred. Furthermore, this decline
is not likely to be caused by the decrease in rice fields as the rice fields area has doubled overall
in France between 1984 (9,400 ha) and 2001 (20,200 ha) (Centre Français du Riz, pers. comm.),
with the Camargue accounting for the major part of the national total area.

At department level, the wetland surfaces detected within Dep. 04, 05 and 84 apparently in-
creased, which is unlikely to have happened in reality given the overall pressure facing wetlands
in SE France [11]. In Dep. 05, the increase is +5.1% whereas both error rates remain very simi-
lar. There is scientific evidence that classification products of Landsats 5 and 7 are very similar
[30], so it is not something derived from the use of two different satellites. Therefore, these
small variations probably are caused by differences in the classification parameters (thresh-
olds), which depend on the researcher and visual characteristics of the image. The mountain-
ous areas generate more classification errors, so it is logical to think there is a greater sensitivity
on the thresholds and these could generate significant differences in results [17, 20]. Further re-
search will be needed to better understand the effects that slight changes in the thresholds
could have on the surface of wetland detected by the indicator.

In contrast, departments 04 and 84 present significant improvements in both error rates,
but higher for Error B (i.e. less omission). This differential rate of improvement between Errors
A and B may thus account for the increased wetland surface, through a better detection of
existent wetlands.

Table 3. Variations in the wetland surface detected and in Error A and B between years 1984 and 2001.

Dep 05 Dep 04 Dep 84 Dep 83 Dep 13 Total PACA Dep. Mean

Surf. Detected +5.1 +22.8 +7.0 -19.8 -12.5 -4.0 -

Error A +1.3 -7.7 -10.1 -17.9 -13.5 -10.4 -9.6

Error B -0.2 -17.9 -14.6 +4.6 -3.5 -5.3 -6.3

Positive values correspond to increases in error rates; negative numbers are improvements in the degree of detection.

doi:10.1371/journal.pone.0122694.t003
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An important aspect to consider is that we used the 2001 wetland mask to analyse the 1984
images, which means that when calculating the error A some wetland areas could be omitted.
Therefore, a fraction of the error A obtained in 1984 is caused by true wetlands. This would ex-
plain a significant portion of the declines in the overestimation. Furthermore, results in both
departments may be influenced by the classification parameters set by the researcher as in the
case of Dep. 05.

Fig 13. Cases of wetland classifications between 1984 and 2001.

doi:10.1371/journal.pone.0122694.g013
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In 2001, Dep. 13 shows a 12.5% decrease in the wetland surface detected compared to year
1984. Error A was reduced by 13.5%, but Error B only to a lesser extent (3.5%). In short, over-
estimations were reduced significantly between 1984 and 2001, whereas omissions barely
changed. So the apparent reduction of wetland surface between the 2 dates may be partly due
to a methodological improvement (i.e. a reduction of the wetland overestimation, between
1984 and 2001), but possibly too to a true wetland loss.

In Dep. 83, apparent wetland losses were higher (–19.8%), the reduction in overestimations
were higher still than in Dep. 13 (Error A: -17.9%) but the omissions (Error B) increased
(+4.6%). Here again, the different evolution of Errors A/ B could therefore account for the ap-
parent wetland loss—which could potentially include a real reduction component too.

Fig 13 shows specific cases of apparent wetland losses between the years 1984 and 2001 (im-
ages 1 to 3), cases of stability or no change (image 4), as well as overestimations caused by clas-
sification errors (images 5), and cases of wetlands detected by the indicators that were not
inventoried (image 6) or generation of new ones (image 8).

The main limitation of the wetland indicator is related to the classification process, where
confusions between wetlands and dry salinas and river banks might occur depending on the
date of the satellite images used. Using NMT data helped overcome the limitations imposed by
the topography (clouds, shadows, snow, and linear wetlands), but in the case of small wetlands,
the indicator seems to reach its limits increasing the error of detection whenever the wetlands
are smaller.

Another important methodological aspect is the use of wetlands inventories masks from
2001 and the absence of a previous inventory (80s or 90s), as this makes impossible an effective
comparison of the results in both studied years as well as the correct analysis of changes in the
surface of wetlands between 1984 and 2001.

For subsequent years (or previous) there will likely be no new wetland inventories available,
only those used for this study. Wetlands outside the inventory should be detected by the satel-
lite image as long as they have typical elements of a wetland that can be analysed (presence of
water, vegetation changes, etc.). However, the surface detected will be corrupted by the real
overestimation (classification errors). Therefore, this should be a limitation in the future as the
method can identify wetland areas outside the current inventory but it is difficult to analyse
how much of the error A is due to classification confusions or true wetlands. The layers ob-
tained for areas outside the inventory should have a special treatment for a deeper analysis of
the distribution of surface overestimated. On the other hand, if any area of the current invento-
ry were no longer a wetland, it would not be detected in the new classifications (another land
cover class would be detected instead).

Conclusions
This research provides an overview of the benefits and limitations of one spatial indicator
using satellite imagery and remote sensing techniques for identifying, inventorying and moni-
toring wetlands, as applied to a practical case study, i.e. wetlands of the PACA region.

Landsat imagery of 30 m resolution proved to support efficiently the identification of wet-
lands and therefore the calculation of total wetland area, although with different efficiency de-
pending on areas. The application of this indicator with higher quality images could improve
significantly the detection of wetlands in the region.

The approach works best for permanent wetlands in flat areas, but less so in areas with a
complex topography, where shadows in mountainous areas and the presence of snow increase
errors in the process of image classification. But despite this, at the regional scale, both the total
surface detected (Fig 10) and the wetland spatial distribution (Fig 12) largely correspond with
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existing inventories, and demonstrate that a compensation exists between the two main types
of errors studied. Therefore, the general results from our approach seem appropriate for esti-
mating the surface area of wetlands at a regional scale, in an inventory perspective, and also
have a similar accuracy to wetland indicators developed by other authors.

However, for monitoring purposes, i.e. detecting and interpreting wetland changes in time,
further methodological improvements are needed. We were not yet able to separate unambigu-
ously the potential impact of a change in error rates (A & B) from a real change in wetland sur-
face area, e.g. in Depts. 13 and 83. Improving the protocol may require using less coarse field
references for tests and validation, e.g. true field-checking. Here we used a single reference (i.e.
a set of wetland inventories from the 2000’s) for ground-truthing our satellite-based results for
2 dates (1984 and 2001). This may be relatively valid for 2001, but less so for 1984, for which
the “Errors” A & B may have been over- or underestimated, in case the wetland extent actually
changed in the field between 1984 and the inventory date. Moreover, an inventory cannot be
taken as representing with 100% accuracy the field reality in the year it is done, as some ran-
dom field checks (not reported here) demonstrated.

This constitutes presently the main area to be further investigated before our approach can
be applied for routine monitoring, together with the improvements required for regions with a
marked topography and more linear, smaller wetlands, such as Alpine areas.
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