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We propose a methodology to identify and map shallow lakes (SL) in the Parana River floodplain, the larg-
est freshwater wetland ecosystem in temperate South America. The presence and number of SL offer var-
ious ecosystem services and habitats for wildlife biodiversity. Our approach involved a frequency analysis
over a 1987-2010 time series of the Normalized Difference Vegetation Index (NDVI), derived from Land-
sat 5 and 7 TM/ETM data. Through descriptive statistics of samples of pixels and field work in different
types of SL, we established an NDVI threshold of 0.34 below which we assumed the presence of water in
each pixel. The standard deviation of the estimated SL area decreases with the number of images in the
analysis, being less than 10% when at least 30 images are used. The mean SL area for the whole period
was 112,691 ha (10.9% of the study area). The influence of the hydrological conditions on the resulting
SL map was evaluated by analyzing twelve sets of images, which were selected to span the whole period
and different time frames according to multiannual dry and wet periods and to relative water level within
each period. The Kappa index was then calculated between pairs of resulting SL maps. We compared our
maps with the available national and international cartographic documents and with other published
maps that used one or a few Landsat images. Landsat images time series provide an accurate spatial
and temporal resolution for SL identification in floodplains, particularly in temperate zones with a good
provision of cloud free images. The method evaluated in this paper considers the dynamics of SL and
reduces the uncertainties of the fuzzy boundaries. Thus, it provides a robust database of SL and its tem-
poral behavior to establish future monitoring programs based on the recent launch of Landsat 8 satellite.

© 2014 Published by Elsevier B.V.

1. Introduction

tadpole habitats, cattle grazing, bee flora and floods regulation
(Quirés and Cuch, 1989; Poi de Neiff and Neiff, 2006; Sendacz,

The largest freshwater wetlands of South America are associ-
ated with the floodplains of large rivers such as the Amazonas,
the Orinoco and the Parana (Neiff, 1990; Iriondo, 1988). These wet-
lands present spatio-temporal hydrological fluctuations, mainly
due to annual phases of flood and drought pulses (Junk et al.,
1989). Fluctuations of the water table constrain biogeochemical
cycles and fluxes, promote soils with strong hydromorphic features
and support a very rich biota well adapted to a wide range of water
availability and hydroperiods (Neiff et al., 1994; Keddy, 2010). One
of the distinctive feature of floodplains is the presence and number
of shallow lakes (SL), which provide several ecological services
such as the supply of nursery areas for commercial fish, toad and
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2001; B6 and Quintana, 1999; Baigtn et al., 2008). At landscape
scale, flood and drought pulses usually change the connectivity be-
tween shallow lakes and lotic water bodies (river and streams
channels). In addition, the complex dynamic between vegetated
and water-covered sites drives the exchange of sediments, organic
matter and organisms between the floodplain matrix (usually veg-
etated) and the SL and lotic water bodies. As a consequence, both
the boundaries and the area of SL may be variable in wetland eco-
systems. SL, the water bodies that dominate many temperate
floodplains, are specially affected by these hydrological fluctua-
tions and landscape scale dynamics (Junk et al., 1989).

Shallow lakes are lentic water bodies with neither vertical
stratification nor barriers to the transport of solutes and materials
(Padisak and Reynolds, 2003). Pragmatic definitions of SL have
established a maximum depth of 3 m (Scheffer, 1998) or 5m
(Padisak and Reynolds, 2003). However, the maximum depth of a
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SL depends on the water body area, its position in the landscape
and also on how the wind affects the water body. Sedimenta-
tion-resuspension processes, heat content variations and general
thermal behavior of SL are closely linked to flood and drought
pulses driven by the floodplain hydrology (Drago, 2007; Neiff,
1990; Junk et al., 1989). Despite the ecological importance of SL,
studies of their distribution in wetlands floodplains are scarce
(Cozar et al., 2005; Mertes et al., 1996; Cowardin and Peterson,
1997; Silva et al., 2008) and their spatio-temporal dynamics have
often been ignored (Stein, 2008). Indeed, knowing the distribution
of the SL is critical to better understanding of the floodplain
dynamics, to monitor wetland ecosystems and also to assess hab-
itat for wildlife species (De Jager and Rohweder, 2012).

An accurate way to account for this issue is to elaborate maps of
SL via remote sensing data processing, but this is not a straightfor-
ward process. SL are usually fragmented, have intrinsic spatial and
temporal variability and are often partially or totally covered by
vegetation, especially in the floodplains of large rivers. Thus, SL
boundaries appear as a set of mixed pixels in satellite images,
which contributes to uncertainties about their areal extent (Oze-
smi and Bauer, 2002). Besides, annual and interannual hydrological
pulses promote cyclic changes in water cover types, usually de-
scribed as lake stages (Scheffer, 1998). Major water cover types
are water with emergent macrophyte communities, open water
with high inorganic turbidity, clear open water and green turbid
water. Even a smooth relief can mark a transition between dense
vegetation with saturated soil, sparsely distributed plants with
shallow and turbid standing waters, and deep open waters. There-
fore, wide transition zones between marshes and open water need
to be considered to extract SL areas from satellite images.

Open water can be easily distinguished from vegetation due to
its characteristic spectral signature, usually condensed in spectral
feature spaces (Ozesmi and Bauer, 2002). However, the use of only
one image of a single date may lead to misclassification of other SL
cover types and to artificially imposed SL boundaries. True bound-
aries between a SL and its surroundings may have several spectral
signatures widely spread in spectral feature spaces, including mix-
tures of shallow water, wet soil, flood debris, dead flattened algae
and sparsely distributed young flush sedges (Zhao et al., 2011).
These signatures might also overlap with those of the surrounding
vegetation of drier environments. Thus, accurate mapping of SL re-
quires the detection of spatio-temporal variability and landscape
scale changes due to annual and interannual hydrological
fluctuations.

A widespread way to capture spatio-temporal variability into a
map is through the use of multitemporal data sets of optical imag-
ery (Olmanson et al., 2008). Several satellite indices have been
developed and used in multitemporal analysis. However, most of
them were developed for different aspects of vegetation monitor-
ing purposes. Some of them, like NDWI (Gao, 1996) or NDII (Hardi-
sky et al., 1983), were designed to monitor vegetation water
content using infrared reflectance. The Wetness band from Tas-
seled cap transformation (Crist and Cicone, 1984) was developed
to enhance the presence of water, but cannot distinguish by itself
between vegetation water content, soil moisture or water body
presence. On the other hand, although the Normalized Difference
Vegetation Index (NDVI) (Tucker, 1979) has been developed for
vegetation status monitoring purposes, it can discriminate water
bodies from bare soil and vegetation due to the use of the “red
edge” (NIR and red reflectance difference): water has larger reflec-
tance in red than in NIR wavelengths, soil has similar reflectance at
both red and NIR wavelengths, and vegetation has larger reflec-
tance in red than in NIR. In addition, NDVI is one of the most com-
monly used index for temporal comparisons. The results achieved
with Landsat can be easily compared with results obtained with
other sensors and between geographic areas due to the large

documentation available about its behavior in different environ-
mental conditions (Weiss and Crabtree, 2011; Caccamo et al,,
2011). Nowadays, since the NDVI standard products from “AVHRR”
and “MODIS” sensors are widely available, comparing results at
different scales is also interesting.

Moderate spatial resolution imagery with high temporal resolu-
tion (i.e., the generated by MODIS sensors) may offer useful data
set to delineate wetlands, but have low spatial resolution (Peng
et al., 2005; Feng et al., 2012). Indeed, the Landsat TM/ETM system
has higher spatial resolution than MODIS, combined with good
coverage and data availability along a 27-year period (Kloiber
et al., 2002; Ritchie et al., 2003).

The aim of this study was to identify and map the SL of the Low-
er Parana River floodplain. The approach involved a frequency
analysis over a two decade time series of the Normalized Differ-
ence Vegetation Index (NDVI), derived from Landsat Thematic
Mapper (TM) and Enhanced Thematic Mapper (ETM) data. We also
aimed to evaluate the effect of the number of images used in the
analysis and of the pluriannual hydrological conditions on the
resulting SL map. Finally, we compared our map with the available
national and international cartographic documents and with other
maps that have been obtained by other authors with the use of
only one or a few Landsat images of the study area.

2. Material and methods
2.1. Study area

The study was carried out in the Lower Parana River floodplain,
which is a temperate freshwater wetland. The study area is placed
in the upper and middle portions of the Parana River Delta region
and covers 1,033,313 ha between 60°35'29” W, 32°20'45” S and
59°51'37” W, 33°31’ S, next to Victoria, Rosario and San Pedro cities
of Argentina (Fig. 1). The Parana River flows from tropical latitudes
to temperate zones and joins the Uruguay River at the Del Plata
estuary. The Parand River average water discharge can range from
16,000 m3/s to 60,000 m>/s, ranking second in South America (after
the Amazon River) in terms of basin size and length (Neiff et al.,
1994; Latrubesse et al., 2005). The Lower Parand River floodplain
(also known as the Parana Delta region) is a coastal-fluvial complex
developed during the last 6000 years (Iriondo and Scotta, 1979).
The current hydrological regime is dominated by floods from the
Parana River. The flood pulse of the Parana River is more irregular
than those of larger South American rivers such as the Amazonas or
the Orinoco (Carignan and Neiff, 1992). The main peak of the flood
pulse in this area occurs at the end of the summer (March) and is
caused by the hydrology of the Upper Parana River. A second peak
takes place during the winter (June-July) from the Paraguay River.
The lowest levels of the Lower Parana River in the study area are
typical during the change from cold to warm season (September).
During strong El Nifio events, extended floods affect the whole
study area. Additionally, the alternation of relatively wet and dry
decades provides an extra source of variability (Fig. 2).

The landscape of the Lower Parana River floodplain is a complex
mosaic of marshes, which is dotted with a large number of shallow
lakes. The dominant vegetation types are broadleaf herbs (i.e.,
Polygonum spp., Ludwigia elegans, Alternanthera philoxeroides, Eich-
hornia spp.), tall graminoids (i.e., Hymenachne spp., Panicum ele-
phantipes, Coleataenia prionitis), medium graminoids (Echinochloa
spp., Bromus catharticus), short graminoids (height < 0.5 m) (Cyn-
odon dactylon, Luziola peruviana, Leersia hexandra, Paspalum vagin-
atum) and equisetoids (Schoenoplectus californicus, Cyperus
giganteus) (Morandeira et al., 2011; Kandus et al., 2003; Malvarez,
1997; Quintana et al., 2005). SL are spread in this marsh mosaic
and appear and disappear according to water table level and flood



M. Borro et al./Journal of Hydrology 512 (2014) 39-52 41

T
60°0'W

59°30'W (a) Bebbeesass

&

=
\

)

i
X —
s
:Q /
oy ey e
; \ 5 o

-
{f

e

Pacific Ocean

gﬂ( a Atlantic Ocean
# 7
d
L g
M;@":
«
b) @
(b) ;Z_e
o 2
R 1%}
>
:
2 Uruguay
3
Santa Fe ©
Province

Fig. 1. Location of the study area in (a) South America, (b) Argentina and (c) subset of Landsat 5 TM image of 6 August 2009 displayed in “Real Color” layer combination (RGB:
Red = Band 3, Green = Band 2, Blue = Band 1). The main cities and rivers are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

and drought pulses, constantly changing shape, size and cover
type.

2.2. Images sources and pre-processing

We used 77 Landsat images (68 Landsat 5 TM and 9 Landsat 7
ETM+), Path/Row 226/83, provided by CONAE (Comisién Nacional
de Actividades Espaciales, Argentina). These were the only cloud
free images available from the 526 scenes that the Landsat sensor
could have potentially acquired every 16 days, for the study area
from 1987 to 2010 (23 years). In the case of Landsat 7 ETM + we
used images before May 2003 when Scan Line Corrector (SLC)
was damaged (Fig. 2a). The coefficient of variation (CV = SD/mean)
was calculated for the number of days between successive images.
The result was 115.3/109.5 = 1.05. A CV close to one indicates a
random distribution, lower than one, regular, and higher than
one, agregated.

We performed image geometric corrections with a first order
polynomial transformation and nearest neighbor resampling
method, with a root square of less than 0.5 pixels. Digital numbers
were transformed into surface reflectance assuming that the influ-
ence of the atmosphere can be modeled by considering the addi-
tive effect of Rayleigh dispersion (Stumpf, 1992).

2.3. NDVI thresholding for shallow lakes water identification

In order to discriminate shallow lake water from surrounding
vegetated wetlands on a single date, we used the Normalized

Difference Vegetation Index - NDVI (Tucker, 1979) as an indicator
of both vegetation and water coverage.

The NDVI values range from —1 to 1: high positive values corre-
spond to closed plant coverage, low positive values to areas with
sparse plant coverage, zero values to predominance of bare soil
and negative values to water (Tucker, 1979). Regarding SL, we ex-
pect negative values when open water is present, with increasing
and even positive values when the proportion of plant coverage
over water increases.

A NDVI threshold value (T) was used to classify each NDVI im-
age in two classes according to the presence or absence of SL. The
threshold was established by analyzing the mean values and dis-
persion of the NDVI pixels from 26 samples of different land cover
types. The land cover types that dominate the study area were as-
sessed with field work at dates close to the dates of the used Land-
sat TM images (December 25th 2008, October 12nd 2010 and
January 1st 2011). SL include the following land cover types: water
bodies with high content of suspended sediments, water bodies
with high content of phytoplankton, water bodies only with sub-
merged macrophytes, clear water bodies with emergent macro-
phytes (mainly as boundary vegetation), and water bodies fully
covered with emergent and floating macrophytes; whereas SL ab-
sence was associated to marshlands fully covered with herbaceous
plant communities.

We calculated the mean NDVI values of each of the land cover
types and tested if significant differences existed between the land
cover types associated with SL presence and SL absence. This was
done using a t-test with a Welch-Satterthwaite approximation to
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Fig. 2. Monthly mean water level measured from 1987 to 2010 at the Parana River next to Rosario. (a) Complete period 1987-2010, (b) WET period 1987-1999, DRY period
1999-2010. Dates of Landsat images used are marked. Source of water level records: Prefectura Naval Argentina (http://www.prefecturanaval.gov.ar/web/es/html/

dico_alturas.php).

the degrees of freedom (Satterhwaite, 1941) (i.e., a modification of
the Student t-test intended for use with two samples having possi-
bly unequal variances). The statistical analyses were performed
with R (R Core Team, 2012). Having significant differences, we se-
lected as threshold (T), the maximum value of the mean NDVI
reached by the land covers associated with SL.

A binary shallow water (BSW) layer was obtained from each of
the 77 NDVI masked images by segmenting into values equal or
less than the estimated threshold: if a pixel was below the thresh-
old (T), it was set to 1; otherwise, it had value 0. In each BSW layer,
pixels with the value 1 include shallow lakes and areas that were
flooded at that date.

2.4. Multitemporal shallow lake mapping

2.4.1. Aboveground water presence frequency layer

With a highly variable hydrology, a single image cannot ade-
quately represent the extent of shallow lakes, so we used a fre-
quency approach to estimate the aboveground water presence
frequency at each pixel in a given set of images s (see below,
Section 2.5):

(1)

Ns =
AWPF;; = _,.:11535 Wy

N

where AWPF; is the aboveground water presence frequency value
of the pixel j for the set s and represents the proportion of images
i with BSW equal to 1 in the pixel j (BSWj) in relation to the total
number of images in the analyzed set of images (Ns). Thus, a pixel
j that was equal to 1 in every BSW layer of the set s had a value
of 1 in the resulting AWPFs layer (the pixel was always with water
aboveground), whereas a pixel that was equal to 0 in every BSW
layer of the set s had a value of 0 in the resulting AWPFs layer.
We made a sub-scene of the study area by separating image
pixels corresponding to the floodplain from the uplands. In order
to avoid confusion in the quantification of pixels of shallow lakes,
we masked the rivers and streams. For this task, we used the the-
matic layer (water bodies and streams) of SIG250 which is the only
national (Argentinean) standard cartography available for the
whole country (227 sheets at 1:250,000 scale) referenced in geo-
graphic coordinates in the WGS 84 reference frame POSGAR 94.
Note that the national cartography is named SIG250 (Instituto
Geografico Nacional, 2001) due to the scale and not due to the pixel
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size. Indeed, the cartography is updated with basis on Landsat
images (30 m of pixel size) and thus is adequate for our purpose.

2.4.2. Shallow lake map

Each of the AWPFs layers was transformed into a SL map by seg-
menting it into four shallow lake water frequency classes which
describe the degree of water permanence in each pixel: perma-
nently with water (0.8 > AWPF; > 1), usually with water
(0.6 = AWPF;; > 0.8), regularly with water (0.4 > AWPF;>0.6),
occasionally with water (0 > AWPF; > 0.4). Pixels classified as
“occasionally with water” may be areas which are seldom flooded
or areas covered by such dense vegetation that water cannot be de-
tected in most of the images. We considered that a pixel is SL in the
set s if it is waterlogged at least regularly (AWPF; > 0.4).

2.5. Minimum number of scenes needed for shallow lake mapping

We carried out a sensitivity analysis to assess whether the SL
area differed with the number of dates used and to define the opti-
mum number of images needed in the analysis. The SL area was
estimated in sets of 5, 10, 15, 20, 25 and 30 randomly chosen
BSW layers, with 20 repetitions for each set size. Differences be-
tween the estimated SL areas for the sets sizes were carried out
by means of a Kruskal Wallis test (followed by pair comparisons)
because no normal distribution was found for SL area or its loga-
rithmic, square-root or quadratic transformations. The variation
of the percentage of standard deviation with the number of images
used was described with a linear regression model. The optimum
number of images needed in the following steps of the analysis
was the lower number of images with a standard deviation of
the SL area less than 10%. When less than the optimum number
of images was used, the standard deviation of the resulting SL area
was estimated with the linear regression model. The statistical
analyses were performed with R (R Core Team, 2012).

2.6. Available hydrological scenarios

To assess the temporal variability of the SL distribution, we built
BSW sets representing different hydrological situations. Taking
into account multiannual variations, we identified three contrast-
ing situations based on overall mean water level of Rosario city
Parana River gauge station (Prefectura Naval Argentina):

2.6.1. Complete period (CP)
Included the 77 BSW layers of the complete period analyzed in
this study (1987-2010) (Fig. 2a).

2.6.2. High water level period (WET)
Included 42 BSW layers of a high water level period (1987-
1999) (Fig. 2b).

2.6.3. Low water level period (DRY)

Included 35 BSW layers from a low water level period (2000-
2010) (Fig. 2c).

For each period four BSW sets representing relative water level
conditions, were compiled considering its mean water level: the
complete set (Total); a low water set (LWL) which included scenes
where water level was at least 30 cm below the water mean; a high
water set (HWL) with scenes having levels higher than 30 cm
above the mean; and a middle water set (MWL) where levels var-
ied + 30 cm around the periods mean (Table 2).

These sets of layers represent different hydrological scenarios (3
periods x 4 relative water level condition). For each of the 12 BSW
sets a AWPFs layer was calculated following Eq. (2), and a SLs map
was obtained after frequency segmentation.

Table 1

List of the Landsat images used (Path/Row: 226/83) and the hydro-
logical condition of the acquisition dates registered at the Rosario Port
gauge. Source of water level records: Prefectura Naval Argentina
(http://www.prefecturanaval.gov.ar/web/es/html/dico_alturas.php).

Images were provided by National Aeronautics and Space Adminis-
tration (NASA) through Comisién Nacional de Actividades Espaciales

(CONAE, http://www.conae.gov.ar).

Image date Water level (cm)
1/13/2010 543
11/10/2009 379
8/6/2009 265
5/2/2009 174
1/26/2009 160
1/10/2009 126
12/25/2008 196
11/23/2008 332
11/7/2008 300
10/6/2008 184
3/12/2008 303
5/29/2007 445
1/21/2007 375
12/4/2006 315
4/24/2006 351
10/14/2005 304
9/12/2005 205
8/11/2005 226
4/5/2005 295
3/4/2005 385
5/26/2003 483
8/27/2002 290
8/11/2002 316
6/24/2002 440
6/8/2002 452
5/7/2002 462
4/5/2002 406
1/15/2002 193
4/26/2001 401
8/13/2000 306
6/2/2000 380
4/23/2000 360
1/18/2000 180
12/17/1999 192
11/15/1999 190
8/27/1999 333
8/11/1999 420
7/26/1999 461
5/7/1999 443
4/21/1999 425
1/15/1999 323
11/12/1998 498
9/9/1998 439
4/2/1998 551
3/1/1998 533
1/12/1998 535
7/20/1997 403
3/30/1997 538
1/9/1997 427
12/24/1996 445
3/27/1996 404
11/20/1995 382
9/1/1995 270
6/29/1995 380
11/17/1994 363
11/1/1994 363
8/13/1994 429
7/12/1994 432
9/27/1993 282
9/11/1993 282
8/23/1992 519
4/17/1992 448
10/8/1991 312
9/22/1991 300
8/5/1991 383
5/17/1991 446
3/30/1991 382
2/26/1991 350

(continued on next page)
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Table 1 (continued)

Image date Water level (cm)
8/18/1990 439
8/2/1990 439
7/30/1989 352
9/29/1988 362
8/28/1988 405
8/12/1988 405
5/24/1988 369
6/23/1987 509
4/4/1987 415

Results obtained under different scenarios were compared in
terms of total shallow lake water area and water frequency classes.
Overall Kappa index (Congalton and Green, 1999) was used to
assess the agreement of all the possible pairs of SLs maps based
on the calculation of contingency matrices and extracting the
contribution provided by random. Overall Kappa index (K) can be
expressed as:

K="0""© (2)

where P(q is the proportion of pixels that show agreement between

the two maps compared and P is the hypothetical probability of

agreement only by chance. If the two maps compared are exactly

the same, Pq)=1, and K= 1. If there is only agreement by chance,

Pia) = P(ey, and K = 0. If there is no coincidence, P, = 0 and K< 0.
The Kappa index is calculated as:

K = Nzyzlxii - ZL]XH *X+i (3)

N? — Zirzlxi+ * Xy
where r is the number of rows (classes in the map a), and also the
number of columns (classes in map b); Xj; is the number of pixels
corresponding to the row i and column i (pixels that show agree-
ment between the two maps compared), X;. and X,; are the totals
of each row and column respectively, and N is the total number of
pixels in each of the maps.

We compared pairs of BSW maps, each of them with two classes
(SL and Not SL). To evaluate the strength of agreement between
two maps, we used the standards proposed by Landis and Koch
(1977) for the Kappa coefficient: 0 = poor agreement, 1-20 = slight
agreement, 21-40 = fair agreement, 41-60 = moderate agreement,
61-80 = substantial agreement and 81-100=almost perfect
agreement.

A flowchart showing the methodological steps is depicted in
Fig. 3.

Table 2

2.7. Comparison with published documents

The SLs maps were also compared with available published
maps for the same study area (Borro et al.,, 2010a,b), with the na-
tional cartographic document SIG250 (Instituto Geografico Nacion-
al, 2001) and with the international Water Body data layer. The
International Water Body was derived from data produced by the
SRTM - Shuttle Radar Topography Mission that flew on board the
Space Shuttle Endevour during an 11-day mission in February of
2000 (Rabus et al., 2003). The SRTM Water Body Data vector files
are a by-product of the SRTM elevation data (90 m of spatial reso-
lution) editing, performed by the National Geospatial-Intelligence
Agency (NGA). Water bodies that meet minimum capture criteria
(oceans, lakes and river shorelines) are identified and delineated.
Overall and conditional Kappa indexes were calculated (Congalton
and Green, 1999) (see Section 2.6). The previous maps were set as
the reference in each of the comparisons. Comparisons with the
maps built for the same study area were made considering similar
hydrological conditions between the scenes used. In this way, the
SLs map derived from DRY-LWL set were compared with that of
Borro et al. (2010a) made by using a single Landsat image from Au-
gust 8, 2009; the SLs map made derived from the complete set of
images (CP-Total) was compared with the map of Borro et al.
(2010b) built with an unsupervised classification of the minimum
NDVI values of a multitemporal dataset of 34 Landsat5 TM and
Landsat 7 + ETM randomly chosen images from 1987 to 2010.
The twelve SLs maps obtained were compared to available lakes
maps: lakes layer from SIG 250 and the SRTM Water Body Data.

Apart from overall Kappa (K) index, presented in the previous
section, conditional Kappa index (k) (Congalton and Green, 1999)
was used to assess the agreement between SLs maps and the pub-
lished documents mentioned above. Conditional Kappa index (k)
assess the agreement between individual categories of a pair of
maps, being the following equation:

 NX; — X+ Xy (4)
NXiy — Xip + X,
In this case, i represent shallow lake and no shallow lake classes.

Conditional Kappa index allows to discriminate the influence of
non shallow lakes class in the Overall Kappa index results.

ki

3. Results
3.1. NDVI shallow lake water threshold

NDVI values of the cover types which dominate the study area
are shown in Fig. 4. The mean NDVI values associated with shallow
lakes ranged between —0.07 and 0.34 (A-E, Fig. 4), while non lake
areas NDVI ranged between 0.57 and 0.68 (F-H, Fig. 4). Cover types

Water level sets. Three periods were defined, each with four sets according to the water level (“wl”) in relation to the mean water level of the period. The short name of the set and
the number of images are indicated. The standard error (“SE”) of the SL area calculation depends on the number of images and was estimated with a linear regression model

adjusted after a sensitivity analysis. For more details, see Section 2.5.

Period Years Mean water level (cm) Set Water levels included (cm) (“wl”) Short name No. of images Estimated SD (%)
Complete 1987-2010 372 Total All CP total 77 0.0
Low water wl <342 CP LWL 28 6.9
Middle water 342 > wl > 402 CP MWL 15 253
High water wl > 402 CP HWL 34 0.0
WET 1987-1999 402 Total All WET total 42 0.0
Low water wl <372 WET LWL 10 324
Middle water 372 > wl>432 WET MWL 15 253
High water wl > 432 WET HWL 17 225
DRY 2000-2010 320 Total All DRY total 35 0.0
Low water wl <290 DRY LWL 12 29.6
Middle water 290 = wl>350 DRY MWL 11 31.0
High water wl > 350 DRY HWL 12 29.6
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Fig. 3. Schematic diagram of the methodology.
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Fig. 4. NDVI for different cover types in the study area of the Parana floodplain. A:
water bodies with high content of suspended sediments, B: water bodies with high
content of phytoplankton, C: water bodies dominated by submersed macrophytes,
D: water bodies with emergent macrophytes, E: water bodies full covered with
emergent and floating macrophytes, and Surrounding marshes, F: shrubland, G:
short graminoids prairie, H: tall graminoids prairie.

A-E were significantly different from F-H (p <0.0001). Since SL
presence was considered not only for clear open water bodies
but also for other cover types, the selected NDVI threshold consid-
ered the fuzzy influence of the macrophytes and thus minimized
the loss of SL area mapped. According to these results, a NDVI
threshold (T) was set in 0.34.

3.2. Minimum number of scenes

SL area differed according to the number of images in the set
(p=0.0012) (Fig. 5). The estimated standard deviation of the SL
area ranged between 0 and 32.4% (mean = 16.9%). The standard
deviation of the SL area decreased non-linearly with the number
of images in the set (p=0.0154, R?> = 0.8041). If we considered a
standard deviation of the area covered by shallow lakes lower than
10% the optimum number of images should be around 30
(SD = 8.8%), which is a rather high number of cloud free Landsat
images to be available for any project. The SL area estimated with
sets of 5 random dates significantly differed from that estimated
with the sets of 10 or more images (p < 0.001), so a minimum of
10 image dates should be acceptable.

* o o0

* 0o

-
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Fig. 5. Sensitivity analysis showing the reduction in the dispersion of the results.
Each point represents the estimated shallow lakes coverage from randomly selected
5-30 images of the complete period.

3.3. Effects under different hydrological scenarios

Fig. 6 shows the 12 SLs maps obtained under different hydro-
logical scenarios. Shallow lakes are rather regularly spread all over
the area as small dots between the main streams of the floodplain
in this area: Parand, Parana Pavén and Victoria rivers (see Fig. 1 for
their location). The total SL area depended on the hydrological con-
ditions of the analyzed set (Fig. 7): 112,691 ha in CP-Total (10.9% of
the study area), 65,754 ha in DRY-Total (6.4%) and 111,063 ha in
WET-Total (10.7%). The SL area of the CP-Total was similar and
slightly higher than the SL area of the WET-Total, in this case all
the sets had more than 30 scenes (77 for CP-Total, 42 for
1987-1999 in the wet period, and 35 scenes for 2000-2010 during
the dry period). As expected, the resulting SL area for each set of
the WET period is always higher than the others, ranging from
10% to 26% of the study area.

The minimum SL area was found in DRY-LWL (59,227 ha; 5.7%)
and the maximum in WET-HWL (271,538 ha 26.3%). The SL area
increased with the relative water level (LWL < MWL < HWL) within
a given period (CP, WET or DRY) (Fig. 7). For example, for the CP the
SL area for the LWL set was 6% lower than for the MWL set,
whereas the SL area for the HWL set was 20% higher than for the
MWL set. However, the SL area remained stable around
65,000 ha in the DRY period (ca. 6% of the study area), with a slight
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Fig. 6. Shallow lakes maps for twelve sets of images, classified in three flood frequency classes. (a) Sets of the Complete period (1987-2010). (b) Sets of the wet period (1987-

1999). (c) Sets of the dry period (1999-2010).

increment (up to 8%) when the HWL set was used. The SL area from
WET-MWL is higher than that for the WET-Total (18.4% and 10.7%,
respectively), probably due to the weight of the non flooded
images in the WET-Total set (Table 2).

When comparing SLs maps derived from Total sets, the highest
similarity was found for CP and WET (K = 95.86%); whereas the
lowest similarity was found between WET and DRY (K = 24.94%).
For Middle levels (MWL sets), the highest similarity was found
for CP and DRY-MWL (K =65.92%), while the lowest similarity
was found for WET and DRY (K = 35.18%) (Table 3).

The SL maps also differed according to the shallow lake water
frequency classes. The class “Permanently with water” resulted
relatively stable. Large permanent shallow lakes placed in the
northern portion of the study area (Lakes around Victoria city)
remain stable but change a lot in extension (Fig. 6). Analyzing

results derived from Total sets again, Fig. 8a shows that “Perma-
nently with water” class on the CP map covered 4.2% of the study
area (38.5% of the SL area of the period), the class “usually with
water” covered 2.2% (20.2% of the SL area of the period) and the
class “regularly with water” 4.5% (41.3% of the SL area of the per-
iod). In this figure we can also see that these values remained al-
most the same for the WET set, in accordance with the fact that
the total area of SL is similar for both maps. On the contrary, the
pattern is totally different for the DRY period, remaining the area
of “permanent with water” class similar to the other sets but
having a decrease in usually and regularly categories.

Fig. 8b presents shallow lake water frequency classes distribu-
tion for MWL sets (CP, Wet and DRY) which have a similar number
of images (15, 15 and 11 respectively), and represents subsets of
the Total sets which consider only middle water level situations
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Fig. 6 (continued)

around the mean. Distribution patterns of the areas of the fre-
quency classes strongly differ between MWL sets. The pattern
and total area of the DRY-MWL is similar to those of DRY-Total
results (Fig. 8a), but CP and WET patterns differ under MWL
conditions and compared to Total sets.

3.4. Comparisons with previous shallow lakes maps

The comparison between the SLs map obtained with the
DRY-LWL set and the maps made by Borro et al. (2010a) resulted
in an overall Kappa index of 49%. The comparison between the
SLs map obtained with the CP-Total set and the maps made by
Borro et al. (2010b) showed an overall Kappa index of 78.39%.

Regarding the comparisons between our SLs maps and the
SIG250 database, the overall Kappa index values were always less
than 52% and the conditional Kappa index values (considering

water and non water classes) were always less than 20% (Table 4).
The comparisons between our SLs maps and the SRTM lakes and
wetlands database, always resulted in overall Kappa indexes values
greater than 70% (Table 4): the highest values were obtained for
the comparisons with DRY-LWL and CP-LWL sets.

4. Discussion

One of the main features of the South America river floodplains,
and particularly of the Parana River is the large number of shallow
lakes, highly variables in size, shape and water permanency
(Drago, 2007). Shallow lakes (SL) are a special case of lakes, and
their definition needs to be pragmatically adapted to the features
of the study area following an ecological basis (Padisak and
Reynolds, 2003). Our approach involved a frequency analysis based
on a time series of NDVI derived from historical optical Landsat TM
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combinations of periods (CP, WET, DRY) and water level sets (Total, Low, Middle,
High). For details on the definition of the sets, see Table 1.

imagery. The results showed that SL can be accurately defined with
this methodology, reducing the uncertainties of the fuzzy bound-
aries between SL and their surrounding marshes. In addition, the
analysis of sets of images belonging to different hydrological con-
ditions allowed us to show the variability of the SL area, the SL
types (permanently with water, usually with water, regularly with
water) and its spatial distribution in the floodplain. Since the se-
lected NDVI threshold was greater than 0, it also included alternate
clear and turbid states and SL covered by macrophytes (Scheffer
et al., 2001). Likewise, it also includes mixed pixels covered by dif-
ferent fractions of water and vegetation (Malthus and George,
1997). Although this positive value may overestimate the area of
SL, frequency analysis helps excluding pixels of wetlands that only
eventually have water coverage but are not a SL. Nevertheless,
underestimations of SL area may occur in areas always covered
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Comparisons between shallow lakes maps obtained for different hydrological conditions. Overall Kappa evaluated changes in the map as a whole. Pairs with Kappa values near to
100% have high similarity; pairs with Kappa values near to 0% have low similarity.

CP-total CP-HWL CP-MWL CP-LWL WET-total WET-HWL WET-MWL WET-LWL DRY-total DRY-HWL DRY-MWL DRY-LWL
CP-Total 100.00 47.4 81.98 57.04 95.86 34.05 454 69.87 59.1 64.68 60.99 46.96
CP-HWL 100.00 45.49 32.09 46.5 65.52 67.8 52.09 32.96 40.15 33.95 26.54
CP-MWL 100.00 61.82 83.1 32.36 43.29 68.88 64.46 65.33 65.92 50.8
CP-LWL 100.00 57.85 24.11 33.06 52.84 81.58 64.77 75.62 51.35
WET-Total 100.00 33.55 44.75 63.9 59.9 65.5 61.8 47.5
WET-HWL 100.00 58.26 40.6 24.94 30.19 25.69 19.83
WET-MWL 100.00 53.96 34.15 39.84 35.18 50.8
WET-LWL 100.00 53.8 54.79 54.21 44.28
DRY-Total 100.00 70.3 84.7 69.8
DRY-HWL 100.00 69.34 55.38
DRY-MWL 100.00 65.87
DRY-LWL 100.00
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Fig. 8. Area of flooding classes in shallow lakes reported as percentage of the study area (left axis) and hectares (right axis) for different sets. (a) Total sets and (b) middle

water Level (MWL) sets.

by macrophytes that can have such a strong signal as to prevent
the water below them to be detected (Jakubauskas et al., 2000).
Frequency analysis includes a temporal dimension that is not
usually addressed in SL mapping. At most cases, approaches are
based on the comparison of few satellite images under high and
low water states using radar (Hess et al., 2003) or optical sensors
(Frazier et al., 2003; Ordoyne and Friedl, 2008). Our results show
that the number of analyzed images has a strong influence on
the estimated shallow lake area (Fig. 5). If the analysis includes
only few images, the variability of the shallow lakes area of the
floodplain in each image produces a large uncertainty. The number
of images involved in a multitemporal frequency analysis is

critical: a very low number of images might estimate the SL area
with a high standard deviation, whereas a very high number of
images might lead to an excessive processing time without substan-
tially improving the precision of the results obtained. As the number
of analyzed images increases, a stabilization of the estimated SL area
occurs, and in our case, the optimum number of images was 30.
Thus, the area defined as SL with a single scene approach will
vary according to the particular moment of each image acquisition.
Using 30 images, SL area ranged between 153,600 ha and
209,000 ha; whereas using only five images SL ranged between
115,000 ha and 720,000 ha. The inclusion of the temporal dimen-
sion allows overcoming the particular state of each image. Thus,
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Table 4

Summary of the Overall Kappa index and conditional Kappa index for the three periods in comparison with the two Shallow Lakes data bases SIG 250 and SRTM.

Short name of the set SIG 250

SRTM

Overall Kappa

Conditional Kappa

Overall Kappa Conditional Kappa

CP_Total 46.54 8.96
CP_HWL 49.50 15.92
CP_MWL 45.66 7.55
CP_LWL 44.28 4.85
WET_Total 46.45 8.80
WET_HWL 50.50 19.68
WET_MWL 51.03 16.79
WET_LWL 46.70 9.41
DRY_Total 4423 4.86
DRY_HWL 44.88 6.21
DRY_MWL 44.25 4.90
DRY_LWL 44.08 4.40

87.38 86.35
78.14 92.21
88.48 81.15
92.32 78.78
87.54 86.29
72.73 91.82
79.47 93.85
86.58 86.44
92.11 77.97
89.87 77.38
92.12 79.01
92.85 75.96

it improves the probability of detection of permanent SL: it is pos-
sible to acquire images where the water surface is exposed due to
vegetation disappearance (burning, drought, displacement or
flooding). In addition, temporal series allow the detection of tem-
porary water bodies that in a single image may be mistaken with
surrounding areas (uplands or surrounding marshes).

There is relatively good agreement between our resulting SL
(CP-Total) map and Borro et al. (2010b) but substantial differences
exist between SL map (DRY-LWL) and Borro et al. (2010a). In the
first one, the relative large number of images used in Borro et al.
(2010Db), contribute to a better identification of the SL. In the sec-
ond case, we have no doubt that having only one image may pro-
duce a large distortion on the SL mapping. The SL area obtained
from the complete set of images is much higher than the area
mapped in the SIG 250, which is the official cartography of Argen-
tina (K < 52%, k < 20%, Table 4). The difference between SIG250 and
our results corresponds mainly to the fact that SIG250 only in-
cludes the permanent lagoons of the floodplain, not considering
temporal shallow lakes and fluctuating peripheral areas of the per-
manent water bodies. Regarding the SRTM lakes and wetlands
database, our results show a much better agreement than with
SIG250 (K> 72%, k> 75%). However, there are subtle differences
between the maps from different sets, due to the influence of
hydrometric conditions on the estimated area of lagoons.

The total area of SL is highly influenced by the hydrological
state of the analyzed period, and by the hydrometric situation of
the set of images considered (Figs. 6 and 7). However, the area of
the “permanently with water” SL class remains relatively stable
among the complete stacks regardless of the period (Figs. 6a and
8a). These lakes occupy nearly 40,000 ha, from which 32,000 ha
correspond to permanent lakes of large extension (between 1000
and 8000 ha) like those next to the cities of Victoria and Ramallo
(Figs. 1 and 6). The classes “usually with water” and “regularly
with water” are dotted within the study area as small water bodies
or as borders of permanent water bodies (Fig. 6).

Differences in the SL area and water frequency classes obtained
between MWL and Total sets, are interesting not only because they
may illustrate the importance of the number of images involved in
the analysis, but they also may suggest the influence of extreme
water level conditions represented in the datasets (Fig. 8). In this
way, results are very sensitive not only to the number of images
but to the hydrological condition on their acquisition date.

The identification of the non permanent SL is important since
their total area is much larger than the permanent SL area. This im-
plies that if we only consider the permanent water bodies of a re-
gion, like in SIG250, we are strongly underestimating the water
offer of the region. This becomes extremely important when the
aim is the study of the water cycle, hydrological modeling, evapo-
transpiration patterns, and water offer for models of productive

activities. In this sense, our results in a floodplain agree with the
global view of Downing (2010): the SL should be considered with
much attention because they are more numerous worldwide than
deep lakes, providing humankind with many services such as
nutrition, water for drinking, irrigation and dilution of pollutants,
transportation, recreation and aesthetic enjoyment.

In contrast with temperate developed countries, the wetlands of
South American temperate zones still maintain a high degree of
conservation (Brinson and Malvarez, 2002). Nevertheless, during
the last decades the largest river basins of the continent are highly
threatened by hydrological regulation engineering constructions
(for energy supply, farming developments, and roads) that change
the hydrological regime. As has been widely reported, changes in
the hydrological balance strongly affect the existence and spatial
extension of wetlands and SL which may be consider as sensitive
hydrological indicators (Hudson et al., 2012; Neiff and Iriondo,
1994; Wolski and Savenije, 2006).

Finally, Landsat images time series provide an accurate spatial
and temporal resolution for SL identification in floodplains, partic-
ularly in temperate zones where there is a good provision of cloud
free images. The Landsat Program is a unique series of Earth-
observing satellite missions that acquires data from the Earth’s
surface since 1972 and acquires data steadily and systematically
since 1985 (Landsat 5 and Landsat 7 + ETM). The recent launch of
Landsat 8 satellite guarantees the continuity of the mission and
will generate a unique data set that will surely facilitate the devel-
opment of monitoring programs for terrestrial natural resources.
Concordantly, the use of the method proposed and evaluated in
this paper resulted in a robust database of shallow lakes for the
studied area of the Parana floodplain and their temporal behavior
that could be useful to establish monitoring programs related to
the impact of climate and man made changes at landscape scale.
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