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Abstract: The Natural Park of Albufera (Valencia, Spain) is one of the Spanish Mediterranean
wetlands where rice is cultivated intensively. The hydrology of the Albufera Lake, located in the
center, combines natural contributions with complex human management. The aim of our study was
to develop a new methodology to accurately detect the volume of flood water in complex natural
environments which experience significant seasonal changes due to climate and agriculture. The
study included 132 Landsat images, covering a 15-year period. The algorithm was adjusted using
the NDWI index and simultaneous measurements of water levels in the rice fields. The NDVI index
was applied to monitor the cultivated area during the summer. Lake inflows and residence times
were also evaluated to quantify how the hydrodynamic of the lake is conditioned by the agricultural
management. The algorithm developed is confirmed as a useful ecological tool to monitor the flood
cycle of the wetland, being able to detect even the lowest water levels. The flood dynamics are
consistent over the fifteen years, being in line with the rice cultivation cycle. Water renewal in
Albufera lake is altered with respect to that expected according to the rainfall recorded in the study
area, so an improvement in the water management of the hydrological basin is required to optimize
the runoff during the rainiest months.

Keywords: Landsat time-series data; flooding; Mediterranean coastal wetland; rice fields management;
residence time

1. Introduction

Wetlands are ecologically and economically important aquatic ecosystems where the
terrestrial and marine waters intermix [1,2]. They provide to humanity indispensable
ecosystem services such as fresh water reserve, nutrient cycling and retention, sediment
entrapment, erosion reduction, flood control, groundwater recharge and discharge, and
permanent sequestration of carbon, being vital in the global carbon balance. [3–6]. In
addition, the wet to dry transition along their different aquatic environments support a
very diverse biological community [7,8]. However, despite their importance, in the last
decades has been observed an important degradation of coastal wetlands around the
world due to the overexploitation of their resources and the anthropogenic land use/cover
conversion of wetland areas for agricultural, industrial and urban purposes [9–12]. Under
this scenario, the Mediterranean basin, recognized as an important biodiversity hotspot, is
highly vulnerable [13]. During the last years humans have caused significant and wide-
ranging environmental impacts in the basin, being responsible for the increase in land
cover change and land-use intensity in coastal wetlands, focused mainly on agricultural
activity [14]. In addition, the climate change could act as a critical factor due to the increase
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in mean temperature and the decrease and fluctuation in seasonal precipitation observed
in the area, which could accelerate the degradation and consequent loss of these aquatic
ecosystems in the coming years [13,15,16].

Hydrological regimes are one of the main factors that define the structure and func-
tions of a wetland, playing a vital role in controlling its physical, chemical and biological
characteristics [17,18]. In recent decades it has been observed that the spatio-temporal
variations in floodplains have been driven by agricultural requirements instead of natural
seasonal flood cycles, affecting ecosystem functioning [19–21]. According to Chen et al. [22],
the dynamics of the flood surface, its frequency, duration, and depth determine the distri-
bution and vigour of the wetland vegetation. In addition, many studies have confirmed
the influence of water-level fluctuations on biomass and biodiversity of vegetation commu-
nities [23–25].

Long-term routine monitoring of flood plains dynamics may be challenging due to the
limited monitoring points, the complexity of the different types of wetland cover and the
significant seasonal changes of its hydrological conditions [26]. Remotely sensed data has
been an important advance in providing a continuous spatial representation of the Earth’s
surface, providing the information needed to assess changes in wetland covers [27]. Satel-
lite images from higher spatial resolution sensors have also been applied to study the extent
and dynamics of inundation at various scales with satisfactory results [28]. Among these
satellites, Sentinel-2 from Copernicus mission of The European Space Agency (ESA), opera-
tional since June 2015, combines high spatial (10–60 m) with a high temporal resolution
(5 days) and for this reason it is being widely used in recent years to assess current hydro-
logical and ecological conditions of lakes and wetland systems [29,30]. However, Sentinel-2
imagery does not provide data for long-term monitoring studies (longer than seven years).
In this regard, Landsat MSS/TM/ETM+/OLI data represent the longest-running terrestrial
satellite records [31]. These multispectral sensors provide high-resolution images (30 m)
since 1982, with a temporal resolution of 16 days [32]. As a result, Landsat imagery has been
used in recent years to monitor flood cycles over considerable time periods (30–40 years),
through the development of automatic classification algorithms and the generation of flood
surface maps [21,31,33–37].

The analysis of the volume of water in wetlands during the monitoring of their
hydroperiods is another difficult factor to address. In the case of regularly shaped wetlands,
simplified volume-area-depth methods have been successfully applied to investigate water
storage [38,39]. Land characterisation and digitisation of the perimeter of the water bodies
was carried out using aerial imagery, but required a detailed topographic survey to generate
a three-dimensional DEM to determine the volume of water in the wetland [39]. In the
last decade aerial photographs have been replaced by satellite imagery due to the limited
archive available for a study area. Several studies have been reported in recent years, in
which different methodologies have been used for the volumetric study of water storage
in wetlands. One of the reported procedures has been the combination of SAR imagery,
which provides continuous surface data without cloud interference [40], with elevation
data provided by altimetric radars such us ENVISAT RA-2 GDR, PALSAR-2, Jason-3 and
Sentinel-3, among others [34,41–43]. These studies were able to estimate variations in the
volumetric storage of wetlands of different hydrological characteristics. However, they
could not be applied to long-term time trend studies, and required a high information load
(topographic data, field measurements, high resolution images, etc.).

Another hydrological factor that is highly sensitive to changes in wetland water
management is the residence time (or renewal time) of the wetland’s aquatic systems,
mainly lagoons. The residence time (RT) is defined as the time it takes to completely
replace the total volume of water in a domain of interest [44]. This water residence time
quantifies how the lake hydrodynamic is conditioned by its tributaries and effluents, its
morphology and climate [45], and can be an important indicator of water quality as it can
be related to the rate of nutrient loading and living biomass [46]. In this regard, shallow
lakes can react more quickly to the changes in water column stability than deeper lakes,
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with alterations in variables such as temperature, salinity, dissolved nutrient concentration,
and phytoplankton and zooplankton dynamics [47–49].

The water renewal time (or water renewal rate) is the inverse of the residence time.
In the case of coastal lakes, its estimation was previously based on two commonly used
methods: the measurement of the ratio between the total volume of the lake and the
exchanges between the lake and the ocean [50]; and the difference in salinity between
the lake and the ocean [51], although the latter was used less frequently. At present,
its theoretical value is calculated as the ratio between the volume of the lake and the
long-term time average discharge of water passing through it [52]. Isotope data can
be used to evaluate in a refined way the real value of water renewal time in different
aquatic environments, although it is not a recommended technique due to its high cost and
complex logistics [53–55]. Numerical models have been developed and applied to study
the exchange of water from lagoons with the open sea or other hydrological systems, such
as dense irrigation networks in humid regions [56]. As an example, numerous works have
applied 3-D hydrodynamic models (e.g., [57,58]), which make it possible to characterize the
age and residence time of selected water parcels within a lake, following their destination
from entry to exit through a Lagrangian approach [52]. However, a multiannual 3D
simulation requires a huge amount of data, which is rarely totally available. Alternatively,
RT can be determined by simplified water balances, whenever it is possible to measure
lake inflows or outflows.

The Natural Park of Albufera is an important coastal wetland located in the east of
Spain, which combines its ecological functions with an important agricultural activity,
especially linked to the rice cultivation. Therefore, multiple considerations have to be
integrated for a sustainable management of this coastal wetland. This requires, among
other issues, an understanding of the hydrological processes taking place in this system
and the important influence of agricultural activities on them. The flooding dynamics of
this wetland have scarcely been studied. Alonso et al. [59] studied the winter flooding
of this Mediterranean wetland between 2000 and 2003 using medium resolution spatial
sensors. The most recent study, carried out by Cavallo et al. [60], involved the development
and validation of a method to assess winter flooding of the wetland using Landsat-8 and
Sentinel-2 imagery to avoid cloud cover limitations. Their new approach allowed the auto-
matic classification of the wetland cover, creating unique winter flooding duration maps for
the last eight years. On the other hand, water residence times of its shallow lake (Albufera
Lake) have also been scarcely studied. Soria et al. [61] analysed the influence of running
waters over the limnological characteristics of the lagoon. Romo et al. [62] evaluated the
relationship between residence times and dynamics of cyanobacteria populations. More
recently, Sòria-Perpinyà et al. [63] studied the processes of rapid flushing and clear-water
phases (CWPs) in the lake using remote sensing. Finally, Soria et al. [64] have carried out
the most comprehensive study to date about the residence times of the Albufera Lake,
covering the period between 1988 and 2018, and evaluating different procedures. However,
to our knowledge, no long-term monitoring studies of the flooding hydroperiods have
been carried out in the Natural Park of Albufera. Moreover, the more recent studies have
excluded the rice cultivation cycle from this kind of analysis of this wetland as well as its
effects on lake’s water renewal processes.

The main aim of our study was to develop a new accessible and user-friendly tool
for monitoring wetland inundation dynamics in terms of surface and water volume using
Landsat satellite imagery, and apply it successfully to an agro-ecological coastal wetland,
the Natural Park of Albufera. For this purpose, the following secondary objectives were
established: (1) To calibrate and validate a mathematical adjustment developed from
Landsat images and simultaneous field measurements, which allows detecting flooded
areas and approximating the volume of water in rice fields. (2) To apply the proposed
algorithm to a long time series of Landsat images of the Natural Park of Albufera covering
the period 2006–2020, assessing both seasonal and annual variations in flooding dynamics;
(3) To determine the residence time values of the Albufera Lake during 2006–2017 using
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inflows measurement data; and (4) To analyse the influence of rice cultivation on the
wetland hydrological management in relation to the flood cycles and water renewal of
the lake. The results of this study can contribute to the development of new, simpler, and
more accessible methodologies for the long-term hydrological monitoring of large complex
natural areas, where the measurement of the actual water volume is extremely difficult due
to seasonal variations and the dynamic connection between aquatic systems. In addition, it
provides valuable information about the hydrology of this coastal wetland during the last
fifteen years, and can serve as support to develop more specific and respectful management
plans for this Natural Park by considering the water requirements for rice cultivation and
the recovery of the ecological status of the lake.

2. Materials and Methods

This section first introduces the study case: The Natural Park of Albufera. Then,
the methodology followed for the analysis of the satellite images is described, including
the data source, the development and validation of the mathematical adjustment and the
subsequent estimation of the values of flooded area, cultivated area and volume of water
in the rice fields. Subsequently, the procedure followed to obtain the inflows to the lake
and the residence times is described. The source of the precipitation data used in the study
is also presented. Finally, the different statistical analyses applied are described.

2.1. Study Area

The Natural Park of Albufera (39◦20′ N, 0◦21′ W) (Figure 1), located in the Mediter-
ranean coast of Valencia (Spain), is an important coastal wetland protected by the Ramsar
Convention and the European Habitat List NATURA 2000 [65]. This Natural Park is part of
the Júcar river basin (917 km2) and covers a surface area of 210 km2, of which approximately
73% is dedicated to rice cultivation, being a wetland highly linked to agriculture [66]. The
remaining 27% is destined to the extensive network of irrigation channels, coniferous forest
(Dehesa del Saler), small discontinuous urban areas and mainly to the Albufera Lake. The
lake is located in the center of this Natural Park and is recognized as the largest Spanish
coastal lake, with an area of 23.1 km2 and a volume of 23 hm3 [66]. It is a shallow (mean
depth of 1.0 m) and oligohaline (salinity 1–2%) lagoon with a water renewal rate of about
8.4 times per year [64]. Its hydrology combines natural events associated with the climate
(seasonal rainfall) with a complex human management due to the agricultural needs de-
rived from rice cultivation and fishing activities [67]. This shallow lake has been eutrophic
since the 1970s due to the wastewater discharges from surrounding urban and industrial
centers, and nitrogen-rich effluents from agriculture. This eutrophication rapidly resulted
in a turbid state dominated by phytoplankton that lasts until today. More detailed about
the ecology and the past main limnological features of the lagoon have been documented
by Vicente and Miracle [68] and Romo et al. [69].

The study area supports a dense network of artificial canals to supply the irrigation
of rice fields, except for those closest to the lagoon, which directly use the old bottom of
the lake to cultivate in closed plots called “Tancats”, similar to polders [64,66]. In addition
to the natural contributions from five watercourses, the water that flows through these
irrigation channels enters into the lake through 64 inlets, connecting this water body with
the paddies [64]. The lake water is regulated by sluices gates situated on its three outlet
channels that flow into the Mediterranean Sea [70]. These channels control the water level
of the lake in favor of rice cultivation, considering the high tides and the level of the lake
in relation to the sea. The rice fields operate as a temporary wetland with a hydrological
cycle of minimal summer flooding during the rice growth and emptying in September
for harvesting [59]. During this time, the sluice gates maintain a mean water flow and a
mean water level [71]. From October to the beginning of January the fields are flooded
again (maximum level) to provide shelter for wintering water birds and hunting activities.
In February, the water drains back into the lake, which favours higher renewal rates [69].
Finally, in May the rice paddies are flooded again for cultivation.
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2.2. Remote Sensing Images: Dataset, Processing and Determination of Flooded Area and
Water Volume

Landsat 5 TM and Landsat 8 OLI/TIRS images were downloaded from the European
Space Agency & United States Geological Survey Landsat archives (https://earthexplorer.
usgs.gov; accessed on 22 November 2020), covering the period between 2006 and 2020.
Level-1 Landsat images (from row 33 and path 198 and 199) with less than 40% cloud cover
were selected for download. Finally, dataset comprised 216 images, of which only a total
of 132 cloud-free images could finally be analyzed (Figure S1; Supplementary Material B).
ENVI software version 5.03 (L3Harris Technologies, Broomfield, CO, USA) was used for
image processing. In this regard, firstly QUAC tool was used to apply an atmospheric
correction. Then, the study was delimited to the area comprised by the Natural Park and
surrounding rice fields using the ROI (region of interest) tool, also excluding the Albufera
lake from the scene for the following procedures.

In order to determine the volume of water present in the rice fields in each image
during the winter flooding, a mathematical adjustment based on the normalized difference
water index (NDWI) was obtained. This multispectral index is defined as:

NDWI =
ρgreen − ρNIR

ρgreen + ρNIR
(1)

where ρgreen and ρNIR are the reflectance of the green band and near-infrared band
1, respectively.

First, Landsat images corresponding to the dates 23 January 2015, 9 February 2015 and
25 February 2015 were downloaded and, once processed as explained above, the NDWI
index was obtained using the SPEAR—LOC Water tool. Pixel values lower than −0.3 were
not considered since they were related to wet soil areas. Simultaneously, water level mea-

https://earthexplorer.usgs.gov
https://earthexplorer.usgs.gov
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surements were taken in the rice fields at 47 spaced points in order to perform a regression
between band reflectance and field data (Table S1, Supplementary Material B). Validation
was performed using 12 field water level measurements taken on two different dates that
coincided with two Landsat images within a time window of two days (12 January and
28 January 2017). Once validated, the equation obtained through linear regression was
applied to the selected Landsat images for the study period, in order to estimate inundation
area and water volume in the rice fields during the winter flooding periods (October to
February) and the short flooding periods prior to rice growth (April to May) (Figure S2).

In order to monitor the complete flooding cycles, the scenes corresponding to the
rice cultivation period were processed differently. The area cultivated during July, August
and September was determined using the normalized difference vegetation index (NDVI)
(Figure S2), for which the equation is as follows:

NDVI =
ρNIR − ρred
ρNIR + ρred

(2)

where ρred is the reflectance of the red band.
For this period (July–September) the average water level was calculated from field

measurements taken at 19 points during the 2017 rice cultivation. The selected points are
close to the locations described in Table S2 (Supplementary Material B). Then, from the
values of cultivated area and the average water level, the total volume of water in the rice
fields under vegetation during the cultivation season was obtained. During the image
analysis with NDWI and NDVI the mixed pixels were treated with the acquired value.

2.3. Flow Measurements and Determination of Water Residence Times of the Lake

Nineteen main canals were selected (Figure 1; Table S2, Supplementary Material B),
and during 2010, 2011, 2016 and 2017 the flow into the lake was measured in situ whenever
possible, since these data were also required by other studies carried out in this wetland.
The frequency of measurements was one flow measurement per month (per canal), except
in the drainage months (January–March) when two measurements were taken per month.
The measurement points were selected taking into account sections without irregularities
in those irrigation ditches that provide major inputs to the lake. The dimensions of the
canals vary between 1.7 and 14.5 m wide and the water depth between 0.2 and 1.2 m
(Table S2, Supplementary Material B). The measurements were made following one of
the methodologies conducted by Soria et al. [64] and detailed by Fisher [72], according to
the equation:

Q = S×V (3)

where S is the section in m2, V the speed in m s−1 and Q the resulting flow in m3 s−1

In short, once accessible locations were selected in straight sections of the canals,
a subsurface float was used to time its displacement in the water flow for a specified
distance for a total of three repetitions per canal. Then, the speed reached by the object and
the dimension of the cross section were used to calculate the flow rate Qm, applying the
correction coefficient proposed by Soria et al. [64], following the Fisher´s formula [72]:

Qm = S× vs× K (4)

where S is the cross section of the canal in m2, vs the speed of the subsurface float in m s−1,
K the empirical constant calculated for each canal, and Qm the resulting flow in m3 s−1.

In addition, the drainage from the lagoon to the Mediterranean Sea through the three
outlet channels was measured for the years 2006, 2007, and 2008, using the methodology
describe above.

The residence times of the lagoon were determined for the years 2006, 2007, 2008, 2010,
2011, 2016, and 2017 according to the inputs or outputs calculated and the average volume
of the lagoon, estimated at 23 hm3 [66], following the Equation (5). This equation expresses
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the residence time (RT) of days when working with small periods. The renewal rate of the
lagoon (in times per years) has also been calculated by the Equation (6).

RT = Vm/Q (5)

RT = A/Vm (6)

where Vm is the average volume of the lagoon, Q is the inflow or outflow measured in
m3 s−1 and A is the total inflow or outflow volume during one year in hm3.

During the hydrological balance, losses due to evaporation or the precipitation over
the lagoon have not been taken into account, as explained Soria et al. [64]. The annual
balance would be negative, as rainfall inputs are lower than evaporation (due to the high
temperatures during summer), although it would only decrease the 2% of the total inflows
to the lake. Groundwater runoff contributes to surface runoff by emerging through natural
springs called “ullals” or discharging into the affluents of the Jucar or Turia rivers [73].
Finally, this runoff is distributed over 13 discharge points into the lake [73], which have
been considered during the flow measurements.

2.4. Meteorological Data

Annual rainfall data in the Albufera basin for the study period has been collected
together with daily rainfall data, using the rain gauge closest to the lagoon from Tancat de
la Pipa station [74], ubicated in the shore of the lake.

2.5. Statistical Analyses

The variables tested were the flooded area and volume of water in the rice fields, as
well as residence times of the Albufera lake. Assumptions of normality of the data were
checked prior to statistical analyses, and non-parametric test were used when variables
were not normally distributed (Shapiro-Wilk test, p < 0.05). Univariate statistical anal-
yses were used to obtain descriptive statistics. Kruskal-Wallis and Mann-Whitney post
hoc test were used to examine significant differences between variables and clustering
factors. Mann-Kendall test was applied to assess possible time trends. In addition, Spear-
man´s rank-order correlation coefficient was used to obtain the correlation between study
variables. Analyses were performed using PAST (3.22) software [75].

3. Results
3.1. Mathematical Adjustment: Calibration and Validation

The mathematical adjustment was performed by a linear regression to relate the field
data to the pixel values derived from the NDWI index. The equation obtained is shown in
Figure 2, and its calibration resulted in a correlation coefficient, R Pearson, of 0.81 from
47 measurements, with a degree of significance less than 0.001.

To validate this equation, the linear regression method was used to compare the
12 field measurements and the valued estimated by the algorithm for two Landsat images.
We obtained a R2 of 0.98 with a RMSE of 0.03 m (Table S3).

3.2. Visual Assessment of Wetland Flood Cycles

The derived water levels were first evaluated qualitatively through visual comparison
with Landsat images. Although we conducted an intensive inspection of the flooding
hydroperiods of the wetland for 15 years, four years were selected to display an example
of annual changes (Figure 3). Four acquisition dates (approximately) were displayed, as
represented by the four columns, showing substantial seasonal differences in the extent of
inundation and water level in the rice fields. For the year 2020, no images for March–April
could be processed due to the high percentage of cloud cover in the scene.
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Figure 2. Mathematical adjustment between the 47 water level measurements taken in the rice fields
during the winter flooding and the pixel values obtained with the NDWI index.

The algorithm obtained has allowed to discriminate between the different water levels,
also detecting the water-saturated soils. In general, during the winter flooding water
levels above 0.45 m are reached in those rice fields closest to the lagoon, while in the
south-east part of the wetland they do not exceed 0.36 m. Compared to the years 2010,
2017 and 2020, in March 2006 pixels with low water level (water sheet) can be observed
in the winter drainage area. Another annual difference can be observed in October, when
the wetland exhibited more flooded area in the years 2006–2010 than in 2017–2020, as
the resultant images contained a larger number of inundated pixels. In addition, the
complete Landsat imagery long-time series for the study period 2006–2020 together with
the flooded (or cultivated) area and the extrapolated water volume are shown in the
Supplementary Material A. This qualitative assessment revealed that the mathematical
adjustment developed using Landsat images can generate visually water level maps for
multiple years with varying extents of inundation, making it possible to monitor the
wetland flooding dynamics with considerable sensitivity.

3.3. Quantitative Seasonal and Annual Analysis of Flood Dynamics in Rice Fields

The NDWI index and the calibrated algorithm allowed the determination of flooded
area and water volume for 92 of 132 images analyzed. The remaining 40 images correspond
to the rice cultivation period (growth and harvest) in which the extent of cultivation and
the volume of water under vegetation could be assessed by the NDVI and field data,
respectively (there is no significant spatial variability in water level in the rice fields during
cultivation). In relation to the flooded area, it reached a mean value of 66.28 ± 4.18 km2

with a range of values from 0.27 to 142.83 km2. The maximum area was reached in July
2018, during the rice cultivation period, when all rice fields are flooded although with low
water levels. About the volume of water, it reached a mean value of 11.13 ± 1.02 hm3 with
a range from 0.03 to 57.08 hm3. The maximum volume was reached in January 2020, during
the winter flooding, at the moment of maximum water entry into the Natural Park. During
this period, the highest water level estimated in rice fields and in-situ verified was 0.88 m.
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Both variables differed significantly between the months (Kruskal-Wallis, p < 0.001).
These differences are due to seasonal changes in the wetland caused by the rice cultiva-
tion cycle (Figure 4). In general, July, August and September are the months with the
largest flooded area, although with lower water levels, due to agricultural needs. During
November–January the volume of water is higher, although the inundation will not cover
the entire wetland area (as observed in Figure 3). Figure S3 shows the wetland studied
during four key moments of its flood cycle, showing different cover conditions. However,
no significant differences were observed in flooded area and volume between the study
years (Kruskal-Wallis, p > 0.05). The major inter-annual differences are related to the winter
flooding, showing variations for some annual periods (Figure 5). However, cultivated area
and water volume during the summer (July–August) are practically constant over the years
(Figure 5), with a mean of 131.02 ± 7.64 km2 and 12.07 ± 3.11 hm3, respectively.
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Figure 4. Seasonal changes in flooded area and water volume in rice fields (2006–2020) and residence
times of the Albufera Lake (2006–2017) are showed in box-plots with median, percentiles and outlier
values, together with the studied phases of the rice cultivation cycle developed in the Natural Park
of Albufera.

These results show how agricultural activity causes artificial flooding periods that
are consistent over the years. As exception, the box-plot graph (Figure 4) showed how the
water surface values presented a greater variability between years in March, April, and
May, which confirms that the pre-sowing flood moment is subject to annual changes. The
time series study using the Mann-Kendall test shows a downward trend for the inundated
area (S: −41, p: 0.435) and an upward trend for the water volume (S: 74, p: 0.159) but were
not statistically significant and therefore should not be considered in the analysis. Both
variables, flooded area and volume of water, were positively correlated, although the R was
0.34, not a strong correlation, but significant (p < 0.05). The quantitative analysis of both
variables allowed a more accurate analysis of the wetland flood cycle over the 15 years.
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Figure 5. (a) Comparison of Landsat-derived average flooded area and water volume values in the
rice fields of the Natural Park of Albufera together with water level values obtained during the winter
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water obtained from the processed Landsat images corresponding to the months of July and August.

3.4. Lake Inflows

Lake inflows were studied for two periods between 2010–2011 and 2016–2017. A total
of 455 flow measurements were made during 39 measurement dates. The 19 canals studied
showed very different average flow rates between them (Table S2, Supplementary Material B),
with a range of values from 0.05 to 1.70 m3 s−1 and a mean value of 0.46 m3 s−1. Table 1
shows the average inflows from the main canals of the Natural Park, which show permanent
flows as they are connected to some springs and runoff from the Turia and Jucar rivers. The
remaining canals are irrigation ditches and their flow is intermittent and depends directly on
the agricultural requirements. For this reason, for some dates these irrigation channels were
not considered in the measurement task. In addition, in the study of individual measures,
negative flows were determined in some ditches closer to the lagoon (e.g., Reina Nova; Table 1)
during certain periods of the year, indicating a discharge of water from the lagoon into the
rice fields, instead of an entry into it.
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Table 1. Average lake inflows and water origin for the main canals of the Natural Park of Albufera, measured in 2010, 2011
and 2016–2017.

Code Canals Water Origin
Average Lake Inflow

(m3 s−1)

2010 2011 2016–2017

A2 Carrera del Saler Irrigation and SWTP * 1.567 1.896 1.670
A6 Ravisanxo Irrigation and waste 0.416 0.220 0.141

A10 Barranc Poyo Spring and waste 0.439 0.411 0.130
A47 Alqueresia Irrigation, waste and SWTP 0.594 0.803 0.511
A50 Campets Jucar River and irrigation 0.458 0.224 0.374
A64 Overa Jucar River and irrigation 1.523 1.584 1.715
A54 Dreta Jucar River, springs and irrigation 0.699 0.509 0.747
A55 Reina Vella Jucar River and irrigation 0.380 0.421 0.571
A56 Reina Nova Jucar River and irrigation −0.100 0.403 0.631

* SWTP: Sewage Water Treatment Plant.

The result of the total inflow measured on each of the dates is shown in Figure 6.
The mean value of the lake inflow for the study period was 6.84 ± 2.56 m3 s−1 with a
range of values from 3.03 to 13.81 m3 s−1. No periods of drought were observed, as the
lake receives a continuous and minimal input from surface and groundwater runoff. In
addition, lake inflows showed clear seasonal differences for all the years studied. In 2010,
the minimum inflow was recorded at the beginning of April (4.62 m3 s−1), when the fields
were still mostly dry before cultivation, while the maximum inflow was determined at
the beginning of September (13.18 m3 s−1), coinciding with the moment when the water
drainage to the lake for rice harvesting. In 2011, the minimum inflow was recorded again
at the beginning of April (3.03 m3 s−1). However, the maximum value was recorded at
the end of March (13.81 m3 s−1). This high inflow may be due to runoff from occasional
torrential rain, which are discharged into the lake in order to keep the fields dry. Finally, in
2016–2017 the maximum inflow was determined during the second week of September
2016 (10.37 m3 s−1), coinciding again with the drainage of the rice fields at the end of the
cultivation period, while the minimum inflow was recorded during the second week of
February 2017 (3.63 m3 s−1), when the rice fields are being kept flooded.
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3.5. Water Residence Times of the Lake

The residence times (RT) of the entire lagoon was studied in detail for the years 2006,
2007, 2008, 2010, 2011, 2016, and 2017 using the Equation (5), as a considerable daily record
of inputs or outputs was obtained. As explained above, during the determination of the
RT, direct rainfall over the lake and evaporation losses were not taken into account in
the water balance. For the years studied, the RT reached an average value of 303 days,
with a minimum value of 7 days in September 2010 and a maximum value of 852 days in
December 2010. As a another comparable measured, the mean value of the renewal rate in
this period was 8.5 year−1.

Seasonal changes in RT were also assessed and compared to the different phases of the
rice cultivation cycle (Figure 4). Statistically, no significant differences have been observed
between the months (Kruskal-Wallis, p = 0.051). However, the results obtained correctly
describe the different hydrological periods of the wetland: January and February were the
months with the shortest residence times (mean value of 40 and 44 days, respectively), in
line with the drainage of the rice fields. March showed greater variability, which can be
explained by the irregularity of rainfall at the end of the winter. During this period, the
water in the lake is renewed during the rains to keep the rice fields dry in the interest of the
farmers. Between July and September, during the rice growth, the residence time values
were higher, reaching a mean value of 222 days for the three months. Finally, December
was the month with the maximum average residence time (349 days), since the runoff
waters are destined to the winter flooding of the wetland, preventing the renewal of the
lake. The RT values obtained are grouped in Table 2 according to four key moments in
the hydrological cycle of the wetland. As mentioned above, significant differences are
observed between the drainage moments and the moments when the water is retained.

Table 2. Mean, standard error, maximum and minimum values of the residence times of the Albufera
Lake for the different hydrological cycle phases established (data from 2006–2017).

Hydrological Cycle Phases
Residence Time (Day) during 2006–2017

Mean SE Maximum Minimum

Rice field drainage
(February–March) 113.4 41.6 829.5 10.4

Soil treatment and rice sowing
(April–June) 152.9 46.5 653.2 17.6

Rice growth and harvesting
(July–September) 222.2 71.4 823.1 6.7

Winter flooding
(October–January) 214.0 77.9 852.3 22.2

No significant differences were observed between years for residence times (Kruskal-
Wallis, p > 0.05). However, mean values were considerably higher in 2010 and 2011, with
312 and 320 days, respectively, as well as the maximum values with 852 and 829 days,
respectively (Figure 7). The time series study using the Mann-Kendall test shows a down-
ward trend for the RT but were not statistically significant and therefore should not be
considered in the analysis (S: −81, Z: −0.37, p: 0.72). No significant correlations were
observed between RT and the determined flood areas and volumes of water (R = 0.111 and
R = −0.194, respectively; p > 0.05).
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3.6. Natural vs. Agricultural Cycle of the Wetland

The rice hydroperiods monitored and renewal rates determined were studied to-
gether with the rainfall recorded in the wetland to assess possible mismatch with nat-
ural flood cycles. The relationship between precipitations and volume of water in rice
fields was studied for the periods February 2006–October 2008, April 2010–October 2011,
and May 2016–September 2020, according to the available daily rainfall data (Figure S4,
Supplementary Material B). On the one hand, the main rainfall period in the wetland is
observed in autumn, with occasional torrential rains in spring and summer. On the other
hand, the hydroperiods have two peaks, one in June–July and the other in December–
January. Therefore, during the winter the rains are used to flood the fields, preventing
the water renewal of the lagoon, while in spring they are quickly drained to keep the rice
fields dry, promoting renewal. Both variables were not significantly correlated (R = −0.051;
p > 0.05). There was also no strong correlation between monthly rainfall and residence
times values (R = −0.374; p < 0.02). High rainfall is not associated with shorter residence
times in some months and vice versa. The same adjustment was observed between an-
nual rainfall and average residence times per year, with a weak negative correlation not
statistically significant (R = −0.385; p > 0.05) (Table S4, Supplementary Material B). These
results confirm that the dynamics of rice fields inundation and the water renewal of the
lagoon are not in line with climate, which would indicate an alteration of the natural cycle
of the wetland.

4. Discussion

Wetland’s inundation is highly dynamic and can experience important changes
through time due to multiple drivers, including precipitation, tides or the agricultural
management. The selected study area (Park Natural of Albufera, located in Valencia, Spain)
is an example of a coastal wetland of high ecosystem richness, which is linked to rice
cultivation activity. The volumetric study of the wetland during the monitoring of flood
dynamics was very challenging due to its considerable extension, the connectivity between
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its different aquatic systems (irrigation channels–rice fields–lake–sea), and the important
seasonal changes it undergoes.

At present, satellite imagery has become a widely used tool in floodplains monitor-
ing [33]. In particular, as mentioned above, Landsat imagery is the one used in long series
studies due to its large historical record. However, few studies have included an analysis
of water level and flood volume during hydroperiods monitoring. Lu et al. [76] analysed
volumetric changes in a shallow lake over 40 years from the water surface area and the
underwater terrain data using a constructed TIN (triangulated irregular network) volume
model. Bhagwat et al. [37] evaluated the volume fluctuations of lakes and reservoirs in
California over a 30-year period, using water surface extraction and DEM data. In our
study we propose a new approach based on the use of Landsat images, in order to analyse
a considerable time period (15 years), and the field measurements of water levels, without
the need to take and process altimetric data, which involves a significant deployment of
resources. This optimizes the analysis time and facilitates the adaptation of the algorithm
obtained to other areas of study. In addition, Landsat imagery is not as heavy as those
obtained by other multispectral or SAR satellites, so they do not require as many storage
resources and will be easier and faster to process.

Landsat 5 TM and Landsat 8 OLI/TIRS images analysed by NDWI and NDVI indexes
have allowed the accurate monitoring of flood dynamics of the Natural Park of Albufera,
proving to be an economical, accessible and time-efficient tool. The algorithm adjusted
from the extracted pixel values of the NDWI index successfully estimated the volume of
water in the rice fields for each generated scene. The results have been compared with the
winter flood duration maps of this wetland obtained by Cavallo et al. [60]. They combined
three multispectral indices (NDWI, MNDWI and NDVI) and developed an automatic
classification method of four land cover classes. Although the volume of water in the rice
fields was not analysed in detail, their results are consistent with our observations regarding
the extension and duration of submerged zones in different wetland areas. In particular,
the areas delineated as Tancats, closer to the Albufera Lake, showed the maximum duration
of inundation and were classified as Open Water (W) for an average of 60–80 days [60].
The indices mentioned above have been used to assess long-term land cover variations
in other wetlands regions with satisfactory results. For instance, Wang et al. [36] applied
the NDVI, NDWI and mNDWI (modified Normalized Difference Water Index) to Landsat
images in order to study the dynamics of surface water from 1990 to 2017 in the Middle
Yangtze River Basin (China). Xia et al. [31] combined the indexes NDVI, mNDWI and EVI
(enhanced vegetation index) to extract surface water areas during 1989 to 2017 in the Huai
River Basin. Serra et al. [77] monitored the rice fields’ winter flooding area in Ebro Delta
river (Spain) making a supervised classification with discriminant analyses.

Monitoring of seasonal changes in the wetland for 15 years has confirmed the influence
of rice cultivation on the hydroperiods, with remain stable over the years, showing the
same characteristics as those described by Alonso et al. [59] and Soria [66]. In winter,
flooding takes place mainly in the east and the central area of the wetland. During this
period the water supply from the Júcar River is used to flood the rice fields, preventing the
water renewal of the lake until the end of January. In spring, the fields are kept dry until
sowing time. Water-saturated soils have been observed, which indicate that in rainy periods
human action keeps the fields dry for agricultural purposes. In summer, rice growth is
clearly visible, covering the entire area of the wetland. The water floods the rice fields,
although with levels much lower than those detected in winter. Finally, the autumn images
show the beginning of the winter flooding. Monitoring was more challenging during
the spring, due to the lack of acceptable images (high % cloud cover) and the significant
changes in the wetland surface in short time periods. Despite a lower number of images
analysed during this seasonal period, it was possible to observe significant differences
during March, April and May between the years 2006–2008 and 2010–2020. These changes
in the hydrological cycle could indicate a progressive delay of the rice sowing period.
This may be due to changes in water management in the river basin, related to lower
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water availability due to greater rainfall fluctuations. In this context, it is recommended
to monitor inter-annual flooding in March-May periods for the next decade, in order to
obtain conclusions about water inputs in the wetland and their potential relationship with
changes in the Mediterranean climate. The hydrological cycle of this coastal wetland
is practically identical to the one observed in the Ebro Delta (Catalonia, Spain), where
two different periods of rice field cultivation can be distinguished: the first, from April
to September, which includes sowing, growing and harvesting; and the second, from
September to February, when the fields remain inactive and flooded [78]. In general, rice
cultivation in Mediterranean region has the same main stages as in other climate regions
such as the Mekong River Delta (South Vietnam), where the rice production is controlled
by the dry season (December to April) and rainy season (May to November) [79], or the
Arkansas River Basin (United States), where different crops (rice, cotton, corn and soybean)
are developed sharing similar phenological cycles [80].

This study has also evaluated the inflows and residence times values of the Albufera
Lake between 2006 and 2017, in order to analyse them with the observed hydroperiods.
Lake inflows depended on the phase of rice cultivation cycle taking place in the wetland.
Normally, the highest inflows are reached in September-October after rice harvesting,
although they can also be observed in February, after the drainage of the fields at the end of
the winter flooding, and occasionally during torrential rains in spring, in order to keep the
fields dry. The study carried out by Soria et al. [64] confirms the heterogeneity of inflows
between months (highest values recorded in October and May) as well as the irregular
distribution of flows into the lake, evaluating in detail 18 canals connected to natural basins.
Minimum and maximum flow values are similar to those recorded in our study; there are
no periods of drought.

The average water renewal of the lake for the period 2006–2017 (8.5 times
year−1 = 42.9 days) is slightly higher than that recorded by Soria [66] in 2004 (7.4 times
year−1 = 49.5 days). In addition, the average result is practically unchanged with respect
to that reported by Soria et al. [64] (8.4 times year−1 = 43,4 days). These values confirm
a considerable reduction with respect to the estimated renewal rate in 1988 (9.8 times
year−1 = 37 days) [73], which is impossible to recover without increasing inputs and op-
timizing natural runoff events. Similarly, in Dragon Lake (China), an urban man-made
lake, the residence times ranged from 1.5 to 102 days and 1.0 to 66 days depending on
the flow conditions [81]. Moreover, the natural hydrological zoning of the lagoon causes
the renewal rate to show a significant spatial heterogeneity, as demonstrated by Soria
and Vicente [73], which persists today [64]. Although our study does not include a zonal
analysis of the RT of the lake, spatial differences are noticeable also in the lake inflows
measured, as mentioned above. This spatial variation has also been observed in the Venice
Lagoon (Italy), where residence times ranged between values less than 25 days, close to the
inlets, and values over 60 days, in the inner areas [82].

In addition, the analysis confirms that water renewal in Albufera lake is dependent
on the phases of rice cultivation, with significant seasonal changes. As a consequence, the
lake undergoes abrupt water-level changes over an annual cycle, resulting in continuous
alterations in turbidity as observed by Sebastiá-Frasquet et al. [30]. These increasingly
common turbidity phases can negatively affect the development of vegetation populations
in the lake. In general, the annual moments where the highest flows were recorded
coincide with the lowest residence times, which implies that the floodgates that connect
the lake with the sea were open, promoting a renewal of the lake water and not a dilution
effect. These moments are linked to the drainage of the rice fields at the end of the winter
flooding or cultivation period. During higher water renewal periods, short-term clear-
water events (CWPs) sometimes occur. This rapid flushing has been evaluated in previous
studies [61–63] and is linked to a significant reduction in salinity and a strong increase in
lake transparency, associated with a reduction in phytoplankton biomass and a change in
the plankton community composition. This mismatch with the natural flood cycle has also
been observed during the analysis of the rainfall data. On the one hand, the main rainfall
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period in the wetland is observed in autumn, with occasional torrential storms in spring
and summer. On the other hand, the hydroperiods have two peaks, one in June-July and
the other in December-January. Therefore, during the winter the rains are used to flood the
fields, preventing the water renewal of the lagoon, while in spring they are quickly drained
to keep the rice fields dry, promoting renewal. In addition, high flood volumes are often
observed when the rainfall is low.

5. Conclusions

Wetland are among the most important aquatic ecosystems due to their biological
richness and the ecosystem resources they provide. In the Mediterranean region, coastal
wetlands have suffered major impacts due to land use change for the benefit of agricultural
production. Long-term hydrological regime monitoring of these regions is a priority
in order to optimize its hydrological management and ensure the conservation of their
natural attributes.

A new method to estimate the water level in flood plains from Landsat images has
been developed and validated in this research. This methodology has been applied to
a Mediterranean coastal wetland highly linked to the rice production, the Natural Park
of Albufera (Valencia, Spain), in order to monitor its flooding dynamics during the last
15 years. A large volume of data has been analysed, both from satellite images and field
measurements, in order to obtain a reliable and efficient method. The algorithm developed
is consistent and provides maps of the flooded area and water volume with optimal
resolution considering the extent of the study area. The methodology followed to study
flood cycles is confirmed as an efficient and fast ecological tool. This practical approach
can be applied to analyse volume changes in complex flood plains areas, where such
estimations are challenging because of the continuous spatial and temporal changes, the
dynamic connection between water bodies and the impact of human activities.

This study represents the most extensive temporal analysis of the hydrological cycles
of the Natural Park of Albufera to date. No major differences have been observed over
the 15 years in the flood cycle, which is governed by the requirements of rice production
carried out in the wetland. In addition, the methodology followed to calculate the inflows
to the Albufera lake has been successful, allowing the temporal analysis (annual and
seasonal) of the residence times of the lake during 2006–2017. This study demonstrates
the impact of agricultural activity on the hydrology of the Albufera Lake by reducing its
natural renewal rate promoted by rainfall and runoff processes. Therefore, it is necessary
to optimize seasonal hydroperiods with the rice cultivation in order to reduce residence
times of the lake in winter months and prevent nutrient and organic matter stagnation
during summer. These changes will favor the improvement of the Albufera Lake trophic
state and the sustainability of its aquatic biodiversity.

Supplementary Materials: The following are available online. Supplementary Material A: Hydro-
logical regime monitoring of the Natural Park of Albufera between 2006 and 2020: Landsat imagery
long-time series together with the calculated flooded (or cultivated) area and the volume of flood-
water; Supplementary Material B: Table S1: Location of the points selected to measure the water
level during winter flooding in the rice fields together with the date of the measurement, the actual
water level, the pixel value obtained for the applied NDWI index and the water level resulting from
the mathematical adjustment. Table S2: Ubication of each point selected to measure inflows to the
lagoon (UTM coordinates) together with the dimension of each canal (width and depth in m), average
inflow for the study period (years 2010, 2011, 2016 and 2017) and standard deviation (SD). Table S3:
Algorithm validation results based on the linear regression method between the water level values
estimated from two Landsat scenes and the real measurements obtained at 12 field points. Table S4:
Average residence times and water renewal rates of the Albufera Lake estimated for the period
2006–2017, together with total annual rainfall. Figure S1: Landsat sensors employed together with the
total number of images available in the European Space Agency & United States Geological Survey
Landsat archives, the number of images downloaded (images with less than 40% land cloud cover)
and the number of images finally processed and analysed per year. Figure S2: Examples of Landsat
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8 OLI/TIRS images of the Park Natural of Albufera processed by the normalized difference water
index (NDWI) and the normalized difference vegetation index (NDVI) representing inundation extent
during the winter flooding and cultivated area during summer, respectively. Figure S3: (A) Great
egret (Ardea alba) in the rice fields located to the south of the Natural Park of Albufera, during the
beginning of winter flooding in October 2018; (B) Flock of Glossy ibis (Plegadis falcinellus) in rice
fields in the south of the Natural Park during winter flooding in December 2018; (C) Beginning of
rice growth in rice fields located to the south of the Natural Park in June 2019; (D) Rice fields located
in the north of the Natural Park prior to their collection in September 2019. Figure S4: Evaluation
of the volume of water in the rice fields and the monthly rainfall recorded in the Natural Park of
Albufera for the periods 2006–2008, 2010–2011 and 2016–2020.
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