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Abstract: The Albufera of Valencia, a Mediterranean coastal lagoon, has been in a turbid state since
1974, with only four episodes of temporary water transparency in spring. Despite its average depth
of 1 m and oligohaline waters, excessive turbidity, fish grazing, and toxic compounds have inhibited
submerged macrophyte growth. In spring 2018, a significant area of Myriophyllum spicatum emerged
and exhibited significant density until its complete disappearance in August 2018. Using Sentinel-2
and Landsat-8 imagery, we monitored water quality variables and vegetation density during these
months. Our study revealed the first unique occurrence of M. spicatum in more than 40 years. A period
of increased transparency from summer 2017 compared to previous years seems to be the cause
of this appearance, while high summer temperatures caused its disappearance. While improving
water quality may help restore submerged macrophyte meadows, our results suggest that summer
maximum temperatures may inhibit recovery. Remote sensing, particularly the NDVI index, proved
successful in monitoring aquatic vegetation and understanding species-environment relationships.
This methodology can enhance future monitoring efforts for macrophyte colonization and expand
knowledge of their occurrence and causes of disappearance in this and other similar areas.

Keywords: aquatic Vegetation; water transparency; remote sensing

1. Introduction

Plants and algae are important in the ecological functions of aquatic environments.
Submerged macrophytes or hydrophytes play a fundamental role in the alternative state
model of [1]. According to this model, there is a turbid phase dominated by phytoplankton
and a clear phase dominated by submerged vegetation. This model is based on the fact that
nutrient loading increases turbidity due to massive phytoplankton blooms, but the presence
of macrophytes reduces turbidity. Although macrophytes disappear above a critical level of
turbidity [2,3], excessive nutrient accumulation in the aquatic environment is detrimental
to the growth of submerged macrophytes [4]. In this sense, hydrophytes have been used
in several wetland restoration programs around the world according to Rodrigo [5] and
references included. This is because the presence of submerged vegetation reduces water
turbidity through various mechanisms, such as preventing sediment resuspension [6],
competing with phytoplankton for access to light and nutrients [2,7], and inhibiting their
proliferation [8]. In addition, they promote greater water quality by significantly increas-
ing dissolved oxygen through photosynthesis and water transparency [9] and absorbing
phosphorus from sediments and water through roots [10].

J. Mar. Sci. Eng. 2024, 12, 260. https://doi.org/10.3390/jmse12020260

https:/ /www.mdpi.com/journal /jmse


https://doi.org/10.3390/jmse12020260
https://doi.org/10.3390/jmse12020260
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0001-5249-8590
https://orcid.org/0009-0003-3855-3313
https://orcid.org/0000-0002-0284-2506
https://orcid.org/0000-0002-7304-2688
https://orcid.org/0000-0002-1028-4997
https://doi.org/10.3390/jmse12020260
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse12020260?type=check_update&version=2

J. Mar. Sci. Eng. 2024, 12, 260

2 of 20

In the context of wetlands in general [11] and Mediterranean coastal lagoons in partic-
ular [12], submerged macrophytes are a key component in terms of ecological interactions
because they are at the base of trophic chains, providing food for invertebrates, fish, and
birds, and being a source of organic carbon for detritivorous bacteria. However, they also
participate in non-trophic interactions, serving as substrate for periphyton and shelter for
numerous invertebrates and different stages of fish, amphibians, and reptiles [13,14]. Zoo-
plankton using macrophytes as refuge would be another mechanism against turbidity, due
to the grazing control it exerts on phytoplankton [15]. However, in Mediterranean regions,
where high temperatures are reached in the summer, more cover of emergent macrophytes
would be necessary to overcome the growth of phytoplankton and filamentous algae [5].
Since the 1970s, agricultural, industrial, and urban pollution has turned the Albufera of
Valencia lagoon (Spain) into a hypertrophic lagoon, losing macrophyte meadows and enter-
ing a turbid phase dominated by phytoplankton, especially cyanobacteria [16]. Currently,
according to the Regional Council, the only species found within the boundaries of the
Albufera Natural Park is Myriophyllum spicatum (hereinafter referred to as M. spicatum).
During the spring of 2018 an important area of M. spicatum in a shallower area of the
northern part of the lagoon appeared, which developed a remarkable density of vegetation
until emerging to the surface. This event can be described as extraordinary and of great
interest to the scientific community, as an extension of macrophytes such as that observed
in spring and summer 2018 had not been seen in the lagoon since these plants disappeared
in 1972. This demonstrated that if the water quality of the lagoon is properly managed,
its environmental recovery would be possible without any intervention other than that of
nature itself.

Between 1972 and 2018, several national environmental laws have been enacted
concerning the aquatic environment in Spain. In 2001, the first national Water Law was
passed [17] following the publication of the Water Framework Directive. This law has
been modified over the years until 2008 when the Environmental Responsibility Law was
passed [18].

In this context, environmental monitoring of these conditions is important to assessing
the effectiveness of management and restoration strategies in aquatic ecosystems [19].
Remote sensing has been used in numerous studies [19-25], correlating the reflectance
on different spectral bands with phytoplankton and vegetation biomass through spectral
indices, taking advantage of the knowledge generated on the optical properties of the
different pigments of vegetation and phytoplankton [26]. A key factor in many studies of
terrestrial vegetation is spectral information collected in the red and near infrared (INIR)
bands [27,28]. These bands, along with blue and green, have been combined in different
radiometric indices to assess the growth, health, and density of terrestrial [29] and aquatic
vegetation [30-32].

In aquatic vegetation studies, sometimes short wavelength infrared (SWIR) bands are
selected [33-35] for being sensitive to the presence of floating leaf components [36]. Taking
this into account, NDWTI is sensitive to the amount of water contained in the vegetation
and is therefore useful for estimating the density of emergent macrophytes, floating and
submerged foliage, although it is less sensitive to atmospheric effects [35]. Moreover, bands
and indices more appropriate to terrestrial vegetation have also been adapted [32,37-40],
such as the well-known NDVI [37].

According to Malthus [28], aquatic emergent and partially emerged macrophytes have
similar optical properties to their terrestrial counterparts, with low reflectance in the blue
and red parts of the visible spectrum due to absorption by photosynthetic pigments, and
higher reflectance in the red edge area (705 nm) to relatively high reflectance in the near
infrared (NIR) (Figure 1), mainly due to a high degree of light scattering. It’s remarkable that
NDVl s sensitive to aquatic vegetation, despite some differences between species, up to a
depth of 50 cm, beyond which the absorption of water in the NIR makes detection difficult.
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Figure 1. Spectral characterization of clear water in southern area of the Albufera lagoon, turbid
water around the emerging plants and M. spicatum area. Data obtained from the Albufera lagoon
using the Sentinel-2 image of 10 July 2018 through SNAP 9.0 software.

Malthus [28] also identifies several key challenges in the field of remote sensing of
aquatic macrophytes according to the references included in his review. First, there is a need
for more systematic studies to understand the spectral signatures and biophysical properties
of different macrophyte species and growth habits. This would involve building spectral
libraries for different species and substrates. In addition, it is important to understand how
factors such as species, phenology, depth, and water quality influence spectral reflectance,
as this affects the relationship between macrophyte characteristics and reflectance. Also,
the effect of acquisition characteristics, such as the relative position of the sun with respect
to the sensor and surface effects, on the retrieval of macrophyte properties should be
investigated. Moreover, there is a need to develop standardized methods for assessing
morpho-ecological gradients, structural complexity, and functional status of macrophyte-
dominated habitats. Finally, efforts should be made to improve the mapping of macrophyte
distributions and phenology at regional and global scales, and to gain insight into changes
in macrophyte distributions and the resilience of macrophyte communities to external
forces and environmental degradation.

In line with these challenges, our study aims to make an innovative contribution by
using the radiometric indices of terrestrial vegetation to monitor the pattern of a singular ap-
pearance and disappearance of M. spicatum in the Albufera lagoon. Through this approach,
our research aims to provide new insights into the relationship between water quality, the
temporal dynamics of aquatic species and the factors influencing their density. In particular,
by highlighting the effectiveness of the method in overcoming absorption limitations in the
NIR due to the subsurface nature of the species, we aim to provide valuable contributions
to be able to understand and manage aquatic habitats in coastal lagoons, thus addressing
current challenges in the field of remote sensing of aquatic macrophytes.

Following this line of research, and considering the subsurface character (<10 cm
depth) of M. spicatum in the waters of the Albufera lagoon (Appendix A, Figure A1), the
main objective of our work is to assess the effectiveness of radiometric indices of terrestrial
vegetation for monitoring the sporadic appearance and disappearance of this macrophyte
in the northern part of the Albufera during 2018 using remote sensing data, with the
intention of quantify the area occupied by the plants and to know their annual evolution
from the appearance to their disappearance. We will also hypothesize the possible causes
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and the factors that determine the density of the species in this area, comparing with other
case studies.

2. Materials and Methods
2.1. Study Area

The Albufera of Valencia Natural Park is a coastal wetland located in the southern part
of the city of Valencia (Figure 2). The park consists of the shallow central lagoon, which has
a maximum depth of approximately 1.3 m, and the surrounding marshes, which have been
modified mainly for rice cultivation. Currently, the lagoon is in a hypertrophic ecological state,
mainly due to urban and industrial discharges and nutrient inputs from agricultural activity.
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Figure 2. (A) Study area map, indicating the Iberian Peninsula, (B) geographical coordinates, the
border of the Albufera Natural Park with a red line, the Albufera lagoon in green color due to its
hypertrophic state, the Jucar River with a blue line, and the study area of the emerging plants with a
red circle. Sentinel-2 image in natural false color dated 27 March 2018.

The cultivation cycle begins in spring with the tillage of the land. During the summer,
the fields are kept half flooded while the rice crop grows, and it is in September when the
rice is harvested. Once the rice is harvested, the fields are flooded to the maximum and
emptied again during January to February. Currently, the drained water passes through
the central lagoon, to the mechanical gates that connect to the Mediterranean Sea [41].

From 2015 and especially in 2016, the presence of different species of aquatic macro-
phytes, among which we find M. spicatum, began to increase in the Albufera. The most
abundant species, during a period spanning from 2015 to the present, was M. spicatum. This
species has an important role in aquatic ecosystems because it is an indicator of ecological
restoration; however, it has become one of the most invasive species in some parts of North
America [42]. M. spicatum has socioenvironmental importance because its ability to occupy
various freshwater habitats makes it valuable for improving and maintaining the ecological
balance in aquatic environments.

The largest area of occupation developed in spring 2018, reaching 106,047 m? in the
whole lagoon, concentrated mainly in the northern area [43]. Other species that appeared in
other places are the following: Ceratophyllum demersum, Myriophyllum spicatum, Najas marina,
Potamogeton crispus, Potamogeton nodosus, and Potamogeton pectinatus. This exceptional
development may be related to a contribution of clean water derived from the Jucar River
during the winter, more specifically 9.89 cubic hectometers (hm?).
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2.2. Sampling Methods

Field sampling in the lagoon was carried out systematically every month or so to
obtain data on its ecological status, trying to coincide with Sentinel-2 imaging. In 2018,
one sampling was carried out at the end of March, but it was not possible to observe the
beginning of the vegetation from the boat, as it was in a unique area in the northern zone
of the lagoon. The observation of the image of 23 May 2018, indicated the presence of a
vegetation area that had not been observed before, and then a detailed study of the imagery
was carried out since March to investigate the appearance and evolution until that date.
From that moment on, more detailed observation efforts were performed on a weekly basis,
in which samples of the growing plants were also taken (Appendix A, Figure Al).

The main study area was in the northern area of the Albufera lagoon, which was
accessed by boat. In addition to the observation of the presence of the plants, several water
quality variables were measured in the area. Water transparency was measured by Secchi
disk depth, while water temperature and conductivity were measured using a portable
handheld conductivity meter (Hanna Instruments, Smithfield, RI, USA).

Between March and August 2018, a total of nine water samples was collected in the
area of interest for subsequent laboratory analysis. Samples were collected around the SAV
bed at a distance of 30-50 cm from the plants, consisting of three subsamples at a depth of
10-20 cm (the depth of site sampling was 50-60 cm). Total suspended solids were measured
using the filtration method [44], having a measured volume of water pass through glass
fiber filter with 1 um pores that was previously desiccated and weighed, then dried at
105 °C, and weighed again; the difference in weight equaled the total suspended solids of
the sample.

The nitrate concentration is obtained by calculating the second derivative from the ul-
traviolet absorbance of the samples measured using a DU600 spectrophotometer (Beckman
Coulter, Brea, CA, USA) at 224 nm [45].

Water samples collected in the field were also filtered using 0.47 mm Whatman GF/F
glass fiber filters and Chl-a extracted from the filtered samples using a solvent solution
prepared with dimethyl sulfoxide and 90% acetone using Shoaf and Lium methodology [46].
The concentration of the extracted pigment was measured using a spectrophotometer
(Beckman DU600, Beckman Coulter, Brea, CA, USA), and the calculation methodology
proposed by Jeffrey and Humphrey [47] was used for determining [Chl-a]. These values
were obtained to validate the measures of fluorometer.

2.3. Remote Sensing Data

Remote sensing was chosen for this study because it provides frequent, large-area
data with logistical ease. Its high temporal resolution is critical for more comprehensive
monitoring than conventional methods. In addition, simple combinations of different
spectral bands allow us to assess vegetation health and cover with significant accuracy,
contributing to a more complete understanding of ecological dynamics in our study area.

Sentinel-2 (S2) and Landsat-8 (L8) satellite imagery was used, coinciding with the date
of field data collection. S2 satellite images were downloaded atmospherically corrected
with Sen2Cor, which was intended to correct the atmospheric effects of Sentinel-2 Level
1C products and obtain Level 2A images [48]. The source was the European Space Agency
(ESA) through its free Open Access Hub platform (currently Copernicus Browser). The
Sen2Cor processor was designed for vegetation and terrain, but also provides good results
for eutrophic or hypertrophic waters, such as the Albufera of Valencia and its surrounding
marshes, according to previous studies carried out in the study site using in situ radio-
metric data [49,50]. L8 images were obtained from the USGS (United States Geological
Service) server. These images were downloaded at processing level 1 (L1C) with geometric
correction and then were atmospherically corrected using ENVI 5.0.3 software (Exelis
Visual Information Solutions, Boulder, CO, USA), applying the QUAC (Quick atmospheric
correction) procedure [51].
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Once downloaded and atmospherically corrected, S2 and L8 images were processed
using Sentinel Applications Platform (SNAP 9.0) software developed by ESA (Brockmann
Consult, Hamburg, Germany). The images were resampled to 10 m that allows us to
equalize all spectral bands in each image to the same spatial resolution. Through the
“Vegetation Radiometric Indices” tool implemented in SNAP 9.0, it is possible to apply
different vegetation indices (see Sections 2.4 and 3.1) and thus determine which one is best
suited to the conditions of our study. In order to speed up the processing, the study area
should be defined, and a region of interest (ROI) should be drawn as a polygon, so that the
program applies the indices only in our study area, as presented in the results section.

2.4. Vegetation Indices

It is possible to estimate plant biomass from spectral data, using regression analysis,
with spectral bands or combinations of bands (ratios, indices). A vegetation index is defined
as the combination of spectral bands from a satellite to enhance the vegetation cover and
attenuate the details of other components such as soil, lighting, etc.

It is important to note that spectral indices commonly used to assess vegetation on
land may not be directly applicable or as effective for assessing aquatic plants due to
water absorption in the NIR. However, as mentioned above, indices originally designed for
terrestrial vegetation also give good or even better results when plants are fully or partially
emerged, or at a shallow depth of less than 0.5 m to avoid the effect of water absorption in
the NIR, as in the present case [28]. The indices used in our study to monitor the cover of
M. spicatum are described below:

- NDVI (Normalised Difference Vegetation Index) [37]: this is a vegetation index that
uses the difference in reflectance between the near infrared and red parts of the
electromagnetic spectrum to quantify vegetation density and health;

- SAVI (Soil-Adjusted Vegetation Index) [52]: This vegetation index is similar to NDVI
but considers the reflectivity of the soil. It was developed to correct the influence of
soil on vegetation measurements;

- MNDWI (Modified Normalised Difference Water Index) [33]: This index focuses on
the detection of water. It uses the near infrared and green bands to distinguish between
water and other types of land cover;

- LAI (Leaf Area Index) [53]: A key indicator of vegetation structure that represents
the total leaf area per unit of ground area. It provides information on the density and
distribution of leaves in a vegetation;

- FAPAR (Fraction of Absorbed Photosynthetically Active Radiation): This index mea-
sures the proportion of photosynthetically active radiation absorbed by vegetation,
which is an indicator of the photosynthetic efficiency of an ecosystem;

- FCOVER (Fraction of Ground Cover): This index quantifies the proportion of the
ground covered by vegetation, providing information on the density and cover of
vegetation in a given area.

According to our results (see Section 3.1), we chose the NDVI index for this study.
Its basis considers that healthy plants absorb most of the visible light (400-700 nm) that
they use for photosynthesis. Chlorophyll in plants strongly absorbs light in the blue
(430450 nm) and red (640-680 nm) regions of the spectrum, which makes healthy plants
appear green to the naked eye by reflecting green light (500-570 nm). On the other hand,
plants reflect a lot in the near-infrared region (700-1300 nm) of the spectrum. The cellular
structure of the leaves causes this reflection. When a plant is dehydrated or diseased, this
cell structure deteriorates, resulting in lower near-infrared reflection and higher absorption.
Therefore, by observing how the reflected light changes in the near infrared compared to
red light, we can get an accurate indication of the amount of chlorophyll present, which in
turn correlates with the health of the plant. Its Formula (1) is therefore described below:

RNIR — RRed
NDVl = — 1
RNIR + RRed @
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The adapted versions for the S2 (2) and L8 (3) spectral bands are presented below:

NDVISentinel—Z =

NDVILandsat-S =

Band 8 — Band 4

Band 8 + Band 4

Band 5 — Band 4
Band 5 + Band 4

(2)

)

The objective and central wavelengths of the different spectral bands presented above

are shown below in Table 1.

Table 1. Spectral bands for L8 and S2 satellites. Adapted from ESA [54] and NASA [55].

Landsat 8 Sentinel-2
Bands Objective Ac (nm) Bands Objective Ac (nm)

Bl Coastal aerosol 443 Bl Coastal aerosol 442
B2 Blue 482 B2 Blue 492
B3 Green 562 B3 Green 560
B4 Red 655 B4 Red 665
B5 NIR 865 B5 705
B6 1610 B6 Vegetation red edge 740
B7 SWIR 2200 B7 783
B8 Pan 590 B8 842
B9 Cirrus 1375 BSA NIR 865
B10 TIR 10,900 B9 942
B11 12,000 B10 1380

B11 SWIR 1610

B12 2190

The values provided by this equation vary between —1 and 1, allowing us to classify
the pixels into different categories (Table 2) and, if necessary, to create masks on the

processed images.

Table 2. NDVI values and interpretation of each range. Adapted from Jiang et al. [56].

NDVI Range Correspondence
<0.1 Bare soil, water, and snow
0.2-0.3 Scrub and grassland (sparse vegetation)
0.4-0.5 Relatively thick and healthy vegetation
0.6-0.8 Dense temperate and tropical forests

2.5. Data Analysis

Once all the images were processed and the results for the NDVI index were obtained,
the positive values corresponding to the previously designated region of interest (ROI) were
selected from the satellite images. Values between 0.25-0.7 were considered as vegetation,
so we have considered all pixels in this value range to be completely covered by vegetation,
and then the area is the sum of these pixels.

For water quality variables, the algorithms of Molner et al. [57,58] were applied to
estimate the Secchi disk depth of vision (Zgp) with an RMSE of only 7 cm [58], turbidity
and total suspended solids in the S-2 imagery with an RMSE of 13.15 NTU and 26.64 mg/L,
respectively [57], in the 302.16 ha of the lagoon adjacent to the shore zone where plant
growth occurred. In this way, the influence of the annual cycle of these limnological
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variables on the emergence and disappearance of the plants was analyzed with PAST
software version 4.11.

3. Results
3.1. Radiometric Vegetation Indices Analysis

The NDVI (normalized difference vegetation index) proved to be the most appropriate
indicator and was selected as the most suitable for monitoring M. spicatum in the Albufera
lagoon during its exceptional occurrence in spring—summer 2018. Figure 3 shows the results
derived from the evaluation of different radiometric vegetation indices, showing that only
the NDVI gives plausible results in agreement with field observations.

s N DV
s [V N DV

Index variation

=— FAPAR
= FCOVER

Date

Figure 3. Average results obtained by the different radiometric vegetation indices for M. spicatum
within the region of interest in the northern zone of the Albufera coastal lagoon during the study
period (March-August 2018).

Concerning Figure 3, it is important to clarify that it represents the mean index value
of all pixels within the region of interest (ROI) established for the plant study on each
date. It is important to note that the same pixels were used consistently across all dates,
but it should be noted that in some cases, the mean NDVI value may appear negative.
This result is attributed to the effect of water pixels at times when the plant emerges or
disappears. It should be emphasized that the calculation of the area occupied by M. spicatum
only considers pixels designated as vegetation within the ROI, as described in detail in
Sections 2.4 and 2.5 of the study.

3.2. Field and Remote Sensing Data

During 2018, a total of 20 samples were taken in the waters of the Albufera of Valencia
and a total of 32 satellite images were processed, of which five were from Landsat-8, nine
from Sentinel-2B and eighteen from Sentinel-2A. During this year, the lagoon showed
the following results of water quality variables: Water conductivity presented an average
value of 2276 uS/cm, with extreme values of 1013 and 3040 uS/cm. The annual average
chlorophyll-a values were 94.5 mg/m3, with extreme values of 44.1 and 331.0 mg/m?>. Water
transparency as measured by the Secchi disk depth was 0.37 m, with extreme values from
0.20 to 0.55 m. These data show that the Albufera lagoon is oligohaline and hypertrophic,
as well as shallow, since its average depth is close to 1 m.
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The results for vegetation cover (m?) and the water variables considered interesting
for understanding the emergence and disappearance of the plants are shown in Table 3.

Table 3. Dates of processed and satellite images (52A & B: Sentinel-2A & 2B; L8: Landsat-8). Results
of M. spicatum area (m?) and other limnological variables for the studied dates during 2018.

Remote Sensing Estimated Data Field Data (Plants Zone)
Date . A .
. M. spicatum Zsp Turbidity TSS Nitrates  Chlorophyll-a
Satellite Area (m2) () (NTU) (mg/L) Temperature (mg/L) (mg/m®)
12 March 2018 S2A 600 0.30 36.08 137.61
22 March 2018 S2A 1800 0.43 9.00 34.32
27 March 2018 S2B 6800 0.41 9.53 36.36 16.8 73.5
5 April 2018 L8 12,600
12 April 2018 L8 13,500
28 April 2018 L8 20,700
11 May 2018 S2A 28,300 0.27 23.67 90.29
21 May 2018 S2A 29,000 0.25 28.27 107.82 24.8 331.0
8 June 2018 L8 52,200
15 June 2018 S2B 57,000 0.28 15.49 58.96 25.1 6.66 101.5
20 June 2018 S2A 61,200 0.30 13.59 51.82 26.7 2.70 56.2
25 June 2018 S2B 52,300 0.32 19.21 73.27 27.7 2.75 104.6
05 July 2018 S2B 43,200 0.38 11.18 42.68 26.7 1.64 85.2
10 July 2018 S2A 33,000 0.45 5.06 19.30
15 July 2018 S2B 26,700 0.36 2231 85.09 27.2 1.86 84.9
20 July 2018 S2A 31,400 0.38 22.68 86.48 28.2 3.28 71.6
30 July 2018 S2A 32,600 0.50 6.87 26.21
4 August 2018 S2B 23,100 0.54 3.80 14.49
11 August 2018 L8 2700
14 August 2018 S2B 1100 0.50 5.78 22.04 30.1 2.04 46.2
19 August 2018 S2A 1200 0.54 3.15 12.02

Satellite image observation shows that the beginning of the emergence of M. spicatum
was on 12 March, reaching its maximum observed extent on 20 June 2018 (Appendix A,
Figures Al and A2), and was last observed on 19 August. This was confirmed in the
field, since on 14 August some plants were still observed in a senescence vegetative state
(Appendix A, Figure A3), while in the sampling of 24 August no plants were observed on
the surface, while some remained completely submerged.

In the area where the plants emerged and during the months that they remained,
chlorophyll-a values were between 46.2 (14 August) and 331 mg/m? (21 May), with an
average value of 106.1 mg/ m?3, while far away, in the central part of the lagoon, these
values in the same period were between 68 and 119 mg/m3. Regarding nitrate data, a
total of seven samples were recorded, with a minimum concentration of 1.64 mg/L on
5 July, reaching a maximum of 6.66 mg/L on 15 June, and an average of 0.67 mg/L. As
for temperature, nine observations are available, with values ranging from a minimum of
16.8 °C (27 March) to a maximum of 30.1 °C (14 August), with an average temperature of
25.9 °C.

With respect to remote sensing data, the Secchi disk depth showed variability with a
maximum of 0.54 m on 19 August and a minimum of 0.25 m on 21 May, with an average of
0.39 m. Turbidity, measured in nephelometric turbidity units (NTU), showed a range of
values from a minimum of 3.15 NTU (19 August) to a maximum of 36.08 NTU (12 March),
with an average of 14.65 NTU. For total suspended solids, a maximum of 137.61 mg/L
was recorded on 12 March, a minimum of 12.02 mg/L on 19 August, and an average of
55.87 mg/L.
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3.3. Data Analysis

The values of greater transparency are associated with episodes of lower turbidity and
total solids concentration in the water. Based on the dates on which transparency and plant
cover coincide, a scatter plot (Figure 4) was made to observe the time series during 2018
and evolution between the two variables.

The emergence of plants occurs at the beginning of the meteorological spring, they
grow until they reach a maximum at the beginning of the summer and disappear completely
at the end. Transparency, on the other hand, represented by the visibility depth of the
Secchi disk, follows a bimodal cycle, with values close to or above 30 cm in winter and late
summer, while decreasing to values close to 20 cm in spring and autumn. These seasonal
patterns are a consequence of algal blooms and retreat, with transparency following a
negative relationship with Chlorophyll-a concentration [58].
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Figure 4. Temporal evolution of M. spicatum cover (m?) in green and Secchi disk depth (m) in blue in
the study area during 2018.

The distribution of the values of surface area covered by M. spicatum follows a normal
Gaussian distribution (Figure 5A), the measured values being within the 95% confidence
interval, with a p-value < 0.001.

However, the water transparency values present a bimodal distribution (Figure 5B),
fitted to a sine function with a period of 167 days. Regarding this data, it should be noted
that the duration of macrophyte presence was also 163 days and that the duration of rice
cultivation, from sowing to harvesting, is around 150 days, depending on the variety
cultivated. Figure 6 illustrates this evolution at two different moments, one with a low
density and the other with a higher density of M. spicatum, which is inside the red polygon
in all cases.

The onset of M. spicatum growth seems to coincide with the episode of water clarity
that the lagoon undergoes during the month of March (Figure 6A). Despite that, the moment
of maximum expansion of the plant cover coincides with the season when the water is most
turbid due to the late spring algal bloom (Figure 6B). From this point on, the disappearance
of the plants begins, expressed in the graph (Figure 5B) as a decrease in cover (Figure 6C).
The clarity of the lagoon begins to recover, but the plants do not recover (Figure 6D,E) and
are completely lost by the end of the summer when the transparency reaches its maximum
just before the autumn bloom (Figure 6F).
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Figure 5. (A) Temporal evolution of M. spicatum cover (m?); the red line indicates the normal
distribution and the blue lines the 95% confidence interval. Day 1 corresponds to 21 January 2018.
(B) Secchi disk depth (m) during 2018; the blue line is the observed Secchi disk depth, while the red
line is the adjusted statistical sinusoidal distribution.

Nevertheless, when applying the linear regression method, the results show an ap-
parent correlation between the decrease in M. spicatum cover and the increase in water
transparency, which contradicts what would be expected according to common sense and
the literature cited. On the other hand, a relatively low coefficient of determination (R?) is
observed (0.2248), suggesting a weak relationship or the possible influence of other factors
not included in the analysis. This contradictory relationship could indicate the presence of
additional variables, insufficient data to establish a clear relationship, or seasonal effects
that could influence the dynamics of the aquatic plants in the lagoon.

Moreover, looking at Table 3, we can conclude that the presence of M. spicatum can
also be limited in summer due to the high concentration of nitrates from the rice fields, in
addition to the sharp increase in temperatures, sometimes reaching or exceeding 30 °C.

A correlation analysis between M. spicatum cover (in square meters) and the corre-
sponding values of nitrate and summer temperature showed different results. In the case
of nitrate, a positive correlation is evident, indicating that an increase in nitrate levels is
associated with an increase in M. spicatum cover, although in a modest way, since the coeffi-
cient of determination (R?) is close to 0.2. Nevertheless, when temperature is considered,
a significant decrease in M. spicatum cover is observed with increasing temperature. This
response pattern is more pronounced and the R? obtained is slightly higher, reaching about
0.35. All these data suggest a more than likely combination of both physical and chemical
water factors affecting the presence and density of M. spicatum, but temperature may have
a more pronounced effect on the dynamics of M. spicatum compared to nitrate levels during
the summer period.
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Figure 6. Comparison of NDVI values in low coverage and high coverage images to disappearance.
(A) 27 March 2018. (B) 20 June 2018. (C) 10 July 2018. (D) 30 July 2018. (E) 4 August 2018. (F) 9 August
2018. In each image, a red polygon indicates the emerging plants, and the yellow bar equals 1 km.

4. Discussion

The presence of macrophytes in lakes and ponds and their function in these ecosystems
is determined by the quality of water in which they develop [59-61]. Several factors
influence the distribution patterns of aquatic macrophytes. Many studies have concluded
that light and water clarity are the factors that most influence the abundance, composition,
and distribution of macrophytes [62—-64]. Thus, high water clarity allows light to reach
greater depths and given that the Albufera has an average depth of 120 cm, when these
two parameters are in good condition, plant growth is optimal.

In the specific case of the Albufera, the onset of M. spicatum growth seems to coincide
with a period of greater water clarity in the lagoon during the month of March. However,
the point of maximum expansion of the plant cover coincides with the period of highest
water turbidity. After this point, the plants begin to decline and although the clarity of
the lagoon begins to recover, the plants do not recover and disappear completely by late
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summer, just before the fall bloom when transparency is at its peak. The unclear and
contradictory relationship observed in our results between transparency and plant cover
contrasts with what is reported in the literature and raises the possibility of the existence of
unaccounted variables or unidentified seasonal effects that could influence the dynamics of
aquatic plants in the lagoon.

In addition, the combination of light and temperature affects plant growth, morphol-
ogy, photosynthesis, chlorophyll composition and reproduction [65,66]. While a tempera-
ture within the tolerance range allows plants to grow and reproduce, a drop in temperature
can be a critical factor for reduced growth [67]. Turbidity in the water also appears to be
a determining factor in the expansion of submerged aquatic plants [68,69], as it directly
affects the transparency of the water and the penetration of light, which is essential for the
process of photosynthesis.

The factors related to the presence of sediments, such as their composition (organic or
inorganic), reduction of available oxygen, grain size composition, etc., have been defined by
several authors [70-72] as influencing the distribution and diversity of aquatic macrophytes.
Finally, the increased presence of nutrients can cause significant changes in the density,
species composition and richness of aquatic vegetation in lakes [63,73,74]. However, it
can also promote the growth of phytoplankton populations, which in turn increases water
turbidity and ultimately leads to a decrease in light availability and its consequences [75,76].
In the 1970s, the introduction of nutrients and suspended solids from industrial, urban and,
above all, agricultural discharges increased their concentrations, leading to a change in the
trophic state of the Albufera lagoon water. As stated in other studies [77-79], light seems to
be the most important factor for the growth and distribution of M. spicatum in the Albufera
de Valencia. When the algal biomass decreases, the water transparency measured with
the Secchi disk increases, with the winter and summer seasons being when we can find a
higher water transparency (up to 50 cm). According to Wetzel [60], the main mechanism
for the growth and spread of macrophyte populations is vegetative reproduction. The most
favorable period for macrophyte growth and development is between March and June.
During the first part of the year, the lagoon water is more transparent, which allows the
propagules to germinate and grow. After this, the plant begins to spread, and we can see
a greater vegetation cover. During the period before the appearance of M. spicatum, the
water transparency is maintained at around 30 cm, which coincides with the time when the
rice fields surrounding the lagoon remain dry. In summer, solar radiation increases, which
favors the photosynthetic response of the macrophytes, coinciding with the maximum
expansion of the plant. During these months, rice is planted, and the fields are flooded
for growth. The pesticides used during this planting can have serious effects on the
development and growth of macrophytes, according to a report by GVA [80]. We found
that during the period of greatest expansion, water transparency decreased due to increased
turbidity, and although according to Lloret et al. [81] high nutrient concentrations may allow
macrophytes to continue to grow and expand, they cannot reproduce, and hypothetically
aquatic plants affected by the lack of light will eventually die. However, it should be
noted that according to Carpenter and Adams [82], the density of M. spicatum decreases
with increasing nitrate concentration, and 75% of the individuals die when temperatures
reach 30 °C. This hypothesis seems to be supported by our results, since, according to our
results, temperature emerges as the environmental variable with the highest coefficient of
determination (R?) and, moreover, with the direction of the expected relationship: at higher
temperatures, a significant decrease in the presence of aquatic plants is observed.

Despite several hypotheses suggesting the combined effects of water transparency,
nitrate concentration, temperature, turbidity, and suspended solids on the presence and
density of submerged macrophytes in general, including M. spicatum in particular, our
results indicate that temperature is the environmental variable with the most notable
correlation. In our study, correlations with other environmental factors, such as water trans-
parency and nitrate concentration, were significantly lower. Although the data collected in
2018 are not sufficiently numerous to provide strong, concrete evidence or a meaningful
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statistical basis to fully confirm which factor(s) are responsible for the disappearance of
these plants, temperature would indeed emerge as the factor that most significantly con-
tributed to their disappearance during our study period. However, this study could lay
the basis for future research. Favorable conditions, such as the underground nature of the
plants allow reflectivity similar to that of terrestrial species, which is little affected by water
absorption in the NIR. These conditions provide an opportunity to continue this line of
research in subsequent years. The successful application of NDVI not only for monitoring
M. spicatum, but also for other similar species in different locations, highlights its potential
for assessing the dynamics of aquatic ecosystems.

Although it was an extraordinary event and we do not know if it will happen again,
for future occurrences of this phenomenon, more extensive and detailed data collection
will be required to allow a more robust and statistical assessment of the variables that
could influence this process. By expanding the data set and observations, the goal is to
establish more precise relationships between specific factors, such as water transparency,
suspended solids, or other environmental variables, and the appearance or disappearance
of macrophytes in the Albufera lagoon. This approach will provide a deeper and more
precise understanding of the dynamics of this ecosystem and the factors that cause these
specific changes. As plants were absent for over 40 years, with no comparison to data
from earlier years, there is insufficient information to ascertain whether the seasonal
measurements accurately represent the optimal conditions for aquatic vegetation growth.
In cases where vegetation has been absent for an extended period, a “hysteresis effect” may
occur, requiring enhancements beyond historical conditions for vegetation to reestablish.

Nevertheless, visual observations and literature support the hypothesis of the com-
bined influence of water transparency (caused by the presence of suspended solids and
affecting light availability), nitrates and changing temperatures as the most reasonable
option, although in our study only temperature provided a more significant result. It is
worth noting that, in this context, the NDVI index has proven to be a valuable tool in
monitoring this appearance, contributing significantly to the understanding, and tracking
of the observed changes in the dynamics of the aquatic ecosystem. Jiang et al. [56] suggest
that the NDVI index is a suitable measure for inferring the vegetation fraction, provided
that the assumption of linearity of the spectral mixture is met. However, Jiang et al. [56]
note that this index does not consider differential transmissions at red and near-infrared
wavelengths or the non-linear spectral mixing of soil and vegetation components. In con-
trast, Villa et al. [36] used various indices that focused on macrophytes and concluded that
the multi-temporal WAVI index, which is specific to aquatic vegetation, performed the best.
However, they emphasized that the use of different indices is very helpful in mapping
macrophyte communities in different systems using satellite data directly.

Remote sensing can be a valuable tool in ecological studies, providing early detection
of significant ecological events. It enables the creation of detailed maps that show the
heterogeneity of water bodies and the behavior of certain species, such as plants, helping
us to understand their dynamics and relationship with environmental conditions. The
combination of remote sensing data with geographic information systems (GIS) enables a
more comprehensive view of the relationship between the presence of floating vegetation
and spatial factors, facilitating management decisions. Also, remote sensing is a tool
that can be used to estimate biophysical measurements and is very useful for monitoring
macrophyte communities. One of its main advantages is the temporal acquisition of
images, which allows the calculation of time series through which seasonal patterns can
be analyzed [83,84]. But it is important to consider the effect of acquisition characteristics,
such as the relative position of the sun with respect to the sensor and surface effects, on
the retrieval of macrophyte properties. Moreover, there is a need to develop standardized
methods for assessing morpho-ecological gradients, structural complexity, and functional
status of macrophyte-dominated habitats, according to Villa et al. [36].

The monitoring of water bodies is important for understanding the role of macrophytes
in biogeochemical cycles, and for assessing their health and response to environmental
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changes. It can also be useful for assessing the effectiveness of management and restoration
efforts in aquatic ecosystems. Remote sensing applied to the study of terrestrial vegetation
growth, health, and dynamics can be of great use in environmental monitoring, biodiversity
conservation, agriculture, forestry, urban green infrastructure, and other related fields [19].
The use of satellite data to map macrophyte communities in various systems is a significant
advancement in macrophyte mapping beyond the local scale. This method supports in situ
monitoring and enables the observation of spatial and temporal dynamics in freshwater
ecosystems [36]. Wetlands are intricate ecosystems that exhibit rapid vegetative responses,
allowing for quick changes to occur [85]. The use of remote sensing is a valuable tool for
managing and preventing changes in such dynamic systems.

5. Conclusions

This study of the Albufera of Valencia in 2018 found the singular appearance of
M. spicatum coinciding with an increase in water transparency compared to previous years.
However, high summer temperatures seem to be the most important environmental fac-
tor associated with their disappearance. Improving water quality in the Albufera could
help restore the submerged macrophyte meadows that existed before the 1970s, when
pollution altered the waters; however, given our results, summer maximum temperatures
could hinder this recovery. Previous research has shown that water clarity and suspended
solids have a significant effect on the abundance, composition, and distribution of aquatic
macrophytes. Factors such as turbidity, the presence of sediment, nutrient composition,
and light availability also influence macrophyte density and distribution. Nevertheless,
more comprehensive data collection is needed to establish stronger relationships between
these factors and the emergence or disappearance of macrophytes in the Albufera lagoon.
The use of remote sensing, particularly the NDVI index, has been valuable in monitoring
changes in the aquatic ecosystem and understanding species—environment relationships.
Remote sensing combined with geographic information systems (GIS) provides a compre-
hensive view of environmental management and monitoring of macrophyte communities.
The methodology used in this study will serve so that on future occasions when a new
colonization by macrophytes may occur, this study can be followed, and the knowledge of
the causes of the appearance and disappearance of the plants can be expanded.
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Appendix A

Figure Al. General view of the area of the emerging macrophytes on 14 June 2018 (picture by J.M.S.).

Figure A2. Detail of the macrophytes on 14 June 2018 (picture by ].M.S.).
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Figure A3. Detail of the senescent macrophytes on 14 August 2018 (pictures by ].M.S.).
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