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ARTICLE INFO ABSTRACT

Keywords: Seagrass meadows play a vital role for lagoon ecosystems and their biota, sustaining multiple ecosystem services.

Biodiversity Their distribution and functioning are closely tied to the environmental pressures induced by global changes.

Iiagzon Long-term monitoring of seagrass species and communities is, hence, important to depict their response to past
andsat

and future scenarios. The availability of long term open-access satellite data offers a new remote sensing
perspective for monitoring seagrass communities dynamics in shallow waters, especially when combined with
machine learning algorithms. In this study, seasonal multispectral images (from 1999 to 2019) were collected
from Landsat 5 Thematic Mapper and 8 Operational Land Imager satellites to map the seagrass meadows, at the
community and species levels, within the vast Grado and Marano lagoon (Northeast Italy) using a Random Forest
(RF) algorithm. RF models were calculated using an extensive field training dataset collected in 2010 (n = 426)
and reached an overall accuracy of 0.92 and 0.76 for the classification at the community and species levels,
respectively. The change detection analysis revealed an increase of 14.16 km? (+ 39%) of the whole seagrass
community cover over the period, at a rate of 1.59 km?year™*. Despite the coarse spatial resolution (30 m) of the
Landsat’s images, the classification of seagrasses at species level achieved a good overall accuracy (0.76),
evidencing Nanozostera noltei as the species with the highest cover increase (+13.87 km? over the time period).
The observed expansion is likely caused by an increase of the sea water influence that is radically modifying
Adriatic brackish water bodies, emphasizing the connection between the ongoing environmental changes and the
rapid responses of seagrass meadows.

Long-term monitoring
Machine learning
Seagrass

undergoing a rapid global decline (Waycott et al., 2009). The causes of
this decline have been mainly linked to anthropogenic drivers including

1. Introduction

Seagrasses are monocotyledonous marine angiosperms found in most
of the worldwide coastal environments. They can form dense and
extensive meadows and are one of the most productive coastal ecosys-
tems providing several ecosystem services (Duarte and Chiscano, 1999;
Nordlund et al., 2016). Seagrasses support biodiversity by sustaining
trophic networks, provide oxygen in the water column, stabilize sedi-
ments, regulate nutrient cycles, and represent an important sink of blue
carbon (Boscutti et al., 2019; Duarte et al., 2005; Hemminga and Duarte,
2000; Larkum et al., 2006). Despite their great natural value, seagrass
meadows are among the most threatened ecosystems on Earth,
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eutrophication (Burkholder et al., 2007), alterations of coastal habitats
(Micheli et al., 2008), climate crisis (Duarte et al., 2018) as well as the
expansion of invasive species (Short et al., 2007).

In contrast to the global decline, several European sites experienced a
local expansion of seagrass communities (Barillé et al., 2010; Calleja
et al., 2017; de los Santos et al., 2019; Reise and Kohlus, 2008; Zoffoli
etal., 2021). These contrasting trends vary among seagrass species, time
periods, and are often linked to site-specific characteristics (Dunic et al.,
2021; Green et al., 2021). This is particularly true for coastal lagoons
(Garrido et al., 2013), where strong environmental gradients promote a
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highly heterogeneous environment (Basset et al., 2013), causing the
formation of complex ecological niches (Pérez-Ruzafa et al., 2011). As a
result, lagoon meadows are often composed of multi-specific commu-
nities (Boscutti et al., 2015), whereas most of the seagrass meadows
within the sea domain are monospecific (Short et al., 2007). The inter-
specific interactions occurring in multi-species meadows (e.g. species
competition, see Boardman and Ruesink, 2022) can interplay with
abiotic stressors, creating significant niche shifts (Christia et al., 2018).
Tracing single species distribution and extension over time might,
hence, greatly improve our understanding of coastal ecosystem pro-
cesses and functioning in response to environmental changes (Garrido
et al., 2013; Menu et al., 2021; Pérez-Ruzafa et al., 2011). This task
requires novel effective approaches to monitor seagrass meadow dy-
namics (Veettil et al., 2020). Satellite remote sensing has been proven to
be a relevant tool for long-term monitoring of ecosystem dynamics
(Murray et al., 2018). Compared to traditional field-based methods,
remote sensing is highly effective due to characteristics such as low cost,
high accuracy, temporal repeatability, and large spatial coverage (Pham
et al., 2019b). The use of multispectral satellite platforms (e.g. Landsat
series) provides free access to a vast historical archive, providing un-
precedented retrospective time series collections. More recently, ma-
chine learning algorithms have increasingly replaced simple
classification algorithms in the remote sensing analyses (Effrosynidis
et al., 2018; Pham et al., 2019a, 2019b). They rely on non-parametric
approaches, increasing the effectiveness in handling noisy data, and
the ability to extract multiple features (Maxwell et al., 2018). These
characteristics led to a remarkable improve in classification accuracy,
when considering mixed habitats (Pafumi et al., 2023; Pham et al.,
2019a; Veettil et al., 2020) and/or using satellite images with coarse
spatial resolution (Ha et al., 2020). However, the application of machine
learning in coastal waters is still in its infancy (Ha et al., 2020). Suc-
cessful mapping of seagrass species distribution and dynamics were
already performed by using high spatial resolution data, at the expense
of a limited time span. For example, Traganos and Reinartz (2018b) and
Ariasari et al. (2019) achieved classification overall accuracies of 94%
and 83% respectively, using Planet’s RapidEye and PlanetScope satel-
lites. Furthermore, Roelfsema et al. (2014) mapped seagrass species
combining high spatial resolution sensors (Maxar’s WorldView-2, X
IKONOS, and X Quickbird-2) and object-based classification approach,
highlighting significant seasonal variations of seagrass species distri-
bution. Indeed, other studies based on an intra-annual time scale have
suggested that ignoring seasonality could lead to doubtful classifications
(Fauzan et al., 2021; Menu et al., 2021). This is particularly relevant for
species occupying brackish waters, which are characterized by a high
annual species turnover (Zoffoli et al., 2020), resulting in changes in
growth period duration, biomass peaks and seed germination (Buia and
Marzocchi, 1995; Buia and Mazzella, 1991; Sfriso and Ghetti, 1998). All
these population aspects are expected to significantly affect the pixel
spectral reflectance (Fyfe, 2003). Therefore, integrating seasonal images
into the mapping processes might provide important information to
distinguish seagrass species. The diachronic mapping of seagrass species
distribution still remains poorly addressed (Calleja et al., 2017; Lgnborg
et al., 2022; Veettil et al., 2020). New insights are needed to overcome
the spatial and spectral limitations offered by historical platforms, such
as the Landsat missions (Chen et al., 2016). In this study, we focused our
attention on the importance to account for phenological differences
between species in the application of machine learning algorithms
trained on a large ground-truth dataset. This would allow for more
effective extraction of reflectance features, enabling the acquisition of
temporal information on the distribution of lagoon seagrass species.
The present work combines a multi-decade (from 1999 to 2019)
series of seasonal multispectral satellite images collected from Landsat 5
Thematic Mapper (TM) and 8 Operational Land Imager (OLI) satellites
(of the National Aeronautics and Space Administration and the U.S.
Geological Survey program) and Random Forest (RF) algorithm to (i)
obtain a classification model of presence and absence of seagrass
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meadows in the vast Grado and Marano lagoon (North East Italy), (ii)
obtain a classification model of each seagrass species sampled in the
study area and (iii) project the seagrass meadows and species cover
shifts from 1999 to 2019. To achieve these goals, we first tested whether
RF model calculated using all seasonal images allow obtaining higher
classification accuracy, both at the community and at the species levels,
than RF models calculated with one single seasonal image. Then, the RF
models with the highest overall accuracy were used to classify all the
images and to calculate the cover of the seagrass community and of each
species over the years. This analysis allowed tracing the expansion or
regression trends of seagrass meadows, providing detailed insights into
of past and ongoing changes.

2. Materials and methods
2.1. Study area and species

The study area covers the Grado and Marano lagoon (45°40'40" N
13°03'50" E to 45°46'30" N 13°27'20" E), Northern Adriatic Sea (Fig. 1).
It is the second major transitional water body of the Italian coastlines
with a surface of approximately 160 km?. It is separated from the sea by
six sandbars with a different stage of evolution to islands, interspersed
with inlets, covering a coastal length of approximately 35 km. The
average distance between sandbars and inner coastline is approximately
5 km. It is characterized by semidiurnal tides with an average range of
65 cm (Gatto and Marocco, 1993). The average salinity of the lagoon is
28.5 psu (eastern basin) and 22.2 psu (western basin). It is included in
the European coordinated ecological network of protected areas Natura
2000 (IT3320037) as both a Special Area of Conservation (SAC) and
Special Protection Area (SPA) encompassing a complex mosaic of pro-
tected habitats.

Three seagrass species are widespread across the lagoon (Falace
et al., 2009): Zostera marina L., which is a temperate-boreal species;
Nanozostera noltei (Hornem.) Toml. & Posl (= Zostera noltii Hornem.),
occurring in European and North African waters; and Cymodocea nodosa
(Ucria) Ascherson which shows a small range, covering Mediterranean
and North African waters (Larkum et al., 2006). C. nodosa lives on sandy
and muddy substrates, both in open waters and in brackish lagoons
(Cancemi et al., 2002). It is recognized as a species with high ecological
plasticity, being adapted to wide ranges of salinity, concentration of
nutrients and sediments (Garrido et al., 2013). Z. marina is a sublittoral
species that occurs on soft mud and on firm and coarse sand where the
extension of meadows changes continually as a function of the influence
of currents, wave action, sediment transport and seed dispersal (Fred-
eriksen et al., 2004). N. noltei is widely distributed in shallow, sheltered
and muddy subtidal habitats. It can acclimate to different environmental
conditions including fluctuations in physical and chemical parameters
(Loques et al., 1990). The distribution of the above species within the
study area is determined by the presence of strong ecological gradients,
such as salinity, water depth, pH and soil characteristics (Boscutti et al.,
2015).

2.2. Training data and validation distribution data

The workflow adopted for data acquisition, preparation and to set RF
models are summarized in Fig. 2. The field data were collected during
the summer season in 2010 (see Boscutti et al., 2015 for details about the
field sampling procedure). The presence or absence and the cover per-
centage of the three seagrass species were recorded for each sampling
point, by means of inspection and sampling of the seabed. To reduce the
effects introduced by non-vegetated and mixed pixels, the points not
falling within the region of interest (ROI) (i.e. main channels and tidal
islands of the lagoon), and the points considered mixed (i.e. those in
which the co-occurrence of multiple species was recorded), were
removed. The removed mixed points represented 16.7% of the original
data. Considering the different combinations of the three species’ co-
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Northern
Adriatic Sea

Fig. 1. (a) Location of the study area in Italy, (b) lagoon of Grado and Marano (Northern Adriatic Sea). (c) Distribution of field datapoints collected in 2010 (blue
dots) and resampled in 2019 (red dots). The region of interest (ROI) for the habitat mapping (i.e., the mask which delineates only lagoon tidal flats) is contoured with
gray line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

occurrence, not enough points representing each mixed class were
available for an accurate classification (Roelfsema et al.,, 2014).
Furthermore, the removal of mixed points can lead to a more precise
characterization of the species’ spectral signatures by reducing the so-
called “salt and pepper” effect caused by internal variability within a
classification class, which appears as noise in the classification results
(Zhang, 2015). The final dataset used in the RF models (see section 2.4)
had 426 points (Fig. 1).

Using high spatial resolution digital orthophotos available for 2003
(0.15 m spatial resolution) and 2007 (0.5 m spatial resolution), two new
validation point datasets were obtained.

These datasets were used to further validate the classification per-
formance of the models over the considered time period. For both years,
a total of 155 points were randomly distributed within the lagoon.
Through photointerpretation analysis, an ID corresponding to the
presence/absence of seagrass meadows was assigned to each point. In
addition, another validation dataset of 155 field training points was
available for the year 2019 representing a subsample of the data
collected in 2010 (unpublished data), were species occurrence was also
recorded (Fig. 1).

2.3. Satellite data and image preprocessing

We used multispectral images from Landsat 5 TM and Landsat 8 OLI.
The Landsat mission provides the longest freely available time series,
already successfully used in the study of seagrass ecosystem (Chen et al.,
2016; Lebrasse et al., 2022). The images were downloaded from the
Google Earth Engine platform (Gorelick et al., 2017) as a surface
reflectance product. All available images were downloaded for an
annual interval from 1999 to 2019. To minimize the effect of the water
column in the classification, only the images acquired in days with tide
height < 1 m were kept. The tide data were obtained from the historical
archive of the tide station of Grado (www.isprambiente.it). After that,
each image was masked by removing the pixels classified as clouds or
cloud shadow in the Quality Assessment band and those non included in
the ROI (i.e. main channels, salt marshes, islands and fishing valleys).
The use of the ROI mask reduced the occurrence of possible background
noise and elements of confusion for the subsequent classification phases
(Zoffoli et al., 2020). Starting from all the available images, 3 seasonal
images per year were selected. The temporal definition of the seasons
was made by integrating information obtained from previous studies on
the phenology of the study species in the coastal lagoons system of the
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Fig. 2. Workflow of the methodology adopted in this work. Here are represented (i) the image pre-processing phase to obtain the input variables for the RF
classification models; (ii) the construction of the model based on the 2010 field survey and multispectral data and (iii) the multi-decade classification phase, its

validation, and the change detection step.

northern Adriatic (Buia and Marzocchi, 1995; Guidetti et al., 2001;
Sfriso and Ghetti, 1998). The identified seasonal intervals were: (i)
March 15th — June 15th (spring season); (ii) June 16th — September 1st
(summer season); (iii) September 1st — December 31st (autumn season).
Due to the limited temporal resolution of Landsat (i.e., 16 days) together
with the presence of images with high cloud cover, no images were
available for 2002, 2008, 2015. A total of 51 images covering 17 years
were obtained. A radiometric normalization was carried out on each
image using the IR-MAD (Canty, 2014) algorithm through the plugin
ArrNorm for QGIS software (QGIS Development Team, 2023). The
Landsat 5TM image collected on July 3, 2010 was used as a reference
due to its quality and proximity of field sampling period. Differences in
the Landsat sensors used were mitigated by the use of surface reflectance
products whose correction algorithms are consistently optimized to
make the end products of the different sensors comparable (Koehler
et al., 2022; Vogelmann et al., 2016). It is also considered that factors
such as intra- and inter-annual differences in phenology are likely to
have a greater impact on spectral signals than differences related to
sensor characteristics over time (Vogelmann et al., 2016).

2.4. Statistical analysis

2.4.1. Random forest classification

Random Forest is a machine learning method combining decision
trees and bootstrapping. Developed by Breiman (2001), RF has been
found to be insensitive to overtraining, small or noisy datasets. Every
decision tree in the implemented RF algorithm is trained with a boot-
strapped sample of the training data and, at every split node, a subset of
randomly selected features is utilized. Then for each pixel, the final
classification is obtained by a majority vote. RF has proven to be an
effective tool for mapping coastal and seagrass habitats (Fauzan et al.,
2021; Traganos and Reinartz, 2018b; Wicaksono et al., 2019). Two sets
of RF models were performed using the multispectral images retrieved in
2010. In the first set, the response variable was the presence/absence of
the total seagrass meadows (hereafter identified as seagrass meadows),
where areas with <20% seagrass cover were considered absence (Valle
et al., 2015; Zoffoli et al., 2020). In the second set, the response variable
was the training dataset divided in 4 classes according to the species
present, namely (1) Z. marina, (2) N. noltei, (3) C. nodosa, (4) absence
(hereafter indicated as species meadows). The species presence was
considered if its cover was >20% (Buia et al., 2004). For each dataset, 4

different RF models were generated starting from (i) the images for each
season (n images = 1, n bands = 6, n predictors = 6) and (ii) from all the
seasonal images (n images = 3, n bands = 6, n predictors = 18). This
allowed us to understand which combination of input variables gener-
ated the best classification performance. The predictors used as input
variables for all the performed models were each 30 m spatial resolution
band of each image used (Table S1). The available 2010 field data (n =
426) were split into 70% for the training dataset (n = 303) and 30% for
the validation dataset (n = 123). The training dataset was further split
into 80% training and 20% testing for RF performance evaluation. The
optimization of the hyper-parameters was done by choosing 1000 trees
to run the model for presence/absence classification, and 500 trees to
run all RF for species discrimination as they featured the best results out
of a plethora of runs with different number of trees (Probst et al., 2019).
For the best split selection measurement, the Gini Index was used
(Breiman, 2001). The number of variables used for each node (mtry)
were automatically selected by using repeated cross validations per-
formed with 10 folds and 10 repetitions for the seagrass meadow
models, while 5 folds and 5 repetitions were used for species meadow
models. The available validation dataset was used to create a confusion
matrix for image classifications. Based on the confusion matrix, metrics
as overall (O.A.), producer (P.A.) and user (U.A.) accuracy for each
classified class were calculated (Congalton, 1991). O.A. represents the
proportion of correctly classified validation samples (found along the
diagonal in the error matrix) to the total number of validation samples,
irrespective of class. P.A. quantifies the proportion of accurately clas-
sified validation samples within a specific class against the total number
of validation samples belonging to that class. U.A. calculates the ratio of
correctly identified validation samples within a particular class to the
total number of validation samples claiming to be in that class. Finally,
the two best RF models (i.e. highest O.A.) for presence/absence mapping
and for single species mapping were selected and applied for the
time-series analysis from 1999 to 2019. RF models were performed
using the caret (Kuhn et al., 2023) package of the R software (v. 4.3.1, R
Core Team, 2023). The multi-year classification was also validated with
the independent datasets expressed as seagrass presence/absence (years
2003 and 2007) and both seagrass and species presence/absence (year
2019).

2.4.2. Change detection and trend analysis
The total area of the seagrass meadows and of each species was
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calculated for each year using the images classified as explained above.
The presence of positive or negative monotonic trends of seagrass dis-
tribution over the twenty-year period was investigated using the
modified Mann-Kendall nonparametric trend test for temporally auto-
correlated data, using the Hamed and Ramachandra Rao (1998) vari-
ance correction approach (Kendall, 1948; Mann, 1945) with the trend R
package (Pohlert, 2023). The Mann-Kendall test is typically used to
detect trends in time series. The null hypothesis determines whether a
time series does not have a monotonic trend, while the alternative hy-
pothesis confirms a significant monotonic trend (p-value <0.05). This
analysis has two main outputs, the z-score and Mann-Kendall tau (7).
The Mann-Kendall tau (t) option estimates the correlation coefficient
and ranges from —1 to +1, where 1 means a continuously increasing
trend, —1 continuously decreasing trend, and O no trend. The z-score
with a mean of 0 and a variance of 1 follows the standard normal dis-
tribution. Its positive values show uptrends in a time series and the
negative values show downtrends. For significant tests, the Sen’s slope
(Sen, 1968) was calculated. This test is used to calculate the magnitude
of trends in the long-term temporal data. Moreover, we used the single
species maps obtained through the best RF to obtain the spectral
reflectance values of each spectral bands for each species. Due to the
violation of linear assumptions, the differences between species of each
spectral bands were tested using the non-parametric Kruskal-Wallis test
(Gibbons, 1974) through stats R package (R Core Team, 2023). Pairwise
differences were then calculated using the Dunn’s post hoc test, dunn.test
package (Dinno, 2017; Dunn, 1961; R Core Team, 2023).

3. Results
3.1. The role of seasonality for an accurate image classification

The RF models using all the seasonal images exhibited the best
performance (O.A. of 0.92 for seagrass meadows and 0.76 for species
meadows) when compared to RF models separately performed with
images of a single season (i.e., model spring, summer, autumn)
(Table 1). Among the single season RF models, the best performance was
obtained by using the spring images, with an O.A. similar to the overall
images model both for seagrass and species meadow classification
(Table 1). The RF models calculated with the autumn image achieved
the lowest classification accuracy for seagrass meadows (O.A. = 0.84)
and intermediate performances for species meadow classification (O.A.
= 0.69). The RF models performed with the summer image showed in-
termediate performances for seagrass meadow mapping (O.A. = 0.88)
and the lowest performance for species meadow classification (O.A. =
0.61).

According to the mean decrease Gini index, for both seasonal image
models the blue band of the summer image was the most important for
the split between trees in the RF model and therefore explains most of
the variance in seagrass cover, followed by the green bands of the

Table 1
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summer and spring images (Fig. S1).

3.2. Seagrass and species meadows RF classification and validation

The best seagrass meadow model was trained with all seasonal im-
ages of 2010 (O.A. = 0.92) and showed a U.A. of 0.91 for both the
presence and absence pixels. The model predicted seagrass presence (P.
A. = 0.94) with greater accuracy than absence (P.A. = 0.88). The O.A.
calculated on the independent validation dataset resulted high, with
values of 0.90 for 2003, 0.91 for 2007, and 0.86 for 2019. Both U.A. and
P.A. of the presence and absence classes remained high (> 0.75) over the
different years of validated classification (see Table 2 and Table S3).

The best model for species meadows classification trained with all
seasonal images of 2010 obtained an O.A. of 0.76. The class that pre-
sented the greatest reliability (i.e., the relative frequency of true
occurrence in the field of each class) was Z. marina (U.A. 1.00). How-
ever, Z. marina was the species predicted with lowest accuracy by the
model (P.A. = 0.45). The absence class was the class predicted with
highest accuracy (P.A. = 0.94) and presented the highest reliability in
the classification output (U.A. = 0.88) (Table 2). The class N. noltei was
predicted with a low accuracy (P.A. = 0.50) (Table 2) related to a
confusion with the class C. nodosa (Table S3). However, N. noltei
exhibited an acceptable U.A. (0.70). C. nodosa showed the lowest U.A.
(0.59) but it was second class better predicted by the model (P.A. =

Table 2

Classification performances calculated on the confusion matrices (expressed as
overall, user, producer accuracy) of seagrass meadows and species meadows
mapping. 2010 (*) is the reference year for model, 2003 and 2007 are validated
with photointerpretation data while 2019 with field data.

Seagrass meadows

Year 2003 2007 2010* 2019
Overall accuracy 0.90 0.91 0.92 0.86
User accuracy Absence 0.83 0.88 0.91 0.88
Presence 0.98 0.93 0.91 0.84
Producer accuracy Absence 0.98 0.90 0.88 0.76
Presence 0.82 0.92 0.94 0.92

Species meadows
Year 2003 2007 2010* 2019
Overall accuracy - - 0.76 0.60
User accuracy Z. marina - - 1.00 0.83
N. noltei - - 0.70 0.56
C. nodosa - - 0.59 0.52
Absence - - 0.88 0.78
Producer accuracy Z. marina - - 0.45 0.26
N. noltei - - 0.50 0.38
C. nodosa - - 0.78 0.57
Absence - - 0.94 0.78

Performance comparison (expressed as overall accuracy, O.A.) of the different RF models generated for the classification of presence/absence of seagrasses (seagrass
meadows) and species classification (4 classes, species meadows) for 2010. The images date column reports the acquisition date of the image from Landsat 5TM on the
study area. Input variables indicates the number of multispectral bands (6 each image) used by the model to generate the classification. Mtry represents the number of

variables to randomly sample as candidates at each split.

Output map Model ID Image date Input variables Number of classes Mtry O.A.
seagrass meadows
RF seasonal images all dates 18 2 2 0.92
RF spring 01/06/2010 6 2 2 0.90
RF summer 03/07/2010 6 2 2 0.88
RF autumn 21/09/2010 6 2 2 0.84
species meadows
RF seasonal images all dates 18 4 10 0.76
RF spring 01/06/2010 6 4 2 0.70
RF summer 03/07/2010 6 4 2 0.61
RF autumn 21/09/2010 6 4 4 0.69
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0.78) followed by the absence class (P.A. = 0.88), the N. noltei class (P.A.
= 0.79) and C. nodosa (P.A. = 0.59). The O.A. obtained using the in-
dependent validation dataset for 2019 was 0.60 (Table 2, Table S3).

The pixels classified in the three species by the species meadows
model (year 2010) were significantly spectrally separated (Kruskall-
Wallis test p-value <0.001, df = 2) (Fig. 3, Table S4) considering the
reflectance values of the Landsat 5TM bands in 2010. In the green band,
however, no significant difference was found between the pixels clas-
sified as N. noltei and C. nodosa (Dunn test p-value >0.05), while
Z. marina was spectrally separated from the two other species (p-value
<0.05).

3.3. Projecting seagrass and species meadow distribution changes over
time

The spatiotemporal distribution of seagrass and species meadows in
the study area over the period from 1999 to 2019 is presented in Fig. 4.
In 2010 (i.e., the reference year for the best model), seagrass meadows
occupied 35% of the total tidal flat surface, extending 39.22 km% Among
the three seagrass species, C. nodosa covered 72% of the total surface
area, being homogeneously distributed throughout the lagoon. Nineteen
percent of the total seagrass meadows were occupied by N. noltei, mainly
distributed in the shallow waters along the inner coastline, behind the
sandbars. Z. marina represented 9% of the total seagrass cover, mainly
occurring in continuous formations near the main lagoon inlets. The
year with the lowest recorded cover was 2004, with a total seagrass
meadow cover of 21.34 km? equal to 19.02% of the lagoon tidal flats.
The maximum seagrass meadows cover was estimated in 2014 (56.69
km? corresponding to 50.61% of the lagoon tidal flats). The interannual
classification showed significant movements of the meadows, resulting
in an inward expansion. In the western part of the lagoon, the meadows
that expanded in 1999-2007 have started to recede in the last decades
(Fig. 4). This resulted in a complete regression of the meadows in the
western basin of the lagoon over the 20 years analyzed (Fig. S2).
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The seagrass meadow distribution showed a statistically significant
increase from 1999 to 2019, with a growth rate of 1.59 km? year . The
single-species distribution estimated in the same period depicted wide
fluctuations. Specifically, a statistically significant positive trend was
found for N. noltei, which showed an increase rate of 0.97 km? year* (p-
value = 0.009), whereas the trend calculated for C. nodosa and Z. marina
was not significant (p-value >0.05) (Fig. 5, Table S2).

4. Discussion

This study demonstrated the high efficiency of using Landsat satellite
imagery together with RF machine learning algorithm for the detection
in change over time of seagrass distribution in lagoon systems. We
showed that using multiple seasonal images per year improves classifi-
cation accuracy, especially when classifying species distribution occur-
ring in dynamics transitional water bodies. Seagrass trend detection
allowed to identify a pulse expansion of the overall seagrass meadow in
the study area, mainly due to the fluctuations and expansion of N. noltei.

4.1. Including seasonadlity in the classification process

Including seasonal images as input variables for machine learning
classification models was found as the most effective approach to
maximize the classification accuracy in many environments, such as
forests (Pratico et al., 2021; Zhu and Liu, 2014), grasslands (Esch et al.,
2014) and Mediterranean rural areas (Senf et al., 2015). Previous studies
analyzing the intra-annual variations in seagrass meadows distribution
suggested that these communities display large fluctuations in biomass
and species cover over seasons (Fauzan et al., 2021; Menu et al., 2021;
Roelfsema et al., 2013; Zoffoli et al., 2020). Therefore, the inclusion of
the seasonality might greatly improve the accuracy of seagrass in clas-
sification models. This translates into a probable reduction of the clas-
sification noise due to other environmental factors (e.g., algae blooms,
water turbidity) (Acquavita et al., 2015; Christia et al., 2018; Lgnborg
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Fig. 3. Box plot of the reflectance values of the three species identified in the 2010

classification on the Blue (B), green (G), red (R), near-infrared 1 (NIR1), near-

infrared 2 (NIR2) and mid-infrared (MIR) of Landsat 5TM sensor. Compact letters indicate significant differences between species in each band, separately analyzed
(Dunn test p value <0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Time series of seagrass meadow mapping from 1999 to 2019 (a). Species meadow classification maps for the first year under analysis (i.e. 1999), the reference
year of the model (i.e. 2010) and the last validated year (i.e. 2019, O.A. 60%), respectively (b), are also shown.
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Fig. 5. Trends of seagrass and species meadow cover (km?) between 1999 and 2019. The plot displays data points representing the estimated area for the years under
analysis obtained from the RF classifier. The plot includes a line showing the significative estimated Sen’s slope whose value reported in the legend. The stars denote
the significance level of the test for each specie (*p-value <0.05; ** p-value <0.01; ***p-value <0.001).

et al., 2022), often ephemeral over time (Karez et al., 2004). In our
study, the inclusion of seasonal images greatly improved seagrass spe-
cies classification (6% increase in performance, Table 1). Probably, this
is because it allows accounting for phenology, partially overcoming the
limits of Landsat spectral resolution (Sun et al., 2023). Indeed, several
studies reported that the study species have distinct phenology in the
Mediterranean area (Kraemer and Mazzella, 1999; Marba et al., 1996),
with species-specific periods of seed germination (Buia and Mazzella,
1991), and vegetative turnover, introducing variation in the spectral
signature of individual species over the seasons (Fyfe, 2003). Our results
showed that, among the single image RF models, the best performances
were achieved with the spring image (Table 1). The phenological pat-
terns of the three species considered have been well characterized in the
northern Adriatic coastal systems, highlighting that the most important
differentiation between species occurs in the initial phase of the growth
period (i.e., from March to June) (Sfriso and Ghetti, 1998), consistently
to our results. Despite that, the species meadows classification has
shown a reduction in performance over years (Table 2). This may be
linked to a possible inherent model bias related to the seasonality
approach. On an intra-annual timescale, the variations in the specific
spectral signature could be also affected by several aquatic environment
factors such as depth, turbidity, and the presence of leaf epiphytes
(Bannari et al., 2022; Fyfe, 2003; Veettil et al., 2020). These factors are
part of the strong environmental dynamics characterizing lagoon eco-
systems, which can exhibit significant year-to-year changes (Christia
et al., 2018). For future improving the seagrass species detection this
would require (i) the use of fixed image dates (or narrower seasonal

intervals) between years by making the years as uniform as possible or
(ii) by developing of a methodological approach that allows the annual
characterization of seasonal intervals.

4.2. Random Forest as a tool for seagrasses monitoring: Potential and
caveats

Our results confirmed that machine learning is a promising approach
to detect the seagrass changes over time, adding important information
in the understanding of ecological and marine science issues (Bessinger
et al., 2022; Widya et al., 2023). The accuracies obtained for the pres-
ence/absence classification model are comparable to previous studies
(Ha et al., 2023; Traganos and Reinartz, 2018b), exceeding the perfor-
mance obtained in other works concerning the mapping of these habitats
(Luo, 2018; Wabnitz et al., 2008). In addition, in this study it has been
possible to assess the accuracy on change detection analysis, overcoming
a major limitation reported for studies using a multi-year time span (Ball
et al., 2014; Hossain et al., 2015). Most of the previous studies classified
seagrass communities at the community level, and only few attempted of
classification at the species level, primarily due to the lack of
ground-level data on single species (Ha et al., 2021; Sebastian et al.,
2023). In addition, previous studies that have classified individual
species were successful due to the use of platforms with high spatial
resolution, but available over a short time-period (see for instance
Traganos and Reinartz, 2018a, 2018b; Ariasari et al., 2019). Even if
poorly addressed, mapping individual species is fundamental since the
diversity of seagrasses controls productivity, trophic transfers and
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habitat suitability for the whole coastal biodiversity (Dekker et al., 2005;
Larkum et al., 2006). To our knowledge, we here present a first attempt
for the distinction of individual species using Landsat seasonal images
and machine learning approach in a lagoon environment.

As hypothesized, significant differences between species were
observed for most of the spectral bands (Fig. 5), and this probably
explain the ability of RF in species classification, partially overcoming
objective limitations due to the use of medium spatial resolution data. In
the green band, no significant differences between N. noltei and
C. nodosa species were observed. This outcome is further highlighted in
the confusion matrix metrics of N. noltei class (Table 2, Table S3) which
were mainly affected by confusion with C. nodosa class. In general,
C. nodosa proved to be the most challenging class for classification. This
is likely attributed to its broader ecological and phenotypic plasticity
(Mascaro et al., 2009), as suggested in another study conducted in the
same study area (Boscutti et al., 2015). Boscutti et al. (2015) reported
that the populations of C. nodosa growing in brackish exhibit a wide
phenotypic plasticity in relation to environmental variations, increasing
its morphological and phenological resemblance to other species (e.g.,
N. noltei, Kraemer and Mazzella, 1999; Marba et al., 1996). The same
species has also posed classification challenges in other machine
learning-based classification studies (Ivajnsic et al., 2022), suggesting
that further investigation is needed to model its space-time dynamics
(Traganos and Reinartz, 2018a, 2018b). The confusion induced by
C. nodosa likely occurred primarily in the reflectance values of the green
band, which is particularly important in coastal lagoons as it provides
greater light penetration in waters with higher concentrations of sus-
pended and dissolved materials (Kirk, 1994). To solve such limitations, a
combination of multi-type and multi-source data has already been sug-
gested as a promising tool (Veettil et al., 2020). Further efforts could also
be directed towards promising upscaling approaches to extend the ca-
pabilities of analyses conducted at small spatial scales (e.g., unoccupied
aerial vehicles, underwater photography, and videography) to larger
spatial scales (Veettil et al., 2020; Vuerich et al., 2024; Zoffoli et al.,
2021).

4.3. Long-term change

In the study area, the seagrass meadow cover increased 1.59 km? per
year in the two decades considered. This expansion is contrasting with
the observed global decline of marine seagrasses (Dunic et al., 2021;
Orth et al., 2006; Waycott et al., 2009; Xu et al., 2021). However, this
trend is consistent with other European marine seagrass meadows, that
showed similar rates of change in the past decades (de los Santos et al.,
2019; Sousa et al., 2019; Zoffoli et al., 2021). In these sites, the increase
of seagrass extension has been related to the improvement in water
quality, reduction in anthropogenic impacts along the coasts, and
habitat conservation efforts (de los Santos et al., 2019). This might
suggest that also in the Grado and Marano lagoon the national and
regional conservation strategies significantly improved the habitat
suitability for seagrass species. On the other hand, it is plausible that an
increase of sea influence in the lagoon, due to a reduction of freshwater
incoming and the ongoing sea level rise, has led to a shift in the physi-
cochemical characteristics of the water, making the environmental
conditions more favorable for marine seagrasses (Boscutti et al., 2015;
Fontolan et al., 2012). The increase of sea influence in coastal lagoons
has been proven to produce radical modification of the ecosystem’s
characteristics and functioning (Antonioli et al., 2017; Rova et al.,
2023).

Despite the overall increase trend, some areas of the lagoon showed
local regression and extinction dynamics (Fig. S 2) revealing the
complexity of the system response to environmental changes. This was
observed in the western part of the lagoon (i.e. Marano basin) where the
seagrass patches occurring in 1999 were lost. Here, the sediment bud-
gets and the lack of channel dredging altered the influence of the sea in
this part of the lagoon, favoring a fresh/sea water stratification (Bosa
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et al., 2021; Fontolan et al., 2012; Petti et al., 2018), changing the
suitability of seabed for seagrasses. On the other hand, the local increase
in the extent of the N. noltei species (+ 13.87 km? between 1999 and
2019) could be linked to the increasing water salinity and more gener-
ally to the increase of sea water influence, as previously indicated in
other studies (Boscutti et al., 2015; Sousa et al., 2017). Although
Z. marina and C. nodosa did not show significant trends over the decades,
their distributions showed important fluctuations with remarkable
minimum and maximum extensions. Substantial temporal fluctuations
of seagrass species have been already observed both in terms of exten-
sion/density and time span (few days, seasonal, or annual) (Calleja
et al., 2017; Lgnborg et al., 2022; Philippart and Dijkema, 1995; Reise
and Kohlus, 2008; Valle et al., 2013; Zoffoli et al., 2021). Looking at the
general picture, many of the areas modified over the years have been
abandoned and recolonized creating remarkable fluctuation in distri-
bution and cover similarly to what observed in other terrestrial eco-
systems (e.g., the carousel model, van der Maarel and Sykes, 1993). This
temporal variation might be, hence, the result of a series of successions
of communities that have shifted their habitats in response to cyclic/
contingent micro and macro environmental changes occurred over time
(Boardman and Ruesink, 2022). A striking example of this process could
be observed in the sudden regression period recorded for seagrass cover
after the summer of 2003 in the whole study area. This seems to coincide
with trend reported in other studies that investigated a massive die-off
event in various seagrass meadows in Europe due to the extreme sum-
mer heatwave in 2003 (Ehlers et al., 2008; Reusch et al., 2005; Zipperle
et al., 2009). This suggests a possible analogous impact within the
Marano and Grado Lagoon with a rapid recovery in the following years,
which requires further investigation.

Besides the long-term perspective, the classification at the species
level has provided valuable insights into the spatial structure of seagrass
meadows, including the identification of large persistent patches (i.e.,
core areas). These meadows likely coincide with areas characterized by
greater bathymetric uniformity and stability (Dolch et al., 2013), where
wave motion and turbidity are attenuated (Ferrarin et al., 2010; Inglis,
1999). These areas may serve as propagule sources during periods of
regression, potentially improving the resilience of the communities
(Dolch et al., 2013). In conclusion, although the absolute increase in
seagrass area may appear as a promising trend, it conceals signals of
rapid changes within the lagoon. The expansion of seagrasses in a semi-
closed environment may indicate a future dramatic habitat modification
(Silva et al., 2020), as the lowering and simplification of lagoon bottoms
caused by marine transgression will lead to the rapid narrowing of
suitable areas for these species.

5. Conclusion

The results of this study highlighted the potential of conducting a
multi-decadal analysis of seagrass meadows in the shallow waters of
lagoon environments using multispectral satellite images from the
Landsat series. The implementation of the RF machine learning algo-
rithm within a framework that encompasses an extensive ground truth
dataset, as well as the inclusion of seasonal imagery, has proven suc-
cessful in mapping the entire habitat and extending the analysis over the
long term. This study also demonstrated the potential of using multi-
spectral imagery at limited spatial resolutions to discriminate individual
seagrass species, despite the inherent challenges posed by the substan-
tial environmental fluctuations experienced in lagoon ecosystems and
the difficulty in characterizing the spectral signature of seagrasses. The
primary limitations were evident in distinguishing C. nodosa and future
improvements in discriminative capabilities of supervised classification
algorithms may result from the inclusion of multisource data, such as
environmental data that characterize the ecology of these species or
other remote sensing sources.

Finally, the preliminary change detection conducted using the clas-
sified maps obtained in this study has shed light on several ecosystem
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dynamics, both at the species-specific and community levels. This will
require more targeted future studies to understand the driving forces
shaping the habitats, using historical time series of physicochemical
data recorded in the lagoon. Focusing future efforts on understanding
the most effective methodologies for mapping seagrass meadows with
satellite imagery holds the potential to characterize their extensive
community dynamics and disentangle the interconnections they have
with the responses of lagoon ecosystems to current global changes.

Funding

This activity was part of the National Biodiversity Future Center
(NBFC), Project funded under the National Recovery and Resilience Plan
(NRRP), Mission 4 Component 2 Investment 1.4 - Call for tender No.
3138 of 16 December 2021, rectified by Decree n.3175 of 18 December
2021 of Italian Ministry of University and Research funded by the Eu-
ropean Union — NextGenerationEU (Project code CN_00000033).FP is
currently supported by the funding PON Ricerca e Innovazione D.M.
1062/21- Contratti di ricerca, from the Italian Ministry of University
(MUR).

Author contributions

PC, FB, FP, LO, MV conceived the ideas and designed methodology;
FB, VC, PC collected data; PC, LO analyzed the data; PC, FP, FB led the
writing of the manuscript. All authors contributed critically to the drafts
and gave final approval for publication.

CRediT authorship contribution statement

Paolo Cingano: Writing — review & editing, Writing — original draft,
Visualization, Methodology, Formal analysis, Data curation, Conceptu-
alization. Marco Vuerich: Visualization, Methodology, Data curation,
Conceptualization. Lorenzo Orzan: Methodology, Formal analysis,
Data curation. Giacomo Trotta: Writing — review & editing, Method-
ology, Data curation. Valentino Casolo: Writing — review & editing,
Data curation. Edoardo Asquini: Writing — review & editing, Visuali-
zation. Giovanni Bacaro: Writing — review & editing, Supervision.
Francesco Boscutti: Writing — review & editing, Supervision, Project
administration, Methodology, Conceptualization.

Declaration of competing interest
The authors have no conflict of interest to declare.
Data availability

In the event this manuscript is accepted, relevant data will be made
available in the public Mendeley Data repository.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ecoinf.2024.102685.

References

Acquavita, A., Aleffi, L.F., Benci, C., Bettoso, N., Crevatin, E., Milani, L., Tamberlich, F.,
Toniatti, L., Barbieri, P., Licen, S., Mattassi, G., 2015. Annual characterization of the
nutrients and trophic state in a Mediterranean coastal lagoon: the Marano and Grado
Lagoon (northern Adriatic Sea). Reg. Stud. Mar. Sci. 2, 132-144. https://doi.org/
10.1016/j.rsma.2015.08.017.

Antonioli, F., Anzidei, M., Amorosi, A., Lo Presti, V., Mastronuzzi, G., Deiana, G., De
Falco, G., Fontana, A., Fontolan, G., Lisco, S., Marsico, A., Moretti, M., Orrl, P.E.,
Sannino, G.M., Serpelloni, E., Vecchio, A., 2017. Sea-level rise and potential
drowning of the Italian coastal plains: flooding risk scenarios for 2100. Quat. Sci.
Rev. 158, 29-43. https://doi.org/10.1016/j.quascirev.2016.12.021.

10

Ecological Informatics 82 (2024) 102685

Ariasari, A., Hartono, Wicaksono, P., 2019. Random forest classification and regression
for seagrass mapping using PlanetScope image in Labuan Bajo, East Nusa Tenggara,
in: Sixth International Symposium on LAPAN-IPB Satellite. In: Presented at the Sixth
International Symposium on LAPAN-IPB Satellite. SPIE, pp. 572-581. https://doi.
org/10.1117/12.2541718.

Ball, D., Soto-Berelov, M., Young, P., 2014. Historical seagrass mapping in Port Phillip
Bay, Australia. J. Coast. Conserv. 18, 257-272. https://doi.org/10.1007/s11852-
014-0314-3.

Bannari, A., Ali, T.S., Abahussain, A., 2022. The capabilities of sentinel-MSI (2A/2B) and
Landsat-OLI (8/9) in seagrass and algae species differentiation using spectral
reflectance. Ocean Sci. 18, 361-388. https://doi.org/10.5194/0s-18-361-2022.

Barillé, L., Robin, M., Harin, N., Bargain, A., Launeau, P., 2010. Increase in seagrass
distribution at Bourgneuf Bay (France) detected by spatial remote sensing. Aquat.
Bot. 92, 185-194. https://doi.org/10.1016/j.aquabot.2009.11.006.

Basset, A., Elliott, M., West, R.J., Wilson, J.G., 2013. Estuarine and lagoon biodiversity
and their natural goods and services. Estuar. Coast. Shelf Sci. 132, 1-4. https://doi.
org/10.1016/j.ecss.2013.05.018. Estuarine and lagoon biodiversity and their natural
goods and services.

Bessinger, M., Liick-Vogel, M., Skowno, A., Conrad, F., 2022. Landsat-8 based coastal
ecosystem mapping in South Africa using random forest classification in Google
Earth Engine. South Afr. J. Bot. 150, 928-939. https://doi.org/10.1016/j.
sajb.2022.08.014.

Boardman, F.C., Ruesink, J.L., 2022. Competition and coexistence in a rare northeastern
Pacific multispecies seagrass bed. Aquat. Bot. 176, 103450 https://doi.org/10.1016/
j.-aquabot.2021.103450.

Bosa, S., Petti, M., Pascolo, S., 2021. Improvement in the sediment management of a
Lagoon Harbor: the case of Marano Lagunare, Italy. Water 13, 3074. https://doi.org/
10.3390/w13213074.

Boscutti, F., Marcorin, L., Sigura, M., Bressan, E., Tamberlich, F., Vianello, A., Casolo, V.,
2015. Distribution modeling of seagrasses in brackish waters of Grado-Marano
lagoon (northern Adriatic Sea). Estuar. Coast. Shelf Sci. 164, 183-193. https://doi.
org/10.1016/j.ecss.2015.07.035.

Boscutti, F., Vitti, S., Casolo, V., Roppa, F., Tamburlin, D., Sponza, S., 2019. Seagrass
meadow cover and species composition drive the abundance of Eurasian wigeon
(Mareca penelope L.) in a lagoon ecosystem of the northern Adriatic Sea. Ecol. Res.
34, 320-327. https://doi.org/10.1111/1440-1703.1070.

Breiman, L., 2001. Random forests. Mach. Learn. 45, 5-32. https://doi.org/10.1023/A:
1010933404324.

Buia, M.C., Marzocchi, M., 1995. Dinamica dei sistemi a Cymodocea nodosa, Zostera
marina e Zostera noltii nel Mediterraneo. G. Bot. Ital. 129, 319-336. https://doi.org/
10.1080/11263509509436148.

Buia, M.C., Mazzella, L., 1991. Reproductive phenology of the Mediterranean seagrasses
Posidonia oceanica (L.) Delile, Cymodocea nodosa (Ucria) Aschers., and Zostera
noltii Hornem. Aquat. Bot. 40, 343-362. https://doi.org/10.1016/0304-3770(91)
90080-0.

Buia, M., Gambi, M.C., Dappiano, M., 2004. Seagrass systems. Biol. Mar. Mediterr. 11,
133-183.

Burkholder, J.M., Tomasko, D.A., Touchette, B.W., 2007. Seagrasses and eutrophication.
J. Exp. Mar. Biol. Ecol. 350, 46-72. https://doi.org/10.1016/j.jembe.2007.06.024.
The Biology and Ecology of Seagrasses.

Calleja, F., Galvan, C., Silié-Calzada, A., Juanes, J.A., Ondiviela, B., 2017. Long-term
analysis of Zostera noltei: a retrospective approach for understanding seagrasses’
dynamics. Mar. Environ. Res. 130, 93-105. https://doi.org/10.1016/j.
marenvres.2017.07.017.

Cancemi, G., Buia, M.C., Mazzella, L., 2002. Structure and growth dynamics of
Cymodocea nodosa meadows. Sci. Mar. 66, 365-373. https://doi.org/10.3989/
scimar.2002.66n4365.

Canty, M.J., 2014. Image Analysis, Classification and Change Detection in Remote
Sensing: With Algorithms for ENVI/IDL and Python, Third Edition, 3rd ed. CRC
Press, Boca Raton. https://doi.org/10.1201/b17074.

Chen, C.-F., Lau, V.-K., Chang, N.-B., Son, N.-T., Tong, P.-H.-S., Chiang, S.-H., 2016.
Multi-temporal change detection of seagrass beds using integrated Landsat TM/ETM
+/0LI imageries in Cam Ranh Bay, Vietnam. Ecol. Inform. 35, 43-54. https://doi.
org/10.1016/j.ecoinf.2016.07.005.

Christia, C., Giordani, G., Papastergiadou, E., 2018. Environmental variability and
Macrophyte assemblages in coastal lagoon types of Western Greece (Mediterranean
Sea). Water 10, 151. https://doi.org/10.3390/w10020151.

Congalton, R.G., 1991. A review of assessing the accuracy of classifications of remotely
sensed data. Remote Sens. Environ. 37, 35-46. https://doi.org/10.1016/0034-4257
(91)90048-B.

de los Santos, C.B., Krause-Jensen, D., Alcoverro, T., Marba, N., Duarte, C.M., van
Katwijk, M.M., Pérez, M., Romero, J., Sanchez-Lizaso, J.L., Roca, G., Jankowska, E.,
Pérez-Lloréns, J.L., Fournier, J., Montefalcone, M., Pergent, G., Ruiz, J.M.,

Cabago, S., Cook, K., Wilkes, R.J., Moy, F.E., Trayter, G.M.-R., Arané, X.S., de
Jong, D.J., Fernandez-Torquemada, Y., Auby, L., Vergara, J.J., Santos, R., 2019.
Recent trend reversal for declining European seagrass meadows. Nat. Commun. 10,
3356. https://doi.org/10.1038/5s41467-019-11340-4.

Dekker, A.G., Brando, V.E., Anstee, J.M., 2005. Retrospective seagrass change detection
in a shallow coastal tidal Australian lake. Remote Sens. Environ. 97, 415-433.
https://doi.org/10.1016/j.rse.2005.02.017.

Dinno, A., 2017. dunn.test: Dunn’s Test of Multiple Comparisons Using Rank Sums.

Dolch, T., Buschbaum, C., Reise, K., 2013. Persisting intertidal seagrass beds in the
northern Wadden Sea since the 1930s. J. Sea Res. 82, 134-141. https://doi.org/
10.1016/j.seares.2012.04.007. Special issue: Proceedings of the International
Symposium on the Ecology of the Wadden Sea.


https://doi.org/10.1016/j.ecoinf.2024.102685
https://doi.org/10.1016/j.ecoinf.2024.102685
https://doi.org/10.1016/j.rsma.2015.08.017
https://doi.org/10.1016/j.rsma.2015.08.017
https://doi.org/10.1016/j.quascirev.2016.12.021
https://doi.org/10.1117/12.2541718
https://doi.org/10.1117/12.2541718
https://doi.org/10.1007/s11852-014-0314-3
https://doi.org/10.1007/s11852-014-0314-3
https://doi.org/10.5194/os-18-361-2022
https://doi.org/10.1016/j.aquabot.2009.11.006
https://doi.org/10.1016/j.ecss.2013.05.018
https://doi.org/10.1016/j.ecss.2013.05.018
https://doi.org/10.1016/j.sajb.2022.08.014
https://doi.org/10.1016/j.sajb.2022.08.014
https://doi.org/10.1016/j.aquabot.2021.103450
https://doi.org/10.1016/j.aquabot.2021.103450
https://doi.org/10.3390/w13213074
https://doi.org/10.3390/w13213074
https://doi.org/10.1016/j.ecss.2015.07.035
https://doi.org/10.1016/j.ecss.2015.07.035
https://doi.org/10.1111/1440-1703.1070
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1080/11263509509436148
https://doi.org/10.1080/11263509509436148
https://doi.org/10.1016/0304-3770(91)90080-O
https://doi.org/10.1016/0304-3770(91)90080-O
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0075
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0075
https://doi.org/10.1016/j.jembe.2007.06.024
https://doi.org/10.1016/j.marenvres.2017.07.017
https://doi.org/10.1016/j.marenvres.2017.07.017
https://doi.org/10.3989/scimar.2002.66n4365
https://doi.org/10.3989/scimar.2002.66n4365
https://doi.org/10.1201/b17074
https://doi.org/10.1016/j.ecoinf.2016.07.005
https://doi.org/10.1016/j.ecoinf.2016.07.005
https://doi.org/10.3390/w10020151
https://doi.org/10.1016/0034-4257(91)90048-B
https://doi.org/10.1016/0034-4257(91)90048-B
https://doi.org/10.1038/s41467-019-11340-4
https://doi.org/10.1016/j.rse.2005.02.017
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0125
https://doi.org/10.1016/j.seares.2012.04.007
https://doi.org/10.1016/j.seares.2012.04.007

P. Cingano et al.

Duarte, C.M., Chiscano, C.L., 1999. Seagrass biomass and production: a reassessment.
Aquat. Bot. 65, 159-174. https://doi.org/10.1016/50304-3770(99)00038-8.

Duarte, C.M., Middelburg, J.J., Caraco, N., 2005. Major role of marine vegetation on the
oceanic carbon cycle. Biogeosciences 2, 1-8. https://doi.org/10.5194/bg-2-1-2005.

Duarte, B., Martins, L., Rosa, R., Matos, A.R., Roleda, M.Y., Reusch, T.B.H., Engelen, A.H.,
Serrao, E.A., Pearson, G.A., Marques, J.C., Cacador, 1., Duarte, C.M., Jueterbock, A.,
2018. Climate change impacts on seagrass meadows and Macroalgal Forests: An
integrative perspective on acclimation and adaptation potential. Front. Mar. Sci. 5.

Dunic, J.C., Brown, C.J., Connolly, R.M., Turschwell, M.P., Coté, I.M., 2021. Long-term
declines and recovery of meadow area across the world’s seagrass bioregions. Glob.
Chang. Biol. 27, 4096-4109. https://doi.org/10.1111/gcb.15684.

Dunn, O.J., 1961. Multiple comparisons among means. J. Am. Stat. Assoc. 56, 52-64.
https://doi.org/10.2307/2282330.

Effrosynidis, D., Arampatzis, A., Sylaios, G., 2018. Seagrass detection in the
mediterranean: a supervised learning approach. Ecol. Inform. 48, 158-170. https://
doi.org/10.1016/j.ecoinf.2018.09.004.

Ehlers, A., Worm, B., Reusch, T.B.H., 2008. Importance of genetic diversity in eelgrass
Zostera marina for its resilience to global warming. Mar. Ecol. Prog. Ser. 355, 1-7.
https://doi.org/10.3354/meps07369.

Esch, T., Metz, A., Marconcini, M., Keil, M., 2014. Combined use of multi-seasonal high
and medium resolution satellite imagery for parcel-related mapping of cropland and
grassland. Int. J. Appl. Earth Obs. Geoinf. 28, 230-237. https://doi.org/10.1016/j.
jag.2013.12.007.

Falace, A., Curiel, D., Sfriso, A., 2009. Study of the macrophyte assemblages and
application of phytobenthic indices to assess the ecological status of the Marano-
Grado lagoon (Italy). Mar. Ecol. 30, 480-494. https://doi.org/10.1111/j.1439-
0485.2009.00300.x.

Fauzan, M.A., Wicaksono, P., Hartono, 2021. Characterizing Derawan seagrass cover
change with time-series Sentinel-2 images. Reg. Stud. Mar. Sci. 48, 102048 https://
doi.org/10.1016/j.rsma.2021.102048.

Ferrarin, C., Umgiesser, G., Bajo, M., Bellafiore, D., De Pascalis, F., Ghezzo, M.,
Mattassi, G., Scroccaro, I., 2010. Hydraulic zonation of the lagoons of Marano and
Grado, Italy. A modelling approach. Estuar. Coast. Shelf Sci. 87, 561-572. https://
doi.org/10.1016/j.ecss.2010.02.012.

Fontolan, G., Pillon, S., Bezzi, A., Villalta, R., Lipizer, M., Triches, A., D’Aietti, A., 2012.
Human impact and the historical transformation of saltmarshes in the Marano and
Grado Lagoon, northern Adriatic Sea. Estuar. Coast. Shelf Sci. 113, 41-56. https://
doi.org/10.1016/j.ecss.2012.02.007. The MIRACLE Project (Mercury
Interdisciplinary Research project for Appropriate Clam farming in Lagoon
Environment).

Frederiksen, M., Krause-Jensen, D., Holmer, M., Laursen, J.S., 2004. Long-term changes
in area distribution of eelgrass (Zostera marina) in Danish coastal waters. Aquat. Bot.
78, 167-181. https://doi.org/10.1016/j.aquabot.2003.10.002.

Fyfe, S.K., 2003. Spatial and temporal variation in spectral reflectance: are seagrass
species spectrally distinct? Limnol. Oceanogr. 48, 464-479. https://doi.org/
10.4319/10.2003.48.1_part_2.0464.

Garrido, M., Lafabrie, C., Torre, F., Fernandez, C., Pasqualini, V., 2013. Resilience and
stability of Cymodocea nodosa seagrass meadows over the last four decades in a
Mediterranean lagoon. Estuar. Coast. Shelf Sci. 130, 89-98. https://doi.org/
10.1016/j.ecss.2013.05.035. Pressures, Stresses, Shocks and Trends in Estuarine
Ecosystems.

Gatto, F., Marocco, R., 1993. Morfometria e geometria idraulica dei canali della Laguna
di Grado (Friuli-Venezia Giulia). Geogr. Fis. E Din. Quat. 16, 107-120.

Gibbons, J.D., 1974. Nonparametric statistical methods. Technometrics 16, 477-478.
https://doi.org/10.1080/00401706.1974.10489221.

Gorelick, N., Hancher, M., Dixon, M., Ilyushchenko, S., Thau, D., Moore, R., 2017.
Google Earth Engine: planetary-scale geospatial analysis for everyone. Remote Sens.
Environ. 202, 18-27. https://doi.org/10.1016/j.rse.2017.06.031. Big Remotely
Sensed Data: tools, applications and experiences.

Green, A.E., Unsworth, R.K.F., Chadwick, M.A., Jones, P.J.S., 2021. Historical analysis
exposes catastrophic seagrass loss for the United Kingdom. Front. Plant Sci. 12.

Guidetti, P., Buia, M.C., Lorenti, M., Scipione, M.B., Zupo, V., Mazzella, L., 2001.
Seasonal trends in the Adriatic seagrass communities of Posidonia oceanica (L.)
Delile, Cymodocea nodosa (Ucria) Ascherson, Zostera marina L.: Plant phenology,
biomass partitioning, elemental composition and faunal features. In: Faranda, F.M.,
Guglielmo, L., Spezie, G. (Eds.), Mediterranean Ecosystems: Structures and
Processes. Springer Milan, Milano, pp. 289-295. https://doi.org/10.1007/978-88-
470-2105-1_37.

Ha, N.T., Manley-Harris, M., Pham, T.D., Hawes, I., 2020. A comparative assessment of
ensemble-based machine learning and maximum likelihood methods for mapping
seagrass using sentinel-2 imagery in Tauranga Harbor, New Zealand. Remote Sens.
12, 355. https://doi.org/10.3390/1s12030355.

Ha, N.-T., Manley-Harris, M., Pham, T.-D., Hawes, 1., 2021. Detecting multi-decadal
changes in seagrass cover in Tauranga harbour, New Zealand, using Landsat imagery
and boosting ensemble classification techniques. ISPRS Int. J. Geo Inf. 10, 371.
https://doi.org/10.3390/ijgi10060371.

Ha, N.-T., Nguyen, H.-Q., Pham, T.-D., Hoang, C.-T., Hawes, 1., 2023. Superpixel for
seagrass mapping: a novel method using PlanetScope imagery and machine learning
in Tauranga harbour, New Zealand. Environ. Earth Sci. 82, 154. https://doi.org/
10.1007/512665-023-10840-3.

Hamed, K.H., Ramachandra Rao, A., 1998. A modified Mann-Kendall trend test for
autocorrelated data. J. Hydrol. 204, 182-196. https://doi.org/10.1016/50022-1694
(97)00125-X.

Hemminga, M.A., Duarte, C.M., 2000. Seagrass Ecology. Cambridge University Press,
Cambridge. https://doi.org/10.1017/CB0O9780511525551.

11

Ecological Informatics 82 (2024) 102685

Hossain, M.S., Bujang, J.S., Zakaria, M.H., Hashim, M., 2015. Application of Landsat
images to seagrass areal cover change analysis for Lawas, Terengganu and Kelantan
of Malaysia. Cont. Shelf Res. 110, 124-148. https://doi.org/10.1016/j.
¢sr.2015.10.009.

Inglis, G.J., 1999. Variation in the recruitment behaviour of seagrass seeds: implications
for population dynamics and resource management. Pac. Conserv. Biol. 5, 251-259.
https://doi.org/10.1071/pc000251.

Ivajnsi¢, D., Orlando-Bonaca, M., Donsa, D., Gruji¢, V.J., Trkov, D., Mavri¢, B., Lipej, L.,
2022. Evaluating seagrass meadow dynamics by integrating field-based and remote
sensing techniques. Plants 11, 1196. https://doi.org/10.3390/plants11091196.

Karez, R., Engelbert, S., Kraufvelin, P., Pedersen, M.F., Sommer, U., 2004. Biomass
response and changes in composition of ephemeral macroalgal assemblages along an
experimental gradient of nutrient enrichment. Aquat. Bot. 78, 103-117. https://doi.
org/10.1016/j.aquabot.2003.09.008.

Kendall, M.G., 1948. Rank Correlation Methods. Rank correlation methods, Griffin,
Oxford, England.

Kirk, J.T.O., 1994. Light and photosynthesis in aquatic ecosystems. J. Mar. Biol. Assoc. U.
K. 74, 987. https://doi.org/10.1017/50025315400090366.

Koehler, J., Bauer, A., Dietz, A.J., Kuenzer, C., 2022. Towards forecasting future snow
cover dynamics in the European Alps—the potential of long optical remote-sensing
time series. Remote Sens. 14, 4461. https://doi.org/10.3390/rs14184461.

Kraemer, G.P., Mazzella, L., 1999. Nitrogen acquisition, storage, and use by the co-
occurring Mediterranean seagrasses Cymodocea nodosa and Zostera noltii. Mar.
Ecol. Prog. Ser. 183, 95-103. https://doi.org/10.3354/meps183095.

Kuhn, M., Wing, J., Weston, S., Williams, A., Keefer, C., Engelhardt, A., Cooper, T.,
Mayer, Z., Kenkel, B., Team, R. Core, Benesty, M., Lescarbeau, R., Ziem, A.,
Scrucca, L., Tang, Y., Candan, C., Hunt, T., 2023. caret: Classification and Regression
Training.

Larkum, A., Orth, R., Duarte, C., 2006. Seagrasses: Biology, Ecology and Conservation.
https://doi.org/10.1007/978-1-4020-2983-7 5.

Lebrasse, M.C., Schaeffer, B.A., Coffer, M.M., Whitman, P.J., Zimmerman, R.C., Hill, V.J.,
Islam, K.A., Li, J., Osburn, C.L., 2022. Temporal stability of seagrass extent, leaf area,
and carbon storage in St. Joseph Bay, Florida: a semi-automated remote sensing
analysis. Estuar. Coasts 45, 2082-2101. https://doi.org/10.1007/512237-022-
01050-4.

Lgnborg, C., Thomasberger, A., Stehr, P.A.U., Stockmarr, A., Sengupta, S.,

Rasmussen, M.L., Nielsen, L.T., Hansen, L.B., Timmermann, K., 2022. Submerged
aquatic vegetation: overview of monitoring techniques used for the identification
and determination of spatial distribution in European coastal waters. Integr.
Environ. Assess. Manag. 18, 892-908. https://doi.org/10.1002/ieam.4552.

Luo, Y., 2018. Mapping plant communities in the Intertidal Zones of the Yellow River
Delta using Sentinel-2 Optical and Sentinel-1 SAR Time series data [WWW
Document]. URL https://essay.utwente.nl/83705/ (accessed 5.31.24).

Loques, F., Caye, G., Meinesz, A., 1990. Germination in the marine phanerogam Zostera
noltii Hornemann at Golfe Juan, French Mediterranean. Aquat. Bot. 38, 249-260.
https://doi.org/10.1016,/0304-3770(90)90009-A.

Mann, H.B., 1945. Nonparametric tests against trend. Econometrica 13, 245-259.
https://doi.org/10.2307/1907187.

Marba, N., J, C., S, E, Cm, D., 1996. Growth patterns of Western Mediterranean
seagrasses: species-specific responses to seasonal forcing. Mar. Ecol. Prog. Ser. 133,
203-215. https://doi.org/10.3354/meps133203.

Mascard, O., Oliva, S., Pérez, M., Romero, J., 2009. Spatial variability in ecological
attributes of the seagrass Cymodocea nodosa, 52, pp. 429-438. https://doi.org/
10.1515/BOT.2009.055.

Maxwell, A.E., Warner, T.A., Fang, F., 2018. Implementation of machine-learning
classification in remote sensing: an applied review. Int. J. Remote Sens. 39,
2784-2817. https://doi.org/10.1080/01431161.2018.1433343.

Menu, M., Papuga, G., Andrieu, F., Debarros, G., Fortuny, X., Alleaume, S., Pitard, E.,
2021. Towards a better understanding of grass bed dynamics using remote sensing at
high spatial and temporal resolutions. Estuar. Coast. Shelf Sci. 251, 107229 https://
doi.org/10.1016/j.ecss.2021.107229.

Micheli, F., Bishop, M.J., Peterson, C.H., Rivera, J., 2008. Alteration of seagrass species
composition and function over two decades. Ecol. Monogr. 78, 225-244.

Murray, N.J., Keith, D.A., Simpson, D., Wilshire, J.H., Lucas, R.M., 2018. Remap: an
online remote sensing application for land cover classification and monitoring.
Methods Ecol. Evol. 9, 2019-2027. https://doi.org/10.1111/2041-210X.13043.

Nordlund, L.M., Koch, E.W., Barbier, E.B., Creed, J.C., 2016. Seagrass ecosystem services
and their variability across genera and geographical regions. PLoS One 11,
e0163091. https://doi.org/10.1371/journal.pone.0163091.

Orth, R.J., Carruthers, T.J.B., Dennison, W.C., Duarte, C.M., Fourqurean, J.W., Heck, K.
L., Hughes, A.R., Kendrick, G.A., Kenworthy, W.J., Olyarnik, S., Short, F.T.,
Waycott, M., Williams, S.L., 2006. A global crisis for seagrass ecosystems. BioScience
56, 987-996. https://doi.org/10.1641,/0006-3568(2006)56[987:AGCFSE]2.0.CO;2.

Pafumi, E., Petruzzellis, F., Castello, M., Altobelli, A., Maccherini, S., Rocchini, D.,
Bacaro, G., 2023. Using spectral diversity and heterogeneity measures to map
habitat mosaics: An example from the Classical Karst. Appl. Veg. Sci. 26, €12762
https://doi.org/10.1111/avsc.12762.

Pérez-Ruzafa, A., Marcos, C., Pérez-Ruzafa, I.M., 2011. Mediterranean coastal lagoons in
an ecosystem and aquatic resources management context. Phys. Chem. Earth Parts
ABC 36, 160-166. https://doi.org/10.1016/j.pce.2010.04.013. Water in the
Mediterranean Basin.

Petti, M., Bosa, S., Pascolo, S., 2018. Lagoon sediment dynamics: a coupled model to
study a medium-term silting of tidal channels. Water 10, 569. https://doi.org/

10.3390/w10050569.

Pham, T.D., Xia, J., Ha, N.T., Bui, D.T., Le, N.N., Tekeuchi, W., 2019a. A review of
remote sensing approaches for monitoring blue carbon ecosystems: mangroves,


https://doi.org/10.1016/S0304-3770(99)00038-8
https://doi.org/10.5194/bg-2-1-2005
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0145
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0145
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0145
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0145
https://doi.org/10.1111/gcb.15684
https://doi.org/10.2307/2282330
https://doi.org/10.1016/j.ecoinf.2018.09.004
https://doi.org/10.1016/j.ecoinf.2018.09.004
https://doi.org/10.3354/meps07369
https://doi.org/10.1016/j.jag.2013.12.007
https://doi.org/10.1016/j.jag.2013.12.007
https://doi.org/10.1111/j.1439-0485.2009.00300.x
https://doi.org/10.1111/j.1439-0485.2009.00300.x
https://doi.org/10.1016/j.rsma.2021.102048
https://doi.org/10.1016/j.rsma.2021.102048
https://doi.org/10.1016/j.ecss.2010.02.012
https://doi.org/10.1016/j.ecss.2010.02.012
https://doi.org/10.1016/j.ecss.2012.02.007
https://doi.org/10.1016/j.ecss.2012.02.007
https://doi.org/10.1016/j.aquabot.2003.10.002
https://doi.org/10.4319/lo.2003.48.1_part_2.0464
https://doi.org/10.4319/lo.2003.48.1_part_2.0464
https://doi.org/10.1016/j.ecss.2013.05.035
https://doi.org/10.1016/j.ecss.2013.05.035
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0210
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0210
https://doi.org/10.1080/00401706.1974.10489221
https://doi.org/10.1016/j.rse.2017.06.031
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0225
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0225
https://doi.org/10.1007/978-88-470-2105-1_37
https://doi.org/10.1007/978-88-470-2105-1_37
https://doi.org/10.3390/rs12030355
https://doi.org/10.3390/ijgi10060371
https://doi.org/10.1007/s12665-023-10840-3
https://doi.org/10.1007/s12665-023-10840-3
https://doi.org/10.1016/S0022-1694(97)00125-X
https://doi.org/10.1016/S0022-1694(97)00125-X
https://doi.org/10.1017/CBO9780511525551
https://doi.org/10.1016/j.csr.2015.10.009
https://doi.org/10.1016/j.csr.2015.10.009
https://doi.org/10.1071/pc000251
https://doi.org/10.3390/plants11091196
https://doi.org/10.1016/j.aquabot.2003.09.008
https://doi.org/10.1016/j.aquabot.2003.09.008
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0270
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0270
https://doi.org/10.1017/S0025315400090366
https://doi.org/10.3390/rs14184461
https://doi.org/10.3354/meps183095
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0290
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0290
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0290
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0290
https://doi.org/10.1007/978-1-4020-2983-7_5
https://doi.org/10.1007/s12237-022-01050-4
https://doi.org/10.1007/s12237-022-01050-4
https://doi.org/10.1002/ieam.4552
https://essay.utwente.nl/83705/
https://doi.org/10.1016/0304-3770(90)90009-A
https://doi.org/10.2307/1907187
https://doi.org/10.3354/meps133203
https://doi.org/10.1515/BOT.2009.055
https://doi.org/10.1515/BOT.2009.055
https://doi.org/10.1080/01431161.2018.1433343
https://doi.org/10.1016/j.ecss.2021.107229
https://doi.org/10.1016/j.ecss.2021.107229
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0335
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0335
https://doi.org/10.1111/2041-210X.13043
https://doi.org/10.1371/journal.pone.0163091
https://doi.org/10.1641/0006-3568(2006)56[987:AGCFSE]2.0.CO;2
https://doi.org/10.1111/avsc.12762
https://doi.org/10.1016/j.pce.2010.04.013
https://doi.org/10.3390/w10050569
https://doi.org/10.3390/w10050569

P. Cingano et al.

Seagrassesand salt marshes during 2010-2018. Sensors 19, 1933. https://doi.org/
10.3390/519081933.

Pham, T.D., Yokoya, N., Bui, D.T., Yoshino, K., Friess, D.A., 2019b. Remote sensing
approaches for monitoring mangrove species, structure, and biomass: opportunities
and challenges. Remote Sens. 11, 230. https://doi.org/10.3390/rs11030230.

Philippart, C.J.M., Dijkema, K.S., 1995. Wax and wane of Zostera noltii Hornem. In the
Dutch Wadden Sea. Aquat. Bot. 49, 255-268. https://doi.org/10.1016/0304-3770
(94)00431-K.

Pohlert, T., 2023. Non-Parametric Trend Tests and Change-Point Detection.

Pratico, S., Solano, F., Di Fazio, S., Modica, G., 2021. Machine learning classification of
mediterranean forest habitats in Google earth engine based on seasonal Sentinel-2
time-series and input image composition optimisation. Remote Sens. 13, 586.
https://doi.org/10.3390/rs13040586.

Probst, P., Wright, M.N., Boulesteix, A.-L., 2019. Hyperparameters and tuning strategies
for random forest. WIREs Data Min. Knowl. Discov. 9, €1301. https://doi.org/
10.1002/widm.1301.

QGIS Development Team, 2023. QGIS Geographic Information System. Open-Source
Geospatial Foundation Project.

R Core Team, 2023. R: A Language and Environment for Statistical Computing.

Reise, K., Kohlus, J., 2008. Seagrass recovery in the Northern Wadden Sea? Helgol. Mar.
Res. 62, 77-84. https://doi.org/10.1007/510152-007-0088-1.

Reusch, T.B.H., Ehlers, A., Himmerli, A., Worm, B., 2005. Ecosystem recovery after
climatic extremes enhanced by genotypic diversity. Proc. Natl. Acad. Sci. 102,
2826-2831. https://doi.org/10.1073/pnas.0500008102.

Roelfsema, C., Kovacs, E.M., Saunders, M.I., Phinn, S., Lyons, M., Maxwell, P., 2013.
Challenges of remote sensing for quantifying changes in large complex seagrass
environments. Estuar. Coast. Shelf Sci. 133, 161-171. https://doi.org/10.1016/j.
ecss.2013.08.026.

Roelfsema, C.M., Lyons, M., Kovacs, E.M., Maxwell, P., Saunders, M.I., Samper-
Villarreal, J., Phinn, S.R., 2014. Multi-temporal mapping of seagrass cover, species
and biomass: a semi-automated object based image analysis approach. Remote Sens.
Environ. 150, 172-187. https://doi.org/10.1016/j.rse.2014.05.001.

Rova, S., Aneli Monti, M., Bergmin, S., Pranovi, F., 2023. Mosaic of Submerged Habitats
in the Venice Lagoon Shows Signs of Marinization. https://doi.org/10.2139/
ssrn.4424526.

Sebastian, T., Sreenath, K.R., Sreeram, M.P., Ranith, R., 2023. Dwindling seagrasses: a
multi-temporal analysis on Google earth engine. Ecol. Inform. 74, 101964 https://
doi.org/10.1016/j.ecoinf.2022.101964.

Sen, P.K., 1968. Estimates of the regression coefficient based on Kendall's tau. J. Am.
Stat. Assoc. 63, 1379-1389. https://doi.org/10.1080/01621459.1968.10480934.

Senf, C., Leitao, P.J., Pflugmacher, D., van der Linden, S., Hostert, P., 2015. Mapping
land cover in complex Mediterranean landscapes using Landsat: improved
classification accuracies from integrating multi-seasonal and synthetic imagery.
Remote Sens. Environ. 156, 527-536. https://doi.org/10.1016/j.rse.2014.10.018.

Sfriso, A., Ghetti, P.F., 1998. Seasonal variation in biomass, morphometric parameters
and production of seagrasses in the lagoon of Venice. Aquat. Bot. 61, 207-223.
https://doi.org/10.1016,/50304-3770(98)00064-3.

Short, F., Carruthers, T., Dennison, W., Waycott, M., 2007. Global seagrass distribution
and diversity: A bioregional model. J. Exp. Mar. Biol. Ecol. 350, 3-20. https://doi.
org/10.1016/j.jembe.2007.06.012. The Biology and Ecology of Seagrasses.

Silva, R., Martinez, M.L., van Tussenbroek, B.I., Guzman-Rodriguez, L.O., Mendoza, E.,
Lépez-Portillo, J., 2020. A framework to manage coastal squeeze. Sustainability 12,
10610. https://doi.org/10.3390/5u122410610.

Sousa, A.L, Calado, R., Cleary, D.F.R., Nunes, C., Coimbra, M.A., Serddio, J., Lillebg, A.L,
2017. Effect of spatio-temporal shifts in salinity combined with other environmental
variables on the ecological processes provided by Zostera noltei meadows. Sci. Rep.
7, 1336. https://doi.org/10.1038/s41598-017-01359-2.

Sousa, A.L, da Silva, J.F., Azevedo, A., Lillebg, A.I., 2019. Blue carbon stock in Zostera
noltei meadows at ria de Aveiro coastal lagoon (Portugal) over a decade. Sci. Rep. 9,
14387. https://doi.org/10.1038/541598-019-50425-4.

Sun, C., Li, J., Liu, Y., Zhao, S., Zheng, J., Zhang, S., 2023. Tracking annual changes in
the distribution and composition of saltmarsh vegetation on the Jiangsu coast of
China using Landsat time series-based phenological parameters. Remote Sens.
Environ. 284, 113370 https://doi.org/10.1016/j.rse.2022.113370.

Traganos, D., Reinartz, P., 2018a. Interannual change detection of Mediterranean
seagrasses using RapidEye image time series. Front. Plant Sci. 9.

12

Ecological Informatics 82 (2024) 102685

Traganos, D., Reinartz, P., 2018b. Mapping Mediterranean seagrasses with Sentinel-2
imagery. Mar. Pollut. Bull. 134, 197-209. https://doi.org/10.1016/j.
marpolbul.2017.06.075. Securing a future for seagrass.

Valle, M., van Katwijk, M.M., de Jong, D.J., Bouma, T.J., Schipper, A.M., Chust, G.,
Benito, B.M., Garmendia, J.M., Borja, A., 2013. Comparing the performance of
species distribution models of Zostera marina: implications for conservation. J. Sea
Res. 83, 56-64. https://doi.org/10.1016/j.seares.2013.03.002. Main results from
the XVII Iberian Symposium of Marine Biology Studies.

Valle, M., Pala, V., Lafon, V., Dehouck, A., Garmendia, J.M., Borja, A., Chust, G., 2015.
Mapping estuarine habitats using airborne hyperspectral imagery, with special focus
on seagrass meadows. Estuar. Coast. Shelf Sci. 164, 433-442. https://doi.org/
10.1016/j.ecss.2015.07.034.

van der Maarel, E., Sykes, M.T., 1993. Small-scale plant species turnover in a limestone
grassland: the carousel model and some comments on the niche concept. J. Veg. Sci.
4, 179-188. https://doi.org/10.2307/3236103.

Veettil, B.K., Ward, R.D., Lima, M.D.A.C., Stankovic, M., Hoai, P.N., Quang, N.X., 2020.
Opportunities for seagrass research derived from remote sensing: a review of current
methods. Ecol. Indic. 117, 106560 https://doi.org/10.1016/j.ecolind.2020.106560.

Vogelmann, J.E., Gallant, A.L., Shi, H., Zhu, Z., 2016. Perspectives on monitoring gradual
change across the continuity of Landsat sensors using time-series data. Remote Sens.
Environ. 185, 258-270. https://doi.org/10.1016/j.rse.2016.02.060. Landsat 8
Science Results.

Vuerich, M., Cingano, P., Trotta, G., Petrussa, E., Braidot, E., Scarpin, D., Bezzi, A.,
Mestroni, M., Pellegrini, E., Boscutti, F., 2024. New perspective for the upscaling of
plant functional response to flooding stress in salt marshes using remote sensing. Sci.
Rep. 14, 5472. https://doi.org/10.1038/541598-024-56165-4.

Wabnitz, C.C., Andréfouét, S., Torres-Pulliza, D., Miiller-Karger, F.E., Kramer, P.A., 2008.
Regional-scale seagrass habitat mapping in the Wider Caribbean region using
Landsat sensors: Applications to conservation and ecology. Remote Sens. Environ.,
Earth Observations for Marine and Coastal Biodiversity and Ecosystems Special Issue
112, 3455-3467. https://doi.org/10.1016/j.rse.2008.01.020.

Waycott, M., Duarte, C.M., Carruthers, T.J.B., Orth, R.J., Dennison, W.C., Olyarnik, S.,
Calladine, A., Fourqurean, J.W., Heck, K.L., Hughes, A.R., Kendrick, G.A.,
Kenworthy, W.J., Short, F.T., Williams, S.L., 2009. Accelerating loss of seagrasses
across the globe threatens coastal ecosystems. Proc. Natl. Acad. Sci. 106,
12377-12381. https://doi.org/10.1073/pnas.0905620106.

Wicaksono, P., Aryaguna, P.A., Lazuardi, W., 2019. Benthic habitat mapping model and
cross validation using machine-learning classification algorithms. Remote Sens. 11,
1279. https://doi.org/10.3390/rs11111279.

Widya, L.K., Kim, C.-H., Do, J.-D., Park, S.-J., Kim, B.-C., Lee, C.-W., 2023. Comparison of
satellite imagery for identifying seagrass distribution using a machine learning
algorithm on the eastern coast of South Korea. J. Mar. Sci. Eng. 11, 701. https://doi.
org/10.3390/jmse11040701.

Xu, Shaochun, Xu, Shuai, Zhou, Y., Yue, S., Zhang, X., Gu, R., Zhang, Y., Qiao, Y., Liu, M.,
2021. Long-term changes in the unique and largest seagrass meadows in the Bohai
Sea (China) using satellite (1974-2019) and sonar data: implication for conservation
and restoration. Remote Sens. 13, 856. https://doi.org/10.3390/rs13050856.

Zhang, C., 2015. Applying data fusion techniques for benthic habitat mapping and
monitoring in a coral reef ecosystem. ISPRS J. Photogramm. Remote Sens. 104,
213-223. https://doi.org/10.1016/j.isprsjprs.2014.06.005.

Zhu, X., Liu, D., 2014. Accurate mapping of forest types using dense seasonal Landsat
time-series. ISPRS J. Photogramm. Remote Sens. 96, 1-11. https://doi.org/10.1016/
j.isprsjprs.2014.06.012.

Zipperle, A.M., Coyer, J.A., Reise, K., Stam, W.T., Olsen, J.L., 2009. Evidence for
persistent seed banks in dwarf eelgrass Zostera noltii in the German Wadden Sea.
Mar. Ecol. Prog. Ser. 380, 73-80. https://doi.org/10.3354/meps07929.

Zoffoli, M.L., Gernez, P., Rosa, P., Le Bris, A., Brando, V.E., Barillé, A.-L., Harin, N.,
Peters, S., Poser, K., Spaias, L., Peralta, G., Barillé, L., 2020. Sentinel-2 remote
sensing of Zostera noltei-dominated intertidal seagrass meadows. Remote Sens.
Environ. 251, 112020 https://doi.org/10.1016/j.rse.2020.112020.

Zoffoli, M.L., Gernez, P., Godet, L., Peters, S., Oiry, S., Barill¢, L., 2021. Decadal increase
in the ecological status of a North-Atlantic intertidal seagrass meadow observed with
multi-mission satellite time-series. Ecol. Indic. 130, 108033 https://doi.org/
10.1016/j.ecolind.2021.108033.


https://doi.org/10.3390/s19081933
https://doi.org/10.3390/s19081933
https://doi.org/10.3390/rs11030230
https://doi.org/10.1016/0304-3770(94)00431-K
https://doi.org/10.1016/0304-3770(94)00431-K
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0380
https://doi.org/10.3390/rs13040586
https://doi.org/10.1002/widm.1301
https://doi.org/10.1002/widm.1301
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0390
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0390
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0395
https://doi.org/10.1007/s10152-007-0088-1
https://doi.org/10.1073/pnas.0500008102
https://doi.org/10.1016/j.ecss.2013.08.026
https://doi.org/10.1016/j.ecss.2013.08.026
https://doi.org/10.1016/j.rse.2014.05.001
https://doi.org/10.2139/ssrn.4424526
https://doi.org/10.2139/ssrn.4424526
https://doi.org/10.1016/j.ecoinf.2022.101964
https://doi.org/10.1016/j.ecoinf.2022.101964
https://doi.org/10.1080/01621459.1968.10480934
https://doi.org/10.1016/j.rse.2014.10.018
https://doi.org/10.1016/S0304-3770(98)00064-3
https://doi.org/10.1016/j.jembe.2007.06.012
https://doi.org/10.1016/j.jembe.2007.06.012
https://doi.org/10.3390/su122410610
https://doi.org/10.1038/s41598-017-01359-2
https://doi.org/10.1038/s41598-019-50425-4
https://doi.org/10.1016/j.rse.2022.113370
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0470
http://refhub.elsevier.com/S1574-9541(24)00227-9/rf0470
https://doi.org/10.1016/j.marpolbul.2017.06.075
https://doi.org/10.1016/j.marpolbul.2017.06.075
https://doi.org/10.1016/j.seares.2013.03.002
https://doi.org/10.1016/j.ecss.2015.07.034
https://doi.org/10.1016/j.ecss.2015.07.034
https://doi.org/10.2307/3236103
https://doi.org/10.1016/j.ecolind.2020.106560
https://doi.org/10.1016/j.rse.2016.02.060
https://doi.org/10.1038/s41598-024-56165-4
https://doi.org/10.1016/j.rse.2008.01.020
https://doi.org/10.1073/pnas.0905620106
https://doi.org/10.3390/rs11111279
https://doi.org/10.3390/jmse11040701
https://doi.org/10.3390/jmse11040701
https://doi.org/10.3390/rs13050856
https://doi.org/10.1016/j.isprsjprs.2014.06.005
https://doi.org/10.1016/j.isprsjprs.2014.06.012
https://doi.org/10.1016/j.isprsjprs.2014.06.012
https://doi.org/10.3354/meps07929
https://doi.org/10.1016/j.rse.2020.112020
https://doi.org/10.1016/j.ecolind.2021.108033
https://doi.org/10.1016/j.ecolind.2021.108033

	Seagrasses on the move: Tracing the multi-decadal species distribution trends in lagoon meadows using Landsat imagery
	1 Introduction
	2 Materials and methods
	2.1 Study area and species
	2.2 Training data and validation distribution data
	2.3 Satellite data and image preprocessing
	2.4 Statistical analysis
	2.4.1 Random forest classification
	2.4.2 Change detection and trend analysis


	3 Results
	3.1 The role of seasonality for an accurate image classification
	3.2 Seagrass and species meadows RF classification and validation
	3.3 Projecting seagrass and species meadow distribution changes over time

	4 Discussion
	4.1 Including seasonality in the classification process
	4.2 Random Forest as a tool for seagrasses monitoring: Potential and caveats
	4.3 Long-term change

	5 Conclusion
	Funding
	Author contributions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Appendix A Supplementary data
	References


