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Silva, Mendoza and van Tussenbroek.
This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

TYPE Original Research
PUBLISHED 09 December 2022

DOI 10.3389/fmars.2022.1063007
Mapping the structure of mixed
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The physical and ecological importance of seagrass meadows in coastal

processes is widely recognized, and the development of tools facilitating

characterization of their structure and distribution is important for improving

our understanding of these processes. Mixed (multi-specific) meadows in a

Mexican Caribbean reef lagoon were mapped employing a multiparameter

approach, using PlanetScope remote sensing images, and supervised

classification based on parameters related to the structure of the seagrasses

meadows, including the cover percentages of seagrass/algae/sediment, algae

thalli and seagrass shoot densities, canopy heights and estimated leaf area index

(LAI). The cover, seagrass and algae densities, and seagrass canopy heights were

obtained using ground truth sampling, while the LAI was estimated using data

obtained from long-term monitoring programs. The maps do not show the

differentiation of seagrass species, but ground truthing contemplated

characterization of the density of Thalassia testudinum, Syringodium filiforme

and Halodule wrightii and their respective LAIs. S. filiforme was the dominant

species in terms of shoot density, and T. testudinum was dominant in terms of

LAI. In the multiparameter-based map four classes were defined, based on the

cover and structural characteristics, and its overall accuracy was very high

(~90%). Maps based on sediment cover and LAI alone also had 4 classes, but

they were less accurate than the multiparameter-based map (~70% and ~80%,

respectively). Themultiparameter-based seagrassmap provided spatially-explicit

data on the abundance and structure of seagrasses, useful for future monitoring

of the changes in the meadows, and also for studies of that require data of large-

scale meadow structure, such as inventories of associated biota, blue carbon

storage, or modelling of the local hydrodynamics.

KEYWORDS
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1 Introduction
Seagrass meadows provide a wide range of ecosystem services.

These include the provision of habitat and refuge for many

species, the improvement of water quality, coastal protection,

erosion control, carbon sequestration, and services related to

tourism, education and recreation (Barbier et al., 2011). Seagrass

canopies attenuate the energy of waves and currents, contributing

to sedimentation, and their root and rhizome systems trap and

stabilize sediments (Madsen et al., 2001; Chen et al., 2007; Koch

et al., 2009). In tropical reef lagoons, the seagrass meadows are

interconnected with other coastal ecosystems, such as coral reefs

and beach/dune systems. The reefs provide a suitable environment

for the colonization and development of seagrass in the reef

lagoons, while the seagrasses assimilate nutrients, entrap

sediment and particles, thus improving the quality of coastal

waters and favoring the growth of the coral reefs. Both coral

reefs and seagrass meadows dampen wave and current energy,

stabilizing the coast, and shaping the morphology of the beach/

dune systems (Moberg and Rönnbäck, 2003; de Almeida et al.,

2022). Spatially explicit information on the distribution of the

seagrasses and their characteristics can provide a useful tool for

understanding the dynamics of the meadows themselves, their

impact on local hydro- and sediments dynamics, as well as

interactions with other neighboring systems.

Spatially explicit information obtained by mapping the

distribution of seagrasses in shallow waters using satellite images

(especially those with high spatial resolution, i.e.<10 m pixel size)

and field data, provide a quantitative and cost effective alternative

for intensive in situmonitoring programs (Baumstark et al., 2013).

Criteria used for seagrass maps are typically presence/absence (e.g.

Hossain et al., 2015), the percentage of seagrass/sediment cover

(e.g. Roelfsema et al., 2009) or spatial distribution of seagrass

meadows (e.g. Kovacs et al., 2018). Such maps can be improved

with the addition of information regarding the seagrass landscape,

such as the density of the seagrasses and algae, seagrass canopy

heights and their foliar area, which could then allow a better

evaluation of ecosystem interactions and the services offered by

the meadows.

For example, the propagation/dissipation of waves and

currents, and consequent sediment dynamics, are determined

by the extension and structure of the meadows in relation to the

direction of wave propagation (Chen et al., 2007), the density of

the plants (Gambi et al., 1990), the seagrass species, and the

height of the canopy, and its ratio to the relative water

submergence (Fonseca and Cahalan, 1992). Maps that reflect

these parameters (multiparameter classes) can also be useful for

the determination of blue carbon budgets and studies of infauna

communities. Such maps could also be used as input for

numerical models (e.g. Silva et al., 2020), incorporating

mechanical traits (Soissons et al., 2018), friction, or damping

coefficients, obtained from laboratory experiments (Stratigaki
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et al., 2011; Koftis et al., 2013; Schaefer and Nepf, 2022). Such

experimentally determined coefficients are vital in the

calibration and validation of hydrodynamic numerical models

(e.g. Paquier et al., 2021). However, without information on the

distribution and structure of the seagrass meadows, numerical

models may be inaccurate in reproducing the actual coastal

processes, as explained by Escudero et al. (2021).

The main aim of this study was to see whether it is possible

to map seagrasses beyond mere cover, and to incorporate data

on specific composition and structure to provide spatially

explicit information that may be useful in studies that require

such information. A map was created as a function of seagrass

density, algae density, canopy height, seagrass the leaf area index

(LAI) and percentage of seabed coverage (multiparameter map),

for a shallow reef lagoon with clear waters in the Mexican

Caribbean. Maps with classes defined only by LAI and

sediment cover were also created to compare with the

multiparameter class map. The advantages and disadvantages

of each mapping method were evaluated.
2 Materials and methods

2.1 Study area

The study site is part of a reef lagoon in the north of the

Marine Protected Area of Puerto Morelos, (20° 57’ - 21° 00’ N;

86° 47’ - 86° 49’W), in front of the Moon Palace Resort, in the

Mexican Caribbean, with a surface of 12.5 km2 (Figure 1).

The fringing reefs, part of the Mesoamerican Reef System,

are 1.7 – 3.1 km from the coast in the study area. The reef lagoon

is relatively shallow, with an average depth of 3-4 m and

maximum depth of 8 m (data measured in this study). The

lagoon floor is usually composed of calcareous sand, and

seagrass meadows are interspersed with underwater dunes

consisting of loose calcareous sands devoid of vegetation. The

dominant seagrass species is Thalassia testudinum, which is

considered the climax species in the Caribbean, along with

Syringodium filiforme, Halodule wrightii and rhizophytic algae

(van Tussenbroek, 2011; Hedley et al., 2021).

The climate at Puerto Morelos is tropical. Mean surface-

water temperatures vary from 25.1°C, in mid-winter, and 29.9°C,

in late summer (Rodrıǵuez-Martıńez et al., 2010). Average

annual rainfall is 1000 - 1400 mm, with a tendency of heavier

rain in summer (June-October) (Martıńez et al., 2014). The coast

has a microtidal regime with semidiurnal spring and neap tidal

ranges of 0.32 and 0.07 m, respectively (Coronado et al., 2007).

The wave climate is characterized by calm conditions most of the

time: significant wave heights (Hs) of 1-1.5 m and short wave

periods (Tm) of 4-7 s. Swell waves are rare, occurring from

November to April, associated with northerly cold fronts; Hs ~

2-3 m, Tm ~ 6-8 s, or in the hurricane season, May to October;

Hs ~ 6-15 m, Tm ~ 8-12 s (Escudero-Castillo et al., 2018; Rioja-
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Nieto et al., 2018). However, the coral reef in the study area can

reduce the incident wave height by up to 85% (Ruiz de Alegria-

Arzaburu et al., 2013).

Surface rivers are absent (Ortıź Pérez and de la Lanza

Espino, 2006) and precipitation flows to the sea through

underground rivers that discharge into the sea through

submarine springs (Kachadourian-Marras et al., 2020),

meaning that the seawater tends to be clear, facilitating the use

of satellite images for mapping the bottom of the reef lagoon.
2.2 Satellite image processing

PlanetScope satellite images from 23/01/2021, with 0% cloud

cover and without sun glint, were used. These images are Ortho

Scene Product, orthorectified and radiometrically-, sensor-, and

geometrically corrected. Atmospheric effects were corrected using

the 6SV2.1 radiative transfer code. AOD, water vapor and ozone

inputs were retrieved from MODIS near-real-time data

(MOD09CMA, MOD09CMG and MOD08-D3). The data of the

pixels is expressed in reflectance units, with a spatial resolution of
Frontiers in Marine Science 03
3x3 m, radiometric resolution of 16 bits and 4 bands (PS2 sensor;

B1-Blue: 455 - 515 nm; B2-Green: 500 - 590 nm; B3-Red: 590 - 670

nm; B4-Near Infra Red: 780 - 860 nm) (Planet Labs Inc, 2022).

The software SNAP from the European Space Agency (ESA) was

used to preprocess and run the supervised classifications of the

images. Although the images had an atmospheric correction, a

dark object subtraction method was applied to each image before

the construction of the mosaic, following the indications of Frazier

and Hemingway (2021). A mask was applied to select a smaller area

than the satellite image, of water only, from the shoreline towards the

open sea. Using the Sen2Coral toolbox (Serco Italia SPA, 2019) on

ESA’s SNAP software, Cloud and White Cap Mask Algorithm was

applied. Polygons were drawnmanually over the areas to be excluded,

including boat trails, structures (e.g. an anti-sargasso barrier) and

other elements that the previousmask did not detect. Depth Invariant

Indices (DI, also included in Sen2Coral) were calculated for water

column correction, using the DI result for each pair of bands (B1+B2;

B1+B3; B2+B3) as input for the supervised classifications together

with B1, B2 and B3 bands. Finally, a mask was applied to select the

study area only for the classifications.
2.3 Field data collection

2.3.1 Ground truth data sampling
A total of 105 points were defined, chosen based on visual

assessment of the existing imagery, unsupervised classifications

in combination with expert knowledge of the system, to provide

an adequate representation of the variety of seagrass meadow

throughout the area (Figure 2). In the field these points were

located, using a GPS (Garmin, GPSMAP 65s) and they were

slightly offset if necessary, to ensure that the bottom features

were homogeneous within a radius of a least 10m, to consider

descriptors as homogeneous within each 3x3m pixel. The survey

was carried out between April 3rd and June 2nd, 2021, to define

bottom and phytobenthos features used in a classification map

(seed pixels). In the time between the seed pixels survey and

satellite image no significant event occurred that would have

affected the seagrass meadows. At each point, two photos were

taken for the analysis. The first, from a 100 x 100cm quadrat to

estimate the benthos coverage and the second, from a 25 x 25 cm

quadrat to corroborate the phytobenthos characteristics.

Using the 25 x 25 cm quadrat, density was verified in situ by

counting the foliar shoots for each seagrass species, and the thalli

for algae (without species differentiation). The canopy height of

the meadow was measured in situ from the sea bottom to the

upper limit of the seagrass canopy with a ruler (1 mm resolution),

regardless of the species. The depth of each sample point was

measured using a Garmin STRIKER VIVID 5CV echo sounder.

The photographs of the 100 x 100 cm quadrats were analyzed

using a MATLAB coded routine to compute the percentage of

sand cover, converting the images to binary following the method

of Otsu (1979) (Yamamuro et al., 2002). To estimate the
FIGURE 1

Study area (yellow outline) and long-term seagrass monitoring
stations (red stars, acquired during the Caribbean Coral Reef
Productivity Program (CARICOMP), from 1993 to 2016.
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abundance and percentage cover of macroalgae and seagrass, the

Braun-Banquet scale was applied (Molina-Hernández and Van

Tussenbroek, 2014).

2.3.2 Long-term monitoring survey
Seagrass data from four stations of the Caribbean Coral Reef

Productivity Program (CARICOMP) in Puerto Morelos (1993-

2016; CARICOMP, 2001; Rodrıǵuez-Martıńez et al., 2010; van

Tussenbroek et al., 2014; Cortés et al., 2019) (Figure 1) were used

to obtain data on the structure of the meadow, particularly to

complement the data to estimate the Leaf Area Index (LAI) of

the seed pixel points.

For the climax seagrass Thalassia testudinum, data from two

periods were used, 1997 to 2000 (twice a year) and 2014 to 2016 (once

a year). Six samples were taken at each of the monitored stations for

each date. Foliar shoots were sampled in 10 x 20 cm quadrats to

obtain the following parameters: shoot density/m2, foliar dry weight

(above-ground biomass) per m2, the number of leaves per shoot, and

the length and width of each leaf. The mean length of the 2nd

youngest leaf per shoot per sample was considered to be equivalent to

the height of the canopy, as this is a fully grown leaf on a shoot.

For the seagrass Syringodium filiforme, data from 1993 to

2000 (twice a year) and 2014 to 2016 (once a year) were used,

and 3 core samples (20 cm diameter) were taken at each station

to obtain leaf density per m2 and foliar dry weight (above-
Frontiers in Marine Science 04
ground biomass) per m2. The lengths and diameters of the

longest 10 leaves in a sample were measured. The mean length of

these leaves was considered equivalent to canopy height.

Since the CARICOMP project did not monitor the pioneer

seagrass Halodule wrightii, data on this species were obtained

from Molina-Hernández and Van Tussenbroek (2014) and

unpublished data from the same reef lagoon, surveyed between

2011 and 2015 (once a year) with a 11.2 cm diameter core. The

data obtained were: shoot density/m2, leaf density per m2 and

foliar dry weight (above-ground biomass) per m2. In each foliar

shoot evaluated, the length and width of the 2nd youngest leaf

were recorded and the mean length in each sample was

considered to be equivalent to the height of the canopy.
2.4 Leaf area index

The data obtained in the study area (points of seed pixels)

were canopy height (in meters) and shoot density (shoots/m2).

As data on leaf width/diameter (Wm and Dm) and number of

leaves per shoot were needed for the calculation of LAI, median

data from long-term monitoring were used to obtain these

parameters. For T. testudinum and H. wrightii tape-like leaves

were considered, and the equation (1) was applied:

LAIestim = Canopy   height*Wm*Shoot  Density* n °
leaves
shoot

� �

(1)

As S. filiforme leaves are cylindrical, the leaf area index was

calculated as canopy height multiplied by the area of half a

cylinder obtained by the median leaf diameter (Dm) (equation

(2)). It was considered that each shoot contains only 1 leaf

equivalent to the height of the canopy.

LAIestim = Canopy   height*
p*  Dm

2

� �
*Shoot  Density (2)

LAI gives the total leaf area per seabed area (m2/m2) and is

usually reported as unitless, a convention used throughout

the manuscript.

To test LAI estimates, using median data of width/diameter

and number of leaves per shoot, the same equations were applied

to the long-term monitoring data. This estimated LAI was

correlated with the leaf biomass data (for the 3 species), since

the LAI must reflect the leaf biomass (Lebrasse et al., 2022). The

coefficient of determination R2 was used to verify the goodness

of fit. In the case of T. testudinum, long-term monitoring data

allow the calculation of real LAI, which is the sum of the total

leaf area (total length (L) multiplied by the total width (W)) in a

sample with n leaves (equation (3)).

LAIreal =o
n

i=1
Li*Wi (3)
FIGURE 2

Location of the 105 points sampled to obtain ground truth data
(between April 3rd and June 2nd, 2021) to be used as seed pixels
in supervised classification.
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2.5 Classification of the seed pixels

The first step in separating the seed pixels into classes was to

analyze the proportional cover of sediment, algae and seagrass.

Data were analyzed with Rstudio software. No normalization

was applied to the data, since they are percentages. A cluster

analysis using Bray-Curtis distance was performed to group the

sites with similar cover characteristics. Then the seed pixels were

explored, including the other parameters (seagrass density, algae

density, canopy height, sediment cover and LAI). A detailed

analysis was carried out for each sample point in order to

establish the final class according to previous analyses, called

multiparameter classes. For each point, a polygon was generated,

encompassing 4-6 pixels, to classify and validate the map.

Based on the different ranges defined in the multiparameter

classes, LAI and sediment cover classes were defined, to allow

maps using multiparameter seeds to be compared with maps

using only one parameter (such as the LAI or the percentage of

sediment coverage).

2.6 Supervised classification

Two algorithms were used to produce the maps of the

different classes defined, based on pixel classification. Both

algorithms were used to classify the benthic communities, such

as seagrasses (Lyons et al., 2011; Effrosynidis et al., 2018; Pham

et al., 2019; Rende et al., 2020). The first, Maximum Likelihood

(ML), classifies the data assuming a normal distribution of the

pixels, and calculates the likelihood of them belonging to one class

or another. The second algorithm, K-nearest neighbors (KNN), is

a non-parametric method that assumes similar things exist in

proximity and compares nearest neighbors to assign a pixel to a

class. Within each class, 70% of the seed pixels were randomly

defined for supervised classification. To verify the accuracy of the

maps, the remaining 30% of the seed pixels were used as ground-

truth ROIs module in ENVI 5.3 software, to generate a confusion

matrix. In addition to the assessment of User’s and Producer

Accuracy for individual classes, this analysis estimates indicators

of classification accuracy, overall accuracy and Kappa coefficient.
3 Results

3.1 Estimations using long-term
monitoring data

3.1.1 Thalassia testudinum
The median leaf width of all CARICOMP samples (Wm) was

0.94 cm (IC95% 0.02 cm) and the median number of leaves per

shoot was 1.89 (IC95% 0.04). The linear regression between the

real LAI values and the above ground biomass (Figure 3A)

showed a high correlation (R2 = 0.95).
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The linear regression between the real LAI and the estimated

LAI (determined from mean shoot density and canopy height)

showed a strong correlation (R2 = 0.71) (Figure 3B). Although

the estimated LAI is slightly underestimated, it was considered

sufficiently precise to estimate the LAI of seed samples.
3.1.2 Syringodium filiforme
The median leaf diameter (Dm) of all CARICOMP samples

was 1.3 mm (IC95% 0.02 mm). Using these data, the LAI was

estimated applying the equation (2). Unfortunately, there were

not enough data to calculate the real LAI for this species and

compare it with the estimated LAI. Nevertheless, correlation of

the linear regression between the estimated LAI and above

ground biomass was very strong (Figure 3C, R2 = 0.91)

showing that the estimate of the LAI closely represents above

ground biomass.

3.1.3 Halodule wrightii
Themedian leaf width of all samples (Wm) was 0.87mm (IC95%

0.05 mm) and the median number of leaves per shoot was 2.0

(IC95% 0.1). The estimated LAI, using equation (1), was compared

with above ground biomass by a linear regression (Figure 3D).
3.2 General characterization of the
seed pixels

The species of seagrasses analyzed were those commonly

found in the Mexican Caribbean, T. testudinum, S. filiforme and

H. wrightti. The general characteristics of depth, seagrass shoot

density, canopy height, seagrass estimated LAI, algae density and

sediment cover percentage, for all the points sampled, are shown

in Supplementary Figure 1.

The depth of the sample points varied between 0.9 and 7.8

m. The highest shoot densities were found in an H. wrightii

monospecific meadow near the coast (6528 shoots/m2), and in S.

filiforme-dominated meadows (over 3000 shoots/m2). The

highest density of T. testudinum was found in a monospecific

meadow near the coast (1920 shoots/m2). Canopy height showed

great variation (4 - 50 cm). In some points quite high densities of

algae were seen (more than 1000 thalli/m2).

In terms of shoot density, S. filiforme dominated (in ~70% of

the samples with seagrass, Figure 4A). However, in terms of

estimated LAI, T. testudinum dominates in ~ 74% of the samples

with seagrass (Figure 4B). Nevertheless, the contribution of S.

filiforme in the total LAI is important, dominating in 16% of the

samples (15 of the 93 points with seagrass had over 50% LAI)

and contributing to over 15% of the LAI in an additional 45% of

the samples (42 of the 93 points with seagrass).

A good correlation between LAI and sediment cover was

found (logarithmic, R2 = 0.79, Figure 5).
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3.3 Characterization of classes

For the study area, four multiparameter classes of bottom

cover were defined through the cluster analysis (Supplementary

Figure 2). Taking into consideration the density of seagrass and

algae (green, brown, red and cyanophytes), canopy height and

estimated LAI, 8.6% of the seeds (9 seeds) changed to another,

more accurate, class cluster. The separation of species in the class

definition process was not feasible, mainly because the seagrass

meadows of this study area were usually mixed albeit with

differing specific dominance, and in addition species had

similar spectral signatures (Thorhaug et al., 2007; Hedley

et al., 2017).

The classes and their characteristics (Figures 6, 7) were:
Fron
i. C1 (Dense seagrasses) seagrass beds, mainly T.

testudinum and S. filiforme, with high density

(average 2598 shoots/m2) and relatively higher

canopy height (between 12 and 50 cm; average 27

cm), with none or few algae (average density of 292

thalli/m2). The mean estimated LAI was 3.4 ± 0.4 (95%

CI). Average sediment coverage was 10%.

ii. C2 (Dense mixed vegetation) seagrass density was

slightly lower than class C1 (mean 1716 shoots/m2),

as was canopy height (between 9 and 23 cm; mean 15

cm), with slightly higher density of algae with an

average of 578 thalli/m2. Mean sediment coverage
tiers in Marine Science 06
was 24%, and mean estimated LAI of seagrasses was

1.5 ± 0.3.

iii. C3 (Low density seagrasses and algae) with measured

seagrass density of 804 shoots/m2 and algae density of

331 thalli/m2. The canopy height between 7 and 17 cm

(average 12 cm) and the estimated LAI was 0.8 ± 0.2.

The sediment was more exposed, with an average

coverage of 50%.

iv. C4 (Sediment) bottoms with very low seagrass or algae

coverage, average sediment coverage of 96%.

Occasionally, vegetation was present, usually H.

wrightii with a mean LAI ( ± 95% CI) of 0.05 ± 0.06.
To compare the different seed class criteria, the classes using

LAI and sediment cover data were defined based on the value

ranges of each parameter (Table 1) verified in multiparameter

classes, for the upper and lower quartiles (Figure 6).
3.4 Supervised classification

The classified maps obtained with the multiparameter

criteria are presented in Figure 8, and visually, the differences

obtained by the two different classification algorithms were

minimal (Table 2). The accuracy of both maps is very high

(~90%), although the K-nearest neighbors (KNN) algorithm is

more accurate than Maximum likelihood (ML), since KNN gave
A B

DC

FIGURE 3

Relationships to verify the estimation of LAI. For Thalassia testudinum data (n data = 206) (A) real LAI vs above-ground biomass; (B) real LAI vs
estimated LAI (using fixed values of leaf width (0.94 cm) and number of leaves/shoot (1.89). For the other species, relationship between
estimated LAI and above-ground biomass for: (C) Syringodium filiforme (n data = 215); (D) Halodule wrightii (n data = 26).
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higher values of overall accuracy (91.05%), Kappa (0.88) and

user accuracy (77-97%).

When evaluating the confusion matrix, class C2 presented

the lowest probability that a pixel belonged to this class (user’s

accuracy =77% and 69% respectively for KNN and ML),

erroneously including pixels that corresponded to class C1 or

C3. Algorithms misclassified class C3 as C2 for most pixels

(producer accuracy =79% and 64% respectively for C3 for KNN

and ML).

When the classification was carried out using the seeds only

with sediment cover or LAI data, the overall accuracy of the maps

was lower (~70% and ~80%, respectively) than using

multiparameter seeds. The algorithms were not able to correctly

classify the intermediate classes (C2.1; C3.1; C2.2 and C3.2), as

indicated by less than 45% of producer accuracy (Table 3 for KNN

algorithm and Supplementary Table 1 for ML algorithm). The

accuracy of each class in the maps, indicated by the user accuracy,

also had lower values than the multiparameter map. The
Frontiers in Marine Science 07
classification, using seeds determined by the percentage of

sediment, seems to overestimate class C4.2, classifying mainly

C3.2 as C4.2 (e.g. user accuracy = 82% for C4.2, KNN algorithm,

Table 3). Figure 9 shows the comparison between the map

obtained with multiparameter seeds, LAI seeds and sediment

cover seeds, using the most accurate KNN algorithm and the

classes were better defined with the multiparameter seeds.

Classification maps for sediment and LAI seeds, using the ML

algorithm, are presented in Supplementary Figure 3.
3.5 Foliar biomass

Approximate foliar biomass was calculated, as LAI map

application example. Foliar biomass was derived from linear fit

equations of dry biomass as a function of LAI, per species

(Figures 3A, C, D) at each of the seed points (Supplementary

Figure 1). From the classification map, based on LAI data

(Figure 9 and Supplementary Figure 3), the total area of each

class was obtained and the mean value of biomass for each class

was applied to estimate the leaf biomass of the study area

(Table 4). The results indicate that there are approximately

670-710 tons (dry weight) of seagrass biomass above ground

in the study area (12.5 km2).
4 Discussion and conclusions

The spatial information obtained from mapping seagrass

characteristics, using satellite images, is useful in coastal

management and in decision making. Several scientific articles

have published maps of seagrass cover obtained using satellite

images (e.g. Roelfsema et al., 2009; Baumstark et al., 2013;

Hossain et al., 2015; Coffer et al., 2020; Fauzan et al., 2021). In
A

B

FIGURE 4

Percentages of seagrass species found in the study area, based on: (A) recorded density; and (B) estimated LAI.
FIGURE 5

Relationship between total estimated LAI and bottom sediment
cover (n=105).
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A B

D E

C

FIGURE 6

Characteristics of each multiparameter classes C1 (Dense seagrasses), C2 (Dense mixed vegetation), C3 (Low density seagrasses and algae) and C4
(Sediment) relative to: (A) seagrass density; (B) Algae density; (C) Sediment cover; (D) Seagrass canopy height; (E) Estimated Leaf Area Index (LAI).
FIGURE 7

Examples of each multiparameter classes: C1 (Dense seagrasses), C2 (Dense mixed vegetation), C3 (Low density seagrasses and algae)
and C4 (Sediment).
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marine ecosystems, the use of PlanetScope satellite imagens has

become a powerful tool for obtaining information about landscape

characteristics and spatio temporal changes (Kim et al., 2015;

Purnamasari et al., 2021). This is the first time that PlanetScope

images were used to obtain maps of the mixed seagrass meadows in

the Caribbean. These images have high spatial (3x3 m) and

temporal resolution (daily) which is an advantage in detecting the

spatio-temporal variability of coastal ecosystems, such as seagrass

meadows (Wicaksono and Hafizt, 2013; Wicaksono and Lazuardi,

2018; Schill et al., 2021). Nevertheless, it is important to perform a

detailed pre-selection of the scenes before analyzing the images

(segmentation, classifications, indexes, etc.) and pre-processing, to

overcome deficiencies in the products, for example, variation in

radiometric and geometric quality (Frazier and Hemingway, 2021;

Wicaksono et al., 2022). In this study, with PlanetScope images it

was possible to classify four different types of bottoms covered with

seagrass meadows. Seagrass meadows are often classified in only

one or two categories; i.e. absent/present, as obtaining high-

resolution images is difficult, or because the studies focus on

mapping the coral reef system (Goodman et al., 2013; Wicaksono

and Hafizt, 2013; Schill et al., 2021). This means that the complexity

and variability of these ecosystems are lost and therefore, so too, the
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possibility of understandingmore complex biophysical functions on

seagrass meadows.

There are few articles that have included more complex

parameters in mapping, such as LAI biomass or composition

(Phinn et al., 2008; Dierssen et al., 2010; Wicaksono and Hafizt,

2013). No scientific publications on seagrass mapping using

multiparameter-defined classes have been found. The

multiparameter approach for the mixed, multi-specific meadow

described here, allowed a more precise mapping of the meadow

characteristics (such as shoot density and canopy height), important

for further understanding of the seagrass landscapes, as well as the

influence of extensive seagrass meadows on local biogeochemical,

such as diurnal pH and O2 fluctuations (Berg et al., 2019; James

et al., 2020) or organic carbon storage (López-Mendoza et al., 2020).

This map also should provide data sets to support studies for

understanding the influence of different seagrass/bottom classes in

the local hydrodynamics, since these parameters can influence the

friction and drag force exerted by seagrasses on the propagation of

waves and currents and on sediment transport (Fonseca and

Cahalan, 1992; Mendez and Losada, 2004; Chen et al., 2007; Paul

et al., 2012). In the study area, it was possible to define four bottom

classes with different characteristics (Figures 6, 7). These classes
TABLE 1 Value range of LAI and sediment cover to define the classes.

LAI classes Sediment cover classes

Class code LAI range Class code Sediment cover range

C1.1 ≥ 2.1 C1.2 ≤ 15%

C2.1 2 – 0.9 C2.2 15.1 – 30%

C3.1 0.8 – 0.5 C3.2 30.1 – 60%

C4.1 ≤ 0.4 C4.2 ≥ 60.1%
FIGURE 8

Supervised classification results obtained with multiparameter seeds, using K-nearest neighbors (KNN) and Maximum likelihood (ML) algorithms.
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were defined based on seagrass, algae and sediment cover data

mainly, but also on the density of seagrasses and algae, canopy

height and the LAI at each point. This definition, to a certain extent,

depended on the local characteristics of the seagrasses, and has to be

determined separately for meadows in different settings or

environments, but the accuracy of the maps was high, and the

map provided spatially explicit data on general meadow structure,

in addition to cover.

The determination of real LAI and foliar biomass requires

destructive sampling. Median values of leaf width/diameter,

number of leaves per shoot, and the relationship between LAI

and foliar biomass, obtained from long-term monitoring data,

can be used for a reasonably reliable estimate of LAI and leaf

biomass based only on shoot density per species and canopy

height, which can be obtained in a non-destructive manner. The

estimated LAI of Thalassia testudinum, from median data of

leaves width, median number of leaves per m2, shoot density and

canopy height, compared well to the actual LAI (Figure 3B).

However, such detailed verification was not possible for

Syringodium filiforme and Halodule wrightii, but the good

relationship between dry foliar biomass and estimated LAI

(Figures 3C, D) indicated that the estimation is likely a good

one, as LAI and biomass are usually closely related (Lebrasse

et al., 2022). Dierssen et al. (2010) found a strong correlation
Frontiers in Marine Science 10
between LAI and seagrass shoot density for meadows in the

Bahama Banks (with R2 0.83). To prove the influence of seagrass

density in the variability of real LAI, this was examined for

CARICOMP data (for T. testudinum, Supplementary Figure 4),

but their relationship were weak. The lengths of the leaves

greatly influence LAI and this must be taken into account,

especially when the lengths vary greatly in the target area, as is

the case in this study (van Tussenbroek, 1995). Another

important point to consider is that S. filiforme was present at

almost all seed pixel stations and, despite its high density, its LAI

is lower than that of T. testudinum. In other words, in a mixed

meadow, the canopy height, shoot density and estimation must

be considered for each species, separately, to obtain a reliable

estimation of LAI. It is worth emphasizing that a good inverse

relationship (logarithm) has been found between LAI and the

percentage of sediment cover. Using this relationship would help

to estimate the LAI at the community level, similar to the work

done by Wicaksono and Hafizt (2013). However, the percentage

of sediment cover can also be influenced by the cover of algae or

organic matter on the bottom, and may not reflect the LAI of

seagrass alone.

In the study area, T. testudium dominated when considering

LAI (and foliar biomass), but S. filiforme had the highest shoot

density (Figure 4). T. testudinum has the greatest resistance to
TABLE 2 Confusion matrix obtained as result of supervised classification using multiparameter seeds applying K-nearest neighbors and Maximum
likelihood algorithms.

K-nearest neighbors

Reference class

Map class C1 C2 C3 C4 total User’s accuracy (%)

C1 105 5 4 0 114 92

C2 9 65 10 0 84 77

C3 0 2 52 0 54 96

C4 4 0 0 124 128 97

total 118 72 66 124 380

Producer accuracy (%) 89 90 79 100

Overall Accuracy (%) 91.05

Kappa 0.88

Maximum likelihood

Reference class

Map class C1 C2 C3 C4 total User’s accuracy (%)

C1 113 1 0 0 114 99

C2 3 59 24 0 86 69

C3 0 12 42 7 61 69

C4 2 0 0 117 119 98

total 118 72 66 124 380

Producer accuracy (%) 96 82 64 94

Overall Accuracy (%) 87.11

Kappa 0.82
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hurricane events, and it is most effective in providing services

such as coastal stabilization, due to its deep root structure and

large biomass above, and below ground (van Tussenbroek, 2011;

van Tussenbroek et al., 2014). However, the relative importance

of this species is decreasing in many areas, including the study

area, due to ongoing eutrophication or increasing turbidity (van

Tussenbroek, 2011; van Tussenbroek et al., 2014). In the study

area, groundwater discharges through submarine springs

(Carruthers et al., 2005; Hernández-Terrones et al., 2011) and

the massive sargasso influxes (van Tussenbroek et al., 2017) are

of special concern. The maps obtained in this study provide

baseline information on the seagrass meadows, to document

possible changes in the meadow due to environmental pressures.

This type of monitoring is important, as such changes can bring

serious local consequences, such as lower resilience to hurricanes

and major storms, as well as changes in the associated biota.

Increasing dominance of less robust species, such as S. filiforme

(with possible consequences for system structure, functioning

and resilience), cannot be determined by remote sensing alone.

The study by Hedley et al. (2021) carried out in the same system

supposed a T. testudinum dominated vegetation, which is still

correct, but may be changing in the future due to continuing

pressures on this system. This only exemplifies the need for

continuous ground truthing, as already proposed by Neckles

et al. (2012).
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The multiparameter maps obtained through the supervised

classification method showed that class C1 (Dense seagrasses) was

closer to the coast, interrupted by bare areas of submarine dunes

(class C4). As they migrate inland, these submarine dunes bury the

seagrass meadows. Some areas of these submarine dunes, as well as

their edges, were covered with vegetation of class 3 (low density

seagrasses and algae). Class C3 vegetation was also found in the

shallow (up to 4 m) back reef area, with T. testudinum dominating,

though with reduced canopies, due to the environmental

conditions, such as higher hydrodynamic forcing and lower

nutrient contents of the sediments (van Tussenbroek, 1995). A

narrow strip of unvegetated seabed (C4 class), was found closest to

the shore, landward of the dense seagrass (C1 class). This abrupt

change from bare soil to highly productive seagrass beds at the

shore was observed in the study area by Enrıq́uez et al. (2019) and is

thought to be a consequence of sargasso brown tides (van

Tussenbroek et al., 2017). The loss of dense nearshore meadows

probably means further destabilization of the coast (James et al.,

2019). Class C2 was found in the transition zones between class C1

and C3 areas, or near the barrier reef at greater depths (average 6m),

where dense seagrasses and algae occurred. Macroalgae were mostly

ignored in the classifications, due to the difficulty of distinguishing

them with remote sensing techniques (Wicaksono and Lazuardi,

2018). Nevertheless, using the multiparameter method and a

detailed analysis of the seed pixels, it was possible to obtain a
TABLE 3 Confusion matrix obtained with KNN supervised classification, for different seed criteria.

LAI seeds

Reference class

Map class C1.1 C2.1 C3.1 C4.1 total User’s accuracy (%)

C1.1 96 16 21 0 133 72

C2.1 19 29 21 0 69 42

C3.1 5 29 38 1 73 52

C4.1 4 0 22 317 343 92

total 124 74 102 318 618

Producer accuracy (%) 77 39 37 100

Overall Accuracy (%) 77.67

Kappa 0.65

Sediment cover seeds

Reference class

Map class C1.2 C2.2 C3.2 C4.2 total User’s accuracy (%)

C1.2 87 40 8 0 135 64

C2.2 20 23 8 0 51 45

C3.2 1 21 46 18 86 53

C4.2 13 0 41 240 294

total 121 84 103 248 566

Producer accuracy (%) 72 27 45 93

Overall Accuracy (%) 69.96

Kappa 0.55
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good classification with low class confusion (Table 2). Further

incorporation of macroalgae in classification may be useful in

future monitoring, as changes in macroalgae cover could indicate

disturbances in this community (van Tussenbroek, 2011; van

Tussenbroek et al., 2017), with consequences on the stabilization

of sediments and coastal protection from hurricanes (Cruz-Palacios

and van Tussenbroek, 2005).

Classification maps that use only sediment cover, or LAI

values, proved to be less accurate than the multiparameter-based

map, but their accuracy was still acceptable. They have the

advantage of using ranges to define classes, making them less

subjective, but the algorithms do not make clear the class

separations with these ranges, mainly for intermediate classes
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(2 and 3), which presented low values of producer accuracy (<

50%). These maps can be useful for monitoring seagrasses, and

in helping to define suitable areas for restoration projects. An

example of its use is the foliar biomass estimation did for the

study area, based on the LAI class map and the relationships of

LAI with biomass (Table 4). An above ground biomass of 700

tons implies 245 tons of organic carbon stock in the leaves alone,

using the conversion factor (from dry weight to organic carbon)

of 0.35 proposed by Fourqurean et al. (2012). As they comprise

on average only 11.1% of total biomass in the area (CARICOMP

data), the total estimated organic carbon stock in live seagrass

tissue was in total 6300 tons in the study area (12.5 km2), without

considering the likely larger organic carbon stock in the
FIGURE 9

Comparison of supervised classification results obtained with multiparameter seeds, LAI seeds, and sediment cover seed, using the KNN algorithm.
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sediments (López-Mendoza et al., 2020), showing that higher

precision maps, can aid in obtaining better estimates of organic

carbon stocks in seagrass meadows.

The presented tool in this study, to determine seagrass

meadows structure (cover percentages of seagrass/algae/

sediment, seagrass shoot densities, canopy heights and LAI) and

its distribution along the coast, based on satellite images, has

immediate application in understanding the hydrodynamics

associated with seagrass meadows. Further information on the

role of seagrass in controlling wave energy, when coupled with

specific local data on its distribution allows field measurements of

waves and currents to be better planned. Similarly, hydrodynamic

numerical modelling may be more realistic and accurate if the

proper drag and damping coefficient maps reproduce accurately

the seagrass distribution. If a time series of satellite images exist,

then the maps can also be updated in time using long-term

numerical runs. The tool is also useful for coastal management,

as coastal protection strategies depend on knowledge of the

submerged ecosystems. Nature-based solutions, often involving

seagrass restoration, as well as ecosystem conservation, will benefit

from spatial explicit information, for proper planning as well as

monitoring of effectiveness of implemented measures.
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TABLE 4 Estimation of seagrass foliar biomass in the study area.

LAI classes Mean biomass value
(dry weight g/m2)

Area (m2)
(KNN map)

Total foliar biomass(kg)
estimated in the KNN

map

Area (m2) (ML map) Total foliar biomass(kg)
estimated in ML map

C1.1 131.15 3,810,114 499,696,451 3,422,142 448,813,923

C2.1 53.77 2,119,428 113,961,644 2,078,091 111,738,953

C3.1 22.97 3,249,054 74,630,770 3,760,587 86,380,683

C4.1 5.94 3,308,310 19,651,361 3,226,086 19,162,951

Total 707,940,226 666,096,511
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