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Table 1. The number and area of training and test polygons for nine classes that were considered in
this study.

ID Class
Training Samples Test Samples Total

Polygon Area (ha) Polygon Area (ha) Polygon Area (ha)

1 Mangrove 24 14.59 27 15.30 51 39.89
2 Tidal zone 30 17.04 22 13.38 52 30.42
3 Deep water 29 17.67 36 23.12 65 40.79
4 Shallow water 44 16.31 35 15.67 79 31.98
5 Mudflat 43 19.23 43 20.81 86 40.04
6 Aerial roots 20 10.01 20 9.05 40 19.06
7 Urban 18 7.65 24 9.82 42 17.47
8 Bare ground 40 17.61 41 18.41 81 36.20
9 Vegetation 17 5.11 16 4.82 33 9.93

Total 265 125.22 264 130.38 529 529

2.2. Datasets
In this section, the datasets employed for mangrove ecosystem mapping are explained.

First, a description of the collection and preparation of reference samples is provided, and
then the Sentinel-1 and Sentinel-2 satellite datasets are described.

2.2.1. Reference Samples
In this study, precise visual interpretation depended on collecting reference samples

from high-resolution satellite images available in ArcMap and Google Earth. Additionally,
false-color composite satellite imagery and previous mangrove ecosystem maps were
used. Homogenous sites were considered for reference sample collection to mitigate
the challenge of mixed pixels by avoiding fragmented areas. In total, nine classes with
adequate (i.e., in terms of land cover portion in the study area and possible complexity)
reference samples and appropriate spatial distribution (i.e., distributed over the study
area) were generated (see Figure 1). Reference samples were then randomly split into two
groups of training (50%) and test (50%) samples. Random splitting leads to low bias in
the performance of the final classification results [47]. However, the primary challenge
of random sampling is the information leak between training and test samples [48]. In
other words, random sampling at pixel unit causes the training and test datasets to include
reference samples from the same polygons. This issue increases the spatial autocorrelation
between training and test datasets, which affects the accuracy assessment results and
decreases the generality of the classifier [49]. Therefore, to avoid this, the random splitting
step was conducted at the polygon unit, which also spatially disjointed the training and
test samples. It should be mentioned that the random splitting step was implemented ten
times to enable applying a cross-validation procedure for performance evaluation, which
can also prove the applicability and robustness of the proposed method for accurate and
detailed mangrove ecosystem mapping [39]. Table 1 provides the number of training and
test polygons (i.e., the average value in ten iterations) and their corresponding area. In
total, 265 and 264 training and test polygons with an area of about 125.22 ha and 130.38 ha
were generated, respectively.

2.2.2. Satellite Images
The time-series Sentinel-1 and Sentinel-2 satellite images were integrated to produce an

accurate mangrove ecosystem map. Combining SAR and optical data allows the detection
of different physical and spectral characteristics of land covers and, thus, their integration
may achieve precise classification results [50–52]. Additionally, time-series data enables
consideration of the water level fluctuations and tidal effects in the mangrove ecosystem,
which can also increase the reliability of the classification results [53].

Sentinel-1 is a European SAR satellite, which acquires C-band data in dual-polarization
in all-weather conditions with a 6-day temporal resolution. Level-1C ground range detected
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