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ARTICLE INFO ABSTRACT

Method name: Unsupervised classification using vegetation indices has been extensively employed to map man-
Enhanced Mangrove Index (EMI) grove forests using medium-resolution satellite images. However, its capability is restricted to
determining the extent of mangroves only. This study introduces a new spectral index called

Ig;}lllw ords: the enhanced mangrove index (EMI) for accurately mapping different components of mangrove
Classification vegetation, including mangrove trees, nypa, and understorey. An immediate effort is required to
Mangrove mapping monitor the invasion of nypa and understorey in the mangrove forest of Segara Anakan Lagoon,
Invasion located in Central Java, Indonesia. This issue may also be prevalent in other mangrove areas
Segara anakan worldwide. The development of EMI involved: 1). the analysis of the reflectance exhibited by

different types of mangrove vegetation, and 2). The performance of EMI was evaluated by com-
paring it with spectral indices such as automated mangrove map and index (AMMI), as well as
supervised classification models like random forest (RF). The accuracy assessment indicates that
the overall accuracy and Kappa coefficient achieved values of 0.87 and 0.84, respectively, sur-
passing other spectral indices and supervised classification models. AMMI and RF exhibited high
overall accuracy, with values of 0.82 and 0.73, respectively. Additionally, they demonstrated a
Kappa coefficient of 0.77 and 0.66, respectively.
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Method details
Rationale

The overexploitation of mangrove forests is a worldwide issue, resulting in a 4 % reduction in their global area [6]. This decline
occurred at an average annual rate of 0.21 % between 1996 and 2016. Additionally, it is stated that Southeast Asia experiences the
second highest rate of mangrove depletion (0.29 % annually), primarily due to the expansion of aquaculture, agriculture, and oil
palm plantations. Indonesia, possessing 3.2 million hectares of mangrove forest, encounters a comparable circumstance [11,20], with
a 20 % reduction in mangroves from 1989 to 2009, equating to an annual loss of approximately 2 %.

Segara anakan lagoon (SAL) in Cilacap, Central Java, is an example of Indonesia’s mangrove forest that has been degraded due
to various factors including sedimentation, logging, conversion of land for agriculture and aquaculture, and pollution. These drivers
have been documented in studies by Yuwono et al. [42], Ardli and Wolff [2], Jenerjahn and Yuwono [21], Syakti et al. [35], and
Lukas [26]. The lagoon has experienced significant sedimentation since the 17th century due to erosion in its surrounding area.
This has led to a reduction in the lagoon’s size, leaving only one-fourth of its original water area compared to its condition in 1857
[26]. The water salinity is progressively diminishing and has the potential to reach a value of zero, especially in the western region
during the rainy season [17]. The alterations result in the displacement of mangrove communities in SAL, as nypa and understorey
communities invade and supplant mangrove trees [30].

Remote sensing has become more prevalent in recent years for the efficient monitoring of mangrove forests, especially in remote
and inaccessible regions [24,37]. The study of mangrove mapping has been conducted for approximately six decades utilizing satellite
imagery with moderate spatial resolution. However, there persist challenges, as highlighted by Wang et al. [37], for example, the
erroneous identification of understorey coverage as dense mangrove forest in Segara Anakan, as noted by Winarso et al. [38,39].
In the case of mangrove monitoring in Segara Anakan, detecting nypa in the mangrove matrix is also difficult, as it is limited to
high-resolution or synthetic aperture radar and LiDAR [1], or medium-resolution when combined with unmanned aerial vehicles
[28]. Indeed, the identification of understorey and the encroachment of nypa palm in Segara Anakan is crucial for monitoring the
decline of mangrove trees in the area.

The objective of this research is to develop a spectral index capable of differentiating between mangrove trees and other types of
vegetation cover such as nypa and understorey. Xue et al. [41] define a spectral index as a mathematical expression that integrates
pixel values from multiple spectral bands within a multispectral image through the use of various algorithms, with band ratio or feature
scaling taking the primary emphasis. Spectral indices are computed to highlight a particular ecological function while also indicating
the relative abundance of a particular land cover in an image [7,41]. Spectral indices are a commonly employed unsupervised
classification method that is widely utilized and effective for land cover and land use classification. Additionally, they are considered to
be a more economically efficient computing approach compared to other forms of pixel-based classification, whether it is unsupervised
or supervised classification.

Within the realm of spectral indices, the normalized difference vegetation index (NDVI) is frequently employed to differentiate
mangrove coverage. However, caution must be exercised when utilizing this particular spectral index. For instance, Winarso et al.
[38] noted that the understorey in Segara Anakan is categorized as dense mangrove forests based on the utilization of NDVI. There-
fore, they introduced a spectral index called the Mangrove Index (MI) to differentiate between understorey and mangrove trees.
However, this index has not been applied for discerning nypa from the matrix of mangrove trees. Several additional spectral in-
dices have been created to distinguish mangrove pixels from non-mangrove pixels, such as Automatic Mangrove Map and Index
(AMMI), Mangrove Vegetation Index (MVI), and Combined Mangrove Recognition Index (CMRI) [4,14,34]. However, these indices
have only been used to determine the extent and distribution of mangroves and have not been applied for any other purpose, such
as identifying understorey or nypa palm. In our knowledge, only Prayudha et al. [29] employed MVI to differentiate understorey,
nypa, and mangrove trees; and they achieved a total accuracy of 78.79 % with the Kappa coefficient of 0.73. Hence, the specific
objective of this study is to evaluate and contrast various indices and develop a novel spectral index for the classification of satellite
images, specifically focusing on understorey, nypa, and mangrove trees. The findings of this study potentially yield insights into the en-
croachment of understorey, invasion by nypa palm, or shifts in the vegetation community, primarily within the distinct SAL mangrove
forests.

Methodology

Description of study area

Segara Anakan Lagoon (SAL) is located in the middle-west of the south part of Java Island, belong to the Central Java Province
(Fig. 1). The only estuarine mangrove on Java Island is found in this area, occupying three-quarters of the lagoon [2,17]. Nusakam-
bangan, an island in the south, separates the lagoon and the Indian Ocean. Two outlets in the West and East of the lagoon serve
to provide water circulation in and out of the lagoon and the ocean. Located in the west, the Citanduy River provides a substantial
amount of freshwater discharge and sediment, resulting in new islands [15,17]. The freshwater from the rivers east of the lagoon
does not affect the lagoon much, as the discharge is low. The seawater discharge contributes more to the water circulation in the
east part of the lagoon [17,42]. Hence, the mangrove trees community can develop well due to its high salinity environment [27].
The different salinity profiles between the eastern, central, and western parts have contributed to the variation of mangrove com-
munities [17], see Fig. 1. Understorey and nypa dominate land cover in the central and western parts of SAL, while the mangrove
trees are relatively dense in the eastern part. Understorey and nypa can adapt to moderate and low soil salinity. Further, the log-
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Fig. 1. Map of the study area, Cilacap, Central Java, Indonesia.

ging activity in the central part has exaggerated the encroachment of the understorey, which rapidly invaded the abandoned gaps
[3,16,27].

Classification system and sample points

The classification of mangrove vegetation covers in this study is based on the system developed by Saenger [32], as well as the
definitions provided by Duke [8] and FAO [9]. These classifications categorize mangrove communities into three groups: trees, palm,
and shrub/understorey (see Table 1). This study employed nypa instead of palm, as it was the sole palm species present in the study
area. The mixed class refers to pixels in this image that cannot be classified as mangrove trees, nypa, or understorey. A total of 10,140
sample points were gathered from the study site, Segara Anakan, which encompassed various types of vegetation covers, 997 points
from the class of mangrove trees, 586 points from nypa, 1145 points from the understorey, and also 7412 points from terrestrial
vegetation. The vegetation sample points were determined by analyzing drone photographs and utilizing the high-resolution images
from Google Earth. The provided sample points were utilized to illustrate the distinct reflectance patterns exhibited by each vegetation
class. Subsequently, a novel spectral index was formulated based on these patterns.

Using a total of 150 sample points from a drone survey, the ability of the new spectral index to discriminate vegetation classes was
compared to the other nine spectral indices (Table 2). Statistical tests (ANOVA and Tukey’s) were used to assess the discriminatory
ability of spectral indices in distinguishing between mangrove trees, nypa, and understorey.

Data used and pre-processing

The main sources of data utilized in this research were Landsat 8 OLI images, although not exclusively from this Landsat series.
The Landsat series was chosen because it has long-term archives dating back to 1972 [25,36,40]. It is useful for mangrove forest
monitoring, which typically requires historical data to track changes over time [5]. This study specifically used multiple images
from the Landsat 8 OLI Surface Reflectance (SR) product archive from 2017 to 2019 to create a single cloud-free image. The process
involved masking the cloud object using the Landsat dataset’s quality band and combining the images based on their median value
[33]. All data was acquired and processed using Google Earth Engine’s (GEE) cloud computing service.
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Table 1
The type of mangrove vegetation cover, drone view (top and oblique).

Classes Nadir View Off-nadir View

Mangrove
Trees

understorey

nypa

Mixed
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Table 2
The various type of spectral indices used in this study.
No Spectral Indices Formula Source Notes
1 NDVI (Normalized Difference (NIR - RED) / (NIR + RED) Rouse et al. [31]
Vegetation Index)
2 SAVI (Soil-Adjusted Vegetation (NIR - RED) / (NIR + RED + L) Huete [18] L = a constant to eliminate the
Index) influence of soil background (O - 1);
L = 0.5 (medium canopy coverage);
L = 0.75 (dense canopy coverage)
3 ARVI2 (Adjusted Resistant —0.18 + 1.17 * (NIR - RED) / Gitelson et al. [13]; Kaufman
Vegetation Index 2) (NIR + RED)) and Tanre [23]
4 EVI (Enhanced Vegetation Index) G * ((NIR - RED) / (NIR + c1 * RED -  Huete et al. [19] The constant value refers to
c2 * BLUE + L) Lagomasino et al., 2014 which was
adopted from [18] and Huete et al.
1994, as G = 2,5;cl = 6; c2=17,5;
L=1
5 NDWI (Normalized Difference (NIR - SWIR) / (NIR + SWIR) Gao [12] SWIR refers to Band 5 of Landsat
Water Index) TM/ETM+, Band 6 of Landsat OLI,
and Band 11 of Sentinel-2
6 MI (Mangrove Index) ((NIR — SWIR) / Winarso et al. [38] SWIR refers to Band 6 of Landsat OLI
(NIR x SWIR)) x 10,000 and Band 11 of Sentinel-2
7 CMRI (Combined Mangrove NDVI - NDWI Gupta et al. [14]
Recognition Index)
8 MVI (Mangrove Vegetation (NIR - GREEN)/(SWIR - GREEN) Baloloy et al. [4] SWIR refers to Band 6 of Landsat OLI
Index) and Band 11 of Sentinel-2
9 AMMI (Automatic Mangrove Map  (NIR - RED) / (RED + SWIR) * (NIR -  Suyarso [34] SWIR refers to Band 6 of Landsat OLI
and Index) SWIR) / (SWIR - 0.65 * RED) and Band 11 of Sentinel-2
10 EMI (Enhanced Mangrove Index) (NIR - SWIR) / (GREEN + NIR) This Study SWIR refers to Band 6 of Landsat OLI

and Band 11 of Sentinel-2
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Fig. 2. The spectral reflectance of terrestrial and mangrove vegetation types (trees, nypa, and understorey).

Development enhanced mangrove index

The enhanced mangrove index (EMI) was created by analyzing the spectral reflectance signature of the vegetation classes (Fig. 2),
which was generated from Landsat OLI data collected at the sample points. The figure shows that in the NIR (near infra-red) region
(700 - 1000 nm), mangrove trees cannot be distinguished from terrestrial vegetation, whereas nypa and understorey have specific
reflectance against both mangrove trees and terrestrial vegetation. A similar pattern can also be seen in the green region (+ 500 nm).
Different patterns were found in the blue (+ 400 nm), red (+ 600 nm), and SWIR (short wave infra-red) region (1500 - 1800 nm). All
vegetation covers absorb light in blue (+ 400 nm) and red (+ 600 nm) wavelengths. The reflectance of vegetation covers can only be
clearly distinguished in the SWIR1 region. As a result, the differences in pattern between SWIR1 and NIR can be used to distinguish
between vegetation types of mangrove and terrestrial vegetation. Furthermore, to highlight the differences, the green spectrum can
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be combined with the NIR because they both have a similar pattern. Huete (2004) noted that green and NIR had similar specific
interactions with green leaves and hence both spectra are useful for determining vegetation health. However, the magnitudes of
these two spectra differ because the green spectrum continues to absorb significantly in the leaf. Based on these findings, EMI was
created to help identify detailed features in mangrove habitats. The formula for the new index is as follows:

(NIR — SWIR 509_1500) / (NIR + GREEN)

where SWIR;500_1500 is the SWIR spectrum in the region between 1500 and 1800 nm, and this spectrum region equal to Band 6 of
Landsat 8 OLI or Band 5 of Landsat 5-7.

The distinct differentiation between the vegetation types of mangrove and terrestrial vegetation in the SWIR region may be
attributed to the specific properties of this spectrum, which exhibits high absorption in water content. The presence of water within
the vegetation and soil is a significant factor in determining the composition of remotely sensed imagery [24]. The NIR and SWIR
region is valuable for identifying mangrove species because of their fundamental biophysical and chemical characteristics [22,24].
To be more precise, the SWIR region can offer insights into the absorption of radiation by water, cellulose, and lignin [24,36]. Gao
[12] demonstrated that the SWIR region is effective for emphasizing the water content within the vegetation canopy. The study
confirmed the benefits of utilizing the SWIR region for obtaining data pertaining to the identification of mangroves.

ACClU'(le assessment

For accuracy assessment, 71 sample points were gathered using field observations and high-resolution images from the ESRI map
service. These sample points were separated based on the associated vegetation type, i.e., mangrove trees, nypa, and understorey.
The assessment was performed on mangrove classification maps generated from Landsat 8 OLI using the best-selected spectral indices
and supervised classification models, such as decision tree models random forest (RF) and classification and regression trees (CART),
distance-based models minimum distance (MD), and support vector machine (SVM) [10].

The accuracy assessment utilized a combination of overall, user, and producer accuracy values extracted from the confusion
matrix, along with the Kappa coefficient, to evaluate and assess the performance of the models. In order to offer a more comprehensive
elucidation, it is imperative to interpret all values in their entirety. The producer accuracy represents the proportion of predicted pixels
belonging to a particular class that accurately match the corresponding actual pixels. User accuracy, on the other hand, measures
the proportion of correctly predicted pixels in a specific class compared to the total number of predicted pixels. For instance, in a
particular scenario, the combined accuracy and the Kappa coefficient serve as indicators of confidence. Conversely, certain classes
exhibit low accuracy, while the remaining classes demonstrate high accuracy. Only the producer and user accuracy values can provide
this data.

Evaluation on the spectral indices

Selection of spectral indices

The ability of spectral indices to distinguish between objects or land covers is first demonstrated by comparing the histograms of
each spectral index (Fig. 3). The number of peaks on the histogram represents variability data, which is most likely associated with
different objects. The inter-quartile statistics show that EMI (the new index) and NDWI have the highest peaks, 14 and 13, respectively
(Fig. 3). It indicates that those two indices outperform other indices in terms of pixel value sorting. MVI had the least variability,
with only three peaks, and thus appeared to perform poorly for mangrove classification, despite performing well for distinguishing
mangroves from other objects [4].

Further evaluation of the spectral indices utilizing ANOVA and Tukey’s test indicates that mangrove vegetation types can be
distinguished by EMI, AMMI, and NDWI (Fig. 4). As illustrated by the box plot graph constructed from the 150 sampling points,
as mentioned before, the indices were utilized to differentiate between various types of mangrove vegetation. The distinguished
letters serve to indicate the significant distinction among the classes (p < 0.05). The formulas for these indices utilize the SWIR
spectrum in comparable fashions (Table 2). However, it should be noted that MVI, MI, and CMRI, which also rely on the SWIR
spectrum, exhibit suboptimal performance in differentiating mangrove vegetation types. This is due to their inability to demonstrate
a substantial distinction between mixed and nypa classes. On the contrary, spectral indices that do not incorporate SWIR fail to denote
the capacity to differentiate among every type of mangrove vegetation. The results indicate that the SWIR spectrum may, to a certain
degree, enhance the capability of spectral indices to differentiate mangrove trees, nypa, and understorey. As a result, NDWI, EMI,
and AMMI are chosen for additional validation.

Threshold value

The spectral indices mentioned above can be easily used for image classification once the range or threshold value has been
determined. Each class of mangrove vegetation type has its own exclusive spectral index threshold value; for one class to be greater
than another in terms of spectral index value, that class must be distinguished. To illustrate, mangrove trees have the highest EMI
value, followed by nypa, mixed class, and understorey (Fig. 4). The difficulty arises when determining the minimum threshold of
mangrove trees and the maximum threshold of nypa, which must be extremely similar, as shown in the figure. To determine the
minimum threshold value for mangrove trees or the maximum threshold value for nypa, use the following equation and illustration:
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Fig. 4. The box plot displays the spectral indices for the specific type of mangrove vegetation (Mangrove trees, nypa, understorey, and mixed class).
The letters are used to represent the significant difference among the categories employing ANOVA and Tukey’s test (p < 0.05).
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Table 3
The threshold values for classes of mangrove vegetation as measured by the chosen spectral indices.
EMI AMMI NDWI
Class N N -
Min Max Min Max Min Max
Mangrove Trees 0.68 > 0.68" 10.78 >10.78* 0.62 0.72
Nypa 0.66 0.68 9.63 10.77 0.59 0.62
Mixed 0.61 0.65 6.63 9.63 0.55 0.59
understorey 0.53 0.61 3.12 6.63 0.45 0.55

* Maximum EMI and AMMI values are represented as mangrove trees.

Class A
|

|
Lower whisker (A) | |

Threshold } Class A |
1 Upper whisker (B)

Upper whisker (B) | Threshold

Lower whisker (A)

Class B ‘ Class B

Min Threshold Value (Class A) = Max Threshold Value (Class B) = Threshold Value
= Lower whisker (A) - {0.5*[Lower whisker (A) - Upper whisker (B)]}
= Upper whisker (B) + {0.5*[Lower whisker (A) - Upper whisker (B)]}

The equation is valid only when the spectral index range in Class A follows that of Class B, such as in the case of mangrove trees
and nypa in EMI (Fig. 4). For the chosen spectral indices, EMI, AMMI, and NDWI, the threshold values are presented in Table 3.
Mangrove trees have the highest EMI and AMMI values, so there is no maximum limit for these two indices. Mangrove trees, on
the other hand, do not have the highest NDWI values; instead, the highest values are found in water bodies. Interestingly, terrestrial
vegetation is classified as having EMI values lower than the minimum understorey threshold (the value is not shown here).

Evaluation

Fig. 5 displays the outcomes of unsupervised classification utilizing the novel spectral index, EMI, in comparison to AMMI, NDWI,
and RF. This study demonstrated that the EMI outperformed other spectral indices and supervised models, with overall accuracy and
the Kappa coefficient reached 0.87 and 0.84, respectively (Table 3). Almost all classes have a similar confident producer accuracy
of 0.93, but nypa has 0.67. This means that 93 % of the predicted pixels for trees, mixed, and understorey were fitted to the actual
pixels. In comparison, only 67 % of nypa was fitted with actual pixels. The user accuracy reveals a different situation, as all classes
have relatively high confidence values ranging from 0.78 to 1. It indicates that the actual pixels (referenced data) were relatively
fitted to the predicted pixels.

The AMMI model achieved the next highest accuracy, with overall accuracy and the Kappa coefficients of 0.82 and 0.77. However,
nypa and mixed classes had low values for both producer and user accuracy. Only mangrove trees and understorey classes appear to
be confident in their accuracy. Even mangrove trees class has the same accuracy values as EMI: 0.93 and 0.88 for producer and user
accuracy, respectively.

Nypa and mixed classes have significantly lower accuracy than other classes in both producer and user accuracy in several models,
including EMI, AMMI, RF, CART, and MD. Mangrove trees and understorey classes, on the other hand, were relatively more confident
in all models because their values were higher than nypa and mixed class. It is a good indication, as all models have the potential to
distinguish between mangrove tree and understorey communities within mangrove forests using satellite remote sensing. Therefore,
there was still a gap in identifying the nypa class.

Moreover, the accuracy assessment results indicate that spectral indices exhibit greater accuracy compared to supervised clas-
sification models. RF and SVM are classification models that exhibit satisfactory overall accuracy, whereas CART demonstrates the
lowest accuracy, with an overall accuracy of 0.66 and a Kappa coefficient of 0.57 (Table 4).
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Fig. 5. A comparison mangrove map of Segara Anakan produced by employing the EMI, a novel spectral index in conjuction with two other indices
(NDWI and AMMI), as well as the supervised classification model (RF).

Table 4
The accuracy assessment of mapping models.
EMI NDWI AMMI RF CART MD SVM
Class
PA UA PA UA PA UA PA UA PA UA PA UA PA UA
Mangrove Trees 0.93 0.88 0.93 0.88 0.93 0.88 0.93 0.56 1.00 0.56 0.93 0.93 0.93 0.93
Nypa 0.67 1.00 0.27 0.57 0.67 0.77 0.80 0.86 0.53 0.73 0.67 0.50 0.87 0.46
Mixed 0.93 0.88 0.67 0.56 0.73 0.73 0.20 0.43 0.07 0.14 0.40 0.67 0.00 0.00
understorey 0.93 0.78 0.87 0.68 0.87 0.81 0.80 1.00 0.80 1.00 0.60 0.75 0.87 0.87
Non-Mangrove 0.91 0.91 0.91 0.91 0.91 0.91 1.00 0.83 1.00 0.77 0.90 0.64 1.00 0.91
Overall Accuracy 0.87 0.72 0.82 0.73 0.66 0.69 0.71
Kappa Coefficient 0.84 0.65 0.77 0.66 0.57 0.61 0.64

PA: Producer Accuracy.
UA: User Accuracy.

Conclusion

The novel spectral index, EMI, serves two functions: it distinguishes between mangrove and terrestrial vegetation while also cate-
gorizing mangrove vegetation cover into three distinct classes: mangrove trees, nypa, and understory. The use of this index is essential
for mangrove monitoring, as seen in Segara Anakan, where nypa and understory encroachment has resulted in the rapid displacement
of mangrove tree populations. The spectral index can be used in a variety of geographical regions, including Indonesia and other
parts of the world’s mangrove ecosystem. Nonetheless, further investigation is required to determine its suitability. Confirmation is
also required to use additional satellite images with SWIR, NIR, and Green spectra for image classification using EMI. Using EMI,
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an automated mapping process will be economically efficient computing, regardless of whether it is implemented through GEE or
another platform.
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