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ARTICLE INFO ABSTRACT

Keywords: Mangroves are salt-tolerant trees thriving in coastal and brackish waters, adapting to harsh conditions with
Infestation features like aerial roots and salt filtering. Out of 64 global mangrove species, 11 are endangered. In Mahara-
‘I‘\‘I‘l’)f;"ma marina shtra, mangroves are concentrated around Mumbai, with an estimated 54.5 square kilometers in Thane Creek,

where Avicennia marina shows signs of infestation. This current research used Sentinel-2 data from 2018 to 2022
to assess defoliation caused by Hyblaea puera, the teak defoliator. Ground-truth observations from 2020 to 2022
confirmed the extent of defoliation and identified varying infestation levels categorized as very highly infested,
highly infested, moderately infested, low infested, very low infested, and uninfested. NDVI analysis examined
these levels in relation to meteorological factors such as rainfall, temperature, humidity, and wind speed. The
analysis revealed an extended peak infestation both spatially and temporally, along with severe defoliation
during the study period. Six categorical infestation hotspots were identified and compared with meteorological
parameters, revealing that Hyblaea outbreaks were more common during low wind speeds and moderate tem-
peratures, with peak infestations occurring after heavy rainfall and under moderate relative humidity. The study
suggests further research to explore outbreak causes, insect preferences for specific mangrove species, and the
broader implications of defoliation.

Carbon Sequestration
And Remote Sensing

1. Introduction Provisioning services such as food, timber, fuelwood, etc., provide

economic benefits and security to local coastal communities (Uddin

Mangroves, which are trees and shrubs, thrive in coastal and
brackish water environments of tropical and subtropical regions be-
tween 30°N and 30°S latitude (Giri et al., 2011). They are also known as
halophytes because they grow in harsh environmental conditions such
as high salinity conditions (Giri et al., 2011; Alongi, 2014a). Mangroves
have morphological and physiological adaptations, including complex
aerial root systems and salt filtering capabilities to combat saltwater
inundation and wave action (Linneweber, 2013; Parida and Bhavanath,
2010). They experience saturated soil conditions and regular flooding,
allowing them to grow in extreme climates and even under anoxic
conditions (Adam, 2011). Mangroves yield many ecosystem services,
such as provisioning, regulating, culturing, and supporting services.
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et al., 2013). Regulating services became popular and well-recognized
after the 2004 Asian tsunami (Barbier, 2016) and 2011 global climate
change mitigation (Donato et al., 2011) due to tsunami wave attenua-
tion and blue carbon storage and sequestration capacity of mangroves,
respectively. Cultural services include tourism, education, cultural
heritage, and esthetic values for local communities and visiting tourists
(James et al., 2013; Thiagarajah et al., 2015). Mangroves improve
coastal water quality by stabilizing fine sediments and absorbing pol-
lutants, including heavy metals (Analuddin et al., 2017). Mangroves
provide crucial ecosystem services but are rapidly disappearing (Alongi,
2002; Duke et al., 2007) and are among the most endangered ecosystems
globally (Ivan Valiela et al., 2010). Over 64 mangrove species are
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known, with 11 listed as endangered on the IUCN Red List (Polidoro
etal., 2010). However, in 2022, hybrids were removed the list (Spalding
et al., 2010). Their decline results from human activities such as
deforestation, aquaculture, agriculture, urban development, and palm
oil production (Richards and Friess, 2016), as well as natural factors like
climate change impacts, including rising sea levels, increasing temper-
atures, and stronger storms (Ward et al., 2016).

In general, herbivory in mangroves is a minor means of organic
matter transfer, and insect herbivores generally cause only moderate
damage, accounting for no more than 5 % of leaf area (Erickson et al.,
2004; Faraco and Da Cunha Lana, 2004; Offenberg et al., 2004). The
teak defoliator, scientifically referred to as Hyblaea puera, is indigenous
to South Asia and Southeast Asia but is widely distributed in Australia,
India, Sri Lanka, Malaysia, South Africa, and many parts of East Africa. It
causes periodic defoliation and its seasonal outbreaks on mangrove
species such as Avicennia spp., including A.marina, A.schaueriana, and
A. germinans (P R and V Mahajan, 2012). So far, scant mangrove her-
bivory studies have offered in-depth insights into the implications of
defoliation events (Anderson and Lee, 1995; Burrows, 2003; Duke,
2002; Gara et al., 1990; Tong et al., 2006). However, evidence shows
that heavy defoliation caused by insects negatively impacts mangrove
reproduction due to leaf loss and direct damage to flowers and buds
(Anderson and Lee, 1995). Consequently, attacks by the teak defoliator
moth pose a serious threat to this already vulnerable ecosystem.

In this context, highly accurate, valid, and updated information with
high spatial and temporal resolution on characteristics of mangrove
ecosystems, such as the extent of mangroves, location, type, distribution
of species and communities, carbon stocks, pest infestation, is essential
for their conservation, sustainable management, and policy and decision
making to acquire their ecosystem. Remote sensing is an excellent and
effective tool widely used in providing high-resolution spatial and
temporal information on mangrove ecosystem distribution, species dif-
ferentiation, health conditions, and variations in mangrove populations
(Tong et al., 2003; Blasco et al., 1998; Dahdouh-Guebas, 2002; Giri
et al., 2008). Sentinel-2 (hereafter S2) imagery, with its high-resolution
multispectral data (10-60 m spatial resolution, 5-day revisit, 13 bands),
is ideal for monitoring mangrove ecosystems, including defoliation
caused by Hyblaea puera, offering valuable insights into vegetation
health and changes over time (Malenovsky et al., 2012; Ghorbanian
et al., 2021; Wang et al., 2010). Mangrove ecosystems, particularly
Avicennia marina in urban estuarine environments like Thane Creek,
Mumbai, are increasingly threatened by biotic stressors such as
insect-induced defoliation. Among these stressors, the insect Hyblaea
puera (Cramer, 1777) has been observed to cause significant canopy loss
in mangroves; however, its impact remains largely understudied in India
(Nakhawa et al., 2023; P R and V Mahajan, 2012; Raja Rishi, 2021; Raja
Rishi and Sundararaj, 2020; Sathish et al., 2021). Addressing this gap,
the present study aims to investigate the occurrence, spatial distribution,
and inter-annual variability of mangrove defoliation while exploring its
potential linkages with meteorological parameters. S2 optical data with
10 m resolution and a maximum likelihood classification in ArcGIS were
used to identify mangroves and associated features such as tidal flats,
salt pans, and water bodies, while NDVI (Normalized Difference Vege-
tation Index) served as a proxy to quantify the loss in green density and
detect defoliation, validated through field observations. This integrated
remote sensing and field-based approach represents the first detailed
spatial assessment of insect-induced mangrove defoliation in the region.
The findings aim to enable better spatio-temporal analysis of mangrove
defoliation, identify infestation hotspots, examine meteorological in-
fluences, and support effective mitigation and conservation strategies.
Future efforts will focus on refining detection techniques and extending
this framework to other vulnerable mangrove ecosystems along the In-
dian coast.
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2. Study area

The study was conducted in a mangrove-covered area around Thane
Creek along the Eastern Arabian Sea. Thane Creek is 26 km long, named
after the adjacent Thane city to its north. It joins the Ulhas River through
a small connection at Kasheli and connects to Mumbai Harbour to its
south. The Creek extends from longitude 72.967° E to 73.033° E and
latitude 19.233° N to 19.067° N (Siddhesh Bhave et al., 2015), as shown
in Fig. 1. The Creek is shallow and narrow at the river end and more
profound and broader towards the sea, and salt pans and stretches of
mangroves surround its border. The Creek has alluvial soil or coastal
saline soil due to its mangrove-rich catchment area. Most of the
mangrove forests in Maharashtra are located near urban areas, espe-
cially in Mumbai and its suburbs. According to a report submitted by the
Indian Institute of Space Sciences and Technology (IIST), Thir-
uvananthapuram, to the Mangrove Foundation, Mumbai, the mangrove
forests of Maharashtra cover an area of approximately 353 square kil-
ometres (Gnanappazham and Pillai, 2022). Avicennia marina is one of
the most common and dominant mangrove species in Maharashtra’s
mangrove regions. It is found to be infested by defoliating insect pests
during the SW Monsoon season, especially in the post-monsoon season
(P R and V Mahajan, 2012) and (Raja Rishi and Sundararaj, 2020).

Thane Creek harbours 15 species of mangroves dominated by Avi-
cennia marina acutissima and Acanthus ilicifolius across the creek and is
one of the most important bird habitats, including Thane Creek Fla-
mingo Sanctuary (Shri, 2020). A few ecological facets of Hyblaea in-
festations within the Mangrove ecosystem of Thane Creek were
presented by (P R and V Mahajan, 2012).

3. Data and methodology
3.1. Ground truthing

Annual field works were conducted from 2020 to 2022 to study the
year-to-year variability of Hyblaea puera-induced defoliation of man-
groves on the banks of the creek and away from the creek using boat and
best access routes. In the field survey, primarily, an abundance of
mangrove defoliation was observed visually in various spots in the study
region, and the same was done through photographic evidence and
ground truthing of the respective locations was also done by collecting
Ground Truth Points (GTPs) using Handheld Garmin Global Positioning
System (GPS). GTPs of mangrove areas and their associated features,
such as water bodies/aquaculture ponds, salt pans, tidal and mudflats,
barren land, etc, were collected to identify them in satellite images as
well as to check the accuracy estimation of Land Use Land Cover (LULC)
classification. Caterpillars of the moth have been observed over the last
few years systematically defoliating thousands of acres of mangroves
along with three creeks (P R and V Mahajan, 2012). During boat surveys
at high tide, larvae and pupae of Hyblaea puera on defoliating leaves of
A. Marina trees were observed, collected, and photographically
captured, as shown in Fig. 2, and it was also observed that the severity of
infestation varied from spot to spot, and some sites had no infestation at
all. A tidal effect on infestation can also be observed, in which plant
infestation begins above the high tide water level, and some plants away
from the creek or landward boundary of the mangrove area have no
defoliation; however, those plants belong to the Avicennia genre. Based
on the physical observations, mangrove trees that have at least 40-50 %
defoliation were considered infested for this study. In this context, the
degree of defoliation, i.e., the percentage of infested plant area in each
quadrat of 15 x 15 m, was visually assessed and rated by comparing
invaded and un-invaded plants. In this study, the degree of infestation
was categorized into six levels, as outlined in Table 1.

Trees in each quadrant with over 75 % infestation were classified as
’very highly infested,” those with 50-75 % infestation were deemed
*highly infested,” while trees with 25-49 % infestation were labelled as
’moderately infested” Trees with 10-24 % infestation were categorized
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Fig. 1. Study area map of Thane Creek, Maharashtra, showing field sampling sites marked by colored dots representing mangrove infestation categories, from
uninfested (green) to very highly infested (red). The black boundary outlines mangrove and associated feature extents. Insets show the study area’s location within
India and Maharashtra. Yellow stars indicate categorical infestation hotspots selected for comparison with meteorological parameters (air temperature, wind speed,
rainfall, and relative humidity).
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Fig. 2. Ground thruthing using boat and best access routes (a) uninfested mangroves in the study area; (b) Hyblaea Puera, caterpillar (larvae) feeding on Avicennia
marina leaves; (c) infested mangroves after the attack.
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Table 1
Infestation categories determined by severity of infested plant area in each
quadrant.

S. Category % of infested plant area in Description
No. each quadrant of 15 X 15m
1 Very highly >75 Almost all plants are
infested infested
2 Highly infested 50-75 Most of the plants
are infested
3 Moderately 25-49 More than half
infested plants infested
4 Low infested 10-24 Few plants infested
5 Very low 01-09 Very few plants
infested infested
6 Uninfested 0 No plants infested

as 'low infested,” those with 1-9 % infestation were referred to as ’very
low infested,” and trees without any infestation were designated as
‘uninfested’ mangroves. Only some sampling sites for each category
were selected from the study region.

3.2. Satellite imagery

S2, part of the Copernicus program, provides high-resolution multi-
spectral imaging with a spatial resolution of 10-60 m and a five-day
revisit cycle (Malenovsky et al., 2012). Its 13 spectral bands, ranging
from visible to shortwave infrared, make it ideal for monitoring vege-
tation, including mangrove ecosystems. While S2 data has been exten-
sively applied in various fields such as agriculture, urban planning, and
forest monitoring (Otunga et al., 2019; Pesaresi et al., 2016), its appli-
cation in mangrove studies remains comparatively limited. Notable
applications in mangrove research include mapping mangrove extent
(Ghorbanian et al., 2021; Wang et al., 2010), assessing canopy density
(Wachid et al., 2017), and monitoring vegetation stress and health
(Manna and Raychaudhuri, 2020, 2019), with some studies also
focusing on mangrove species composition (Pham et al., 2019; Selamat
et al., 2020). In this study, cloud-free S2 imagery was downloaded from
the Copernicus Open Access Hub (https://scihub.copernicus.eu/) for the
months of January, February, March, April/May, October, November,
and December in the years 2018 through 2022. S2 data of April/May,
October, and December of each year were used to compare defoliation
levels before, during, and after an infestation of mangroves, respec-
tively, and the S2 image of January 2020 is used for LULC to classify the
other associated features on land using ArcGIS tool. In the present study,
the flow chart of satellite image processing, including downloading S2
data, applying TOA corrections, preprocessing (layer stacking, band
clipping, etc.), using supervised classification (maximum livelihood)
technique for LULC map preparation and NDVI for Hyblaea classification
and its intensity map preparation as shown in Fig. 3. After downloading
S2 images, TOA reflectance corrections were applied to surface reflec-
tance. Then, layer stacking of the same spatial resolution bands, such as
8,4,3,2, to obtain FCC (False Colour Composition) or NCC (Natural
Colour Composition), followed by band clipping for the study area as the
S2 coverage is usually more extensive and takes more computational
time. One of the most widely used indices for vegetation health assess-
ment is NDVI (Karnieli et al., 2010), calculated as the normalized ratio
between the red and near-infrared (NIR) bands:

NIR - R

NDVI = ———
NIR +R

In the context of detection of defoliation, the greenness of the NIR
reflectance is a more accurate indicator of plant stress compared to
visible greenness (Rullan-Silva et al., 2013; Townsend et al., 2012; Wang
et al., 2010). Consequently, NDVI is considered a robust and widely
tested method for estimating vegetation cover and defoliation intensity
(Rullan-Silva et al., 2013). In this study, mangrove trees with 40-50 %
defoliation were considered infested based on field surveys. NDVI values
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Fig. 3. Flow chart illustrating the sequence of steps in Sentinel-2 image pro-
cessing for Land Use and Land Cover (LULC) and Hyblaea classification.

were then categorized into six infestation levels: very highly infested,
highly infested, moderately infested, low infested, very low infested, and
uninfested, by comparing spectral signatures from invaded and unin-
vaded mangrove areas within 15 x 15 m quadrats. The specific NDVI
thresholds that define these infestation levels were derived from these
comparisons and validated with field data and photographic evidence,
ensuring a reliable assessment of defoliation severity using NDVI.

4. Results
4.1. Field work analysis

Fieldwork, conducted annually from 2020 to 2022, involved using
boats and the most convenient routes during high tide to evaluate the
presence of Hyblaea puera infestations in the mangroves near Thane
Creek. Furthermore, this study also examined infestations from 2018
and 2022 by integrating satellite imagery analysis with on-site field
observations. The present estimate of mangrove coverage near Thane
Creek is approximately 54.42 square kilometers (Gnanappazham and
Pillai, 2022). In this ecosystem, records indicate the presence of
mangrove species like Avicennia marina, A. officinalis, Acanthus ilicifolius,
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Aegiceras corniculatum, Ceriops tagal, Excoecaria agallocha, and Sonneratia
apetala, accompanied by associated mangrove varieties such as Derris
trifoliate, Volkameria inermis, Sesuvium portulacastrum, and Salvadora
persica. The dominant species within the ecosystem is A. marina, fol-
lowed by S. apetala, A. officinalis, and others. Various benthic fauna were
observed in the study site. Sesarmid, grapsid, and Ocypodid crabs domi-
nate the benthic fauna in mangrove forests, coexisting with associated
features like tidal areas, mud flats, ponds or water bodies, and salt pans.
Hyblaea puera, commonly called the teak defoliator, was first described
by Pieter Cramer in 1777. It has a wide distribution outside its native
South and Southeast Asia, including Australia, India, Sri Lanka,
Malaysia, South Africa, and some parts of East Africa. Recent reports
have documented its presence in Central America and Africa, with its
caterpillar posing a significant threat not only to teak, resulting in
approximately 44.1 % loss in plant increment volume (Tripathy et al.,
2018), but also to various other tree species, including mangroves like
A. marina, A. schaueriana, and A. germinans (Faraco et al., 2019; Fer-
nandes et al.,, 2009; Mehlig and De Menezes, 2005; Nakhawa et al.,
2023; P R and V Mahajan, 2012; Sathish et al., 2021), establishing it as a
prominent global pest. In addition to mangroves, the teak defoliator
moth has been documented on 45 different host tree species (Peres-Filho
et al., 2002). In teak plantations, Hyblaea caterpillars primarily pupate
within the leaf litter on the ground, whereas in mangroves, their pu-
pation occurs exclusively on tree branches (P R and V Mahajan, 2012).
Reports from teak plantations indicate that Hyblaea completes its life
cycle in about a month, with the potential for up to twelve generations
per year (Javaregowda, 2005). Research conducted in Faizabad, Uttar
Pradesh, on the biology of Hyblaea puera in teak plantations revealed
that the egg stage lasts for 2.8 days, followed by five instar stages with an
average duration of 11.2 days when developed on teak foliage under net
house conditions, and a subsequent average pupal period of 5.4 days.
The adult moth has a brief lifespan, lasting approximately 5.06 days for
females and 3.6 days for males. Females lay an average of 205 eggs
during their lifetime, with a sex ratio of 1:2.1. In Odisha, Tripathy et al.,
(2018) investigated the population dynamics of Hyblaea puera and
observed the migration of Hyblaea puera from teak plantations into
nearby mangrove areas. Chandrasekhar et al. (2005) examined that
migrating moths from distant teak plantations contribute to localized
teak defoliator outbreaks, highlighting the need to control epicenter
populations to prevent larger infestations. Lee (1991) observed less than
5% leaf damage in Kandelia candel in Hong Kong, while Burrows
(2003) reported herbivore-induced leaf losses of up to 13 % in Rhizo-
phora stylosa and 36 % in A. marina. In our study, certain areas expe-
rienced almost 100 % leaf loss in A. marina due to herbivory without
causing plant mortality.

In most of the mangrove cover, various levels of infestation on
A. marina plants by Hyblaea puera have been observed in 2020, 2021,
and 2022. Hyblaea outbreaks in mangroves of different nations often
align with the transition between rainy and dry seasons. March and July
in Equatorial Brazil (Mehlig and De Menezes, 2005; Menezes and Ariane
Luna, 2009), May to August (Hong Kong), winter months June to August
(mangroves of Port Curtis in Central Queensland, NE Australia) and
(Kamruzzaman et al., 2019) documented a bimodal leaf litterfall pattern
in the Sunderbans of Bangladesh, with the highest levels occurring in
December and May. However, in India, the timing of outbreaks varies
from place to place within a single year and from one year to the next in
the exact location. For instance, P R and V Mahajan, (2012) noted out-
breaks that occurred from September and January 2006-2009, whereas
Raja Rishi and Sundararaj, (2020) and Sathish et al. (2021) reported
attacks limited to August and September and July to October, respec-
tively, in 2018 and 2019. In the present study, the peak infestation was
observed during October and persisted till November in 2020 and 2021.
In contrast, in 2022, the infestation commenced in September, October
and continued in November with little break and reached its peak
infestation in December, leading to extensive defoliation. During field-
work in 2022, comparatively numerous caterpillars were found on each
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infested plant, and most of the A. marina plants were extensively defo-
liated, with a few remaining untouched, especially towards Navy
Mumbai. No infestation was identified within the remaining mangrove
species and their associated vegetation, predominantly composed of
S. apetala, A. officinalis, and A. Ilicifolius. Additionally, A. marina was
observed in specific areas. Moreover, during the fieldwork conducted
from 2020 to 2022, there was a marked increase in the severity, spatial
extent, and temporal duration of defoliation. Following the infestation
period each year, all the plants exhibited signs of recovery, character-
ized by the emergence of new buds and the subsequent growth of green,
fully-developed leaves. The current findings regarding the peak inci-
dence of Hyblaea puera align with the studies by Raja Rishi and Sun-
dararaj, (2020) and Sathish et al. (2021). In the case of 2022, they
closely follow the pattern of Kamruzzaman et al. (2019). Furthermore, it
was observed that the leaf fall rate increased during the pre-monsoon
dry period (March, April, and May) almost every year due to the ris-
ing temperature, salinity levels, decreased relative humidity, and
freshwater inflow from the rivers. Hyblaea puera has adapted its
life-history habits to match the mangrove ecosystem’s conditions and
pupates merely on mangrove tree branches (P R and V Mahajan, 2012).
The possible reason for Hyblaea instances in the study area may be due to
environmental stress, decreased availability of the primary host plant,
and the proximity of alternative hosts, which have led the moths to
adapt and move from Teak plants in Sanjay Gandhi National Park
(SGNP) near Mumbai to adjacent mangroves. This shift underscores the
need for ongoing ecosystem monitoring and a better understanding of
landscape dynamics in rapidly evolving environments.

Additionally, different insect species have been found to cause sig-
nificant herbivory in mangroves in several other nations. These include
the defoliation of A. marina in Queensland, Australia (West and Thor-
ogood, 1985), Excoecaria agallocha in Indonesia (Whitten and Damanik,
1986), A. alba in Thailand (Piyakarnchana, 1981), and A. marina, E.
agallocha, and Aegiceras corniculatum in Singapore (Murphy, 1990).
Every summer in Hong Kong, Nephopterix syntaract caterpillars cause
severe herbivory on A. marina, leading to complete defoliation within
three months, with all cases attributing the herbivorous activity to
lepidopteran larvae(Anderson and Lee, 1995). Everitt et al. (1996)
assessed mangrove damage in Texas, USA, using GPS, GIS, and airborne
color infrared video imagery. Meanwhile, Parand, Southern Brazil,
Faraco et al. (2019) documented the infestation of A. schaueriana by the
invasive moth Hyblaea puera, impacting 20,000 ha of mangroves. Jenoh
et al. (2016) quantified S. alba-induced infestation of two wood-boring
species in mangrove embayments, such as Gazi and Mida. In India,
various authors, including Nakhawa et al. (2023); P R and V Mahajan,
(2012); Raja Rishi and Sundararaj, (2020), conducted similar studies in
the vicinity of Thane Creek, Mumbai, based on field observations and
satellite data. Moreover, (Sathish et al., 2021) investigated defoliation in
Dharamtar Creek using S2 multispectral satellite imagery, revealing
varying levels of infestation intensity across different years. Raja Rishi
and Sundararaj, (2020) studied Mumbai’s mangroves, reporting spo-
radic infestation in 2018 and epidemic infestation in 2019.

4.2. NDVI analysis

In the current study, multispectral S2 data with better resolution
(10 m x 10 m) than several other contemporaneous non-commercial
space-borne satellites was used in conjunction with field observations
to assess the infestation of mangroves. The study focused exclusively on
an entire designated mangrove region and utilized NDVI analysis to
estimate green cover variations during the months of January, February,
March, April/May, October, November, and December every year, as
shown in Fig. 4. Nonetheless, the monsoon months from June to
September were omitted due to extensive cloud cover, although they
were also assessed through field observations. The analysis of monthly
NDVI variations for each year from 2018 to 2022 shows significantly the
stages of mangrove infestation by Hyblaea puera, including the pre-
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Fig. 4. Spatiotemporal NDVI variations from 2018 to 2022 depict vegetation conditions before infestation, during peak infestation, and after infestation of man-
groves by Hyblaea puera. Red boxes highlight the peak infestation periods in each year.

infestation, the peak infestation, and the post-infestation.

Typically, NDVI values fall from —1.0-1.0, where zero to negative
values signify bare soil, land, clouds, and water. In contrast, zero to
positive values indicate varying levels of vegetation density, from sparse
to dense. Spectral signatures were used in NDVI classification to
generate Hyblaea intensity maps during the peak infestation period of
each year, depicting the severity of infestation. The observed infestation
across the entire Thane Creek mangrove area was categorized into
distinct levels: very highly infested, highly infested, moderately infested,
low infested, very low infested, and uninfested. Hyblaea intensity maps,
along with definite infestation and associated features of mangroves,
were generated using S2 images during the peak infestation periods of
each year, specifically on October 20, 2018; October 5, 2019; October
29, 2020; October 4, 2021; and December 3, 2022., shown in Fig. 5.
These intensity maps reveal how infestation levels are distributed across
the entire mangrove cover during the peak infestation period in each
year. Persistent locations characterized by a categorical infestation can
be identified through these maps, allowing for a comprehensive analysis
of meteorological parameters, including rainfall, relative humidity, air
temperature, and wind speed, in conjunction with the occurrences of
Hyblaea attacks at these specific sites.

In the course of fieldwork conducted from 2020 to 2022, it was
observed that the peak infestation period and its duration showed year-
to-year variability. These observations correspond with the analysis of
monthly NDVI variations for each year from 2018 to 2022, showcasing
the distinct phases of mangrove infestation induced by Hyblaea,
including the pre-infestation, peak infestation, and post-infestation
stages. However, low NDVI values were also observed due to the
stress induced by dry conditions in pre-monsoon months. In the present
study, Infestation commenced as early as August in both 2018 and 2019
(Raja Rishi and Sundararaj, 2020; Sathish et al., 2021). Subsequently,
the infestation rate progressively increased, reaching its peak in
October, characterized by lower NDVI values, attributed to extensive
defoliation by Hyblaea puera. Leaf regrowth then started in late October,
followed by progressive development in the following months, extend-
ing up to December in both 2018 and 2019. In 2020 and 2021, NDVI
values showed their lowest values during both October and November,
with only minor differences between the two years. In 2020, the peak
infestation occurred in late October and extended into early November,
while in 2021, it reached its peak in early October. Subsequently, in late
November, regrowth commenced, reaching its peak in December 2020.
Likewise, in 2021, regrowth initiated in early December, gradually

attaining maximum greenery in the following months. In 2022, the
infestation period lasted for approximately three months, with only a
short pause in between, reaching its peak in December and followed by
regrowth in the subsequent months. Monthly NDVI analysis across all
years reveals a variable peak infestation period, shifting from October in
2018 and 2019 to November in 2020 and 2021 and finally to December
in 2022. Additionally, the duration of the peak infestation also fluctu-
ates, lasting one month in 2018 and 2019, nearly two months in 2020
and 2021, and extending to approximately three months in 2022. The
variation in spectral signatures in satellite images of infested and
non-infested mangroves during their respective peak periods can be due
to differences in leaf and canopy morphology as well as variations in the
background substratum within the study region. The ecology may be
considerably impacted by nearly half a year of low NDVI each year,
which consists of three months of stress induced by infestations and
three months of stress induced by the dry pre-monsoon season (Sathish
et al., 2021). The percentages of infested and uninfested areas for each
category and year concerning the total mangrove area were summarized
in Table 2. Furthermore, the areas of mangrove-associated features, such
as tidal flats, mudflats, saltpans, and ponds/water bodies, are 5.08 sq.
km., 7.79 sq. km., 1.82 sq. km., and 2.6 sq. km., respectively.

5. Discussions
5.1. Hyblaea intensity analysis

In 2018, most infestations fell within the moderately (26 %) to very
low (36 %) infested category, suggesting a relatively moderate-to-low
severity level. Conversely, in 2019, the predominant infestation ranges
from moderately (50 %) to very highly (15 %) infested categories,
indicating severe infestation. During 2020 and 2021, a substantial
portion of the infested area, representing over 70 % of the total, was
predominantly categorized as very highly, highly, and moderately
infested, highlighting the extensive spatial reach and higher severity of
the infestation, which has had notable adverse effects on plant growth.
In 2022, a significant portion of the infected area, depicting more than
75 % of the total, was mainly categorized as very highly, highly to
moderately infested, emphasizing the extensive and widespread nature
of the infestation, along with its extreme severity and potential conse-
quences for mangrove regrowth. In comparison, 2018 experienced a
relatively less severe and geographically limited infestation, whereas
2022 marked an exceptional peak in severity and extensive geographical
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Fig. 5. Hyblaea intensity maps derived from NDVI spectral signatures illustrate the spatial distribution of six infestation categories: very highly infested, highly
infested, moderately infested, low infested, very low infested, and uninfested mangroves, along with creeks, tidal flats, mudflats, ponds or water bodies, and saltpans
across Thane Creek during the peak infestation periods on (a) 20 October 2018, (b) 5 October 2019, (c) 29 October 2020, (d) 4 October 2021, and (e) 3

December 2022.

Table 2

Various variable categories of infested mangroves with respect to total
mangrove coverage in the vicinity of the Thane Creek from 2018 to 2022.

Class % of area occupied by each class from the total study
area
2018 2019 2020 2021 2022

Very highly infested 7 15 19 24 12

Highly infested 7 11 19 24 21

Moderately infested 26 50 35 28 46

Low infested 16 12 9 11 10

Very low infested 36 9 12 6 6

Uninfested 8 3 6 7 5

coverage; nevertheless, 2019, 2020, and 2021 also reported significantly
high levels of infestation severity. The possible reason for the spatial and
temporal extent of peak infestation and severe defoliation during the
study period may be due to habitat changes, such as the expansion of
mangrove cover on both sides of shrinking Thane Creek (Adluri et al.,
2023). This expansion could make surrounding land more suitable for
species like Avicennia and offer new food sources for Hyblaea puera,
potentially leading the moths to migrate from declining Teak plants to
the newly available mangroves.

To identify persistent infestation zones of specific categorical in-
festations within the study area, a few sampling locations that frequently
say the same categorical infestation from the study region in all years
were selected, resulting in six locations representing six distinct
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infestations, as depicted in Fig. 1. Based on annual assessments of
Hyblaea intensity during the peak infestation period for each year
(Fig. 5), six infested hotspot zones, categorized by intensity, were
identified. In the proximity of the BARC (Bhabha Atomic Research
Centre) region, mangrove cover was consistently reported as ’very
highly infested” in almost all years, designating it as a ’very highly
infested’ area. Similarly, the region adjacent to Aroli Bridge was
consistently registered as a "highly infested’ region. The mangrove cover
near Khanjumarg was identified as 'moderately infested,” while that
near Bhandup village was categorized as a ’low-infested’ region. In the
vicinity, the Koparkhairne Mangroves showed signs of ’very low infes-
ted,” while the Ghansoli Mangroves remained ‘uninfested °. The annual
estimation of infested areas reveals that most of the region experiences
infestations ranging from very high to moderate levels. Notably, the
southern and left portions of the creek have higher infestation levels
than the northern and right sides. The area near BARC has very high
infestation, while the Ghansoli mangroves remain uninfested
throughout the years, highlighting hotspot zones of mangrove
infestation.

5.2. Meteorological parameters analysis

The Hyblaea intensity analysis identified six sampling locations
consistently showing nearly identical infestation categories across
almost all years. These locations were subsequently labeled as VHI (Very
Highly Infested), HI (Highly Infested), LI (Low Infested), VLI (Very Low
Infested), and UI (Uninfested), aligning with the six infestation cate-
gories. Later, in an integrated approach, the analysis of annual instances
of Hyblaea infestation, including events before, during, and after the
attacks at six sampling locations covering six infestation categories, was
combined with an analysis of meteorological variables comprising air
temperature, rainfall, relative humidity, and wind speed, as depicted in
Fig. 6, to investigate the relationship between Hyblaea attacks and
meteorological parameters. Monthly rainfall data (in millimeters per
month) from https://indiawris.gov.in were utilized for the study region
from 2018 to 2022, while other parameters like air temperature, relative
humidity, and wind speed were obtained from https://power.larc.nasa.
gov/data-access-viewer/. The Hyblaea intensity fluctuates between
different locations and from year to year, while meteorological param-
eters remain consistent across all locations but vary from year to year.
Environmental conditions significantly trigger defoliation outbreaks in
mangrove forests, with rainfall intensity and wind patterns as the pri-
mary drivers of these events (Nakhawa et al., 2023). Initially, the rela-
tionship between actual rainfall and Hyblaea intensity, measured
through NDVI values at six designated locations representing all six
infestation categories, was analyzed across all years, indicating the
significant influence of rainfall on annual Hyblaea outbreak incidents,
particularly in the VHI, HI, and MI categories (Fig. 6).

Severe Hyblaea outbreak occurrences, indicated by low NDVI values,
were observed during years with substantial rainfall peaks, particularly
in infestation categories ranging from VHI to LI. These observations
support earlier findings that highlight an increased probability of out-
breaks during high rainfall years (Nakhawa et al., 2023; Raja Rishi,
2021). Notably, the duration between the primary peak of rainfall and
the rise of infestation in each year fluctuates, with the gap steadily
increasing from 2018 to 2022. The average interval of over three months
indicates a prolongation and shift in the occurrence of the peak infes-
tation period from 2018 to 2022. Similarly, relative humidity signifies
that peak infestation occurred in nearly all years and all locations under
moderate humidity conditions. However, minor variations were
observed concerning the year and the specific location. Regarding air
temperature, most peak infestation events during the study period were
observed under moderate temperature conditions. Nevertheless, it’s
important to note that Hyblaea intensity varies across different locations
and categories. Finally, wind speed during the annual peak infestation
events suggests that Hyblaea incidents likely occur during moderate to
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low wind speed conditions, as higher wind speeds may reduce Hyblaea
density in the mangrove cover. In locations with high infestation levels,
ranging from VHI to MI, as shown in Fig. 6, NDVI consistently exhibited
lower upper limit values across all years, signifying extensive defolia-
tion. In contrast, locations with lower infestation levels, spanning from
LI to UI, showed higher upper limit NDVI values, indicating minimal
defoliation. Fig. 6 reveals that in these low to uninfested categories (LI to
UI), NDVI values generally remain high across all years, suggesting
limited impact of Hyblaea outbreaks. Although these regions are also
exposed to similar meteorological conditions, such as seasonal rainfall
peaks and fluctuations in temperature, humidity, and wind speed, the
corresponding drops in NDVI are far less pronounced compared to
highly infested locations. This indicates that despite the presence of
conducive meteorological triggers, other local ecological or biotic or
urbanization factors may suppress infestation severity in these zones.
The analysis of meteorological parameters about Hyblaea attacks shows
that these outbreaks are more frequent in conditions of low wind speed
and moderate temperatures, combined with heavy rainfall and moder-
ate humidity levels.

5.3. Ecological impacts and pest management strategies

Insect herbivores play a vital ecological role beyond causing plant
material loss, influencing plant performance and ecosystem functioning
(Cannicci et al., 2008). Though often seen as disruptors that affect forest
productivity and nutrient cycling, they also contribute to essential
ecosystem processes (Jenoh et al., 2016). Rapid larval feeding on both
young and aging foliage leads to complete defoliation in mangrove
nurseries and young plantations, triggering pest outbreaks and nega-
tively impacting plant growth (Raja Rishi and Sundararaj, 2020). An
eddy covariance flux study showed that insect disturbances can signif-
icantly alter forest carbon cycling, causing annual fluctuations in net
ecosystem productivity and potentially shifting forests from carbon
sinks to sources (Amiro et al., 2010). In this regard, repeated declines in
vegetation health caused by Hyblaea puera, as reflected by sustained
drops in NDVI during outbreak periods, may reduce the carbon
sequestration capacity of mangrove ecosystems. Since mangroves are
among the most efficient natural carbon sinks (Donato et al., 2011;
Alongi, 2014b), such infestations can compromise their ability to cap-
ture and store carbon, with broader implications for climate change
mitigation, as disturbances to mangrove carbon stocks can diminish
their role in long-term atmospheric CO2 regulation (Feller et al., 2010).
Severe infestations can also impact local fishers’ livelihoods, as many
rely on mangrove crabs, prawns, and fish for food and supplemental
income. Beyond the direct impact on Avicennia marina, defoliation by
Hyblaea puera can affect the broader mangrove ecosystem. The loss of
canopy alters microclimate, reduces organic matter input, and degrades
habitat complexity, factors critical for many organisms. Sathish et al.
(2024) reported a notable decline in crustacean diversity and abundance
in defoliated mangrove patches in the Dharamtar Estuary, highlighting
the vulnerability of benthic communities to vegetation loss. The study
also observed increased estuarine catches of juvenile and sub-adult
shrimps during severe defoliation periods in Maharashtra, likely
driven by detritus-rich frass attracting them, which led to over-
harvesting and a decline in stocks. It further noted indirect effects on fish
species dependent on mangrove root zones and sediments for shelter and
breeding. These findings underscore that defoliation events disrupt
species interactions and ecosystem functioning, extending beyond just
A. marina.

Despite the damage caused by Hyblaea caterpillars, their presence
may also provide ecological benefits, such as promoting mangrove di-
versity, nutrient enrichment, and increased secondary production
(Sathish et al., 2021). Their frass contributes significant organic matter
to the forest floor, producing an ammonia-like odor and increasing fish
availability (Fernandes et al., 2009; Mehlig and De Menezes, 2005; P R
and V Mahajan, 2012). Our observations support P R and V Mahajan,


https://indiawris.gov.in
https://power.larc.nasa.gov/data-access-viewer/
https://power.larc.nasa.gov/data-access-viewer/

A A etal

Regional Studies in Marine Science 89 (2025) 104322

Categorical Hyblaea Intensity (bars) & Meteorological Parameters (lines) from 2018-2022

Year 2018
0.90 [ 1500
- 100
l 3> L
£ 0754 5] t 1200 20 o
g 2 80 = E E
@ . 0.60 los s £ t2.4 £
= = > [900 E °
cS 3 60 2 = @
— 0045/ 5 5 = r189
©> L6 & = & 2
0Z I} 40 E [600 E 7]
c ™ 0.30 2 S ‘s Fi2wT
) 5 T = £
I8 L
£ 0151 R Y 300 o632
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Year 2019
0.90 r 2000 r3.0
L 100
& 0754 5] I 1600 t2.4%
£ < 80 = £ H
@ . 0.60- l2a g 8 = £
2o " = > [12005 G187
£5 ‘ 3 60 2 = @
0 0.454 ] 5 5 ]
© > l16 & = £ 2
0Z / ] a0 E [800 £ r120
S~ 0.30- g E] K T
) ’ aE) - -4 £
L8 L L
:|>:‘ 0.151 ‘ - 20 400 0.6
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Year 2020
0.90 1
100 l 1500 t3.0
4 F32 -
£ o7s N S ~ w
c < 80 5 [1200F [24E
0.60 a =
=29 t2a @ < g =
> 3 60 & |ooo — (180
=~ 0 0.45 = 5 ] il
$2 |16 = 2 &8 2
@Z 2 a E | £ li2
S " 0.304 - - 600 = 25
] E T & £
7 oas] e F 20 | 300 Lo.e 3
Jan Feb Mar Apr May Jun Jul Aug Sep oct Nov Dec
Year 2021
0.90 F3.0
55 100 + 1250
2 o7s] o) loam
7] o 80 ~ L1000 % 3
c - 9 £ £
Q 0.60 F24 o L5 -~
= E
- B— = > E Fiso
cS 2 60 & 750 = @
=~ 0 0.45 . - & il
E ’_ € a t € 120
8~ 0.30- ! B 3 4 5 rso0 = s
s ‘ ‘ £ T & £
£ 0151 ‘ ‘ ’” & Y t2so 063
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Year 2022
0.90
100 l1so0  [3.0
E 0.75 32 5 -
g = 80 5 l1200F 24§
@ . 0.60 s <
8 -0 T ———— 24 @ -~ £ .
cS 3 60 2 |o00 = (180
= 0 0.45- ® 5 = 9
© > L6 5 £ & o
g ~ 0.30 2 4 5 600 .E P12 o
) B £ T 2 £
| I8
;|>:‘ 0.15 4 ‘ = 20 + 300 Lo =
| |
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Hyblaea Intensity Categories Meteorological Parameters
e VHI VLI = Temperature === Rainfall
ul — Humidity = Wind Speed

Fig. 6. Monthly variations of six categorical Hyblaea intensities (Very Highly Infested to Uninfested) across six categorized infestation hotspot locations (Fig. 1) for
each year from 2018 to 2022, along with meteorological parameters (temperature, humidity, rainfall, and wind speed). Bar plots represent infestation levels before,
during, and after the peak infestation period in each year, while overlaid line plots illustrate associated meteorological trends, highlighting their relationship with

infestation dynamics.
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(2012) findings that shrimp migrate inshore from offshore during in-
festations to feed on the frass, potentially leading to excessive shrimp
harvesting in estuaries and creeks, as noted by local fishers. However,
secondary data supporting this observation is currently lacking, and
further efforts are underway to document it. Notably, a concurrent
decline in mangrove crab populations was also observed, indicating the
need for further investigation into how such infestations affect overall
ecosystem functionality.

In the event of frequent pest outbreaks within short time frames
(Faraco et al., 2019), an alternative approach suggested by Raja Rishi
and Sundararaj, (2020) involves applying the botanical biopesticide
Hy-ACT, which effectively achieves a 95 % larval mortality rate within
48 h in field conditions. Interestingly, no infestation was observed up to
the area of Avicennia covered by high tide water levels, suggesting that
saltwater may serve as a natural method for controlling Hyblaea. This
finding highlights an important opportunity for future research to
explore how saltwater influences Hyblaea control, potentially through
sensitivity experiments such as sprinkling saltwater on Avicennia marina
in subsequent field studies. To strengthen long-term management stra-
tegies, integrating meteorological monitoring into predictive models
offers considerable potential. Although such models are widely used in
forest pest management, such as BioSIM, which forecasts pest phenology
based on climate data (Régniere et al., 2014), their application in
mangrove ecosystems remains unexplored. Given the periodic outbreaks
of Hyblaea puera in mangrove regions like Brazil (Faraco et al., 2019),
developing early warning systems using key variables such as temper-
ature, humidity, and rainfall could greatly improve preparedness.
Similar frameworks have proven effective in predicting outbreaks of
spruce budworm and gypsy moth in temperate forests (Gray, 2008;
Logan et al., 2003). While mangrove-specific pest models are lacking,
remote sensing and statistical tools have been applied to monitor
mangrove health and landscape dynamics (Chen et al., 2013), and
predictive datasets have informed carbon stock modeling and forest
policy planning in mangrove areas (Bukoski et al., 2020). These ap-
proaches provide a foundation for designing pest-specific models that
incorporate localized meteorological data and ecological feedbacks to
guide timely mitigation efforts. Alongside these technical solutions,
community-based management enhances local resilience by incorpo-
rating stakeholder observations to improve early defoliation detection
and enable timely response. In parallel, continuous monitoring using
drones or high spatiotemporal resolution satellite imagery can enhance
early detection of pest outbreaks and enable rapid intervention.
Furthermore, restoring degraded mangrove patches and strategically
planting less-susceptible species offer long-term strategies to reduce
vulnerability and improve overall ecosystem resilience.

6. Conclusions

To study the inter-annual variability of Hyblaea puera-induced
mangrove defoliation in and around Thane Creek, annual fieldwork was
conducted from October 2020 to October 2022 using boats through the
most accessible routes. This was complemented by satellite observations
collected between 2018 and 2022. The occurrence of Hyblaea in the
study area may be due to environmental stresses, such as reduced
availability of their primary host plants and the presence of nearby
alternative hosts. These factors could have caused the moths to shift
from Teak in Sanjay Gandhi National Park to the adjacent mangrove
ecosystems. This shift underscores the need for ongoing ecosystem
monitoring and understanding of rapidly evolving environments. S2
data were used to classify various infestation categories through NDVI
analysis and assessments of infestation phases before, during, and after
each year. Annual assessment of mangrove deflation using field and S2
imagery data, revealed that the peak infestation was spatially extended
and temporally prolonged and that infestation intensity increased from
2018 to 2022. Hyblaea Infestation classification indicates that the
infestation level is mostly under moderate to low infestation, as well as
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low occurrence of infestation in both spatial and temporal aspects in
2018. In contrast, in 2021 and 2022, there was a notable escalation in
infestation, occurring extensively and frequently, reaching very high to
very high levels. The observed increase in both the spatial and temporal
extent of peak infestation, along with severe defoliation, may be
attributed to habitat changes resulting from expanding mangroves
around the shrinking Thane Creek (Adluri et al., 2023). This expansion
could enhance habitat for Avicennia and provide new food sources for
Hyblaea puera, potentially driving the moths to migrate into the newly
available mangroves, particularly if their primary Teak host plants are
declining. Over the five-year period, the estimation of infested area re-
veals that most of the region experiences very high to moderate levels of
infestation each year, with the southern and left side of the creek
showing dense and severe infestation compared to the northern and
right side. Based on Hyblaea intensity analysis and field observations,
this study identified six categorical infested hotspots corresponding to
six infestation categories, exemplified by very high infestation near
BARC and uninfested zones near the Ghansoli mangroves, suggesting
future research to explore underlying causes. A comparison between
annual Hyblaea outbreaks and meteorological parameters such as air
temperature, rainfall, relative humidity, and wind speed reveals that
outbreaks tend to occur during periods of lower wind speed and mod-
erate temperature. However, the peak infestation generally follows peak
rainfall and occurs during moderate relative humidity conditions.
Further research into the relationships between these parameters and
Hyblaea outbreaks could enhance early prediction of infestations using
forecasts of these parameters. Beyond insect infestations and diseases,
ecosystems can also experience compound disturbances triggered by
natural events such as hurricanes and climate change, as well as human
activities like logging. One type of disturbance, such as a hurricane, may
even initiate another, such as an insect infestation, leading to complex,
interacting disturbance patterns (Turner, 2010).

Insect herbivores such as Hyblaea puera play a complex ecological
role in mangrove ecosystems, influencing not only plant health but also
broader ecosystem dynamics. While their larval feeding activity can
cause rapid and extensive defoliation of Avicennia marina, leading to
reduced plant growth and forest productivity, the impacts extend well
beyond vegetation. Defoliation alters the structural integrity of
mangrove habitats, disrupts microclimatic conditions, and reduces
organic matter input, all of which are critical for maintaining biodi-
versity. Sathish et al. (2024) reported a marked decline in crustacean
diversity and abundance in defoliated patches of the Dharamtar Estuary,
and also noted potential cascading effects on fish species that depend on
mangrove root systems and sediment conditions for breeding and
feeding. Additionally, our observations and earlier reports (P R and V
Mahajan, 2012; Sathish et al., 2021) suggest that insect infestations may
indirectly enhance nutrient cycling through frass deposition, which has
been linked to increased shrimp activity near infested sites. However,
this may be offset by concurrent declines in mangrove crabs, indicating
trophic imbalances. These findings underscore the need to consider both
the detrimental and potentially beneficial outcomes of insect outbreaks,
and to evaluate their net impact on mangrove ecosystem functioning
and associated livelihoods.

Frequent pest outbreaks in mangrove ecosystems call for integrated
management approaches. Botanical biopesticides such as Hy-ACT have
demonstrated high larval mortality under field conditions, while salt-
water exposure may naturally suppress infestations. To improve pre-
paredness, incorporating meteorological monitoring into predictive
models widely used in forest pest management but yet to be applied in
mangroves can enable early warning systems based on climate variables
like temperature, humidity, and rainfall. Remote sensing and statistical
tools have successfully monitored mangrove health and can support pest
specific model development. Alongside these technical solutions,
community-based management enhances resilience by involving local
stakeholders in early detection and response. Continuous monitoring
using drones and high-resolution satellite imagery further aids rapid
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intervention. Additionally, restoring degraded mangrove patches and
planting less susceptible species offer sustainable long term strategies to
reduce ecosystem vulnerability.

Further research is needed to better understand the defoliator’s
characteristics and identify factors that make mangroves vulnerable. It is
also important to explore how mangrove defoliation affects associated
fauna, investigate why the teak defoliator prefers A. marina over other
mangrove species, and develop effective management strategies. Based
on the initial findings of this study, several research gaps remain,
including the need for annual monitoring of Hyblaea outbreaks through
both field observations and satellite data, identification of infestation
hotspots, and evaluation of impacts on surrounding habitats and eco-
systems. Installing covariance flux towers with rain gauges to monitor
heat, moisture, radiation, and other meteorological factors is recom-
mended to improve understanding of Hyblaea dynamics and habitat
suitability. These insights can guide adaptive management strategies
such as saltwater treatment trials and targeted conservation efforts in
persistently infested zones.
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