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A Technique for Subpixel Analysis of Dynamic
Mangrove Ecosystems With Time-Series
Hyperspectral Image Data

Somdatta Chakravortty —, Jun Li

Abstract—Changes in mangrove forests are mostly caused by
natural disasters, anthropogenic forces, and uncontrolled popula-
tion growth. These phenomena often lead to a strong competition
between existing mangrove species for their survival. Due to its
enhanced spectral resolution, remotely sensed hyperspectral im-
age data can play an important role in the task of mapping and
monitoring changes in mangrove forests. In this paper, we use EO-
1 Hyperion hyperspectral data to model the abundance of pure
and mixed mangrove species at subpixel levels. This information is
then used to analyze the interspecies competition in a study area
over a period of time. Different characteristics, including the rate
of growth, rate of reproduction, mortality rate, and other pro-
cesses that control the coexistence of plant species are discussed.
The obtained results, verified through field visits, illustrate that the
proposed approach can interpret the dominance of certain man-
grove species and provide insights about their state of equilibrium
or disequilibrium over a fixed time frame.

Index Terms—Change detection, competition models, hyper-
spectral data, mangrove systems.

1. INTRODUCTION

HE Sunderban mangrove forest is a threatened ecosystem
T and an ecological hotspot of India. The biophysical buffer
mechanism of the coastal Sunderban itself has experienced sig-
nificant spatial and temporal changes, owing to different fac-
tors. These disturbances (natural and/or anthropogenic) cause
ecological degradation that tends to alter the dynamic state of
the ecosystem. Hence, continuous up-to-date monitoring needs
to be undertaken, using effective mechanisms able to find out
the nature and distribution pattern of mangrove species, in order
to establish a holistic management plan for the sustainability of
this ecosystem.
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The continuous onslaught of natural and/or anthropogenic
perturbations on river-sea interface zones motivates adaptive
responses within mangrove species, e.g., through their rapid
regeneration for survival. In this process, different mangrove
communities tend to interact with each other. These interactions
are competitive as well as mutual. This work intends to ana-
lyze such interactions using information extraction techniques
applied to remotely sensed hyperspectral images [1]-[3]. There
has been extensive work in the study of mangroves with hy-
perspectral data. In [4], the authors used Hyperion data to clas-
sify five different species of mangroves. In [28], the authors
identified mangrove species using linear and non-linear spec-
tral unmixing of hyperspectral data. Wang et al. [5] performed
textural-based classification of mangrove species with Hyper-
ion data. Viennois et al. [6] performed multitemporal analysis
of high-spatial-resolution data for identification of mangrove
species.

Dynamic mangrove ecosystems have been modeled through
physical monitoring of dense forests. Ground-truth studies [7],
[8] have used density-dependent mortality and light-dependent
colonization to analyze the coexistence of species and derived
competition models based on the competitive ability and mor-
tality of mangrove species [8]. Other studies monitored changes
in vegetation by analyzing other kinds of satellite image data in
different time periods. Vegetation indices, such as NDVI, have
been calculated to measure the greenness of a particular area
[9]. For instance, Tilman evaluated the competition between two
species by analyzing parameters such as colonization and disper-
sal rate [10]. Changes have been detected using techniques such
as image differencing by subtracting intensity values in pairs of
images collected at two different time periods [11]. The calcula-
tion of the band ratio of pixels has been used in other studies to
identify changes [12]. Change vector analysis has been also used
to calculate the magnitude of spectral changes among different
images [13]. Other studies have applied principal component
analysis (PCA), independent component analysis (ICA), and
the k-means algorithm for unsupervised change detection using
hyperspectral data [14]-[17]. Linear techniques have also been
used to predict a space-invariant affine transformation between
image pairs [18], [19]. There have also been studies focused on
automatic change detection in high-resolution remote sensing
images, by using multiple classifier systems and spectral-spatial
features [20]. Sparse unmixing-based change detection studies
have also been conducted on multi-temporal hyperspectral im-
ages [21].
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Fig. 1. High resolution cartosat-1 Image of the study area with sampling
locations of pure patches.

From the aforementioned literature survey, it can be deducted
that the dynamics of mangrove ecosystems have only been stud-
ied through physical monitoring and ground surveys. Predict-
ing the outcome of competitive interactions between mangrove
species from satellite data in general (and from hyperspectral
imagery in particular) can greatly overcome the limitations of
ground surveys. In this regard, an original contribution of this
work is to exploit image derived fractional abundance values
(obtained from spectral unmixing of hyperspectral data) in the
characterization of dynamic mangrove ecosystems. Our work
also uniquely exploits a popular ecological model, namely the
Lotka—Volterra competition model, to explain the inherent intra-
and interspecies competitions that happen in natural forests over
a time period [22]-[24]. This is accomplished by a detailed
analysis of image-derived fractional abundances obtained from
linear spectral unmixing, which has helped us to determine the
dominance of certain mangrove species. The stability and dy-
namics of mangrove species within different mixed patches have
also been analyzed to predict species coexistence, dominance
and/or mutual exclusion over a period of time.

II. STUDY AREA

As a case study, the mangrove habitats of Henry Island, lo-
cated in the Sunderban Biosphere Reserve of West Bengal have
been selected for evaluation purposes, where Fig. 1 shows a
high resolution image acquired by the Cartosat-1 sensor over
the study area, along with the sampling locations of pure man-
grove species. The choice of this study area has been performed
after considering the fact that Sunderban harbors are an exam-
ple of a rich and bio-diverse mangrove community, with a wide
array of ecologically rare, endangered, and endemic mangrove
species. Specifically, Henry Island is dominated by species such
as Avicennia, Ceriops, and Rhizophora. There are also mixed
mangrove forest species of Bruguiera cylindrica, Aegialitis, and
Excoecaria agallocha.

A. Data Acquisition

An EO-1 Hyperion (hyperspectral) image of the study area
has been obtained from the USGS Earth Resources Observation
and Science (EROS) Center by placing a data acquisition request
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to the satellite data provider. The Hyperion sensor acquired
the data on May 27, 2011, and November 23, 2014, and was
downloaded from their database.

B. Data Preprocessing

For the Hyperion hyperspectral data, first, we performed at-
mospheric and geometric correction before the analysis of the
interspecies competition.

1) Atmospheric Correction: The Fast Line-of-Sight Atmo-
spheric Analysis of Spectral Hypercubes (FLAASH) model
available in ENVI software has been used for atmospheric cor-
rection, to convert the radiance values in the image to reflectance
values. FLAASH is an atmospheric correction tool that corrects
wavelengths in the visible through near-infrared and shortwave
infrared regions, up to 3 pum. Unlike many other atmospheric
correction programs that interpolate radiation transfer properties
from a pre-calculated database of modeling results, FLAASH
incorporates the MODTRAN4 radiation transfer code. Water
vapor and aerosol retrieval are only possible when the image
contains bands in appropriate wavelength positions. In addition,
FLAASH can correct images collected in either vertical (nadir)
or slant-viewing (off-nadir) geometries.

2) Geometric Correction: Geometric correction helps to lo-
cate the accurate position of each pixel in a geographical or map
coordinate. The image-to-image registration method has been
selected in this paper after considering the characteristics of
available reference data and distortion in our image data. This is
a translation and rotation alignment process by means of which
two images of similar geometry, and of the same geographic
area, are positioned coincident with respect to one another so
that the corresponding pixels in the same ground area appear in
the same place on the registered images [25]. A georeferenced
Hyperion image of the study area, acquired by USGS, has been
used as a reference image, which will be used to match the
un-rectified image. The projection for the study area is UTM at
Zone 45 (North) and Datum: WGS-84.

C. Ground Survey

A ground survey of the study area has been conducted to iden-
tify and collect samples of mangrove species. The field visit for
initial ground-truth data collection was performed in the month
of June 2011, immediately after the acquisition of the image
data. GPS data (with accuracy of 4 m) have also been used
to precisely locate the geographical coordinates of the study
trail. In the initial visit for ground-truth data collection, sev-
eral quadrats of 30 m x 30 m (equal to the spatial resolution
of the Hyperion imagery) were defined to estimate the pres-
ence of dominant mangrove species on the ground. Quadrat
survey is a method for analysis of biodiversity. A series of
quadrats of fixed size have been positioned in our study area, and
species within the quadrats have been recognized and noted. The
abundances of species detected at the study area are estimated
by means of the number of samples per quadrat and the size of
the quadrat area. Thirty samples of pure and twenty samples of
mixed covers of mangrove species were collected and plotted
on the geometrically corrected hyperspectral imagery with the
help of GPS data [25]. It should be noted that due to the mix-
ing nature of mangrove species, it is very difficult to have pure
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TABLE I
GROUND CONTROL POINTS OF THE PATCHES OF PURE MANGROVE SPECIES
COLLECTED DURING THE GROUND SURVEY

Name of Mangrove Species Identified ~ Latitude (N) ~ Longitude (E)
Excoecaria agallocha 21°34'9.40" 88°17'10.68"
21°34°42.52"  88°17°17.23"
21°34°42.51"  88°17°18.27"
21°34°41.55"  88°17°16.18"
21°34°41.55"  88°17°17.22"
21034:7.47" 88017:7.53"
Ceriops decandra 21°34 48.99"  88°18 3.18"
21°34°41.24"  88°17°56.85"
21°34°40.27"  88°17°55.80"
21034,’36.34" 88"17,’58.90"
Phoenix paludosa 21°34 3.17" 88°15 52.40"
21°34°42.09"  88°16°6.30"
21°34°36.38"  88°15°47.47"
21°34°6.14" 88°15°47.21"
21°34°3,53" 88°15°5.47"
Avicennia alba 21°33'39.46"  88°16'30.78"
21°34°53.37"  88°17°1.68"
21°33°40.42"  88°16°33.92"
Avicennia marina 21°34'13.15"  88°17'30.53"
21°35°13.53"  88°17°44.62"
21°35°11.58"  88°17°43.56"
21°35°10.61"  88°17°43.55"
21°34°30.79"  88°17°20.25"
Bruguiera cylindrica 21°33'55.56"  88°15'26.26"
21035/’17.81" 88°16:55.64"
Avicennia officinalis 21°34 31.57"  88°15 38.04"
21°35°42.48"  88°16°19.34"
21°35°41.35"  88°16°39.15"
21°35°29.64"  88°16°40.09"
21°35°27.64"  88°16°46.33"

regions with one single mangrove specie. Therefore, in this pa-
per, the pure or mixed nature of each cover was measured based
on the mangrove trees crown size. Specifically, in this study,
the quadrats that have the presence of more than 80% coverage
of tree crown of a particular species were considered as pure
stands of the mangrove species. In turn, the quadrats in which
none of the mangrove species have 80% presence were con-
sidered as mixed mangrove patches. These points were used as
checkpoints to assess the accuracy between the image-derived
and field measured values of the mangrove species. The ground
survey for validation of unmixing results was repeated in May
2012 and June 2013. As our study involves change detection and
identification of dominant mangrove species in the eco-system
within a time period, change in humidity and tidal variations
does not significantly affect our results. Specifically, there is
no report of any major change in the routine tidal variations
over the three year time period. Moreover, there has not been
any occurrence of cyclonic storms that may have resulted in
a major land cover change. Also, it is difficult to obtain time
series Hyperion data of the study area for different seasons in
a year to monitor changing humidity and tidal conditions from
time to time. It is known that natural changes in forest cover
do not occur very frequently. A minimum five- to ten-year time
span is required to note significant and visible changes in the
ecosystem. Due to the unavailability of seasonal Hyperion data,
we used the images acquired in two years (2011 and 2014) for
our analysis and research.
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Fig.2. Endmember signatures extracted via N-FINDR for the 2011 (left) and
2014 (right) data.

For illustrative purpose, Table I displays some of the geo-
graphic coordinates of the patches that have been considered
as pure mangrove species in the study area during the ground
survey.

[II. METHODOLOGY

In this section, we will present the proposed technique for
the analysis of Mangrove ecosystems by using the aforemen-
tioned EO-1 Hyperion data. First, we perform spectral unmixing
to detect the mangrove endmembers and their fractional abun-
dances in each pixel. Then, we exploit an ecodynamic model to
characterize the data.

A. Spectral Unmixing

Spectral libraries comprising spectral signatures of mangrove
species are not available in the literature till date, mainly due
to the fact that supervised identification of mangrove species in
mangrove forests is very risky. Most of the mangrove forests
in the Sunderban region are dense and fall under the core for-
est zone having presence of man eating Royal Bengal Tigers,
crocodiles and poisonous snakes among other wild animals. It
is quite risky and difficult to collect mangrove spectra from
these areas on foot. In such a situation, we apply unsupervised
endmember detection algorithms on the hyperspectral data as a
plausible solution to the extraction of unknown spectra of pure
pixels (mangrove species) from the given hyperspectral forest
scenes. To identify distinct endmembers (unique signatures of
mangrove species), an unsupervised endmember detection al-
gorithm (N-FINDR) has been applied to the hyperspectral im-
agery [26]. The spectral profile of endmembers extracted from
the hyperspectral images of 2011 and 2014 is shown in Fig. 2,
while Fig. 3 demonstrates the image derived spectra (in shiny
red color) from the 2011 data and the ground spectra (in other
colors) of Mangrove species. As it can be observed from Fig. 3,
the extracted spectra exhibit good correlation with the ground
ones.

It can also be observed from Figs. 2 and 3 that the bands
between 550 and 600 nm in the green region, 700 and 900 nm
in the near-infrared region, and 1650 and 1700 nm in the short-
wave infrared region separate the mangrove species best. The
mangrove species mostly differ in leaf color, canopy structure,
and leaf water content. As leaf color is dependent on its chloro-
phyll content, low chlorophyll shows higher reflectance and
high chlorophyll shows lower reflectance in the green bands. E.
agallocha has more chlorophyll content than Phoenix paludosa
and thus has lower reflectance than Phoenix. Mangrove species
such as Ceriops decandra and P. paludosa have lower canopy
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Fig.3. The image derived spectra (in shiny red color) from the 2011 data and
the ground spectra (in other colors) of mangrove species.

height as compared to tall trees such as Avicennia marina and
E. agallocha that can be well differentiated in the near-infrared
region. Mangrove species such as E. agallocha has more leaf
water content as compared to Phoenix and hence shows more
absorption in the SWIR bands than others. The endmembers
extracted by N-FINDR are fed into the fully constrained linear
spectral unmixing (FCLSU) algorithm to derive the fractional
abundances of pixels in the hyperspectral image [29], [30]. The
linear mixture model is based on the principle that if the total
surface area is divided proportionally according to the fractional
abundances of the constituent substances, then the reflected ra-
diation is also proportional to the associated materials [30]-[33].
Here, we include the so-called nonnegative and sum-to-one con-
straints. That is, the target abundance fractions are constrained
to the range of [0, 1].

Furthermore, Fig. 4 shows the fractional abundance distribu-
tion maps of the mangrove species obtained after using linear
spectral mixture analysis for the data sets in 2011 and 2014.
The integrated fractional abundance image displaying mangrove
species in the study area with more than 50% dominance within
a pixel area is also displayed in Fig. 4. This figure shows the
mangrove species distribution map obtained after using linear
spectral mixture analysis for the data sets in 2011 (with 50%+
abundance), 2011 (with 80% -+ abundance), and 2014 (with
50%-+ abundance). We have assumed 80% dominance of a par-
ticular mangrove endmember within a pixel area to consider it
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The integrated abundance image (2011)

Fig. 4. Mangrove species distribution maps obtained via the linear spectral
mixture analysis by using the extracted endmbmers for the data sets in 2011
with 50%+ abundance (left)), with 80% + abundance (middle) and in 2014
with 50%-+ abundance (right).
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a pure patch. As there are some mangrove species such as B.
cylindrica and Phoenix that do not show any presence of pure
patches, we have also shown 50%+ dominance side by side to
indicate their presence.

It also should be noted that the 2011 hyperspectral image has
clouds on the western and northern side; hence, portions of the
mangrove forest under the cloud cover has been masked out.
These masked out areas appear as white gaps in between the
thick forest cover, which makes the mangrove species in the
2011 image appear in lesser abundance than its actual distribu-
tion. However, the 2014 image displays the correct abundance
distribution of mangrove species in that year.

B. Description of Ecodynamics Model

The model assumes that mangrove species spatially adjacent
to each other compete with each other to survive within the
limited resources. The fractional abundances of each species
(derived from FCLSU) for each pixel area (900 m?) of Hyper-
ion data represent its extent of occurrence within the area. It is
essential to calculate the survival capacity of a certain species
over the pixel area to predict its dominance over other species.
However, the values vary with time. On the one hand, they de-
pend upon the type of species, competition, and the physical
environment around them. On the other hand, the survival ca-
pacity of mangrove species is also dependent upon its rate of
reproduction, rate of mortality, and rate of growth over a period
of time. The survival capacity k; of species i is calculated as

(ai — pi) * pi
a;

ki = ()
where a; is the rate of reproduction, y; is the rate of mortality,
and p; is the fractional abundance of species 7 in a pixel area
over the considered years (2011 or 2014). Let r; = a; — u; be
the growth rate, then we have

a; = pi + i 2
and
ki = Ti*pi (3)
Q;

where r; and p; can be calculated on the basis of the increase
and decrease in species population size (i.c., the difference in
fractional abundance occupied by species /) with time, respec-
tively. Following the work in [33], the growth of species over
a period of time is assumed to have minimum mortality rate
(0.0005) and the mortality is also assumed to have minimum
growth rate (0.0005). The importance value (IV) of a particular
species within the pixel area is an index that defines the relative
dominance of a species 7 in the mangrove community among
other species. In this paper, it is expressed as

A

= ——— %100

i A
where A; is the fractional abundance area occupied by species
i and m is the total number of species present within the pixel
area.

Another important parameter to predict the species response
in competition with other species is the competition factor (CF),
defined as spatial and time-based probability of occurrence of

IV; “4)
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TABLE II
INEQUALITIES USED TO INTERPRET THE STATE OF EQUILIBRIUM OF
MANGROVE SPECIES

Inequalities ki > (k;/a”) ki < (k,/a”)
kj > (kifa;; ) Unstablestate  Species j wins
kj < (kifa;; )  Species i wins Stable state

species i imposed by species j and vice versa. As interspecies
competition has been considered in this study, pair-wise inter-
action between species i with j and vice versa have been con-
sidered. Let (3;; be the CF of species i by species j, which can
be expressed as the IV of each species divided by 100 [34], as
follows:

By = 5tk ®

* 100

where IV;; is the IV of species i with respect to species j. De-
pending on the CF and the survival capacity of the species, the
competition coefficient is then calculated based on the repro-
duction rate of the species in order to capture the interaction
between various species. If we denote the competition coeffi-
cient between two species (i and /) by a;;, the reproduction rate
of a species by f;, and the survival capacity by k;, then a;; can
be expressed as

(6)

The competition coefficient of species i with respect to species
J» a;; is thus dependent upon its reproduction rate, survival ca-
pacity and CF and would vary with a;; as every species has
its own calculated parameters. The combination of species in-
teracting with each other may exhibit a state of equilibrium or
disequilibrium due to competition among themselves or other
external influences. The inequalities used to model the stability
or instability due to pair-wise interactions between mangrove
species are displayed in Table II, where & stands for survival
capacity and a;;, a;; are the competition coefficients.

C. Modeling the Dynamics of Mangrove Ecosystems Using
Lotka—Volterra Model

Equilibrium analysis of ecological systems is an impor-
tant tool for analyzing the system behavior. The differential
equations of the competitive Lotka—Volterra model are used
in this paper for analyzing the equilibrium of dynamic man-
grove ecosystems [33]. This model has been generalized to the
number of species competing against each other and calculates
the growth rate of a species in competition with the remaining
species within the considered area, as follows:

dﬁi — 1A, (1 _ Z::1 az'jAj)
dA,

where <7+ is the growth rate of species i with respect to time
t, A; is the fractional abundance of a species i in a particular
pixel location, A; is the fractional abundances of species j (j
is different for i) present in the same pixel area, and 7 is the
total number of species present in a particular pixel location. It
should be noted that in (6), the value of a;; is a self-interacting

(7
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TABLE III
GROWTH RATE, MORTALITY RATE, AND REPRODUCTION RATE OF RELEVANT
MANGROVE SPECIES

1249

TABLE IV
SURVIVAL CAPACITY AND IMPORTANCE VALUES OF MIXED
MANGROVE SPECIES

Geographic Name of Growth ~ Mortality ~ Reproduction
Location Species Rate Rate Rate
A E. agallocha  0.01978  0.0005* 0.02028
A.officinalis 0.0005" 0.0090 0.0095
A. alba 0.0030 0.0005* 0.0035
B. cylindrica  0.0005" 0.0041 0.0046
B E.agallocha 0.0157 0.0005* 0.0162
C. decandra 0.0134 0.0005* 0.0139
Ppaludosa 0.0275 0.0005* 0.028
C E. agallocha  0.0526 0.0005* 0.0531
A. alba 0.0005* 0.0081 0.0086
B. cylindrica  0.0005% 0.0039 0.0044
A. officinalis 0.0531 0.0005* 0.0536

*Minimum mortality rate: 0.0005; “Minimum growth rate: 0.0005.

terms, considered to be 0 as we consider interspecies interaction
rather than intra species interaction. The species are considered
to have logistic dynamics in which the population increases
exponentially.

IV. RESULTS AND ANALYSIS

In this section, we analyze the obtained results by using the
aforementioned model. First, we discuss the obtained change
detection results. Then, we draw conclusions on the growth rate,
survival capacity, and competition between mangrove species.

A. Change Detection of Mangrove Species With Time Series
Hyperspectral Data

The accuracy assessment of the changes in mangrove species
has been conducted by calculating the RMSE values that are dis-
played in Table III. To reduce computational complexity in the
calculations related to the mixed mangroves, we only consid-
ered the singular (linear) interaction part, while ignoring higher
order interactions. Geographic locations have been mapped with
letters as “A,” “B,” and “C,” as demonstrated in Table III. It can
be observed from the abundance estimates in location A that the
abundance of E. agallocha has increased significantly, while
that of Avicennia officinalis has slightly increased. In turn, the
abundance of Avicennia alba and B. cylindrica have decreased
significantly in the considered three years. The abundance of £.
agallocha, C. decandra, and Phoenix paludusa has increased
significantly in location B, whereas A. officinalis has been ob-
served to decrease from 2011 to 2014. The abundance of E.
agallocha has increased from 0 to 25% in location C. There
has been a significant increase in abundance of A. alba and de-
crease in abundance of A. officinalis in this coordinate. A pure
mangrove patch of A. marina in 2011 at location D shows a
decrease in abundance in 2014 with inclusions of Excoecaria
and Phoenix within it.

B. Growth Rate of Relevant Mangrove Species

A detailed analysis of mangrove species dominance has been
conducted by exploiting the results provided by spectral unmix-
ing. Specifically, reproduction rate and survival capacities of

Geographic Location ~ Name of Species  Survival Capacity (k) v

A E.agallocha 0.3945 74.7413
A. officinalis 0.0028 9.7746
A. alba 0.0424 9.1463
B. ¢ylindrica 0.0037 6.3378
B E. agallocha 0.1350 29.4940
C. decandra 0.1621 35.5918
P, paludosa 0.1620 349142
C E. agallocha 0.3924 72.5857
A. alba 0.0020 6.1939
B. cylindrica 0.0030 4.7645
A. officinalis 0.0890 16.4559
TABLE V
COMPETITION COEFFICIENTS OF MANGROVE SPECIES AT GEOGRAPHICAL
LOCATION A

Name of Species  E. agallocha  A. officinalis  B. cylindrica  A. alba
E. agallocha 0 1.0008 1.0297 1.0014
A. officinalis 1.0448 0 1.2269 1.0105
B. ¢ylindrica 2.9812 1.2591 0 1.0112

A. alba 1.1912 1.0250 1.0234 0

individual mangrove species have been derived from the abun-
dance estimates of endmembers. In addition, the growth rate
has been calculated from the changes derived from the hyper-
spectral data of 2011 and 2014, respectively. It should be noted
that we assume that the mortality rate of mangrove species does
not change with time. That is, the mortality rate is the same in
2011 and in 2014. Finally, the growth rate, mortality rate, and
reproduction rate of certain locations are reported on Table IV,
showing the survival capacity of mangrove species (in certain
locations of the study area) and the Importance Value, under
an analysis of the equilibrium of the mangrove ecosystem has
been expressed by varying survival capacities (K; and K;) and
interaction coefficients (a;; and a;;), respectively. Notice that
the IV is a parameter that indicates the dominance of a particular
species over another. The higher the IV of a species, the more it
dominates in the area.

A detailed analysis of Table IV indicates that E. agallocha
is the most dominant and important species on the 900 square
meter area at geographic Location A. A. officinalis is the next
dominant species in that region, followed by 4. alba.

The less important species is B. cylindrica. The situation in
coordinate C is similar. In coordinate B, Ceriops is the dominant
species followed by Excoecaria and Phoenix.

The competition coefficients between different species in Lo-
cations A, B, and C are displayed in Tables V-VII. After further
analysis of the survival capacity values and an evaluation of the
coexistence inequalities, it is apparent that certain degrees of
disturbances produce changes in equilibrium status.

C. Pair-Wise Competition of Mangrove Species

For further analysis, Table VIII illustrates the pair-wise com-
petition of mangrove species in the three considered locations.
As shown in Table VIII, at geographic Location A, it can be ob-
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TABLE VI
COMPETITION COEFFICIENTS OF MANGROVE SPECIES AT GEOGRAPHICAL
LOCATION B
Name of Species  E. agallocha  C. decandra  P. paludosa
E. agallocha 0 1.2814 1.1369
C. decandra 1.1932 0 1.1135
P. paludosa 1.0977 1.1179 0
TABLE VII
COMPETITION COEFFICIENTS OF MANGROVE SPECIES AT GEOGRAPHICAL
LocATiON C
Name of Species  E. agallocha  A. alba  B. cylindrica
E. agallocha 0 1.0004 1.0009
A. alba 1.0536 0 1.0103
B. cylindrica 1.2046 1.0175 0
TABLE VIII
PAIR-WISE COMPETITION AMONG SPECIES
Competing Species  Species |  Species 2 Unstable  Stable
Wins Wins
A E. agallocha versus Yes
A. officinalis
E. agallocha versus Yes
A. alba
E. agallocha versus Yes
B. cylindrica
A. officinalis versus Yes
A. alba
A. officinalis versus Yes
B. cylindrica
A. alba versus Yes
B. cylindrica
B E. agallocha versus Yes
C. decandra
E. agallocha versus Yes
P, paludosa
C. decandra versus Yes
P, paludosa
C E. agallocha versus Yes
A. alba
E. agallocha versus Yes
B. cylindrica
E. agallocha versus Yes
A. officinalis
A. alba versus Yes
B. cylindrica
A. alba versus Yes
A. officinalis
B. cylindrica versus Yes
A. officinalis

served that E. agallocha exhibits the most stable state behavior
when in competition with A. officinalis, A. alba, and B. cylin-
drica. A. officinalis is the next dominant species in that pixel
coordinates, followed by A4. alba. At Location B, Excoecaria
and Ceriops exhibit the same strength to compete with each
other. An unstable state at this location indicates that there is a
possibility of dominance of either species in this region. How-
ever, competition between E. agallocha and Phoenix indicates
that Phoenix is the stronger species among them. At location
C, the area is dominated by E. agallocha and the second most
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TABLE IX
GROWTH RATE OF SPECIES IN COMPETITION, CALCULATED USING THE
LOTKA—VOLTERRA MODEL

Geographic Location ~ Name of Species ~ Growth Rate

A E. agallocha 0.0102
A. officinalis 0.0010
A. alba 0
B.cylindrica 0

B E. agallocha 0.0004
C. decandra 0.0042
P, paludosa 0.0029

C E. agallocha 0.0500
A. alba 0
B. cylindrica 0
A. officinalis 0.0103

dominant species is A. officinalis followed by A. alba and B.
cylindrica. 1t is thus observed that on analysis of competition
between mangrove species over the study area using time se-
ries data of 2011 and 2014, E. agallocha, A. officinalis, and A.
alba have a better success rate of survival over other mangrove
species in the study area.

D. Growth Rate of Species in Competition using the
Lotka—Volterra Model

Finally, Table IX presents the growth rate of mangrove species
in competition based on the Lotka—Volterra model. It can be
observed that the application of Lotka—Volterra model at geo-
graphic Location A registers E. agallocha to have the fastest
species growth rate when paired with 4. alba, A. officinalis,
and B. cylindrica. 1t shows a slower growth rate in terms of
competition, when paired with A. officinalis. The growth rate
of E. agallocha at this location also emphasizes its dominance
over other species within a 3-year time frame, followed by A.
officinalis. Location B indicates a maximum growth rate of C.
decandra when in competition with E. agallocha and P. palu-
dosa. Phoenix, when paired with Excoecaria, shows a higher
growth rate at the same location. At Location C, E. agallocha
is also the dominant species when compared with 4. alba, B.
cylindrica, and A. officinalis. However, A. alba and B. cylindrica
do not show any increase in growth over the considered period
oftime. 4. alba and B. cylindrica have emerged as inferior com-
petitors. E. agallocha emerges as a superior competitor among
all other mangrove species within the area.

V. CONCLUSION AND FUTURE RESEARCH

We have developed a technique based on the analysis of hy-
perspectral data to obtain the fractional abundance of pure and
mixed mangrove species at subpixel levels. Using this tech-
nique, we analyzed the interspecies competition in a selected
study area over a period of time. The adopted competition
model has been uniquely implemented by exploiting hyperspec-
tral data, and provides insightful information about the behavior
of competing mangrove species. The model has helped to pre-
dict mangrove species that dominate over others and will survive
with time. This study has also exploited a simple linear spectral
unmixing model to estimate fractional abundances of mangrove
species and used the resulting values as input to derive impor-
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tant parameters such as relative dominance, IV of individual
mangrove species, and their survival capacity in the study area.
The considered model has successfully identified the dominant
and dominated species of the pixel areas. The Lotka—Volterra
competition model has also helped to provide insightful com-
parisons between competing mangrove species and to predict
the spatio—temporal variations over a period of a few years.
Based on the exhaustive analysis of results reported in this pa-
per, it has been observed that E. agallocha, A. officinalis, and C.
decandra are the most dominant species, followed by Phoenix
and B. cylindrica. It is also noted that the existence of dominant
mangrove species in the same area, such as E. agallocha and C.
decandra, leads to an unstable condition, as they have the same
strength to compete with each other.

In summary, the main novelty of our study is the application
of image-derived fractional abundance values obtained from
spectral unmixing of hyperspectral data to analyze dynamic
mangrove ecosystems using well-founded competition models.
In this regard, the use of hyperspectral imagery to predict the
equilibrium state of mangrove species represents an original
contribution that has not been explored in the literature thus far.

The obtained results are expected to help in the formulation
of a plan for conservation and management of mangroves and
preparing a framework for their regeneration and restoration in
the study area. The uniqueness of this model resides in the appli-
cation of fractional abundance estimates obtained from spectral
unmixing of hyperspectral data for prediction of the ecological
dynamics of the mangrove species. This framework is expected
to offer a scientific insight for further modeling of ecodynamics
in other forest areas.
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