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Multispectral UAV-Based Monitoring of Cassytha
Filiformis Invasion in Xisha Islands

Yuhan Xie *”, Wenjin Wu¥, Xinwu Li

Abstract—Currently, numerous studies have reported that the
invasion of Cassytha filiformis has affected both above and be-
low ground communities, resulting in difficulties in the growth of
original vegetation. Meanwhile, Cassytha filiformis was observed
on the Xisha Islands in recent years which brings up the impor-
tance of monitoring its invasion to protect the biodiversity of the
island. Nonetheless, to effectively monitor Cassytha filiformis at
finer regional scales, there is a pressing need for centimeter-level
resolution, a level of precision that current satellite sensors find
challenging to attain in a consistent manner. Therefore, we adopted
a DJI Phantom 4 unmanned aerial vehicle with five multispectral
bands and centimeter-level spatial resolution to overcome this prob-
lem. An advanced deep learning network is employed to identify the
invasion in Xisha Islands for three different time periods. Results
show that the area of Cassytha filiformis on Bei Island increased
from 211.8 m? in April 2020 to 458.6 m? in April 2021, and dropped
to 112.8 m? in July 2021, while that on Ganquan Island changed
from 1996.9 m? in April 2021 (dry season) to 1275.9 m? in July
2021 (wet season). By incorporating climatic indicators, we further
found that Cassytha filiformis in both Bei Island and Ganquan
Island favors dry climate and its large area invasion in 2021 was
possibly caused by a drought event.
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I. INTRODUCTION

NVASIVE species pose a significant threat to biodiversity
I and ecosystem stability worldwide. Wherein, Cassytha fil-
iformis is a parasitic and invasive plant with leafless, climb-
ing, twining, vine-like, autoparasitic and plant hyperparasitic
phanerogams (seed-bearing plant) in the plant family Lauraceae
[1] (see Fig. 1). It is widely distributed in tropical regions [2]
and is known to parasitize at least 26 species of vascular and
seed-bearing plants [3]. Cassytha filiformis seeds are dispersed
by water, wind, or animals, which are also able to survive for
more than two months without a host until it infects the host plant
[4]. Besides, the seeds attack and invade the bast and xylem of
the host plant to extract nutrients and water from the cells [5],
resulting in lethal damage to the host cells and their metabolic
processes. The host plants may die for a long time, while severe
infestation may affect plant regrowth and threaten the ecosystem.
There were a few studies currently monitoring the invasion of
Cassytha filiformis, and most of them indicate that the Cassytha
filiformis has numerous hosts and its invasion is significant
in tropical coastal areas. Among them, Rohani et al. reported
parasitic plants in the coast of Setiu, Terengganu. They recorded
a total of seven invasive plants in these two areas and found
that Cassytha filiformis was dominant, widespread and highly
invasive in both locations [6]. Kidunda et al. [7] studied the
phenomenon of Cassytha filiformis invasion in cashew trees in
Tanzania and found that cashew and mango crops were seriously
affected by Cassytha filiformis invasion and the phenomenon of
Cassytha filiformis invasion was more serious in lower latitude
areas. The Ecosystem Action Plan for the U.K. Indian Ocean
Territory [8] indicates that Cassytha filiformis is common on 32
of the 55 islands of the Chagos Archipelago and regularly infests
the islands, but its impact on the ecological environment of the
area is relatively small.

The Xisha Islands locate in the northwest of the South China
Sea, are a group of small tropical islands of high strategic im-
portance to China. The ecological and environmental conditions
on the Xisha Islands are of great concern [9], [10]. Being far
from the mainland and mostly uninhabited, the Xisha Islands
are still relatively pristine with simple and fragile vegetation
communities [10]. Invasion of invasive species such as Cassytha
filiformis will likely pose ecological risks to the Xisha Islands
and have significant impacts on the islands’ fragile ecosystem.
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Fig. 1. Cassytha filiformis invades wild plants in nature in June 2011 by
NIKON D200.

Cai et al. [11] found that the invasion of Cassytha filiformis
changed the structure of the invaded communities and triggered
changes in soil properties. Islands are relatively simple ecosys-
tems, and the harmful effects of invasive plants are particularly
evident on islands [12], where even islands with high biodiver-
sity have difficulty resisting invasive vegetation. Invasive vege-
tation often leads to vegetation degradation [13] and biodiversity
reduction in island ecosystems [14]. Currently, forest vegetation
in Xisha Islands becomes less healthy because of invasive plants
[10]. Therefore, monitoring the growth dynamics of Cassytha
filiformis and studying its dispersal factors are essential for
the conservation of the Xisha Islands ecosystem and may also
provide a theoretical basis for the prevention and control of
Cassytha filiformis invasion.

Approaches to monitor vegetation invasion usually based on
field surveys. Although field surveys provide precise outcomes,
they are laborious, time-consuming, and inadequate for con-
tinuous monitoring purposes. With the rapid development of
remote sensing technology, many ecologists have conducted
large-scale spatial and temporal studies of invasive plants using
satellite imagery [15], [16], [17], [18], [19], [20]. However,
it requires centimeter-resolution to conduct the monitoring of
Cassytha filiformis at small regional scales which is hard to
achieve with satellite sensors. Moreover, since the Xisha Islands
are located in the tropics and are cloudy throughout the year,
satellite optical images are easily obscured by clouds, resulting
in missing images. With the application and development of
unmanned aerial vehicle (UAV) remote sensing technologies,
UAV observation has become an important complementary tool
to traditional field observation. It has been used in many fields,
such as plant growth monitoring, ecological environmental mon-
itoring, and natural disaster investigation [21], [22], [23], [24],
[25],[26],[27],[28]. The UAV platform is not impeded by clouds
and has an extended flight duration, along with the ability to
capture images at a higher spatial resolution [29]. This makes
it possible to monitor changes in the growth of Cassytha fili-
formis [30]. Specifically, in high-resolution imagery, Cassytha
filiformis exhibits distinct morphological features. It possesses
a slender, vine-like structure that often appears as gray-white
or gray-brown in true-color images. We extracted 1800 typical
pixels each from Cassytha filiformis and other vegetation on
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Fig. 2.  Spectral reflectance curves of Cassytha filiformis and other vegetation

on Guanquan Island from DJI Phantom 4 multispectral imagery (April 2021).
The curve for Cassytha filiformis is derived from 1800 typical pixels, and the
curve for other vegetation was obtained from 1800 pixels of representative
vegetation species on Xisha Island including Sophora tomentosa, Guettarda
speciosa L., Scaevola sericea Vahl, Heliotropium foertherianum, and Stachy-
tarpheta jamaicensis. Shaded areas indicate standard deviations around the mean
values.

Ganquan Island to derive their respective spectral curves (see
Fig. 2). There is a noticeable difference between the spectral
curves of the Cassytha filiformis and other vegetation. This
difference, especially evident within the blue, green and red
bands, the reflectance of Cassytha filiformis is significantly
higher than that of other vegetation. In the near-infrared band,
the reflectance of Cassytha filiformis is slightly lower than that
of other vegetation. These unique characteristics are crucial for
accurate identification and monitoring using UAV.

In this article, our primary objective was to address the
challenge of monitoring the invasion of Cassytha filiformis in
the Xisha Islands using high-resolution UAV remote sensing
imagery. Given the complexities of extracting invasive areas
from centimeter-level images, we employed an advanced deep
learning model. This model not only emphasizes spatial and
spectral details in high-resolution imagery but also effectively
tackles the sample imbalance issues commonly encountered
in automatic classification due to limited datasets. To validate
our approach, we identified the invasion patterns over three
distinct time periods on two representative islands in the Xisha
archipelago, integrating visual interpretation to refine and verify
our findings. Moreover, our research delves deeply into the
climatic drivers affecting the growth of Cassytha filiformis,
specifically examining fluctuations between interannual and
dry-wet seasons.

II. MATERIALS AND METHODOLOGY
A. Study Area

The Xisha Islands are located in the northwestern part of
the South China Sea, southeast of Hainan Island, and belong
to Sansha City, Hainan Province, China, which is among the
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color band imagery acquired with DJI Phantom 4 in April 2021.

Study area and remote sensing imagery. (a) Bei Island—True color band imagery acquired with DJI Phantom 4 in April 2021. (b) Ganquan Island—True
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four major islands in the South China Sea. The Xisha Islands
(15°47°~17°08’ N, 15°47°~17°08" E) include 40 islands and
reefs with a sea area of about 501,011m?, consisting mainly
the Yongle Islands and the Xuande Islands, and have a tropical
monsoon climate with distinct dry and wet seasons. It is easy
to be affected by disasters such as droughts, typhoons, and
heavy rains. The data used in this study are obtained from
Bei Island and Ganquan Island in the Xisha Islands, where
Cassytha filiformis invasion have affected the local ecosystems
(see Fig. 3).

The Bei Island is located in the Xuande Islands of the Xisha
Islands and is the largest island of the Seven Linked Islands.
It is 1500 m long and 350 m wide at its widest point, has
an area of 0.4 km? with altitude of 3—4 m, is surrounded by

Distribution of vegetation types in 2018 for (a) Bei Island, and (b) Ganquan Island: results derived from our previous classification efforts.

sand dikes, and is uninhabited. The Bei Island is populated by
scrub, and the main vegetation types are Scaevola sericea Vahl,
Casuarina equisetifolia Forst., and Guettarda speciosa L., of
which Scaevola sericea Vahl is widely distributed. As can be
seen from the map of vegetation distribution in 2018 (see Fig. 4),
which was obtained in our previous work, we classified the land
types of the Xisha Islands in 2018 using UAV images. The area
of Scaevola sericea Vahlis 0.17 km?, and its proportion is 50.7%.
We can also see that there is no Cassytha filiformis on Bei Island
in 2018.

Ganquan Island is located in the western part of the Yongle
Islands. The island is oval, 700 m long from north to south and
500 m wide from east to west, with an area of about 0.3 km?.
The island has evolved from a coral atoll into a grey sandy islet,
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TABLE I
SPECTRAL BAND CHARACTERISTICS OF DJI PHANTOM 4 MULTISPECTRAL
SENSOR
Band Central Wavelength | Band Range
Name (nm) (nm)
Blue 450 434-466
Green 560 544-576
Red 650 634-666
Red edge 730 714-746
NIR 840 814-866

encircled by a coral reef. The central part of the island evolved
from a desiccated lagoon lake. This central region is surrounded
by a concentric forest belt, which in turn is bordered by a
sandy ridge, presenting a concentric landscape. The island has a
great diversity of vegetation, which mainly includes Guettarda
speciosa L., Scaevola sericea Vahl, Stachytarpheta jamaicensis,
Stenotaphrum subulatum, and Sophora tomentosa. As shown
in the 2018 vegetation distribution map, there is no Cassytha
filiformis growing on the island. Guettarda speciosa L., Scaevola
sericea Vahl, Stenotaphrum subulatum, and Stachytarpheta ja-
maicensis are widely distributed, with the area of 0.05 km?
(13.8%), 0.1 km? (29.4%), 0.03 km? (8.8%), and 0.05 km?
(14.9%) respectively.

B. Source of Data

The primary data source for this study is multispectral imag-
ing data from the DJI Phantom 4. Data were collected in April
2021, July 2021, and April 2020. The flight time of the drone
is from 15:00 to 16:00, with good sunlight conditions and weak
wind, and the spatial resolution of the images is 6.4 cm. The
drone is equipped with six 1/2.9-inch complementary metal
oxide semiconductor sensors, including one color sensor for
accurate color imaging and five monochrome sensors for mul-
tispectral imaging, covering the blue, green, red, red-edge, and
near-infrared bands (detailed information on the bands is given
in Table I).

The multispectral light intensity sensor on the top of the
fuselage captures the incident light intensity of the five bands in
real time to compensate for imaging and provide more accurate
multispectral information. Local grayscale images of the five
multispectral bands are shown in Fig. 5, with the areas outlined in
red showing the more distinct distribution of Cassytha filiformis.
As can be seen, the Cassytha filiformis in the blue and red bands
appear white in the grayscale image and are easier to distinguish
than in the other bands.

Meteorological data were obtained from Xisha Islands for
April 2020, April 2021, July 2021, and the same period as
in previous years. These include daily mean temperature (°C),
daily mean wind speed (m/s), daily precipitation data (mm) from
8 pm to 8 pm and daily potential evapotranspiration (mm). The
primary sources for this data were the National Climatic Cen-
ter and the National Oceanic and Atmospheric Administration

0510 20 Meters
(FRRREEY)

Gray-scale value
1

-,

(d)

Fig.5. Sampleimages in the DJI Phantom 4 imagery where Cassytha filiformis
are highlighted in red. (a) Blue band. (b) Green band. (c) Red band. (d) Red edge
band. (e) NIR band. (f) True color composition.

(NOAA) operating systems. The averages for the corresponding
periods in previous years were determined using data from 2000
to 2015. The Oceanic Nifio Index (ONI) was obtained from
the NOAA, which is derived from the sea surface temperature
(SST) anomalies observed in the Nifio 3.4 region, spanning
across the central and eastern Pacific (5°N-5°S latitude and
120°-170°W longitude). To calculate the ONI, the monthly
average SST of the Nifio 3.4 region is first determined and
compared with the long-term historical average of this region,
yielding monthly SST anomalies. Subsequently, to diminish the
impact of short-term fluctuations and more adeptly capture the
climatic characteristics of El Nifio or La Nifa, a three-month
moving average of these SST anomalies is derived, leading to
the ONI value. NOAA’s criterion for assessing El Nifo is that
the value of the ONI must be above 0.5 °C for at least five
consecutive months, and if its value is below —0.5 °C for five
consecutive months or more, it is classified as a La Nifa event.
Simultaneously, due to the slow spatial variation of climatic
factors and the fact that the islands within our study area are
situated in the same oceanic region, the climatic factors at a given
time are remarkably consistent. As a result, our research did
not emphasize the spatial differences of these climatic factors.
Instead, we primarily focused on the temporal variations of these
factors and analyzed their relationship with the invasive regions
of Cassytha filiformis.

C. Methodology

The roadmap of this study is shown in Fig. 6. First, a dataset
was created based on the DJI Phantom 4 images and the deep
learning model was trained for Cassytha filiformis detection.
After the automatic classification, we implemented visual check
and modification to derive more accurate results. Vegetation in-
dices of Cassytha filiformis was evaluated and we also analyzed
the growth status and driving factors of Cassytha filiformis in dry
and wet seasons respectively with meteorological data. Finally,
the meteorological data were used to investigate the potential
climate drivers for the spread of Cassytha filiformis in the Bei
Island in April 2021. The detailed processing steps are described
as follows.

1) Data Preprocessing: Due to different positions of spectral
cameras on the DJI Phantom 4, there are offsets between the
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captured images of each band which must be compensated for.
We followed the P4 multispectral image processing guide [31]
and the method proposed by Zhang [32] for fast radiometric
correction of DJI PAM multispectral data. Key steps include band
alignment and radiometric calibration. The image data were then
imported into DJI Terra software to reconstruct two-dimensional
(2-D) multispectral data, stitch and synthesize multispectral
images, and crop them using island boundaries.

2) Vegetation and Meteorological Index Calculation: We
employed the normalized difference vegetation index (NDVI)
and the green normalized difference vegetation index (GNDVI)
as metrics to assess the vitality of vegetation within Cassytha
filiformis plots. The NDVI and GNDVI have been ubiquitously
recognized and utilized due to their adeptness at discerning the
differential reflectance between the red and near-infrared light of
vegetation [33], [34], [35]. Vigorous vegetation predominantly
absorbs most of the visible spectrum while reflecting a signif-
icant portion of the near-infrared range. This trend inversely
transposes when vegetation is under stress or in suboptimal
health, culminating in diminished NDVI and GNDVI values.
Consequently, by examining the fluctuations in these indices
across the dry and wet seasons, we aimed to better understand
the seasonal influences on the growth of Cassytha filiformis.
Additionally, the relative moisture index (MI) was selected to
analyze the degree of humidity in the climate and explore the
climate driving factors for the growth and changes of Cassytha
filiformis.

1) Normalized Difference Vegetation Index NDVI has a
strong linear relationship with vegetation cover and can
be used to monitor seasonal and interannual variations in
vegetation growth [36]. Its value ranges from —1.0 to 1.0.
Zero value denotes bare ground and values close to 1.0
indicate pure vegetation. Negative values usually represent

snow and water patches

NDVI — PNIR — PRED (1

PNIR + PRED

where pnr is the NIR band reflectance and prgp is the Red

band reflectance.

2) Green Normalized Difference Vegetation Index The
GNDVI is similar to the NDVI, but has better capacity
to distinguish green vegetation from nonvegetation as
it correlates better with chlorophyll contents [37], with
values ranging from —1.0to 1.0. A higher value of GNDVI
correlates with higher levels of chlorophyll content.

GNDVI = PNIR — PGREEN )
PNIR + PGREEN

where pareEN 1S the Green band reflectance.

3) Moisture Index The MI is one of the indicators used to
characterize the balance between precipitation and evap-
otranspiration over a period of time, and is suitable for
drought monitoring during the growing season of vegeta-
tion. The higher value of MI means the climate is relatively
humid.

P —PET
- PET

where P is the precipitation during a certain period, measured in
millimeters (mm), and PET is the potential evapotranspiration
during a certain period, calculate by FAO Penman—Monteith

method, measured in millimeters (mm). The Penman equation
can be expressed as

A (R, — G) + paco (Ts — T,)
A+vy(l+7rs/ra)

MI 3)

E =

“)

where E is the evaporation rate (usually in mm/day), A is the
function of saturated vapor pressure with temperature, R, is the
net radiation, G 1is the soil heat flux, p is air density, a is the
psychrometric constant, € is the relative humidity of the air, o
is the Stefan-Boltzmann constant, T and 7}, are the surface and
air temperatures, respectively, 7 is the psychrometric constant,
rs andr, are the resistances of the surface and air, respectively.

3) Dataset Development: To train and validate the model,
a Cassytha filiformis classification dataset was created. Large
areas with distinct Cassytha filiformis characteristics were inter-
cepted as the regions to be sampled in Bei Island and Ganquan
Island of the Xisha Islands. Using ArcGIS software, we manu-
ally labeled the areas to be sampled within the UAV images,
categorizing them into Cassytha filiformis, other vegetations
types, and additional categories. Subsequently, we generated
2131 samples, each measuring 256 x 256 pixels, from the
segmented images. To enhance the dataset, we augmented these
samples using techniques such as 90°, 180°, and 270° rotations,
mirroring, and color dithering, expanding the dataset to include
12 786 samples, each with dimensions of 256 x 256 pixels.
This enriched dataset captures the unique attributes of ground
targets within each sample. For analysis, we randomly split the
dataset into training and validation sets at an 8:2 ratio using a
specific function. The training set consists of 10 229 samples,
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Fig. 7.

while the validation set comprises 2557 samples. Meanwhile, A
few samples of the dataset are presented in Fig. 7.

4) Construction of the Deep Learning Model: Considering
that the area of Cassytha filiformis is very small and it is not easy
to distinguish it from other vegetation, we used the residual mul-
tiattentive network (ResMANet) proposed in our previous work
[38]. ResMANet incorporates a multiscale convolutional neural
network to extract features at different scales. Suitable for ex-
tracting features like Cassytha filiformis, which is scattered and
relatively small in images. Additionally, it utilizes an attention
mechanism to refine the feature map, emphasizing the spatial
and spectral information of crucial features in high-resolution
multispectral remote sensing images. To address the challenge
of imbalanced data in small datasets, a joint loss function is
constructed, using a two-stage network training strategy. The
first stage involves the creation of a joint loss function through
cross-entropy loss (CEL) and generalized Dice loss (GDL) (5).
In the second stage, the focal loss is used to fine-tune the
weights (8), directing the model to focus on training with sparse
and challenging samples. Especially for rare and challenging
categories like Cassytha filiformis, this loss function can help
the model to learn and optimize better

Joint Loss = GDL + CEL (@)
GDL = 1 - 22t =1 2 P ©6)
ZIWLZ 1 wy Zn (Tlﬂ + pln)
1
W= s @)
l Zivzl i

where, m represents the number of classes; N denotes the number
of pixels; r}, stands for the ground truth of category 1 at the nth
pixel, while py, signifies the corresponding predicted probability;
wy represents the weight of each class.

Focal loss = —Z(l — )7 % T % log py. (8)

Moreover, 7 is set to 2, T is the ground truth, and p; repre-
sents the predicted probability. This approach helps mitigate the

0 50 100 200 Meters
I I N S U T
Cassytha filiformis
I Other vegetation
I Construction land

Samples in the Cassytha filiformis classification dataset. (a)—(d) Labels. (e)—(h) Corresponding UAV image.

common sample imbalance problem, enhancing the model’s per-
formance on the classification task. Through these techniques,
we aimed to achieve more accurate and reliable identification of
Cassytha filiformis, facilitating effective monitoring and man-
agement of its invasion in the Xisha Islands.

The network uses an encoder-decoder structure that provides
better recognition capability for features without detectable
spatial features. The encoder contains five convolutional stages,
and the feature extraction part includes two residual structures,
namely “conv_block” and “identity_block.” The convolution
kernel of “conv_block”issettobe 1 x 1,3 x 3,5 x 5,and7 x 7,
to improve the recognition ability of features with insignificant
spatial features. The decoder consists of an upsampling layer,
a summation layer, and a convolution layer. After merging the
input feature maps, the refined feature map obtained from the
attention module is passed to the upsampling layer and then to
the 3 x 3 convolutional layer to perform bilinear interpolation.
The above steps are repeated to gradually restore the feature
map to its original size and input it to the softmax layer for
probabilistic prediction. The decoder integrates multiple layers
of shallow features to compensate for the lack of position infor-
mation in deep parts and improve the accuracy of delineating
small objects. Following this, we utilized the sample set created
from UAV imagery, inputted it into the ResMANet network for
training, predicted the Cassytha filiformis on Bei Island in April
2020, April and July 2021, and Ganquan Island in April and July
2021 by using this model.

III. RESULT

A. Classification Performance Based on ResMANet and the
UAV Dataset

Before performing the analysis, ResMANet was trained with
the Cassytha filiformis classification dataset. During the training,
the learning rate was set to 2 x 1074, the learning decay rate to
2 x 1073, the input of 16 images for each training, and the
number of learning cycles to 120. We stopped training after the
accuracy stopped improving, and the training accuracy stabilized
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after it increased to 99.7% which shows good training accuracy.
The performance of ResMANet during the training is shown
in Fig. 8. Through a prediction comparison, the 114th training
result (99.76% accuracy) was selected as the model for further
classification.

Examples of classification results are in Fig. 9. Among them,
the red circle marks the Cassytha filiformis in the original image.
From our visual observations during the field investigation, we
can confirm that the locations and distributions of Cassytha
filiformis as indicated in our classification results align well
with our on-ground findings. The model generally exhibits pro-
ficiency in distinguishing Cassytha filiformis from other types
of vegetation. However, there were some misclassifications ob-
served, particularly with small-sized Cassytha filiformis. Nev-
ertheless, the model effectively accomplishes the classification
of the Cassytha filiformis, achieving satisfactory results. The
original intention of this model design is to classify tropical
forest regions. Through this experiment, we found that this
model also showed good adaptability in monitoring Cassytha

filiformis invasion in small tropical islands when combined with
high-resolution UAV imagery. Recognizing the challenges asso-
ciated with the small size of these vines, it is understandable that
classification errors may occur. To address this, we conducted
a visual interpretation of the misclassified areas and manually
corrected the results. This additional step was taken to ensure the
overall accuracy and reliability of the classification outcomes.

B. Results of Cassytha Filiformis Invasion Monitoring

Fig. 10 shows the classification results which demonstrate that
both Bei Island and Ganquan Island were invaded by Cassytha
filiformis. The area on Bei Island increased from 211.8 m? in
April 2020 to 458.6 m? in April 2021, and then dropped to
112.8 m? in July 2021. The area on Ganquan Island decreased
from 1996.9 m? in April 2021 to 1275.9 m? in July 2021. We
can see that the invasion on Ganquan Island was more severe
than that on the Bei Island with five times of Cassytha filiformis
area. The distribution of Cassytha filiformis in the Bei Island was
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Fig. 10.
and (e) Bei Island in April 2020.

shown in Fig. 10. In April 2020, it was mainly distribution in
the northwestern regions with very small patches. Meanwhile,
the distribution of Cassytha filiformis decreased in the northwest
region, and increased in the central and eastern-central regions in
April 2021, especially in the east-central region, the distribution
of Cassytha filiformis has increased significantly. However, in
July 2021, Cassytha filiformis in Bei Island was hardly visible in
Fig. 10 without zooming in. In contrast, Cassytha filiformis was
widespread in Ganquan Island, especially along the western and
northern edges of the circular forest zone (see Fig. 10). When
comparing the distribution of Cassytha filiformis in Ganquan

Cassytha filiformis
m Other vegetation
= Construction land

0 65 130 260 Meters
Loy oot ppie

(®)

N

A

Cassytha filiformis
B Other vegetation
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0 65 130 260 Meters
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Classification results for (a) Bei Island in April 2021, (b) Ganquan Island in April 2021, (c) Bei Island in July 2021, (d) Ganquan Island in July 2021,

Island between April and July 2021, it was observed that the
distribution of Cassytha filiformis in July decreased in the south-
west region and increased in the north region. It suggests that the
distribution of Cassytha filiformis on the islands is not fixed and
will change over time. Combining this information with Fig. 4,
it is evident that the primary host of Cassytha filiformis in Bei
Island was Scaevola sericea Vahl, while in Ganquan Island, the
main hosts are Guettarda speciosa L., Scaevola sericea Vahl,
and Messerschmidia argentea. Notably, Cassytha filiformis has
a more extensive range of hosts on Ganquan Island compared to
Bei Island.
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C. Contrasting Invasion Abilities of Cassytha Filiformis in the
Wet and Dry Seasons

According to the monitoring results, it is evident that Cassytha
filiformis exhibits better growth during the dry season (April
2021) on Xisha Islands. To further check this conclusion, Gan-
quan Island, where the invasion phenomenon of Cassytha fili-
formis is more pronounced, was selected for further study. We
decided to use the NDVI and GNDVI indices to assess the vege-
tation’s health and growth status. The NDVI is a well-established
tool for measuring the health and vigor of vegetation. The
GNDVI offers an enhanced version of NDVI by emphasizing the
green part of the spectrum, which can be particularly useful for
assessing specific types of vegetation. We extracted the Cassytha
Siliformis patches from the classification results to calculate the
NDVIand GNDVTindices (see Fig. 11) to analyze their growing
status. Fig. 12 shows that both index values of Cassytha filiformis
are significantly higher in April (GNDVI = 0.4+0.08 and NDVI
= 0.48£0.12) than those in July (GNDVI = 0.36£0.15 and
NDVI = 0.36+0.18). We also calculated the NDVI and GNDVI
indices of other vegetation types (see Fig. 12) and found that both
index values are significantly lower in the dry season than those
in the wet season. This indicates that only Cassytha filiformis
has better growth status in the dry season which is consistent
with the prevailing phenomenon of its invasion.

To further investigate why the dry season is more favorable
for the growth of Cassytha filiformis, we selected four typical

Vegetation index values for Cassytha filiformis on Ganquan Island. (a) GNDVI in April 2021. (b) GNDVI in July 2021. (c¢) NDVI in April 2021.

Cassytha filiformis
12+ Other vegetation -
0.8 - —
04 i H 7
0.0 - —
04 F _
-0.8
April July Apil | July
GNDVI NDVI
Fig. 12.  Boxplot of NDVI and GNDVI values for Cassytha filiformis and

other vegetation on Ganquan Island in 2021. The box represents the interquartile
range, the horizontal line Inside the box indicates the median, and discrete points
indicate outliers, with upper and lower whiskers representing the upper and lower
quartiles of the data.

climatic parameters: temperature, precipitation, wind speed and
potential evapotranspiration to find the climate drivers. The
variables were acquired in April and July 2021, to analyze their
influence on the growth of Cassytha filiformis.
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The results are presented in Fig. 13. In April 2021 (dry
season), the monthly mean temperature is 1.6°C lower compared
to July 2021 (wet season), with a noticeable difference in the
middle of the month, as depicted in Fig. 13(a). The lower temper-
ature during the dry season can promote moisture accumulation,
leading to a relatively wetter climate [39]. Precipitation in the
Xisha Islands is significantly higher in July 2021 (164.6 mm)
compared to April 2021 (4.2 mm) [see Fig. 13(b)]. The decrease
in precipitation during the dry season can worsen the soil water
deficit. Additionally, the monthly mean wind speed is lower in
April 2021 (2.3 m/s) than in July 2021 (3.8 m/s) in the Xisha
Islands [see Fig. 13(c)]. The decrease in wind speed during
the dry season may help alleviate the soil water deficit [40].
Furthermore, as shown in Fig. 13(d), there is little difference in
potential evapotranspiration between April 2021 (5.3 mm) and
July 2021 (5.07 mm) in the Xisha Islands.

To provide a more concise comparison of the climate, we
calculated the relative MI. The results indicate the relative MI in
the Xisha Islands was —0.98 in April 2021 (dry season) and 0.04
in July 2021 (wet season). This suggests that the climate during
the dry season is arid. Therefore, we can speculate that Cassytha
filiformis prefers arid climates, which explains its robust growth
during the dry season.

IV. DISCUSSION

Monitoring results in Section III-B show an upward trend in
Cassytha filiformis area on the Bei Island from 211.8 m? in April
2020t0458.6 m? in April 2021. Because of basically uninhabited
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Meteorological parameters of the study area in April 2021, July 2021. (a) Daily mean temperature, (b) daily precipitation. (c) Daily mean wind speed.

in the Bei Island, climate change is the main reason for species
invasion. Considering a major El Nifio event in the eastern and
central equatorial Pacific from winter 2019 to spring 2020 (the
ONI phase is shown in Fig. 14(e) changed from positive to
negative to a La Nifia event in May 2020), climate anomalies in
2020 could be responsible for the spread of Cassytha filiformis
invasion. To test this hypothesis, we inspected the variation
of four meteorological parameters (Temperature, precipitation,
wind speed and potential evapotranspiration) in April 2020 and
2021.

By analyzing the meteorological parameters, we speculate
that Cassytha filiformis prefers arid climate. As is shown in
Fig. 14(a), the temperature in April 2021 is higher than that
of the same period in 2020, and the monthly mean temperature
(28.4 °C) is slightly higher than that in 2020 (27.8 °C). Moderate
warming may have a positive effect on increasing vegetation
activities [41]. The difference in precipitation between the two
years is only 10 mm [see Fig. 14(b)], and the April 2021
precipitation is slightly lower than the 2020 precipitation. In
Fig. 14(c), the variation curve of monthly wind speed in April
2021 is much lower than that in April 2020. The monthly mean
wind speed in April 2021 is 2.32 m/s, which is much lower than
the 5.62 m/s in April 2020. However, as shown in Fig. 14(d),
the monthly mean potential evapotranspiration in April 2021
is 5.3 mm, which is higher than that of the same period in
2020 (4.88 mm). The variations of temperature, precipitation,
wind speed and potential evapotranspiration were inconsistent.
Therefore, we also calculated the relative MI and results show
that the relative MI in April 2021 (—0.98) is lower than in April
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2020 (—0.90). The lower value reflects a relatively arid climate
which as mentioned above is favorable for Cassytha filiformis
to growth. This suggests that El Nifio causes abnormal weather
in 2020, drier condition in April 2021 is responsible for the
expansion of Cassytha filiformis in 2021.

Many studies have shown that Cassytha filiformis is widely
distributed in tropical islands, in coastal habitats and has many
hosts [42], [43], [44], [45]. Its seeds can be dispersed by birds,
water currents and strong winds [6]. It suggests that this may
be the reason why signs of invasion by Cassytha filiformis have
been found on both Bei Island and Ganquan Island. Meanwhile,
Zhang et al. also reporte the phenomenon of Cassytha filiformis
invasion in Xisha Islands [46]. At present, there is little research
on the climate driving factors of Cassytha filiformis growth.

Zhang et al. [46] has found that both temperature and precipi-
tation will affect the growth of Cassytha filiformis. Zamora and
Buriyo has found that the probability of a host being parasitized
by Cassytha filiformis is significantly lower at high latitudes than
at low latitudes [47], [48]. The results of our study confirm the
influence of meteorological factors on the growth of Cassytha
filiformis. In addition, we find that arid climatic condition is the
key factor affecting the growth of Cassytha filiformis, which
will provide new ideas for the control of Cassytha filiformis.
While our results align with previous studies, a lack of UAV data
from other years prevented further verification of our findings.
Additionally, when expanding the factors influencing Cassytha
Siliformis, we only discussed climatic factors, which has certain
limitations.
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V. CONCLUSION AND DISCUSSIONS

The Xisha Islands are small and cloudy all year round, and
therefore it is not easy to obtain optical satellite images to
implement timely monitoring. In this article, we use DJI 4
multispectral UAV imagery combined with a deep learning clas-
sification model to monitor the invasion of Cassytha filiformis on
the Bei Island and Ganquan Island. We can draw the following
conclusions.

1) Multispectral UAV images and deep learning methods are
powerful tools to monitor Cassytha filiformis invasion in
small tropical islands.

2) Both Bei Island and Ganquan Island have been invaded by
Cassytha filiformis and the invasion in Ganquan Island is
more severe.

3) Cassytha filiformis favors the dry season, and a dry climate
can also cause the expansion of this species.

Our study successfully demonstrated the efficacy of employ-
ing UAV imagery in conjunction with a deep learning model
to monitor the invasion of Cassytha filiformis. This approach
introduces a novel method for plant invasion monitoring. Ad-
ditionally, our findings regarding the preference of Cassytha
filiformis for arid climates present a new avenue for controlling
their spread. In the future, we will further investigate the growth
changes of Cassytha filiformis in different years to figure effec-
tive measures to prevent the invasion of Cassytha filiformis.
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