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A B S T R A C T

Accurate estimation of the biomass of raft-attached green algae is important for predicting the scale of green-
tides in the Yellow Sea, China. In this study, two different biomass estimation methods are proposed: green algae
attached to nursery-net (GAAN) and green algae attached to rope (GAAR). The GAAN method involves the use of
images obtained using an unmanned aerial vehicle (UAV), high-resolution satellite images, and data from a
statistical yearbook. The GAAR method uses high-resolution satellite images and data from a field sample survey.
The results showed that the biomass of GAAN and GAAR in the Subei Shoal during 2017 was 8868 tons and 2974
tons respectively. A longer-term study of the biomass of GAAN and GAAR could provide quantitative information
for the earnings forecasts of Porphyra yezoensis and for green-tide prevention.

1. Introduction

Green tides, a form of harmful algae blooms, have outbroken con-
tinuously in the Yellow Sea, China for 12 years since 2007 (Zhou et al.,
2015). The agglomeration and decomposition of large amounts of
green-tide algal biomass have destroyed the marine ecosystem in the
immediate area of blooms (Nelson et al., 2008). This has caused serious
damage to the scenery, environment, and mariculture industry along
the south coast of the Shandong peninsula, China, and has also resulted
in great economic loss (Ye et al., 2011; Victor and Adriana, 2013; Yu
et al., 2018). Many previous studies have illustrated that the initial
biomass of the Yellow Sea green-tide came from green algae attached to
aquaculture rafts used to culture Porphyra yezoensis in the Subei Shoal
(Liu et al., 2009; Zhang et al., 2015; Huo et al., 2016), which was an
important P. yezoensis aquaculture base in China (Liu et al., 2013b). P.
yezoensis is an edible sea alga, which is rich in protein, vitamins and
minerals, and other nutrients. It has been an important economic cul-
tivation sea algae in Jiangsu province (Lu et al., 2018). Nevertheless,
the growth of green algae has been one of the most difficult problems
facing the P. yezoensis aquaculture industry. During the seedling stage,
the filaments of P. yezoensis grow in oyster shells used for P.yezoensis

breeding, and during this time some single-celled green algae can pe-
netrate inside the shells to grow. During the growth stage, green algae
can also attach to nursery-nets to compete with P. yezoensis, thus re-
ducing the yield and quality of P. yezoensis (Shi and Wang, 1996).
Therefore, the green algae attached to rafts have not only caused the
Yellow Sea green-tide, which produced enormous losses and a negative
social impact to the Shandong coastal cities, but have also significantly
influenced the economic benefits of the P. yezoensis industry in Jiangsu
province.

Green-tide biomass is an important parameter for the study of
green-tide and disaster mitigation and prevention. Since the emergence
of the Yellow Sea green-tide, research on its biomass estimation has
been conducted. Accurate estimation of the floating green-tide biomass
is of great significance to make the emergency response plan. Wang
et al. (2015) studied the spatiotemporal distribution of floating green
algae in the Yellow Sea during the spring of 2012. Xiao et al. (2017)
constructed a surface feature spectral estimation model for biomass per
unit area of floating green-tides on the sea surface based on field ex-
periments and reported the related model estimations. Liu et al. (2015)
adopted a biomass per unit area of floating green-tides obtained by
horizontal trawling on the surface of Yellow Sea. The biomass was
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multiplied by the area covered by green algae, which had been ex-
tracted from satellite data, as a means of estimating the total biomass
and distribution features of the floating green-tides. In addition, since
the raft-attached green algae provide initial biomass for the Yellow Sea
green-tide, its biomass would be an important indicator that decides the
magnitude of green-tide. Therefore, Zhang et al. (2018b) estimated that
the total biomass into seawater could have amounted to 10 000 t (wet
weight) in the Subei Shoal area in 2017. Xu et al. (2018) also proposed
a biomass estimation model and estimated the biomass of green algae
attached to rafts and raft ropes.

Current research on green algal biomass has focused on the period
of massive floating on the sea surface. However, for the biomass esti-
mations during the early stages of green-tides when the algae are still
attached to rafts, the data used in such studies have mostly been sub-
jective estimation data obtained by social surveys and other methods,
and the results have only provided rough order of magnitude estimates
with significant differences existing among studies. Algae attached to
rafts have also largely been treated as an entity, without distinguishing
between the green algae attached to nursery-nets (GAAN) and green
algae attached to rope (GAAR). Additionally, there has been little re-
search on the biomass of GAAN in the Subei Shoal.

The present study therefore aims to accurately monitor and estimate
the biomass of GAAR and GAAN in the Subei Shoal green-tide algae
source area of the Yellow Sea. The study used an unmanned aerial
vehicle (UAV), satellite remote sensing, field sampling, a statistical
yearbook to propose two biomass estimation methods: one for GAAR
and one for GAAN. We anticipate that our findings will provide effec-
tive methods for the monitoring of green algal biomass attached to
rafts, and will significantly enhance the capacity of earnings forecasts
related to the P. yezoensis aquaculture industry, in addition to assisting
towards the prevention and control of Yellow Sea green-tides.

2. Materials and methods

2.1. Study area and field survey

The field survey was undertaken in the Zhugensha sandbank
(121.2939° E, 32.7882° N) in the Subei Shoal (Fig. 1a and b), which
experiences regular semidiurnal tides. The tidal flats are exposed above
the water level during low tide periods, and are inundated during high
tide periods. At the time of this study, semi-floating raft cultivation
techniques were used for P. yezoensis aquaculture. Each raft unit was of

the same specifications and size. Each raft unit consisted of one nursery-
net, two pieces of rope, two transverse bamboo poles to fix the rope
distance, and four erecting brackets to support the raft (Fig. 1c). The
size of raft unit is shown in Fig. 6d.

Before the withdrawal of the rafts, biomass continued to increase
with the growth of green algae. Therefore, the sampling time was close
to the raft withdrawal time as a means of ensuring that the estimation
of the initial biomass of green algae was more accurate. Sampling of
green algae was conducted on the morning of May 11, 2017, which was
same day as the raft withdrawal. Six columns of rafts were selected at
random, from which, three ropes were chosen randomly from each
column. A total of 18 ropes were therefore obtained, which were then
sampled for green algae. Sampling was performed using a scraper to
scrape off the green algae from 1m lengths of each rope. Green algal
samples were then placed into sample bags, labelled with numbers, and
brought back to the research vessel. Samples were subsequently washed
with seawater to remove sediment, and water was squeezed out after
washing. Each of the 18 samples were weighed, and the mean wet
weight (Wg, g/m) of GAAR was calculated by summing the wet weight
of all samples and dividing by the number of samples.

2.2. UAV and satellite data collection and processing

The DJI Inspire 1 (SZ DJI Technology Co., Ltd., Shenzhen, China)
four-rotor UAV (Fig. 2a) was used in this study, and took off from and
landed on the deck of the research vessel (Fig. 2b). The UAV was un-
affected by clouds since it had a low flight altitude of∼5m. The Inspire
1 UAV adopts both the global navigation satellite system (GLONASS)
and the global positioning system (GPS), and the acquisition of aerial
images used position information. Digital orthophoto maps were gen-
erated from the aerial images using photogrammetry software. The
precision requirements for a small range of large-scale mapping has
been applied and verified in previous studies (Wang et al., 2018; Zhang
et al., 2018a).

Orthographic aerial photographing of two columns of aquaculture
rafts in the survey area was conducted on March 30, 2017, by setting 61
selected rafts as targets. It was necessary to ensure that the forward
overlap rate was> 70% and that the side overlap rate was>40%.
Pix4Dmapper (Pix4D SA, Lausanne, Switzerland) was applied to gen-
erate the digital orthophoto images of the rafts (an example raft is
shown in Fig. 4a). The UAV was also used to carry out an investigation
of the growth status in the nearshore aquaculture zone, as well as the

Fig. 1. Survey area and P. yezoensis aquaculture rafts
in the Subei Shoal: (a) the Subei Shoal area in the
Yellow Sea (indicated by a orange rectangle); (b) the
Survey area (indicated by the yellow outline) and
some sandbanks within the Subei Shoal; (c) un-
manned aerial vehicle image of survey area; (d) an
example of a P. yezoensis aquaculture raft and its
components including ropes and a nursery-net. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

X. Jiang, et al. Marine Pollution Bulletin 150 (2020) 110678

2



artificial farming operations. Information relating to the field survey is
shown in Table 1.

To extract the total aquaculture raft area of the Subei Shoal in 2017,
multi-source satellite images including Gaofen-1 (GF-1) and Sentinel-
2A (S2A) were collected and adopted. GF-1 images were from the China
Centre for Resources Satellite Data and Application, and had a 16m
spatial resolution and four day revisit cycle. S2A images (10m spatial
resolution) were provided by the European Space Agency. The down-
loaded satellite images were checked to identify days that were suffi-
ciently cloud-free and to observe the rafts at high tide during the P.
yezoensis growth period. For these reasons, the GF-1 images of the Subei
Shoal on January 24 and March 2, 2017, and the S2A images on March
2, 2017, were selected. Multiple images from different satellites were
used as a reference to ensure that the rafts were not missed. These sa-
tellite images were first processed by atmospheric correction and pro-
jection conversion. The P. yezoensis raft was then extracted by visual
interpretation and manual vectorization.

We obtained statistical data from the China Fisheries Statistics
Yearbook 2018 (Ministry of Agriculture and Rural Affairs of China,
2018), which is a compilation of statistical data relating to capture
fisheries and aquaculture production, employment, commodities pro-
duction, and trade etc. Specifically, we used yearbook data on total
production and the total aquaculture area of P. yezoensis in Jiangsu
province during 2017.

2.3. Methods of biomass estimation

The biomass estimation method for GAAN was based on the com-
bination of data from the UAV, high-resolution satellite images, and the
statistical yearbook. First, ratios of the area coverage of P. yezoensis to
GAAN were calculated based on the UAV data. Then the distribution
area of all rafts in the Subei Shoal was extracted from satellite data, and
then the P. yezoensis production in the Subei Shoal in 2017 was esti-
mated. The biomass of GAAN of the Subei Shoal in 2017 was then
calculated (Fig. 3).

The biomass estimation method for GAAR was based on the high-

resolution satellite data and field sampling data (Fig. 3). The size and
areas of rafts, the number of nursery-nets, and the total length of each
raft's rope, were measured from the satellite images. The total biomass
of GAAR was calculated using data from these two sources.

3. Results

3.1. Biomass estimation of GAAN

3.1.1. UAV images of algae in nursery-nets
The digital orthophoto images of the rafts (Fig. 4a) generated by the

UAV aerial survey data had a correct coordinate system, but the images
after the mosaic appeared with a chromatic aberration, and the object
features of some splicing areas were deformed (Fig. 4b). Thus, this af-
fected the identification and extraction of area coverage of green algae
and P. yezoensis. Therefore, single, clear, original JPG images along
with the digital orthophoto images were used for image registration and
overlay. The overlay images (an example is shown in Fig. 4c) were not
only non-destructive but also within the correct coordinate system. The
nursery-nets in the overlay images were subsequently clipped and the
areas covered by P. yezoensis and GAAN in each of the 61 nursery-nets
were extracted by means of the maximum likelihood classification. We
used the green color to represent green algae, the magenta color to
represent P. yezoensis (Fig. 4e). In addition, the original images (e.g.,
Fig. 4f) and the resultant images (e.g., Fig. 4g) were magnified to the
same scale, and were then visually compared to check that the classi-
fication results were accurate.

There were 113 568 pixels of GAAN and 49 009 pixels of P. yezoensis
in the classification results for the example provided in Fig. 4. The
number of pixels was then multiplied by the image resolution to yield
the area coverage of each type of algae. In the nursery-net example
shown in Fig. 4e, the area of GAAN coverage was 0.17m2 and the area
of P. yezoensis coverage was 0.39m2. The same procedure was applied
to the remaining 60 nursery-nets, all 61 classified images of the nur-
sery-nets can be found in Supplementary Table 1. The corresponding
results are shown in Table 2.

Fig. 2. (a) The unmanned aerial vehicle (UAV) and (b) the research vessel used in this study.

Table 1
Statistics of field survey in this research.

Time Location Survey Content Equipment UAV Take-off Point Coordinates

February 26–27,2017 The Nearshore P.yezoensis
aquaculture zone in Jiangsu

Growth status of P.yezoensis and green algae on
the nearshore aquaculture rafts

UAV 121.2604°E,32.4705°N

March 28–29,2017 The Nearshore P.yezoensis
aquaculture zone in Jiangsu

Growth status of P.yezoensis and green algae on
the nearshore aquaculture rafts

UAV 121.2064°E,32.5106°N
121.0134°E,32.6151°N

March 27-April 4, 2017 The Survey area in Subei Shoal 1) Growth status of P.yezoensis and green algae
on the Subei Shoal rafts

2) P.yezoensis harvesting investigation using
aerial photography

UAV and Research vessel 121.2939°E,32.7882°N

May 6–12,2017 The Survey area in Subei Shoal 1) Sampling of the raft-attached green algae
2) withdrawal and recycling of aquaculture rafts

using aerial photography

UAV, Research vessel and
Sampling tools

121.2939°E,32.7882°N

UAV: unmanned aerial vehicle.
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For the 61 nursery-nets, the average areas of coverage for P. ye-
zoensis and GAAN were 0.52m2 and 0.85m2, respectively. The ratio of
the two was 0.61, which was regarded as the biomass ratio (R1) of P.
yezoensis and GAAN on the aquaculture rafts in the Subei Shoal during
2017.

3.1.2. Estimation of P. yezoensis production in the Subei Shoal
According to the China Fisheries Statistics Yearbook 2018, the total

production (Wjs) of P. yezoensis in Jiangsu province during 2017 was
41 860 t, and the total aquaculture area (Sjs) of P. yezoensis was
47 255 ha. The P. yezoensis aquaculture area (Sss) in the Subei Shoal,
which was extracted from satellite images, was 22 907 ha. The accuracy
of our calculation of Sss is supported by previous studies that reported
that the aquaculture area of P. yezoensis in the Subei Shoal was
23 333 ha (Yan et al., 2018). Other P. yezoensis aquaculture zones in
Jiangsu province are closer to the shore that of those in the Subei Shoal,
and have been collectively termed here as the nearshore P. yezoensis
aquaculture zone. The corresponding area of the nearshore P. yezoensis,
Sns, can be expressed by Eq. (1):

Sns =Sjs - Sss (1)

In order to estimate the production of P. yezoensis in the Subei

Shoal, based on the known value of the total production of P. yezoensis
in Jiangsu province and the ratio of the areas of the Subei Shoal and the
nearshore P. yezoensis aquaculture zone, it is also necessary to consider
the ratio of the per unit area yields (unit yield) of these two regions. Liu
et al. (2017) found that in order to reduce the influence of green algae
to P. yezoensis algae, the methods of artificial stripping or acid-coating
were often adopted to remove GAAN in the Jiangsu nearshore aqua-
culture zones. However, in the Subei Shoal aquaculture zone, GAAN
were not generally treated due to the distance of the aquaculture zone
from the shore. Hence, it was understood that the biomass of GAAN in
the Subei Shoal aquaculture zone was significantly higher than of that
in the nearshore aquaculture zones (Liu et al., 2013a), which was
verified by our field investigation. P. yezoensis algae in the Jiangsu
nearshore aquaculture zones grow well and take advantage of nursery-
nets (Fig. 5), but in the Subei Shoal survey area, varying amounts of
green algae were attached to most of the nursery-nets (Table 2).

Taking the data for the 61 nursery-nets sampled in our study
(Table 2) as a sample set, we postulated that the biomass composition of
the patch with the maximum coverage area of P. yezoensis (No. 35 in
Table 2) would be quite similar to that of nursery-nets in the Jiangsu
nearshore aquaculture zone. The ratio (Rs) of the P. yezoensis unit yield
in the Subei Shoal aquaculture zone was calculated using the ratio of

Fig. 3. Flow chart illustrating the two estimation methods for green algae attached to nursery-net (GAAN) and green algae attached to rope (GAAR).

Fig. 4. (a) The orthophoto of rafts. (b–e)
Classification procedure of green algae and
P. yezoensis attached to nursery-nets. (f, g)
Comparison of original and resultant images
at the same scale for one example nursery-
net. (For interpretation of the references to
color in this figure legend, the reader is re-
ferred to the Web version of this article.)

X. Jiang, et al. Marine Pollution Bulletin 150 (2020) 110678

4



the maximum P. yezoensis patch area (3.302, No. 35 in Table 2) of the
61 samples to the average area of the 61 samples (0.521), i.e., Rs 6.34.

The ratio (Rt) of the total production of P. yezoensis algae in the
Jiangsu nearshore zone to that in the Subei Shoal zone can be expressed
by Eq. (2):

=
∗R S R

St
ns s

ss (2)

where Sns represents the area of the Jiangsu nearshore aquaculture
zone, Sss represents the area of the Subei Shoal aquaculture zone, and
Rs represents the ratio of the P. yezoensis unit yield in the two zones.

The P. yezoensis total production (Wss) in the Subei Shoal zone
during 2017 can be expressed as Eq. (3):

=
+

W
W

R 1ss
js

t (3)

where Wjs represents the P. yezoensis total production of Jiangsu pro-
vince in 2017 from the statistical yearbook.

3.1.3. Biomass estimation of GAAN in the Subei Shoal
The biomass (W1) of GAAN in the Subei Shoal can be expressed as

Eq. (4):

=W W
R

ss
1

1 (4)

where R1 represents the biomass ratio of P. yezoensis to green algae

attached to aquaculture rafts in Subei Shoal (Section 3.1.1).
Based on the statistical yearbook data, and in consideration of the

difference between the unit yield of P. yezoensis in the Jiangsu near-
shore aquaculture zones and the Subei Shoal aquaculture zone, the total
production (Wss) of P. yezoensis in the Subei Shoal was calculate using
Eq. (3) to be 5409 t. According to Eq. (4), the biomass (W1) of GAAN in
the Subei Shoal during 2017 was calculated to be 8868 t.

3.2. Biomass estimation of GAAR

The distribution map of the rafts in the Subei Shoal is shown in
Fig. 6a. The total area covered by rafts (Sss) in the Subei Shoal in 2017
was calculated to be 22 907 ha. The smallest unit that can be dis-
tinguished from the satellite images was a row of rafts (e.g., yellow
outlined area in Fig. 6b). The satellite images contained multi-column
rafts and it was possible to observe the spacing among the columns as
well as the spacing between the nursery-nets and the borders of raft
units. The area between a nursery-net and the next nursery-net was
removed in order to calculate the total number of nursery-nets in the
Subei Shoal. The aquaculture rafts were distributed regularly and were
all of a consistent size. The distribution pattern of a single row of raft is
shown in Fig. 6d.

In a row of rafts, the proportion (r1) of the area occupied by the
rafts is defined as:

=
∗

∗ + ∗ −
r w i

w i a i
1

( 1)

where i represents the number of columns in a row of rafts.
When the value of i is large enough, r1 can take an approximation,

as defined by Eq. (5):

≈
∗

∗ + ∗
=

+
r w i

w i a i
w

w a
1

(5)

In a raft unit, the proportion (r2) of the area occupied by the nur-
sery-net is given by Eq. (6):

=
∗

∗
r x y

w l
2

(6)

The total number (N) of nursery-nets in the Subei Shoal can be
expressed as Eq. (7):

=
∗ ∗

∗
N S r r

x y
1 2ss

(7)

The rope lengths (Lg) on both sides of a raft unit can be expressed by
Eq. (8):

Lg=2*l (8)

The total biomass (W2) of GAAR in the P. yezoensis aquaculture raft
in the Subei Shoal can be expressed by Eq. (9):

Table 2
The area (m2) of P. yezoensis and GAAN on the 61 nursery-nets (where P is the area of P. yezoensis, and G is the area of GAAN).

No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

P 0.07 0.07 0.24 0.50 0.17 1.59 0.30 0.30 0.14 0.84 0.84 1.27 0.78 1.54 0.59 0.32
G 0.27 0.14 0.05 1.04 0.39 0.06 0.15 0.03 0.44 1.58 1.57 0.89 0.39 0.60 0.65 0.97
No. 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
P 1.31 1.01 0.46 0.55 0.41 0.60 0.50 0.81 0.76 0.19 0.24 0.08 0.23 0.13 0.36 0.49
G 0.01 0.83 0.77 0.34 0.83 1.61 1.06 0.42 0.14 1.22 1.15 0.98 0.03 0.14 1.45 0.20
No. 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48
P 0.06 1.19 3.30 0.46 0.39 0.13 0.74 0.13 0.30 0.21 0.22 0.54 0.42 0.20 0.19 0.16
G 0.88 0.18 0.05 1.19 0.20 0.08 0.98 1.56 1.70 1.10 2.97 0.43 1.97 2.80 2.98 2.00
No. 49 50 51 52 53 54 55 56 57 58 59 60 61
P 0.14 0.64 0.40 0.54 0.12 0.21 0.19 0.05 0.41 0.02 0.60 1.22 0.24
G 2.29 1.50 0.19 0.64 0.48 0.51 1.39 0.93 1.25 0.33 0.03 0.65 0.98

Fig. 5. Three survey sites (P1, P2, and P3) in the Jiangsu nearshore aquaculture
zone where P. yezoensis grew well during March 29, 2017 (P1 and P2), and
February 27, 2017 (P3).
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∑= ∗
=

W L W( )
i

N

g g2
1 (9)

where Wg (g/m) represents the mean wet weight of the GAAR (Section
2.1).

The total number (N) of nursery-nets in the Subei Shoal was esti-
mated from Eq. (7) to be 4 636 756. The average wet weight (Wg) of
GAAR was 84.39 g/m based on the 18 samples randomly chosen from
the survey area. The biomass (W2) of GAAR in the Subei Shoal was
estimate using Eq. (9) to be 2974 t.

4. Discussion

4.1. Uncertainties in biomass estimations

Ideally, biomass estimations require validation and need to be as-
sessed for uncertainties. In the case of the estimations of GAAN and
GAAR, direct validation was not possible in this study. The accuracy of
our biomass estimations could, however, have been affected by several
factors. Firstly, when the UAV photographed the nursery-nets, it took
the image from a vertical, downward viewpoint directly above the
nursery-net. Since P. yezoensis and green algae on the nursery-nets also
grow vertically downward, some of the algae would have been blocked
in the image. In order to reduce possible errors associated with this, we
adopted the following method. In addition to the official statistical data
and the P.yezoensis aquiculture area in Subei Shoal extracted from the
satellite images, the area of P. yezoensis and green algae extracted from
the UAV orthophoto images were calculated as the ratio of the two,
rather than using the actual values of the two directly.

Secondly, uncertainties exist since the survey area was only un-
dertaken in the Zhugensha sandbank area of the Subei Shoal. Besides
Zhugensha, the shoal also contains other sandbanks, such as
Jiangjiasha, Gaoni and Dongsha (see Fig. 1b). Thus, the selected survey
area was not necessarily representative of the entire shoal area. In ad-
dition, the growth and harvest period for P. yezoensis algae is from

December to April, whereas the aerial survey time of the nursery-nets
was on March 30, 2017 (i.e., the end of the growth and harvest period).
At this time of year, the unit yield of P. yezoensis algae may have been
relatively low, which would result in the estimated total production
(Wss) to be lower than the actual value, and the biomass of GAAN (W1)
to be higher than the actual value. Therefore, in future studies, the
sampling area should cover more sandbanks. Sampling should also be
undertaken every month during the growth period of P. yezoensis.

4.2. New, high-accuracy biomass estimation method

Satellite remote sensing technology has played an important role in
assessing the origin, drift trajectories, and area distribution of the
Yellow sea green-tides, and offers the advantages of being large scale,
low cost, and enabling periodic observations (Hu et al., 2010; Cui et al.,
2012). However, green algae do not fall into the sea to form large
patches at the stage of being attached to rafts (see Section 4.3). The area
of a single nursery-net of P. yezoensis is only ∼8–10m2, which is much
lower than the spatial resolution of available satellite data. As a result,
it is impossible to observe green algae attached to rafts from satellite
image. The UAV used in this study was small in size and maneuverable,
and was able to generate orthophoto maps at a spatial resolution of a
centimeter scale, which could identify P. yezoensis and green algae on
the rafts. In comparison to satellite remote sensing, it broke the limits of
cloud coverage and the revisit period, but its coverage was limited.
Therefore, our study found that the combination of satellite and UAV
data was successfully able to simultaneously meet the requirements of
large coverage and high image resolution.

In this study, UAV was used to acquire highly accurate images at
sea, and under more complex weather conditions than on land. The use
of local fishing boats as the take-off and landing site allowed for the
successful use of the UAV in our survey. The UAV thus provided the
necessary aerial photography and large-scale mapping by aerial pho-
togrammetry for the biomass estimations of GAAN and GAAR. The
combined methods of satellite remote sensing, UAV, field survey, and

Fig. 6. (a) Distribution map of P. yezoensis
aquaculture rafts in the Subei Shoal. (b)
Satellite image of the sampling area. (c)
Unmanned aerial vehicle image of the sam-
pling area, where the area marked by the
yellow box is the same row as that in (b). (d)
Distribution pattern for a single row of P.
yezoensis rafts, where w and l represent the
width and length of a raft unit, respectively,
x and y are the width and length of a nur-
sery-net, respectively, and a represents the
column spacing. From our field measure-
ments: w=3m, l=3.8m, x=2.2m,
y=3m, and a=10m. (For interpretation
of the references to color in this figure le-
gend, the reader is referred to the Web
version of this article.)
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statistical data proposed in this study provide a new, high-accuracy
method for estimating attached macroalgal biomass at given locations.

4.3. Implications for forecasting and prewarning

As mentioned, GAAN can gather with P. yezoensis (Fig. 7a) during
growth, and the two become packed together after harvesting and are
shipped to the shore (Fig. 7b). GAAN is often artificially eliminated
from the P. yezoensis at the processing plant, which therefore results in
higher overall processing costs. Moreover, the seedling growth of GAAN
have been found to reduce the yield and grade rate of P. yezoensis.
Consequently, GAAN has reduced the economic benefits of the P. ye-
zoensis aquaculture industry. After years of accumulating data on GAAN
biomass, temperatures, seawater nutrients, and other variables related
to the yield of P. yezoensis, the findings of this study therefore provide
important reference data for the prediction of yield and income related
to P. yezoensis aquaculture.

Under suitable environmental conditions, the micro-propagules of
green algae can attach and germinate when they meet rafts used for
growing P. yezoensis, thereby forming the green algae attached to rafts.
During the raft withdrawal operation, GAAR is scraped off by a walking
tractor (Fig. 7d) and then abandoned on the tidal flats (Fig. 7e). It can
then float into the sea with the tide, and eventually forms the green-tide
in the Yellow Sea (Liu et al., 2009). Current research found that the
density of micro-propagules of green algae were closely related to the
biomass of GAAR and the scale of green-tides. However, their direct
contribution to green-tides in the Yellow Sea still requires support from
in-situ data (Wang et al., 2018). The density of micro-propagules can be
determined by laboratory culture (Liu et al., 2016), and the distribution
area and biomass of a green-tide can be measured by satellite remote
sensing and in-situ sampling. The biomass estimation method of GAAR
proposed in the present study could provide the necessary data support
for exploring the quantitative relationship between density of micro-
propagules, the distribution area of a green-tide, and the biomass of a
green-tide. The proposed methods could also contribute to forecasts of
the scale of green-tides, and assist in prewarning of green-tide disasters.
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