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Abstract

Since 2015, a novel green tide has been recurring in the coastal areas of Qinhuangdao at the western coast of the
Bohai Sea in China, threatening the environment and ecosystem of the Beidaihe seaside holiday resort along the
coast. Micro-propagules of the green algae including gametes, spores, micro-germlings and micro-vegetative
fragments play an important role in the formation of green tides. They serve as a “seed source” of green
macroalgae, and their distributions could reflect and influence the “algae source” of green tides. In this study,
monthly surveys in the inshore and offshore areas of the Qinhuangdao coast were conducted from April to
September 2016 and in January 2017 to investigate the tempo-spatial distribution patterns and the biomass
variations of the green algae micro-propagules. The obtained results show that micro-propagules were mainly
distributed in the inshore areas with a significantly decreasing abundance towards offshore areas. Their biomass
was highest in July and August, and lowest in winter. The areas that were affected by the green tides showed a
remarkably higher abundance of micro-propagules compared to other areas. These micro-propagules could serve
as the “seed” source of green tides. Their distribution patterns indicate that the green tide in the coastal areas of

Qinhuangdao originated locally.
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1 Introduction

Green macroalgal blooms, referred to as “green tides”, are
mainly caused by the accumulation and bloom of fast-growing
macroalgae including Ulva, Chaetomorpha, Cladophora, Rhizo-
clonium, Percursaria and Ulvaria (Taylor et al., 2001; Nelson et
al., 2003). Over the last few decades, global and frequent occur-
rences of green tides have severely affected tourism, the aquacul-
ture industry, and ecosystems, resulting to increased public at-
tentions (Teichberg et al., 2010; Liu et al., 2013). Since 2008, the
world’s largest green tide dominated by the green macroalgae
Ulva prolifera consecutively formed blooms in the Yellow Sea.
This had severe negative effects for the environment of the
coastal cities of Shandong Province, China (Wang et al., 2015;
Song et al., 2018). In 2015, a novel green tide began to emerge in
the Bohai Sea and lasted from late April to late September. It star-
ted mainly in the adjacent sea area of the Beidaihe seaside holi-

day resort in Qinhuangdao City, Hebei Province, which is one of
the busiest summer resorts in China. A variety of macroalgal spe-
cies were identified in the study area, with three macroalgae, in-
cluding Ulva pertusa, Bryopsis plumosa, Ulva prolifera, occupy-
ing more than 99.99% of the total biomass during the develop-
ment of the green tides (personal communication by Song et al.).
These macroalgae widely covered the coastline from the south of
the Tanghe River Estuary to the north of Jinshanzui, with the bio-
mass mostly accumulated from a distance of 0 to 100 m from the
shore (personal communication by Song et al.).

Accurately determining the original source of the green tide,
including its “algae source” (vegetative) and “seed sources” (pro-
pagules), is the first step to understand the occurrence of green
tides and will also help to find solutions for these ecological dis-
asters (Pang et al., 2010). The micro-propagules, including gam-
etes, spores, micro-germlings and micro-vegetative fragments of
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green macroalgae play an important role in the formation of
green tides (Hoffmann and Santelices, 1991). They are highly
capable of adapting to harsh environmental conditions and act
as “seed sources” of green tides in nature (Zhang et al., 2010,
2011; Liu et al., 2012). Microscopic propagules can grow into
macroalgal thalli and even form algae blooms under specific con-
ditions (Lotze et al., 2001; Worm and Lotze, 2006). Green algae
micro-propagules strongly affect the biomass of mature thalli,
and at the same time, their distribution indicates the potential
source of green tides (Song et al., 2015a).

In case of the large-scale green tides in the Yellow Sea, the
seed source has been suggested to be the micro-propagules
found in both pelagic waters and sediments in the coastal areas
of the Subei Shoal that are occurring throughout the year. The
distribution pattern of the micro-propagules indicates that the
bloom was caused by fouling green macroalgae Pyropia aquacul-
ture rafts in the Subei Shoal (Song et al., 2015a, b, 2018).
However, in the Bohai Sea, the source of the massive green tides
remains unknown. Thus, identifying the distribution pattern of
green algae micro-propagules would be conductive to determine
the source of green tides. The objectives of this study are (1) to in-
vestigate the temporal and spatial distribution patterns as well as
biomass variations of the micro-propagules of green algae in the
coastal areas of Qinhuangdao and (2) to investigate their role in
the formation of the massive green tides in the Bohai Sea.

2 Materials and methods

2.1 Selection of sampling locations

Both inshore and offshore stations of the coastal areas of Qin-
huangdao were selected as sampling sites in this study (Fig. 1).
The other five inshore stations were located at the major bathing
beaches along the Qinhuangdao coast. The Dongshan station
was near the estuary of the Xinkai River, which was northeast of
the areas that were affected by the green tide. The Jinmeng-
haiwan station is at the Jinmenghaiwan bathing beach, which

was the worst area affected by green tides. Meanwhile, the Gezi-
wo station is at the Geziwo bathing beach north of Jinshanzui,
which is one of the affected areas of the Beidaihe Scenic Spot.
The next station was the Laohushi station along the Laohushi
Marine Park south of the Jinshanzui and was the only station that
was not affected by the green tide. Finally, Zhongzhi station is at
the Zhongzhi bathing beach, which is a key area of the Beidaihe
seaside holiday resort.

To obtain the temporal and spatial distribution patterns of
the offshore micro-propagules, 36 offshore stations were estab-
lished with different distances from the shore (Table 1). A total of
small cruise (SC) transects composed of 18 SC stations were se-
lected near the areas affected by the green tide. While in the off-
shore waters within the Bohai Sea, five major cruise (MC) tran-
sects composed of 18 MC stations were selected.

2.2 Sample collection and field measurements

In this study, seawater samples were collected monthly in the
five inshore stations from April to September in 2016, and Janu-
ary in 2017 (Table 1). Both temperature and salinity were determ-
ined in situ with a portable Multi-parameter Instrument (YSI 556,
YSI Inc., Ohio, US). Seven small survey cruises (SCs) and four
major cruises (MCs) were conducted to determine the temporal
and spatial distribution patterns of the green algal micro-pro-
pagules in the offshore area. During the 11 cruises, surface sea-
water samples were collected with a water sampler (HQM-1,
Juchuang Inc., Qingdao, CHN) at each station and were filtered
through a 200-um mesh net to remove the majority of the zo-
oplankton. Water samples were transported in coolers (4-6°C)
and arrived at the laboratory within 72 h after collection.

2.3 Cultivation and quantification of green algae micro-pro-
pagules
A total of 1 L of each water sample was poured into a glass
beaker and 20 mL polyethersulfone (PES) culture medium (Prov-
asoli, 1963; modified by Bold and Wynne, 1978) was added to
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Fig. 1. The bloom area of the green tide in the coastal area of Qinhuangdao, Bohai Sea, China (a); and the sampling stations (b). A
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Table 1. Information of inshore, small cruise (SC) and major
cruise (MC) stations

Stations 123&1 lonEgailtsltl de Sampling dates
Dongshan 39°54'52.95" 119°37'13.95" Apr. 24, May 26, Jun.
Jinmenghaiwan 39°53'42.93" 119°32'34.49" 22,Jul. 23, Aug. 26,
Geziwo 39°49'53.89" 119°31'31.88" P ;‘é igig; Jan.
Laohushi 39°48'44.41"  119°29'21.95"
Zhongzhi 39°48'22.15”  119°27'10.41"
SC-1-A 39°54' 119°38' SCIL: Apr. 26, 2016
SC-1-B 39°53' 119°39’
SC-1-C 39°51' 119°41 SCII: May 24, 2016
SC-1-D 39°49' 119°43'
SC-2-A 39°54' 119°34'  SCIII: Jun. 25, 2016
SC-2-B 39°53' 119°35'
SC-2-C 39°52/ 119°36' SCIV: Jul. 24, 2016
SC-2-D 39°50' 119°38'
SC-2-E 39°48' 119°40'  SCV: Aug. 25,2016
SC-3-A 39°52/ 119°32/
SC-3-B 39°51' 119°33'  SCVI: Sep. 25, 2016
SC-3-C 39°50 119°34'
SC-3-D 39°48' 119°36'  SCVII: Jan. 26, 2017
SC-3-E 39°46' 119°38
SC-4-A 39°48' 119°32/
SC-4-B 39°47' 119°33
SC-4-C 39°45' 119°35'
SC-4-D 39°43' 119°37'
MC-1-A 39°56' 119°54 MCI: May 27-28,
2016
MC-1-B 39°52 119°58’
MC-1-C 39°48' 120°02/
MC-2-A 39°55' 119°45' MCIL: Jun. 23-24,
2016
MC-2-B 39°51' 119°49’
MC-2-C 39°47' 119°53
MC-2-D 39°43' 119°57' MCIII: Jul. 25-26,
2016
MC-3-A 39°46' 119°44'
MC-3-B 39°42/ 119°48'
MC-3-C 39°38' 119°52'  MCIV: Aug. 26-27,
2016
MC-4-A 39°41' 119°39'
MC-4-B 39°37' 119°43'
MC-4-C 39°33' 119°47'
MC-5-A 39°40' 119°30'
MC-5-B 39°36' 119°34'
MC-5-C 39°32/ 119°38'
MC-5-D 39°28' 119042/

maintain high nutrient conditions. Subsequently, 1 mL of satur-
ated GeO, was added to the mixture to inhibit the growth of
benthic diatoms. The beakers were placed in an artificial climate
chamber (202728-380, Jiangnan, Inc., Ningbo, China) at 20°C
with a light supply of 100 pmol photons m2s!and a12h:12h
light-dark cycle light regime. The media was replenished every
five days to maintain a high nutrient level. After about 10-15 d of
culture, micro-propagules of the green algae started to attach to
the wall and bottom of the beakers, then further developed into
germlings and could be counted by the naked eye. The number
of green algal germlings was assessed as the number of green
algal micro-propagules (Song et al., 2015a, b).

2.4 Statistics

Tests of homogeneity of variance were conducted, and the
data were analyzed by one-way analysis of variance (ANOVA).
The difference among means was analyzed with Duncan’s new
multiple range test followed by an ANOVA at a significance level
of P<0.05. Tests were performed in SPSS 17.0 (SPSS Inc., Chicago,
USA).

3 Results

3.1 Variations in quantity of green algae micro-propagules in the
inshore stations along the coastline of Qinhuangdao
Micro-propagules of the green algae were widely distributed

throughout all major beaches in Qinhuangdao City. Their bio-

masses in each station changed significantly at different months
and locations during the survey (F=6.769, P<0.05). Biomass was
highest in July and August, and was lowest in January (F=6.200,

P<0.05). Specifically, the highest propagule quantity was found in

the Jinmenghaiwan station throughout the entire survey period

and the stations that were affected by green tides, such as Jin-
menghaiwan and Geziwo, showed remarkably higher micro-pro-
pagule abundance than the other stations (F=7.621, P<0.05)

(Fig. 2).
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Fig. 2. Micro-propagule biomass in the inshore stations during
the survey. Values are presented as means+SD (n=3).

3.2 Tempo-spatial distribution of green algae micro-propagules in

the offshore areas

The tempo-spatial variation in the distribution of the micro-
propagules of the green algae in the offshore stations is shown in
Fig. 3. In the SC stations, green algal micro-propagules were
mainly concentrated in areas closer to the shore (F=5.814,
P<0.05), while no micro-propagules were observed in MC sta-
tions.

3.3 Changes in coastal temperature, salinity and correlation ana-

lysis

Seawater temperature showed significant seasonal variation
in the inshore stations (F=1.948, P<0.05). However, variations in
the average salinity were less evident during the survey period
(P>0.05) (Fig. 4). Furthermore, correlation analysis showed a sig-
nificant correlation between the biomass of the micro-pro-
pagules and the coastal temperature (P<0.05). However, the
density of the micro-propagules was not significantly correlated
with salinity (P>0.05).
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Fig. 3. Tempo-spatial distribution patterns of green algae micro-propagules in SC stations.
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Fig. 4. Line graph showing the mean salinity and temperature of
the inshore stations during the survey. Values are presented as
means+SD (n=5).

4 Discussion

Based on the known life-cycle of green macroalgae, the dens-
ity of green algal micro-propagules mainly depends on the ma-
ture thalli (Huo et al., 2014.). In addition, the motility of the mi-
cro-propagules is weak, leading to a higher concentration in the
area of their original source. Thus, the distribution pattern of the
micro-propagules in this study provided a good reflection of the
biomass of the green macroalgae in the area, which were also the
source of the green tides (Huo et al., 2016). In this study, the mi-
cro-propagule levels were highest in the inshore stations. The
number of micro-propagules showed a significant decrease in
density from inshore to offshore and they were not detected in
the MC stations. This indicates that the original source of the mi-
cro-propagules were the mature thalli present in the inshore
areas of the Qinhuangdao coastline. Furthermore, the micro-pro-
pagules that originated in the inshore areas could be transported
to the outer rims through the oceanic current, and during this
process, seawater would sharply dilute the dense population of
the micro-propagules (Song et al., 2015a).

One of the functions of the green algae micro-propagules is
their distribution could also reflect the location of the algae
source of the green tide (Huo et al., 2016; Song et al., 2015a). Li et
al. (2014) argued that the distribution of the micro-propagules
could also be used as a reflection of the developmental stage in
the establishment of green tides. In the case of the large-scale
Yellow Sea green tides, areas with high micro-propagules density
and areas with floating mature thalli were similar (Li et al., 2014;
Wang et al., 2015). In contrast, in this study, high densities of mi-
cro-propagules were always detected at the inshore stations, es-
pecially in the green tide-affected Jinmenghaiwan and Geziwo
stations. In addition, in the seven SCs and four MCs, horizontal
and vertical trawling did not detect green macroalgal thalli (per-
sonal communication by Song et al.). This result indicates that
unlike the remotely originating Yellow Sea green tides, the green
tides in the coast of Qinhuangdao originated locally, with the al-
gae source located near the areas that are affected by the green
tide.

The abundance of green algal micro-propagules was mainly
affected by the biomass of mature thalli at the area of their origin
(Song et al., 2015a). The Jinmenghaiwan bathing beach was most
severely affected by the green tides, which could well explain why
during the algal bloom, this station detected significantly higher
levels than other inshore stations. In addition, salinity, temperat-

ure, and nutrient level also affected the release of the green algal
micro-propagules (Taylor et al., 2001; Agrawal, 2009).

Poor seawater quality (specifically eutrophication) has been
indicated as the major cause of most green tides all over the
world (Valiela et al., 1997; Raffaelli et al., 1998; Teichberg et al.,
2010). Dissolved nutrients, and particularly dissolved inorganic
nitrogen (DIN), are important factors driving the growth of mar-
ine macroalgae (Fong et al., 1996). High nutrient concentrations
have been reported to promote the release of green algae micro-
propagules (Li et al., 2009). The affected areas of the Bohai Sea
were adjacent to the estuary of the Tanghe River, where eutroph-
ication was very severe. These hypereutrophic conditions stimu-
lated the rapid growth of macroalgae and the release of micro-
propagules.

The variation in salinity in the inshore areas of Qinhuangdao
was not large and was well within the suitable range for the
growth of Ulva prolifera, which is the causative species of green
tide (Taylor et al., 2001; Fan et al., 2015). Thus, no significant cor-
relation was found between salinity and density of micro-pro-
pagules.

Statistical analysis further indicated that the biomass of mi-
cro-propagules was significantly correlated with sea temperat-
ure. Numerous studies confirmed temperature as the key factor
influencing the release of micro-propagules in green algae in ad-
dition to changing in the biomass of mature thalli (Taylor et al.,
2001; Agrawal, 2009; Liu et al., 2012; Song et al., 2015a). During
the blooms from April and September, changes in sea temperat-
ure may affect both the biomass and the species composition of
the mature thalli in the inshore areas and also influenced the re-
lease of micro-propagules. During winter, the low sea temperat-
ure inhibited the growth of green macroalgae and the release of
micro-propagules (Agrawal, 2009), causing a significant decline
in the number of micro-propagules.

The other function of the micro-propagules is to cope with
harsh conditions and act as a survival stage and “seed” for the
next bloom (Zhang et al., 2010; Song et al., 2015a). In favorable
environmental conditions, the micro-propagules of green algae
attach to suitable substrates and develop into a thalli, which now
become the “algal source” for future blooms (Santelices et al.,
1995; Lotze et al., 2001; Worm et al., 2001). Fang et al. (2012) re-
ported that even after one year of low-temperature and dark
treatments, about 20% of the green algal micro-propagules were
still germinated and developed into mature thalli. Thus, we can
conclude that a small part of Ulva microscopic propagules in the
inshore areas could live through the winter and represented a
large “seed bank”. When environmental conditions in terms of
temperature, salinity, nutrient levels and the presence of suitable
attached substrates became favorable for Ulva species, it resul-
ted in the development of green tide in the coast of Qinhuang-
dao, Bohai Sea.
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