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Abstract

The spectacular massive green tide of Ulva prolifera in the southern Yellow Sea,
which has become a recurrent phenomenon in this region over the last 8 years,
attracted much attention of scientists and local government. Several mechanisms have
been proposed to explain the early development of green tides in the Yellow Sea, but
many questions still remain to be answered. Two years after the first occurrence of
massive green tide in the Yellow Sea, a project in the National Basic Research Priority
Program (973 project) “Succession of Harmful Algal Blooms in the Coastal Waters of
China and the Impacts on Marine Ecosystems (CEOHAB II)” supported by the
Ministry of Science and Technology of China started to perform comprehensive

investigations and studies on the early development of green tides in the western part
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of the southern Yellow Sea. In this introduction, we review the progress in
understanding aspects of green tide dynamics made by researchers working in the
region, and highlight remaining questions.
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1. Background

Blooms of fast-growing macroalgae, sometimes referred to as “green tides”, have
been reported in many coastal areas in recent years (Ye et al., 2011; Smetacek and
Zingone, 2013; Liu et al., 2013). Such macroalgal blooms—often associated with
coastal eutrophication—frequently are detrimental to water-related human activities,
such as tourism and aquaculture, and have multiple deleterious effects on natural
ecosystems (Fletcher, 1996; Valiela et al., 1997; Teichberg et al. 2010; Lyons et al.,
2014).

In 2007, a green tide was observed for the first time in coastal waters of Qingdao,
China. A spectacular massive green tide appeared again in 2008 (Fig. 1), impaired use
of beaches in the region, and posed a significant threat to the Olympic sailing events
planned at the site. To protect use of beaches in Qingdao, and allow the Olympic
events to take place, over 16,000 people were organized to remove the accumulated
algae from the beach, and a long boom was deployed off the shore to prevent floating
green algae from approaching the coast (Fig. 1). Approximately 600 boats were
involved in collecting floating green algae from the sea area surrounding Qingdao,
and eventually, more than 1 million tons of green algae were removed from the coast.
Despite the intensive efforts in removing accumulated algae, the green tide still
significantly damaged the aquaculture industry in that region and led to substantial
economic losses (Wang et al., 2012). The green tide recorded during this period was
the world’s largest macroalgal bloom, in terms of both affected sea area and the
biomass it produced (Liu DY et al., 2009, 2010). Since then, it has become a recurrent
phenomenon appearing every summer, albeit at different biomass levels and area
covered (Xu et al., 2014), within the Yellow Sea (Fig. 2).

The spectacular green tides in the Yellow Sea quickly attracted the attention of
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scientists and local government. A group of scientists was rapidly organized in 2008
to study the mechanisms and impacts of green tides, monitor the events, and devise
mitigation strategies. The major macroalgal species involved in the Yellow Sea green
tides was soon identified as Enteromorpha prolifera Muller (Chlorophyta,
Ulvophyceae), based on morphological features (Zhang et al., 2008; Ding et al., 2009).
The morphologically based identification was further supported by molecular
biological evidence of the internal transcribed spacer (ITS) sequences of ribosomal
rRNA genes and 5S rDNA spacer sequences (Leliaert et al., 2009; Wang et al., 2010;
Liu F etal., 2010; Pang et al., 2010; Duan et al., 2012; Shen et al., 2012). Since the
genus Enteromorpha had been synonymized into the genus Ulva according to
molecular phylogenetic analyses (Hayden et al., 2003), Ulva prolifera has been used
in most recent publications to refer to the dominant green tide species. We also adopt
that nomenclature for this Special Issue.

Ulva prolifera is an opportunistic bloom-forming species widely distributed
around the world (Ye et al., 2012). Bloom-forming U. prolifera in the Yellow Sea
have a complex life history, multiple reproduction modes and a high reproductive rate,
the important mechanisms supporting the formation of green tides. The
bloom-forming U. prolifera proliferates rapidly through sexual, asexual, and
vegetative reproduction (Lin et al., 2008). A 1 cm? blade of U. prolifera can release up
to 6 million spores and 27 million gametes, and 92-97 % of the spores germinate into
young seedlings (Zhang et al., 2013). U. prolifera can efficiently take up nutrients,
particularly organic forms of nitrogen, and shows extremely high growth rates (Luo et
al., 2012). Mean growth rate of U. prolifera ranged about 10-20% per day in coastal
waters of Qingdao; maximum growth rate reached 56.2% per day in an in situ
experiment in Subei Shoal (or Subei Bank in some previous studies) along the coast
of Jiangsu province. Bloom-forming U. prolifera have unique morphological features
(highly branched and hollow tubular thalli with monostromatic walls) that allow
floating; this, combined with fast nutrient uptake and growth rates, facilitate
formation of large-scale green tides.

Ulva prolifera was and is the dominant species responsible for green tides in the
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Yellow Sea (Zhao et al., 2013), but other green algal species are present in the floating
green algal canopies, such as Ulva compressa and Ulva pertusa (Duan et al., 2012).
Using the ITS sequence of ribosomal rRNA genes, Jiang et al. (2008) demonstrated
that floating Ulva in the Yellow Sea clustered into a clade of Ulva
linza-procera-prolifera species complex (LPP species complex), an array that differs
from the major attached Ulva species along the coast of Qingdao. Therefore they
proposed that bloom-forming Ulva did not derive from the local waters in Qingdao.
This idea was further supported by comparisons between the floating and attached
forms of U. prolifera (Wang et al., 2010; Duan et al., 2012).

Remote-sensing of green tides supported the idea of long-distance transport of
floating algae. Satellite images, field observations, and physical oceanographic
modeling all indicated that floating patches of Ulva prolifera were repeatedly formed
in the near-shore water of Jiangsu province (i.e. Subei Shoal, Fig. 3a,b) along the
coast of southern Yellow Sea (Sun et al., 2008; Hu, 2009; Liu DY et al., 2009, 2010;
Keesing et al., 2011; Qiao et al., 2011; Lee et al., 2011). Therefore, Subei Shoal is a
critical area to investigate the mechanisms for the formation and early development of
green tides in the Yellow Sea.

Subei Shoal is a unique intertidal mudflat zone with an area around 22,740 km?
(Li, 2011). It extends over 200 km from the Sheyang River estuary to the Changjiang
River estuary, and 90 km from the shoreline to open sea. Subei Shoal has radial sand
ridges at the bottom that create large tidal excursions and strong tidal currents. Many
rivers discharge into this shallow water region and input very substantial nutrient
loads. The shallow and nutrient-rich water column makes Subei Shoal a propitious
environment for cultivation of the commercially important seaweed Porphyra
yezoensis (Fig. 3c, d). From the 2000s, the flux of nutrients from the major rivers into
Subei Shoal increased significantly (Ma et al., 2010). Rapid expansion of animal
aquaculture industry along the coast of Jiangsu Province also discharged large
amounts of organic nitrogen into the sea (Pang et al., 2010).

Based on the unique features of the Subei Shoal, several mechanisms have been

proposed to explain the early development of green tides in this region. Liu DY et al.
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(2009, 2010) and Keesing et al. (2011) suggested that the rapid expansion of
Porphyra aquaculture was the major reason for the appearance of large-scale green
tides. Several other surveys, however, found none or few Ulva prolifera on the
Porphyra rafts (Pang et al., 2010; Shen et al., 2012) and hypothesized that U.
prolifera might originate from land-based aquaculture ponds, or somatic cells,
vegetative fragments and micro-propagules presented in the coastal waters or
sediments etc. (Pang et al., 2010; Zhang et al., 2010, 2011; Liu F et al., 2012). There
are therefore arguments for different mechanisms for the origin of green tides, as well
as many other questions remaining to be answered: How does U. prolifera recurrently
develop into large-scale green tides in the Yellow Sea? What is the relationship
between green tides and eutrophication and aquaculture activities in this region? Why
did Subei Shoal become the most important region for the development of green tides
in the Yellow Sea? To answer these questions, comprehensive multi-disciplinary
investigations, including biological, chemical, ecological and oceanographic studies
were needed to cover a sufficiently large area and to collect time-series data
concerning the early development of green tides in the Yellow Sea.

In 2009, two years after the first occurrence of massive green tide in the Yellow
Sea, a project in the National Basic Research Priority Program (973 project)
“Succession of Harmful Algal Blooms in the Coastal Waters of China and the Impacts
on Marine Ecosystems (CEOHAB I1)”” was supported by the Ministry of Science and
Technology of China. One of the major tasks of this project was to elucidate the
mechanisms and early development processes of green tides in the Yellow Sea. Many
cruises to Subei Shoal took place, supporting comprehensive investigations on the
western part of the southern Yellow Sea, and monthly investigations in Subei Shoal
acquired time-series data in this region (Fig. 4). The major findings of the project,
together with recent progresses made by other relevant groups, were compiled to form
this Special Issue: “Green tides in the Yellow Sea”.

2. Contributions of the special issue
Fifteen papers are included in this Special Issue, covering a wide variety of green

tide studies, including, among other topics, a rapid method for detection of
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bloom-forming Ulva prolifera, adaptive strategies, physiological and life history
features of U. prolifera, ecological processes related to onset of green tides, and the
relationship between oceanographic conditions of Subei Shoal and the formation of
green tides. The papers in the Issue consider new ideas and update current
understanding of the dynamics of green tides in the Yellow Sea.
2.1 Detection, development, and expansion of green tides in the Yellow Sea
Zhang QC et al. (this issue, a) developed a fluorescence in situ hybridization
(FISH) method to detect bloom-forming Ulva prolifera. This method used a
specifically-designed probe targeting the 5S spacer region of U. prolifera, and could
rapidly identify U. prolifera by fluorescence microscopy and give quantitative
estimates of the proportion of U. prolifera in a green algal sample. This method makes
it possible to perform rapid analyses during the development of U. prolifera blooms.
Song et al. (this issue, a), based on time-series investigations from October 2010
to October 2011 in Subei Shoal, documented year-round abundance of green algal
propagules in waters and sediments. Variation in abundance and distribution of Ulva
propagules in Subei Shoal could be spatially linked to Porphyra cultivation activities
in this region. With the FISH method, Zhang QC et al. (this issue, b) further
confirmed the presence of Ulva prolifera propagules in Subei Shoal, and confirmed
that U. prolifera propagules gave rise to the U. prolifera population attached to
Porphyra culture rafts.

Fan et al. (this issue) analyzed succession of macroalgal species attached to
Porphyra culture rafts, and found that the dominant species in the green algal
community shifted to Ulva prolifera and Blidingia sp. in mid-May. These results are
consistent with results obtained using the FISH method by Zhang QC et al. (this issue,
b). In laboratory studies, Song et al. (this issue, b) found that warmer water
temperatures in May were associated with germination of green algae propagules and
succession in the attached green algal community. These studies also offered strong
evidence for the dominant position of Ulva prolifera in the green algal community
attached to the Porphyra culture rafts in spring.

Liu et al. (this issue) sampled biomass of floating green algae during four cruises
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from May to June of 2012 to investigate the changes in floating green algal biomass,
and trace the expansion of green tide through the southern Yellow Sea. Total biomass
of floating algae quickly increased from ~2,000 tons in early May to 364,000 tons in
early June. They also found that free-floating patches of green algae dominated by U.
prolifera were primarily confined to Subei Shoal in early May, and drifted gradually
to the southern coast of the Shandong Peninsula in one month. No green algae were
found floating into Subei Shoal from other regions of the southern Yellow Sea during
the investigations. During this process, U. prolifera were always dominant, and
dominance increased gradually during drift (Zhang QC et al., this issue, b).

The bloom-forming Ulva prolifera must be well adapted to changes in light
irradiance, particularly at the floating stage. The mechanisms involved in the high
NPQ in Ulva were also characterized, using Ulva linza as a model organism (Zhang
XW et al., this issue).

2.2 Oceanographic characteristics of Subei Shoal and its relationship with green
tides

Bao et al. (this issue) studied trajectories of satellite-tracked surface drifters, and
applied an FVCOM maodel forced by tides and surface winds to define driving forces
for movement of floating green algae in Subei Shoal and the southern Yellow Sea.
Floating algae were transported by tidal residual currents in the channels between the
sand ridges in the shoal. In the southern Yellow Sea, wind became the dominant
forcing underlying the drift of floating green algae. Model simulations indicated that
particles drifted northward with S-SE winds, a pattern consistent with northward
movement of drifters tracked by satellite.

Li et al. (this issue) reviewed the historical patterns of nutrient composition and
concentration in Subei Shoal, and reported a gradual increase of DIN and N/P over the
last 30 years, particularly after 2008. These apparent increases are closely associated
with the increasing input of nitrogen from the Changjiang River and other smaller
rivers along the coast of Subei Shoal.

Sun et al. (this issue) found that bloom-forming Ulva prolifera exhibited a rapid

increase in uptake rates of both nitrate and phosphate when exposed to high
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concentration of nutrients, and U. prolifera could utilize multiple nutrient sources. Shi
et al. (this issue) further addressed the importance of land-based nutrient input in the
formation of green tides, and reported high concentrations of DON in this region
based on the field investigation, which could be used by U. prolifera when inorganic
N was depleted.

2.3 Importance of Porphyra culture rafts in the formation of green tides

The tidal and hydrodynamic conditions, and land-derived delivery of nutrients
taking place in the Yellow Sea, all favor development of the green tides. The actual
sources of the propagules that generate the potential green tides seem likely linked to
the Porphyra culture rafts deployed in this region. Porphyra culture rafts, including
ropes, bamboo poles and nets, offer substantial surfaces for the attachment of green
algal propagules that could, helped by parthenogenesis and other features of growth,
be the founding sources of fronds that become floating green tides. This could be
checked by genomic studies of the attached and floating fronds.

Geng et al. (this issue) found that abundances of green algal propagules attached
to the surface of materials used in Porphyra rafts (plastic, bamboo, jute rope, plastic
rope, nylon and other netting) were significantly higher than those on natural surfaces
(mud, sand, rocks). They concluded that Porphyra rafts must play an important role in
the early development of green tides.

Liu et al. (this issue) suggested that parthenogenesis could play an important role
in the rapid growth of attached U. prolifera populations. Parthenogenetic reproduction
is a common feature of bloom-forming U. prolifera in the Yellow Sea, and
unfertilized gametes could develop into both gametophytes and parthenosporophytes.
This is likely to promote rapid proliferation of U. prolifera populations and could
maintain the unique genetic features of this species.

Zhao et al. (this issue) studied genetic variation and relationships at the
intra-species level among floating and U. prolifera collected from different substrates
in the shores of the Yellow Sea (but not from rafts). They found that floating samples
of U. prolifera from the Yellow Sea, taken during the past 5 years, were genetically

similar and different from non-raft surface attached samples of U. prolifera collected
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from the intertidal zone of the Southern Yellow Sea. In agreement with Wang et al.
(2010) and Duan et al. (2012), Zhao et al. (this issue) proposed that fronds of floating
U. prolifera may derive from a unique ecotype. This finding might suggest that
juvenile algae attached to coastal substrates might not be the source of propagules that
eventually become floating green tides, and cast some doubt about the notion that
coastal maricultural rafts could be involved in green tide origins. There are still
unpublished results, obtained using the same methods, that suggest that U. prolifera
attached on Porphyra culture rafts were genetically the same as floating samples
(Zhang QC, unpublished data). These conflicting results suggest that only those
germlings attached to rafts give origin to floating green tides, a curious and unlikely
prediction. Clearly, more study of these features will be needed.

While much remains to be learned as to the primary origin and mechanisms
creating green tides, we can preliminarily argue, with the information presented in this
special issue, that early development of green tide in Subei Shoal and the southern
Yellow Sea (Fig. 5) may begin as green algal propagules—present year-round in
Subei Shoal—that start to germinate and attach, most likely, to Porphyra culture rafts
when the rafts are established on Subei Shoal during autumn. The attached propagules
grow and gradually dominate the attached green algal community by late April to
early May in the following year, as water temperature turns warm (aquaculture rafts
act as an “amplifier” that spurs early macroalgal abundance and growth). After the
attached green algae are removed from the rafts as the farmers clean them, fragments
of fronds of Ulva prolifera become floating (the role of aquaculture rafts now changes
to that of a “converter” that releases the originally attached macroalgal fragments into
floating form in the sea). The biomass of U. prolifera rapidly increases during floating
in nutrient—rich surface seawater, supported by the remarkably abundant nutrient
supply in Yellow Sea surface waters, and the biomass then drifts widely as a result of
residual tidal currents and wind in the Yellow Sea, with the end result being the

“world’s largest” green tide.

3. Unknown questions and research perspectives
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Although the work reported in this Issue has led to a much better understanding of
green tides in the Yellow Sea, many questions still remain. For example, results
presented in this Issue suggested that bloom-forming Ulva prolifera consist of a
unique ecotype, different from the populations of U. prolifera attached to shore areas
along the coast of Jiangsu, Shandong and Zhejiang provinces. To what extent is this
true? Where did this unique U. prolifera ecotype come from? Is it a modified version
of the original ecotype (i.e., a result of ecophenotypic variation) or an invasive
population of Ulva prolifera?

The green tides in the Yellow Sea generally last for a long time (nearly two
months) and affect a large sea area. The extensive macroalgal canopy must alter
nutrient and other biogeochemical conditions in the water column, and perhps in the
benthos, in a variety of ways and lead to changes in microbial (Zhang XL et al., this
issue) and other communities. The macroalgae seems quite likely to compete with
phytoplankton producers as well. What other ecological consequences result from the
recurrence of green tides in the Yellow Sea? What may be the fate of the considerable
biomass involved in the green tide phenomenon? The rather large amount of floating
algae must be exported somewhere, or the biomass must decay and affect the lower
layers of the water column and the sediments below; both these aspects are currently
unknown.

The results reported in this issue make an initial sortie into potential ways to
develop mitigation strategies, but none have been tested. Once further research
resolves some of these remaining problem areas, we will be in a more effective
position to develop potential mitigation measures that aim to lower incidence of green
tides. Developing such management strategies will not be simple, and will need to
integrate best science results as well as other cultural and economic imperatives.
Application of the basic studies contained in this Issue will be essential to design

useful coastal water quality maintenance plans in the Yellow Sea region.
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Figure captions
Figure 1. Massive green tide appeared in Qingdao (A, B) in 2008. Removal and
containment means applied to remove (C), and limit the expansion (D) of the huge

amounts of accumulated green algae.

Figure 2. Extent and cover of green tides in the Yellow Sea from 2008 to 2014 (data
from the Bulletin of Marine Environmental Status of China, 2008-2014)

Figure 3. Maps of the Yellow Sea (A), Subei Shoal (B) and photos of Porphyra
aquaculture rafts located in Subei Shoal (C, D) in which green color indicated the

green algae attached on the rafts.

Figure 4. Sampling stations of cruises organized by the 973 project in 2012.

Black dots: stations in 8 transects (da, ga, gb, gc, gd, ge, gf, gg and gh) to investigate
the dynamics and distribution of green tides in southern Yellow Sea from Apr. 16 to
Jun. 8 in 2012. White triangles: stations in 5 transects (A, B, C, E, F) to investigate
the distribution of floating green algae and microscopic propagules in Subei Shoal and
their relationship with the raft culture of Porphyra in 2011 and 2012. (Color bar

indicates depth, in m, in the map)

Figure 5. A conceptual model of development of green tides in southern Yellow Sea.
Green algal propagules, including those of bloom-forming Ulva prolifera, are present
around the year in Subei Shoal. After deployment of Porphyra culture rafts in autumn
in the Shoal, propagules of U. prolifera start to attach to the rafts and gradually
dominate the attached green algal community in late April to early May in the
following year. The attached green algae are removed from rafts during the process of
Porphyra harvesting and became a floating algal canopy. Supported by nutrient-rich
seawater in Subei shoal, the floating green algae proliferate rapidly, and move
northward driven by the tidal currents and wind, with the end result being the
“world’s largest” green tide. During this process, the Porphyra culture rafts act as an
“amplifier” that spurs early macroalgal abundance and growth, and a “converter” that

releases the attached macroalgal fragments into the sea in floating form.
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Dedication

This issue is dedicated to the memory and honor of Professor Zhu Mingyuan, late
professor in the First Institute of Oceanography, State Oceanic Administration (SOA).
Professor Zhu worked at SOA since 1977, and his broad expertise covered marine
pigments, primary productivity, harmful algal blooms, coastal eutrophication,
ecosystem dynamics and marine ecosystem management. He was the Co-PI of the
973 project “Ecology and Oceanography of Harmful Algal Blooms in China
(CEOHAB I)”, and scientific advisor of CEOHAB II. Professor Zhu, a leader in work
on the subjects included in this Dedicated Issue, was leading editing work on this
Issue before he unexpectedly passed away in Canada during the PICES annual

conference in 2013.
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