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The green tide-forming macroalga Ulva linza outcompetes
the red macroalga Gracilaria lemaneiformis via allelopathy

and fast nutrients uptake
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Abstract The objective of this study was to evaluate
the interactions between green tide-forming macroal-
gae Ulva linza and red macroalgae Gracilaria le-
maneiformis in the laboratory. The results
demonstrated that the presence of U. linza can restrict
growth (9-31 %) and photosynthesis (25-85 %) of G.
lemaneiformis. In contrast, G. lemaneiformis had little
apparent effect on the growth of U. linza. Culture
medium experiments confirmed that allelochemicals
may be released by both the tested macroalgae. The
causative mechanism for the growth and photosyn-
thesis inhibition of G. lemaneiformis was not light
limitation nor increase of pH, but a combination of
allelopathic effects of U. linza and nutrient competi-
tion between the two macroalgae. Moreover, the
“green tide” macroalga U. linza was a stronger
competitor for nutrient than G. lemaneiformis. The
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results from this study provide evidence for the
mechanisms of “green tide” formation by U. linza:
potent allelopathic effects on G. lemaneiformis and
faster nutrients uptake than its competitors.
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Introduction

The structure, functioning, and dynamics of marine
algal communities are not merely an assemblage of
species populations in a given area, but governed by
various positive, negative, or indifferent interactions
between species and by interactions of species with the
environment. A number of previous studies demon-
strated that both positive and negative interactions
exist among primary producers (Gross 2003; Vermeij
et al. 2011). Aquatic macrophytes may produce toxic
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substances to defend themselves against herbivores or
other phototrophic organisms in competition for light
and nutrients (Mulderij et al. 2005; Wang et al. 2007;
Huo et al. 2011). This phenomenon of interactions
among living plants was named allelopathy by Molish
(1937). The allelopathic relationships between micro-
algae and macroalgae have been investigated previ-
ously, and macroalgae have been found to be feasible
and efficient biological inhibitors of harmful algal
blooms (HABs) because of their environmentally
friendly features (Jeong et al. 2000; Wang et al. 2007,
2009; Nan et al. 2008; Tang and Gobler 2011).

“Green tides” are a special type of “HABs” which
have been increasing in severity and geographic range
and are now a growing concern globally (Ye et al.
2011). Researchers have shown that the spread and
decomposition of “green tide” macroalgae have a
negative impact on other species and/or the environ-
ment. For example, they can lead to the uncoupling of
biogeochemical cycles in sediments from those in the
water column (Valiela et al. 1997), have a negative
effect on sea grass beds due to shading and disruption
of feeding by wading birds (Raffaelli et al. 1998),
cause the development of a lethal environment due to
oxygen deficiency (Charlier et al. 2007), and lead to a
shift from a high-diversity mixture to low-diversity
assemblages of fast-growing annuals (Worm et al.
2001; Ye et al. 2011). To date, the mechanisms
underlying the negative impacts of green tide-forming
macroalgae during their coexistence with other spe-
cies remain unclear except for clues from a few
studies. Svirski et al. (1993) found that Gracilaria spp.
cultured in the presence of Ulva lactuca exhibited
growth inhibition, but it was not due to shading or
nutrient depletion but rather seemed to be caused by
competition for inorganic carbon or some type of
allelopathy. Friedlander et al. (1996) later confirmed
that extracts derived from seawater in which U. cf.
lactuca was cultured in advance had an allelopathic
effect on Gracilaria spp.

Ulva linza is a “green tide” macroalga distributed
naturally along the coast from the Liaodong peninsula
to Hainan Island, China, and it grows well from March
to May in northern China (Mu et al. 2010). U. linza
reportedly can cause rapid lysis of Prorocentrum
micans (Jin et al. 2005). Gracilaria lemaneiformis is
an economic red macroalgae distributed naturally
along the coast of Shandong Province and grows well
from spring to late autumn in northern China. Thus, U.
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linza and G. lemaneiformis overlap in geographical
distribution and growth periods for about 3 months
(Brawley and Fei 1988; Zhou et al. 2006).

The purpose of this study was to provide a new
insight into the ecological impacts of the “green tide”
macroalga U. linza on its community and seaweed
cultivation, and into the control of “green tides” by
understanding the ecological relationship between U.
linza and G. lemaneiformis in the co-culture system,
and by determining if there are positive or negative
effects on each other. To examine these effects,
manipulative experiments were conducted in the
laboratory, and physiological parameters, such as
algal growth, algal photosynthesis, nutrient assimila-
tion, and change in pH in the culture medium, were
measured.

Materials and methods
Sampling and culture conditions

Ulva linza and G. lemaneiformis were collected in
May 2011 from the intertidal zone of Sungo Bay,
Weihai, Shandong Province of China. In the labora-
tory, the intact and healthy samples were washed
several times with sterile seawater, and treated with
1 % sodium hypochlorite for 2 min, and then rinsed
with autoclaved seawater (McLachlan 1979; Garcia-
Jimenez et al. 1999; Zhang et al. 2010). Both U. linza
and G. lemaneiformis were pre-cultured in f/2 medium
in an incubator without additional N or P supplemen-
tation for 48 h before running the experiments. The
temperature was maintained at 15 °C. Illumination
was provided by cool-white fluorescent lamps at
100 pmol photons m~2 s™! on a 12:12-h light:dark
cycle. All cultures were shaken manually at fixed
times twice every day. The pH and salinity of the
seawater used for the experiments were 8.0 £ 0.01
and 30 + 0.01, respectively.

Effects of fresh U. linza thalli on G. lemaneiformis
and fresh G. lemaneiformis thalli on U. linza

In order to determine the effects of the presence of
fresh U. linza thalli on the growth of G. lemaneiformis,
samples (1.25 g wet weight L") of the latter were co-
cultured with four different amounts of U. linza (0,
1.25, 3.75, and 6.25 g wet weight Lfl, marked as 1G
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(control), 1G1U, 1G3U, and 1G5U, respectively). The
experiments were conducted in 500-mL flasks con-
taining 400 mL of {/2 culture medium supplemented
with 240 pmol L™' NaNO; and 30 pmol L™
KH,PO, at 15 °C, and illuminated at 100 pmol
photons m~2 s~ '. Correspondingly, to determine the
effects of the presence of G. lemaneiformis thalli on
the growth of U. linza, samples (1.25 g wet weight
L) of the latter were co-cultured with four different
amounts of G. lemaneiformis (0, 1.25,3.75,and 6.25 g
wet weight L~ !, marked as 1U (control), 1UI1G,
1U3G, and 1U5G, respectively) under the same
culture conditions as described above. All experiments
in this study were conducted in triplicate, and sterile
techniques were used in all experimental steps. These
experiments lasted for 96 h. Macroalgae growth was
estimated by monitoring changes in algal wet weight
at 0, 48, and 96 h. The detailed procedures included:
(1) collecting the thalli samples from culture medium;
(2) drying the thalli samples with 5 layers of filter
papers three times, 10 min each time; (3) measuring
the fresh wet of thalli samples. All procedures were
performed on clean benches, and filter papers were
sterilized by ultraviolet light.

Nutrient analysis

During the experiments, water samples (5 mL) were
collected at 0, 12, 24, 48, and 96 h of incubation and
filtered immediately through acetate cellulose filters,
then frozen in polyethylene centrifuge tubes for
storage until analysis. Concentrations of nitrate
(NO3—-N) and phosphate (PO4,—P) were analyzed
photometrically using an AutoAnalyzer (BRAN and
LUEBBE AA3, Germany).

Assessment of chlorophyll fluorescence

The efficiency of photosystem II [Y(II)] is the most
important one among chlorophyll fluorescence param-
eters used to assess the ability of photosynthesis. It
represents the proportion of light absorbed by PSII that
is used in photochemistry and hence indicates overall
photosynthesis. And its change trend can signify the
degree of damage of algal cells (Scebba et al. 2006;
Gao et al. 2012, 2013). Photosynthetic efficiency Y(II)
of algal samples was measured using the pulse—
amplitude modulated method on a Dual-PAM-100
(Walz, Effeltrich, Germany) connected to a PC

running WinControl software. Values were calculated
as follows: Y(II) = (F,/ — F)/F,’. The real-time
fluorescence yield F, was obtained by averaging the
fluorescence readings within 0.2 s and the maximum
fluorescence yield (F,’) was detected when the
samples were illuminated by actinic light at 100 pmol
photons m~2 s~ '. The procedures were according to
directions for the instrument and Bilger and Bjérkman
(1990), Krause and Weis (1991), and Gao et al. (2012;
2013).

pH monitoring

Culture medium of samples was also monitored for pH
levels during the experiments. Measurements were
performed using a pH meter (Thermo Scientific Orion
Star Series™ Benchtop pH meter, £0.01 unit,
calibrated prior to each use with NIST traceable
standards).

Effects of culture filtrate of U. linza on G.
lemaneiformis and of G. lemaneiformis on U. linza

Macroalgae culture medium was prepared by sepa-
rately culturing G. lemaneiformis and U. linza in
sterilized seawater at amount of 10 g wet weight L™
for 48 h without nutrient enrichment. Thereafter, the
macroalgae thalli were removed and the macroalgae-
free culture medium was filtered through 0.45-pum
acetate cellulose filters and the filtrates with f/2 mother
solution was the medium for experiments to study the
effects of culture filtrates on fresh algal thalli at a
concentration of 1.25 g wet weight L', The media
containing culture filtrates were resupplied with
supplemented macronutrients every 24 h, and the pH
was adjusted to 8.0 & 0.01 using 0.2 mol L' HCI or
0.2 mol L™! NaOH every day. The culture system was
kept at 15 °C with a light intensity of 100 pmol
photons m s ' and a 12:12-h light:dark cycle. The
experiments lasted for 96 h, and parameters including
algal growth and photosynthesis were monitored using
the methods described above.

Statistical analysis
The significance of the variance between treatments
was analyzed using two-way ANOVA by the software

SPSS 17.0. Post hoc tests were examined using
Tukey’s test for two-way ANOVA and Dunnett’s test
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Fig. 1 Effects of different amounts of U. linza on G.
lemaneiformis in fresh thalli batch co-culture experiment.
a Growth-inhibition effects, b photosynthetic effects, ¢ the
correlation between growth rate and photosynthetic efficiency
Y1)

for multivariate ANOVA. The assumptions of homo-
geneity of variance and normality were assessed by
scatter plots of residuals and normal curves of
residuals, respectively. The significance level was set
at 0.05 for all tests unless otherwise stated.

Results
Effects of fresh U. linza thalli on G. lemaneiformis

In the fresh thalli co-culture experiment, the presence
of U. linza significantly suppressed the growth
(Fig. 1a) (two-way ANOVA, p < 0.001) and photo-
synthesis (Fig. 1b) (two-way ANOVA, p < 0.001) of
G. lemaneiformis along with incubation time of 96 h.
At the end of the experiment, the biomass of the
monocultured G. lemaneiformis (1G) increased by
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11.7 % and Y(II) increased by 12.1 %. In contrast, G.
lemaneiformis biomass was reduced by 9.4, 13.3, and
30.6 % in the three co-culture systems (1G1U, 1G3U,
and 1G5U), respectively. Y(II) of G. lemaneiformis co-
cultured with the three U. linza treatments followed a
concentration-dependent trend and decreased by 27.2,
39.2, and 84.7 %, respectively. By linear regression
analysis, growth rate and Y(II) of G. lemaneiformis
were positively correlated (R* = 0.916) in both the
monocultured and co-cultured systems (Fig. 1c). The
photographs in Fig. 2 show the morphological
changes of G. lemaneiformis when cultured with
different amounts of U. linza at 48 h. In the co-culture
experiment, the tinct of G. Lemaneiformis faded and
intenerated with the passage of time, the more of the
U. linza biomass, the heavier the color fading and
decomposition (Fig. 2a, b, c, d).

Effects of fresh G. lemaneiformis thalli on U. linza

Ulva linza grew well both in monoculture and in co-
cultures with G. lemaneiformis. Two-way ANOVA
analysis indicated that different quantities of G.
lemaneiformis had no significant effects on the growth
of U. linza compared to the control (two-way
ANOVA, p = 0.799). By the end of the experiment,
the biomass of monocultured U. linza (1U) increased
by 40.3 % and that in the three co-culture treatments
(1U1G, 1U3G, and 1U5G) increased by 39.0, 38.4,
and 30.9 %, respectively. Although the presence of
higher quantities of G. lemaneiformis resulted in lower
values of Y(II) for U. linza, the difference was not
significant (two-way ANOVA, p = 0.308) (Fig. 3a).
Y(1I) of U. linza first increased and then decreased in
both monoculture and co-culture. After 96 h, Y(II) of
U. linza had increased by 12.5 % in monoculture (1U)
and 10.5, 9.3, and 1.2 % in the three co-culture
treatments (1U1G, 1U3G, and 1US5G), respectively
(Fig. 3b). Via linear regression analysis, a positive
correlation (R2 = 0.713) between growth rate and
photosynthetic efficiency Y(II) of U. linza was
obtained in both the monoculture and co-culture
systems (Fig. 3c).

Nutrient changes in fresh thalli co-culture
Figure 4 shows the changes in nutrient concentration

over culture time in the co-culture experiments. Two-
way ANOVA analysis demonstrates that both NO3;—N
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(a)

Fig. 2 Morphological changes of G. lemaneiformis after 48 h
in the fresh thalli batch co-culture experiment. a the control
without U. linza addition; b G. lemaneiformis (1.25 g wet
weight L") co-cultured with 1.25 g wet weight L™" of U. linza;

and PO4—P concentrations significantly declined with
time in both fresh thalli co-culture systems (two-way
ANOVA, p < 0.001). In the G. lemaneiformis mono-
culture, the concentrations of NO3;—N (Fig. 4a) and
PO4-P (Fig. 4b) decreased by about 36.9 and 30.5 %,
from an initial 240 to 151.36 pmol L™ and from an
initial 30 to 20.86 pmol L~ ! after incubation for 96 h,
respectively. NO3;—N (Fig. 4c) and PO4—P concentra-
tions (Fig. 4d) in monocultured U. linza decreased to
much lower levels, from an initial 240 to 0 pumol L}
and from an initial 30 to 0.8 pmol L™" after 96 h of
incubation, respectively. In the G. lemaneiformis co-
cultured with three concentrations of U. linza, NO;—N
concentration decreased from 240 to 107.07, 62.36,
and 27.29 pmol L™ (Fig. 4a), and for U. linza co-
cultured with three concentrations of G. lemaneifor-
mis, NO3-N concentration decreased from 240 to
107.17, 89.48, and 27.18 pmol L' after 96 h of
incubation (Fig. 4c). The decrease of NO3-N was
faster in the monoculture control of U. linza than that
in the co-cultures of U. linza and G. lemaneiformis.
The concentrations of PO,—P, however, displayed a
different pattern compared to that of NO3;—N when the
thalli addition exceeded 1.25 g wet weight L™". In the
1G3U and 1G5U co-cultured systems, the PO4,—P

¢ G. lemaneiformis (1.25 g wet weight L™") co-cultured with
3.75 g wet weight L™ of U. linza; d G. lemaneiformis (1.25 g
wet weight L™") co-cultured with 6.25 g wet weight L™" of U.
linza

concentration declined significantly to 2.98 and
0.87 pumol L~! after 12 h of incubation, respectively,
and the concentration reached zero after 24 h of
incubation (Fig. 4b). However, in the 1U3G and 1U5G
co-cultured systems, PO,—P concentration decreased
gently to 1.78 and 1.41 pmol L™' after 96 h of
incubation, respectively (Fig. 4d).

pH changes in fresh thalli co-culture

The pH of the culture medium used in the monoculture
and co-culture systems was initially 7.97. Over time,
the pH values in all treatments increased (Table 1). A
clear biomass-dependent relationship was observed
between the initial concentration of fresh thalli (either
U. linza or G. lemaneiformis) and pH values measured
after 96 h of incubation (Table 1). The pH values
increased from 7.97 to 9.98, 10.13, 10.18, 10.02 and
10.06 in 1G1U, 1G3U, 1G5U, 1U3G, and 1U5G co-
culture systems after 96 h cultivation, respectively.

Effects of macroalgae culture filtrate

Figures 5 and 6 show the results of the experiments in
which U. linza or G. lemaneiformis was cultured with
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the macroalgae culture filtrate of G. lemaneiformis or
U. linza, respectively. The U. linza culture filtrate
dramatically inhibited growth (two-way ANOVA,
p < 0.001) and Y(II) (two-way ANOVA, p < 0.001)
of G. lemaneiformis in comparison to the control.
After 96 h of incubation, the biomass (Fig. 5a) and
Y(IlI) (Fig. 5b) of G. lemaneiformis decreased by 11.4
and 50.1 %, whereas that in the control increased by
11.7 and 12.2 %, respectively. In contrast, the G.
lemaneiformis culture filtrate had no significant effect
on the growth (two-way ANOVA, p = 0.831), but
significant influence on Y(II) (two-way ANOVA,
p < 0.001) of U. linza over the course of the exper-
iment compared to the control (Fig. 6a) and Y(II)
(Fig. 6b). After 96 h of incubation, the biomass of U.
linza in this treatment increased by 53.5 and 4.3 %,
respectively.

Discussions

Although algal blooms, including those considered
disastrous, can be natural phenomena, the global
problem of “green tides” has increased over the last
three decades both in extent and in how it is perceived
by the public (Ye et al. 2011). They are great threats to
fisheries, public health, and economies around the
world (Tang and Gobler 2011). Whether or not algal
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Table 1 Changes of pH values with culture time in the fresh thalli co-culture
Time (h) Treatment 1 Treatment 2
1G 1G1U 1G3U 1G5U 1U 1U1G 1U3G 1U5G
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Fig. 5 a Effects of U. linza culture filtrate on growth and
b photosynthetic efficiency Y(II) of G. lemaneiformis (Control
and treatment represented G. lemaneiformis cultivated in /2
medium with sterilized sea water and filtrate of U. linza medium,
respectively)

blooms cause net increases in local or regional species
biodiversity or exclude native algal assemblages is a
controversial issue (White and Shurin 2011). How-
ever, some reports demonstrated that algal blooms can
bring negative impacts on the neighbors. Ulva cf.
lactuca, which is one of the causative agents of “green
tides”, reportedly can produce toxic substances that
negatively affect other species in the community and
lead to reductions in primary productivity and biodi-
versity (Friedlander et al. 1996).

Multiple factors, such as resource competition (Huo
et al. 2011), environmental factors (Wang et al. 2009),
potential effects of materials density (White and
Shurin 2011), and negative allelopathy (Tang and
Gobler 2011), may account for negative interactions
among species. Huo et al. (2011) indicated that the
growth of Karenia mikimotoi was suppressed by
Gracilaria verrucosa mainly through competition for

Time (h)

Fig. 6 a Effects of G. lemaneiformis culture filtrate on growth
and b photosynthetic efficiency Y(1I) of U. linza (control and
treatment represented U. linza cultivated in /2 medium with
sterilized sea water and filtrate of G. lemaneiformis medium,
respectively)

nutrients, especially nitrogen. The results of the
present study demonstrated that the “green tide”
macroalga U. linza was able to restrict the growth and
photosynthesis of G. lemaneiformis. In contrast, G.
lemaneiformis had little effect on the growth of U.
linza.

In the present study, high-level nutrient assimila-
tion clearly occurred and U. linza exhibited higher
nutrient uptake than G. lemaneiformis. In the culture
filtrate of U. linza in which nutrients were added every
24 h, both growth and Y(II) of G. lemaneiformis were
significantly inhibited by 11.4 and 50.1 % in compar-
ison to the control, which suggests that allelochemi-
cals released by U. linza may contribute to these
negative effects. Meanwhile, the increasing rate of
biomass and photosynthesis of target species
decreased gradually with increasing biomass of U.
linza or G. lemaneiformis added in the fresh thalli co-
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culture system. Moreover, the inhibition extent of the
two parameters of G. lemaneiformis from the culture
filtrate was slighter than those from the high biomass
fresh thalli co-culture systems (1G3U and 1G5U).
Thus, potential effects of materials density should not
be neglected in haste in our experiments, and it might
come from the increasing overall algal density and the
interspecific competition for nutrient. After all, more
biomass in culture system leads to more serious
nutrient limitation and more fierce competition. White
and Shurin (2011) manipulated Sargassum muticum in
the low intertidal zone to test its effects via both light
and space competition at different densities over two
consecutive growing seasons and found non-linear,
density-dependent effects of S. muticum on native
macroalgae richness.

Previous studies have also shown that macroalgae
can change the pH of the culture medium and make it
unsuitable for microalgal growth (Schmidt and Han-
sen 2001; Lundholm et al. 2005). In the present study,
the pH levels in G. lemaneiformis co-cultured with
various quantities of U. linza increased significantly
(range 7.97-10.19) compared to that in monocultured
G. lemaneiformis (range 7.97-9.06) (Table 1). U.
linza displayed higher values of photosynthesis than
G. lemaneiformis. Two previous studies showed that
high rates of photosynthesis may draw down CO, and
increase pH levels, and high pH has been invoked to
account for the allelopathic affects of some autotrophs
(Schmidt and Hansen 2001; Lundholm et al. 2005).
Thus, it seemed that high photosynthesis levels of U.
linza leading to pH increase might account for the
negative effects on G. lemaneiformis. However, the
existence of allelopathic effects of U. linza on G.
lemaneiformis cannot be concluded based only on this
result. In the culture filtrate experiments (Fig. 5), in
which pH was adjusted to 8.0 & 0.01 every 24 h, both
growth and Y(II) of G. lemaneiformis were also
dramatically inhibited. These data show that the high
pH increase was not responsible for the observed
negative effects on G. lemaneiformis.

Light limitation was another factor that may play a
role in the interactions. For example, Sargassum
muticum at high cover excluded native species and
reduced richness through light competition by shading
smaller, understory macroalgae (White and Shurin
2011). However, the light limitation could be elimi-
nated in the present study. Firstly, the fresh algae were
incubated in 500-mL flasks containing 400 ml of
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culture medium, so the space was large enough for the
samples to grow normally. Secondly, the experiment
was conducted in an illuminated incubator at
100 pmol photons m™2 s~ ' provided from all direc-
tions. And thirdly, all the flasks were shaken manually
twice every day at fixed times, and the materials could
change their positions to receive enough illumination
in the culture medium.

Our results show that allelochemicals released by
U. linza and nutrient competition may be the two key
causes for the negative effects on growth and Y(II) of
G. lemaneiformis co-cultured with U. linza. Inhibition
of phytoplankton by exudates from macrophytes has
been observed in many studies (Mulderij et al. 2005;
Wang et al. 2009; Tang and Gobler 2011). The extent
of the allelopathic inhibition of G. lemaneiformis
growth by U. linza in our study (9-31 %) is similar to
inhibitory effects reported for other macrophytes. For
instance, the presence of the aquatic macrophyte
Stratiotes aloides led to 14-80 % growth inhibition of
the green alga Scenedesmus obliquu (Mulderij et al.
2005). Tang and Gobler (2011) reported that the
addition of live U. lactuca thalli in bottle and
mesocosm experiments consistently led to >50 %
reduction in cell densities of Aureococcus ano-
phagefferens in 48 h.

“Green tides” are great threats to fisheries, public
health, and economies around the world (Ye et al.
2011). In order to understand and control free-floating
macroalgae blooms, many studies have focused on
identifying the mechanism that triggers them. One
hypothesis about the possible triggering mechanisms
of “green tides” is the presence of elevated nutrient
levels in coastal waters, or coastal eutrophication.
Many biotic and abiotic factors produce excess
nutrients, thereby elevating nitrogen and phosphorus
content and causing eutrophication. This in turn
triggers blooms of green macroalgae such as U.
prolifera and U. linza (Worm et al. 2001; Charlier
et al. 2008). Apart from excess nutrient loadings,
growing greenhouse gas emissions have raised the
ocean temperature, and global warming may
strengthen the rapid expansion of “green tides”. The
human removal of native species may be another
causative mechanism for “green tide” blooms (Beh-
renfeld 2011). Valentine and Johnson (2003) found
that removal of the native canopy resulted in a
significant increase of the introduced kelp Undaria
pinnatifida on the substratum. The last and the most
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important reason for the increase in “green tides” may
lie in the features that give them a competitive edge for
rapid and successful colonization in eutrophic condi-
tions: copious production of reproductive spore
bodies, high and rapid inorganic nitrogen uptake and
storage, and a wide tolerance for adverse environ-
mental conditions (e.g., temperature, light intensity,
salinity, and anoxia) (Fu et al. 2008; Ma et al. 2009;
Gao et al. 2010; Zhang et al. 2010). Furthermore,
results of the present study indicate that the allelo-
pathic effects of “green tide” algae represent another
important reason for large-scale blooms. The conse-
quence is that biodiversity reduction and reconstruc-
tion of the community caused by “green tides” may
increase the scale and frequency of blooms.

The results of the present study help to reduce the
large gap in the existing knowledge about allelopathic
interactions between “green tide” macroalgae and
other macroalgae species. However, our conclusions
are elementary and based on laboratory experiments.
Moreover, “green tides” are no longer related only to
specific species in specific estuaries or coastal areas.
To gain more insight into the role of “green tides” and
to understand the ecological importance of allelo-
pathic interactions, it is necessary to conduct field or
enclosure experiments that focus on the effects of
“green tide” macroalgae on the whole phytoplankton
community in different seasons. Furthermore, identi-
fying metabolites secreted by “green tide” macroal-
gae is essential to understanding their strong inhibitory
effects.

Conclusions

The green tide-forming macroalga U. linza was found
to be able to significantly restrict growth and photo-
synthesis of G. lemaneiformis when they were co-
cultured in the same environment. The causative
mechanism for the reduced growth and photosynthesis
observed in G. lemaneiformis from U. linza was not
light limitation and change of pH, but combination of
allelochemicals released by U. linza and nutrient
competition. The results from this study provide
evidence for the mechanisms of “green tide” forma-
tion by U. linza: potent allelopathic effects on and
faster nutrients uptake than its competitors such as G.
lemaneiformis.
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