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Abstract

Mass cultivation of the chlorophyte Chaetomorpha crassa has the potential to serve as a biological filter for the reduction of
eutrophication in summertime Japanese waters. In order to clarify the suitability of C. crassa for this purpose, seasonal changes in
its photosynthesis, growth, NOs;—N uptake, nitrogen content, and salinity tolerance were investigated trimonthly from May 2011
to February 2012, with samples collected in Nagatsuraura Lagoon, northern Japan. Significant effects of seawater temperature on
photosynthesis, growth, and nitrogen accumulation were also detected in all four seasons, and all parameters at summer temper-
atures (24-28 °C) were significantly greater than those at the temperatures of other seasons (8—20 °C). Moreover, compared to the
other three seasons, C. crassa showed significantly higher growth rates at 164 psu and higher survival percentages at 82 psu
during the summer. In conclusion, due to its high capacity for growth and nitrogen accumulation, and greater physiological
tolerance of low salinity during the elevated temperature period, large-scale cultivation of C. crassa could play a significant role
in the bioremediation of both saline and brackish waters during summer.
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Introduction years because of its simplification and lower cost. To date, a
number of studies have investigated the bioremediation poten-

Over the last several decades coastal waters worldwide have  tial of different seaweed species, particularly Ulva spp.

become increasingly eutrophic as a result of runoff from land-
based agriculture, huge fish aquaculture grounds, and other
anthropogenic activities (Naylor et al. 2000; Read and
Femandes 2003). The high nutritional status alters the charac-
teristics of the ecosystem and causes a series of ecological
events, including red tides, green tides and other disasters
(Nagasoe et al. 2010; Glibert et al. 2011; Schumacher et al.
2014). Among the different methods for reducing eutrophica-
tion, seaweed cultivation is receiving more attention in recent
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(Msuya et al. 2006; Yokoyama and Ishihi 2010; Nielsen
et al. 2012), Gracilaria spp. (Hernandez et al. 2006; Yang
et al. 2015), Porphyra/Pyropia spp. (Kraemer et al. 2004;
Carmona et al. 2006), and kelps (Reid et al. 2013; Marinho
etal. 2015; Augyte et al. 2017). These previous studies found
that mass cultivation of seaweeds can assimilate large
amounts of nutrients and may alleviate eutrophication prob-
lem in saline waters. However, very few studies have focused
on the application of seaweeds for the bioremediation of
brackish waters. More information on basic ecology is essen-
tial in order to select suitable species to serve as nutrient scrub-
bers and reduce eutrophication in hyposaline conditions.

The filamentous green macroalga Chaetomorpha crassa
(C. Agardh) Kiitzing is widely distributed in shallow waters
throughout the world (Yoshida 1998; Lourenco et al. 2005;
Bolton et al. 2007). On the coast of Japan, this species is
abundant in both saline and brackish waters, sometimes
forming dense mats on the sediment surface, even in aquacul-
ture facilities (Yoshida 1998). Recently, high contents of crys-
talline cellulose (feedstock) have been found in the thalli of
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Chaetomorpha species, indicating a high potential for
bioethanol production (Bastianoni et al. 2008; Wang et al.
2011). Due to its great potential value for bioenergy industry,
a better understanding of the basic biology of C. crassa is
essential. To date, however, except for the work of authors
of this paper, no other studies have focused on this species.

In a previous paper (Gao et al. 2017b), we studied the
physiological differences of three Japanese Chaetomorpha
species (C. crassa, C. moniligera, and C. spiralis). We
observed that C. crassa had higher growth rates and toler-
ance for heat stress than the other species. As a result,
C. crassa was confirmed as an ideal choice for mass cul-
tivation aimed at producing bioethanol and reducing sum-
mertime coastal eutrophication. However, in order to more
fully determine the suitability of C. crassa as a biofilter, it
is necessary to examine seasonal patterns in its growth and
nutrient bioremediation abilities. In addition, to clarify the
suitability of this species for use in brackish waters, its
salinity tolerance should be compared among seasons. In
general, growth, morphology, and carbon and nitrogen con-
tents of many seaweeds exhibit seasonal patterns related to
environmental factors, such as seawater temperature (Sjotun
et al. 1996; Brenchley et al. 1998; Skriptsova et al. 2004;
Periyasamy et al. 2014). However, very few investigations
have been conducted on the species-specific phenology of
members of the Chaetomorpha genus (but see Zhang et al.
2015).

The objective of the present study was to examine the sea-
sonal variations in the growth, nutrient accumulation, and sa-
linity tolerance of C. crassa and to evaluate whether the spe-
cies is a suitable candidate for reducing coastal eutrophication
on the northern coast of Japan.

Materials and methods
Sample collection and maintenance

Thalli of Chaetomorpha crassa were collected from natural
populations in the lagoon of Nagatsuraura (38° 55’ N, 141° 46’
E), northern Japan in May (spring) 2011, August (summer)
2011, November (autumn) 2011, and February (winter) 2012.
The surface seawater temperatures at the study site were also
monitored monthly using a standard thermometer during
April 2011 and March 2012. Samples were transported imme-
diately to the laboratory using insulated cooler boxes filled
with seawater. These thalli were rinsed several times with
sterilized seawater to remove diatoms and detritus. After each
sampling trip, healthy thalli were selected and cut into more
than 800 fragments, each about 3 cm long, for subsequent
experiments. They then were cultured in several large flasks
containing 4 L of enriched 25% PESI medium (Tatewaki
1966), which was made using sterilized seawater from the
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coast of Ishinomaki with a salinity of 32 psu and a pH of
8.0. These fragments were maintained at the surface tempera-
ture measured during each collection trip, with an irradiance
of 40 pmol photons m > s~ and 12:12-h light/dark cycle for
1 day in order to reduce the negative effects of sample
processing.

Photosynthesis

A differential gas volumeter called a “product-meter”
(Yokohama et al. 1986) was used to measure photosynthetic
rates. To take measurements, two fragments were placed in a
reaction vessel containing 10 mL of sterilized seawater with
25% PESI. A compensation vessel containing only 10 mL of
sterilized seawater was prepared as a control. The reaction and
compensation vessels were attached to Product-meters
and immersed in a thermostat-controlled water bath
(Taitec CL—-150F, Japan) that was maintained at a constant
water temperature and shaken by means of a motor drive
at 150 rpm. The vessels were illuminated from below with
photo slide projector lamps (Elmo S-300, Japan) and with
incandescent lamps (Philips KP-10s 100 V, 300 W;
Japan). The light was reflected by mirrors placed under
the water bath. Irradiance was regulated using neutral
density glass filters (Toshiba TND-50, 25, 12.5, Japan)
and measured with a quantum photon meter (LI-COR
LI-192S, USA). The fragments were cultured for 30 min
to allow them to adapt to the experimental temperature.
After this equilibration period, their oxygen production
was measured ten times at 3-min intervals.

To measure photosynthesis, these fragments were subjected
to seven different seawater temperatures (8, 12, 16, 20, 24, 28,
and 32 °C) with an irradiance of 180 pmol photons m 2 s .
Sixteen fragments were used for each experimental treatment.
The fresh weights of these fragments were measured after the
experiments. The initial nutrient concentrations of the sterilized
seawater were set to 0.4 mg L' for NO;—N and NH,~N and
0.08 mg L™ for PO,~P.

NO;-N uptake

The product-meter was also used for measurement of up-
take rates of NO;—N by comparison of the concentrations
of medium (sterilized seawater with 25% PESI) between
reaction and control vessels. After a 60-min shaken incu-
bation of the fragments, the medium from reaction vessels
and control vessels was collected separately, and the up-
take rate of NO3—N was obtained from the differences be-
tween the concentrations analyzed by the auto-analyzer
(TRAACS 800, Bran—Luebbe, Japan). To measure the up-
take rates of NO;—N, these fragments were subjected to
five different temperatures (16, 20, 24, 28, and 32 °C) with
an irradiance of 180 pumol photons m 2 s~!. Sixteen
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fragments were used for each experimental treatment, and
the fresh and dry weights of these fragments were mea-
sured after the experiments. The uptake rates of NO3;—N
were estimated using the following equation:

Vap = (S=Sisr) x 0.01/(DW x T)

where Vyp = uptake rate of NO3;—N (mg g 'h™h); ¢ =time
(h); T = time interval (h); S; = initial concentration at time ¢
(mg LY S,, = final concentration at time ¢+ T (mg LY
and DW = dry weight of the fragments.

Growth and tissue nitrogen content

After each collection, a culture experiment was carried out over
aperiod of 12 days at seven temperatures: 8, 12, 16, 20, 24, 28,
and 32 °C. Each temperature treatment had four replicates.
During each experiment, a 12:12-h light/dark cycle was main-
tained, with an irradiance of 180 pmol photons m *s ™' provid-
ed by 40 W cool-white fluorescent tubes. The experiments used
28 side-arm flasks, with each flask containing 500 mL of sea-
water enriched with 25% PESI medium amended with 1.5 mL
GeO, (3 ug mL ™) to eliminate the growth of diatoms. Ten
thallus fragments were put into each flask, which was then
gently aerated. The culture medium in each flask was changed
every 3 days, at which times GeO, was also added. During the
culture period, these fragments were observed daily and the
number of surviving fragments was recorded. When decay or
discoloration extended to more than half of the fragment, it was
considered to be dead. The fresh weights of all fragments prior
to the experiments, and the weights of the surviving fragments
at the end of the incubations, were measured after each thallus
was blotted dry. The relative growth rate (RGR % day ') of
each replicate was calculated using the following equation
(Bird et al. 1979; Ohno et al. 1994):

RGR (%day ') = 100 In (W,/W,)/t

where W, is the average initial fresh weight, W, is the final fresh
weight after the experiments, and ¢ is the number of days.

For all temperature treatments, eight surviving fragments
after incubation were selected and placed into screw-top bot-
tles and dried in a convection oven at 60 °C for 12 h. After
their dry weights were measured, these fragments were
crushed and analyzed for tissue nitrogen contents using an
Elemental Analyzer (Eager 200; Fisons Instruments/Thermo
Fisher Scientific, USA).

Salinity experiments

To compare the salinity tolerance of C. crassa among different
seasons, a series of culture experiments were conducted for
12 days at five salinities (32, 16, 8, 4, and 2 psu). Each salinity
treatment had four replicates. During these experiments, a

temperature of 28 °C, a neutral day light cycle (12:12 h),
and an irradiance of 180 umol photons m > s~ were main-
tained. A total of 40 side-arm flasks (500 mL) were used, with
each flask containing 500 mL of seawater enriched with 25%
PESI medium and 1.5 mL GeO,. Ten fragments were placed
into each flask, which was then gently aerated. The culture
medium in each flask was changed every 3 days. At the end of
this experiment, the proportion of surviving fragments and
RGR was calculated.

Data analysis

A two-way analysis of variance (ANOVA) was used to ana-
lyze the effects of temperature and season on photosynthesis,
RGR, NO3—N uptake, and tissue nitrogen content of
C. crassa. In addition, a separate two-way ANOVA was used
to analyze the significance of effects of salinity and season on
RGR of C. crassa at 28 °C. Prior to ANOVA tests, all data
were assessed for normality (Shapiro-Wilk test) and homoge-
neity of variance (Levene test). When a significant difference
was identified by ANOVA, Tukey’s multiple comparisons test
was used to determine which levels of each factor produced
significant differences (p < 0.05).

Results
Seawater tem peratu re

The surface seawater temperature at the study site showed
marked seasonal variation, with the maximum and minimum
in August 2011 and January 2012, respectively (Fig. 1). The
average temperature values during the four collection times
were 17.6 °C (May), 29.4 °C (August), 16.7 °C (November),
and 5.3 °C (February).

Photosynthesis

Results of two-way ANOVA showed that the photosynthetic
rates of C. crassa were significantly affected by both temper-
ature and season (temperature effect, df =6, F'=18.204,
p<0.001; seasonal effect, df=3, F=7.991, p<0.01;
Fig. 2). A significant interaction between temperature and
season on the photosynthetic rates was not detected (two-
way ANOVA, temperature x season, df=18, F=2.188, p=
0.079). The photosynthetic rates at summer temperatures of
24 and 28 °C were significantly greater than those at the tem-
peratures of other seasons (8-20 °C). The photosynthetic rate
did not significantly differ among the four seasons at 8—16 and
32 °C. However, at 20-28 °C, summertime photosynthetic
rates were significantly greater than those of the other three
seasons. In addition, at 28 °C, the photosynthetic rates
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Fig. 1 Seasonal changes in surface seawater temperature at the study site
from April 2011 to March 2012

measured during spring and autumn were significantly greater
than those measured during winter.

NO3-N uptake

The uptake rates of NO3—N of C. crassa differed significantly
among the four seasons (two-way ANOVA, seasonal effect,
df=3, F=11.667, p<0.001) and were also significantly af-
fected by temperature (two-way ANOVA, temperature effect,
df=4, F=14.170, p < 0.001; Fig. 3). A significant interaction
between temperature and season on the uptake rates of NO3;—
N was not detected (two-way ANOVA, temperature x season,
df=12, F=1.773, p=0.218). The uptake rates of NOs—N at
summer temperatures of 24 and 28 °C were significantly
greater than those at the temperatures of other seasons (16
and 20 °C). The uptake rates of NO3—N did not significantly
differ among the four seasons at 16 and 32 °C. However, at 20
and 28 °C, the uptake rates of NOs—N in summer were signif-
icantly greater than those in the other three seasons. At 24 °C,
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Fig. 2 Photosynthesis—temperature curves at various temperatures per
unit dry weight of thalli of C. crassa in spring, summer, autumn, and
winter. Different lowercase letters indicate statistical differences among
seasons at each temperature. N = 16 individuals for each treatment. Bars
indicate standard errors
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Fig. 3 NOs—N uptake—temperature curves at various temperatures per
unit dry weight of thalli of C. crassa in spring, summer, autumn, and
winter. Different lowercase letters indicate statistical differences among
seasons at each temperature. N = 16 individuals for each treatment. Bars
indicate standard errors

the uptake rates of NO3;—N in summer were significantly
greater than those in winter.

Growth

The RGRs differed significantly among four seasons (two-
way ANOVA, seasonal effect, df=3, F=17.492, p<0.001),
and were significantly affected by temperature (two-way
ANOVA, temperature effect, df=6, F'=21.405, p<0.001;
Fig. 4). A significant interaction between temperature and
season on the RGRs was not detected (two-way ANOVA,
temperature x season, df=18, F=2.631, p=0.061). The
RGRs at summer temperatures of 24 and 28 °C were signifi-
cantly greater than those at the temperatures of other seasons
(8-20 °C). The RGRs did not significantly differ among four
seasons at 8-16 and 32 °C. However, at 24 and 28 °C, the
RGRs in summer were significantly greater than those in the
other three seasons. In addition, at 24 and 28 °C, the RGRs in
spring and autumn were significantly greater than those in
winter. At 20 °C, the RGRs in summer were significantly
greater than those in winter. During these experiments at dif-
ferent seasons, survival percentages of 100% were observed at
all temperature levels.

Tissue nitrogen contents

Results of two-way ANOVA showed that the tissue nitrogen
contents differed significantly among the four seasons (sea-
sonal effect, df=3, F'=8.005, p<0.01; Fig. 5). However,
there were no significant effects of temperature (temperature
effect, df =6, F=1.929, p =0.159) and no significant interac-
tion (temperature x season, df =18, F=1.332, p =0.301). The
tissue nitrogen contents in summer were greater than those in



J Appl Phycol (2018) 30:1905-1912

1909

60r Spring M Summer O Autumn [ Winter
50
40+ a

301 b c

RGR (% day ")
o

(=}

10} H
LSWEE ) ginlll 1 1 1 1 1
8 12 1

6 20 24 28 32
Temperature (°C)

Fig. 4 Relative growth rates of thalli of C. crassa cultured for 12 days at
various temperatures in four different seasons. Different lowercase letters
indicate statistical differences among seasons at each temperature. N =40
individuals for each treatment. Bars indicate standard errors

the other three seasons at all temperature levels. Especially at
20-28 °C, significantly greater values were found in summer.

Salinity tolerance

At 32 and 16 psu, C. crassa thalli fragments had survival
percentages of 100%. At 8 and 4 psu, the survival percentages
of C. crassa in summer were 82.5 and 60%, respectively
(Fig. 6). These survival percentages are higher than those in
the other three seasons. At a lower salinity of 2 psu, all sam-
ples in spring, autumn, and winter had died by the end of the
experiments. In contrast, at this low salinity, survival percent-
ages of 22.5% were found in summer.

The RGRs differed significantly among four seasons (two-
way ANOVA, seasonal effect, df=3, F=16.701, p<0.001)
and were significantly affected by salinity (two-way ANOVA,
salinity effect, df=4, F=26.832, p<0.001; Fig. 7). A
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Fig. 5 Tissue nitrogen contents of thalli of C. crassa cultured for 12 days

at various temperatures in four different seasons. Different lowercase

letters indicate statistical differences among seasons at each

temperature. N =28 individuals for each treatment. Bars indicate
standard error
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Fig. 6 Survival percentages of thalli of C. crassa cultured for 12 days at
salinities of 8, 4, and 2 psu in four different seasons. Bars indicate
standard errors

significant interaction between salinity and season on the
RGRs was not detected (two-way ANOVA, salinity x season,
df=12, F=2.089, p=0.107). Although there were no signif-
icant differences in RGRs between 32 and 16 psu, the RGRs
decreased significantly with decreasing salinities thereafter. At
324 psu, the RGRs in summer were significantly greater than
those in the other three seasons. Moreover, the RGRs in spring
and autumn were significantly greater than those in winter at
32 and 16 psu.

Discussion

In the present study, the RGR of C. crassa at 28 °C was signif-
icantly greater than those of other temperature levels. Similar
response has been found in Chaetomorpha linum, with optimal
growth temperatures of 25 and 28 °C (Xu and Lin 2008). Deng
et al. (2012) also reported 25-29 °C and 21-29 °C as suitable
temperatures for the growth of gametophyte and sporophyte of
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Fig. 7 Relative growth rates of thalli of C. crassa cultured for 12 days at
various salinities in four different seasons. Different lowercase letters
indicate statistical differences among seasons at each salinity. N =40
individuals for each treatment. Bars indicate standard error
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Chaetomorpha valida, with optimal temperatures of 25 and
29 °C at which maximum growth rate occurred. On the other
hand, there were little changes in the growth of C. crassa at
8 °C. This may indicate that this species lack the capacity to
adapt to low temperature conditions in winter. This hypothesis
is supported by a previous finding that low temperatures up to
10 °C retarded normal growth of Chaetomorpha melagonium
(Patel 1971). Compared to the upper lethal temperatures of 26—
30 °C for other Chaetomorpha species (Bischoft and Wiencke
1993; Gao et al. 2017b), C. crassa showed a higher value at 33—
35 °C (Gao et al. 2017b; this study), indicating a greater heat
tolerance and higher potential for cultivating in summer.
Furthermore, in this study, the photosynthesis and growth of
C. crassa exhibited significant seasonal variations, with
maximum values in summer. Deng et al. (2012) also reported
that C. valida often dominates aquaculture ponds and grows
more luxuriantly in summer than in winter. In Japan, the culti-
vation of most seaweeds are limited to winter and spring, and
very few seaweed crops are suitable for cultivation in the sum-
mer. These characteristics are likely to qualify C. crassa for the
contribution of water quality improvements in summer by mass
cultivation.

Seasonal variations of ambient temperature may have com-
pelled seaweeds to develop different strategies for growth and
survival (Liining 1990). One of these strategies is a differential
temperature response according to seasonal acclimation, a set
of adaptations detected in many representatives of both peren-
nial seaweeds and those with an isomorphic life cycle. For
instance, as temperature acclimation occurs, some seaweeds
change their temperature requirements for growth (Bischoff
and Wiencke 1993). Evidence of this has been observed in
several kelp species, which exhibited different optimal growth
temperatures at different developmental stages and thus syn-
chronized their growth periods to ambient temperatures
(Komazawa et al. 2015; Gao et al. 2017a). In contrast, this
study found that the optimum temperature for growth of
C. crassa remain stable at 28 °C between different seasons.
This finding concurs with studies of some green and red sea-
weeds that showed little adaptation to temperature fluctuations
(Yarish et al. 1987; Bischoff and Wiencke 1993). Like these
species, Chaetomorpha may also have no mechanism to adap-
tively adjust their metabolisms to changing temperatures.

Chaetomorpha crassa also exhibited higher nutrient up-
take rates and tissue nitrogen contents during the summer than
during the other seasons. In natural populations of some
seaweeds, the pool of nitrogen that is maintained as a stor-
age reserve can vary on a seasonal basis in response to
changes in the external availability of nitrogen (Asare and
Harlin 1983; Fujita 1985). Similarly, in Chaetomorpha
linum, the size of the internal nitrogen pools changed nearly
fourfold when grown under N-saturating or N-limiting con-
ditions (McGlathery et al. 1996). In the present study, all
C. crassa thalli were cultured under identical nitrogen
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enrichment; therefore, the difference in nitrogen reserves
is unlikely to be due to different nutrient concentrations in
the ambient environment. Rather, our results indicate that
under N-saturated conditions, the nitrogen pool of C. crassa
may be affected by seawater temperature. The nitrogen pool
of this species may become larger in the high summertime
seawater temperatures, resulting in improved capacity for
nutrient uptake and assimilation.

In the present study, the lower lethal salinity of C. crassa
occurred at 168 psu, which is generally consistent with the <
15 psu for C. linum reported by Xu and Lin (2008). These
authors also reported that the highest growth rate of C. linum
occurred at 30 psu, significantly higher than those of the other
lower salinity levels. However, there were no significant dif-
ferences in growth rates of C. crassa between 32 and 16 psu.
Moreover, C. crassa thalli had survival percentages of 100%
at 16 psu. At lower salinities of 8 and 4 psu, the survival
percentage ranges were still 72.5-82.5% and 45-60%, respec-
tively. It appears that this species is not particularly sensitive to
salinity fluctuations and has a great capacity to thrive in coast-
al waters where heavy runoff and freshwater influxes always
occur. This hypothesis may be supported by our field obser-
vations that C. crassa is the dominant primary producer in
Nagatsuraura lagoon. These indicate that it is practicable to
cultivate this species in hyposaline conditions.

A two-factor experiment in southern California revealed that
nitrogen enrichment could ameliorate the negative effect of
reduced salinity on the growth and condition of Ulva
(Enteromorpha) intestinalis. Increased tissue nitrogen contents
may have improved the healthy state of the algae and thus
increased its tolerance to low salinity (Kamer and Fong
2001). Adequate nutrients can contribute directly to osmoregu-
lation, providing a possible mechanism by which U. intestinalis
adapted to reduced salinity (Cohen and Fong 2004). Supporting
this interpretation, Fong et al. (1996) showed that under N-
sufficient conditions, U. intestinalis was more tolerant of low
salinity than its competitors. In our study, C. crassa exhibited
greater tolerance to low salinity during summer than during the
other seasons. Coincidentally, the nutrient uptake rate and ni-
trogen content were also highest at summertime temperatures.
Therefore, we suggest that its greater tolerance to low salinity in
summer may be partially associated with its higher capacity for
nitrogen accumulation during the same period.

One important standard in selecting seaweed species for
bioremediation in an integrated aquaculture system is their re-
sistance to large fluctuations in environmental conditions, in-
cluding temperature and salinity (de Paula Silva et al. 2008;
Kang et al. 2013). The results of this study showed that
C. crassa is a eurythermic and euryhaline species, indicating
an excellent candidate for co-culturing with aquatic animals.
Actually, successful trials have been conducted that integrated
aquaculture of tiger prawns with species from the genus
Chaetomorpha has resulted in increased growth rate of tiger
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prawns (Tsutsui et al. 2010, 2015). However, species with
promise need to be assessed in situ in operational cultivation
systems, as the transfer from controlled conditions to field can
provide contrasting outcomes (Paul and de Nys 2008). de Paula
Silva et al. (2008) reported that Chaetomorpha indica, as a
targeted species for bioremdiation, had excellent growth under
controlled conditions but failed to grow (essentially died) under
short-term in situ trials. Therefore, further research to identify
the applicability of C. crassa in integrated aquaculture systems
is warranted.

Recently, it has been demonstrated that different algal spe-
cies have a differential capacity to absorb nitrate and ammoni-
um from seawater, implying that diverse species assemblages
of seaweeds are more effective at obtaining nutrients (Bracken
and Stachowicz 2006; Kang et al. 2011). Therefore, we suggest
that polycultures, rather than monocultures, may be a more
effective way to improve water quality. In addition to
C. crassa, other seaweeds also exhibit a wide range of tolerance
to fluctuating environmental conditions, including members of
genera Ulva (Taylor et al. 2001; Wang et al. 2007; Mantri et al.
2010) and Gracilaria (Choi et al. 2006; Thomsen and
McGlathery 2007). Together with C. crassa, representatives
of these groups would be suitable choices for mixed bioreme-
diation polycultures. Similarly, Buschmann et al. (2008) also
proposed that Macrocystis pyrifera and Gracilaria chilensis
should be introduced simultaneously at different depths to in-
crease the nutrient removal effectiveness from the environment.
Therefore, further research should be conducted to identify po-
tential differences in the assimilation characteristics of nutrients
between different algal species and appropriate combinations.

In conclusion, C. crassa exhibited the greatest growth
rates, nutrient uptake rates and low salinity tolerance at the
high temperature of 28 °C during summer. This finding indi-
cates that C. crassa would be a suitable candidate for biore-
mediation of both saline and brackish waters during summer.
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