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The present study was to determine the effects of salinity on the growth and nutrient bioextraction abilities of
Gracilaria and Ulva species, and to determine if these seaweeds can be used for nutrient bioextraction under hypo- and
/ or hyperosmotic conditions. Two Gracilaria species, G. chorda and G. vermiculophylla, and two Ulva species, U. prolifera and U. compressa, were cultured at various salinity conditions (5, 10, 15, 20, 30, 40, and 50 psu) for 3 weeks. Results
showed that the growth rates, nutrient uptake, tissue nutrient contents and nutrient removal were significantly affected
by salinity and species. All four species were euryhaline with the highest growth rates at 20 psu. Among the four species,
U. prolifera, U. compressa, and G. vermiculophylla showed potential to be used for nutrient bioextraction in estuaries
and / or land-based fish farms due to their rapid growth, high nutrient uptake, high tissue carbon and nitrogen accumulation and removal capacities.
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INTRODUCTION
Marine eutrophication caused by anthropogenic
sources and mariculture activities have occurred in many
coastal regions around the world (Tedesco et al. 2014,
Ferrol-Schulte et al. 2015). Eutrophication can change
ecosystem characteristics and may cause that threatens
ecosystem health (Latimer et al. 2014, Kim et al. 2015a).
Attempts to control or reverse coastal eutrophication
have focused on the reduction of point and nonpoint
sources such as waste water treatment plants, run-off,
fish waste, etc. (Tedesco et al. 2014). However, eutrophication cannot be immediately reversed by source reduc-

tion because of decades to centuries long accumulation
of nutrients in benthic sediments.
The ecosystem services afforded by seaweed cultivation has been suggested as an efficient tool for the reduction of nutrients in urbanized estuaries (Kim et al. 2014,
2015b, Rose et al. 2015, Wu et al. 2017, 2018). As an extractive component of integrated multi-trophic aquaculture
systems (IMTA), seaweed cultivation may remediate the
impacts of intensive fish aquaculture (Chung et al. 2002,
Buschmann et al. 2008, Chopin et al. 2008, Corey et al.
2013, 2014, Wu et al. 2015). The seaweed absorbs inor-

This is an Open Access article distributed under the
terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/) which
permits unrestricted non-commercial use, distribution, and reproduction
in any medium, provided the original work is properly cited.

Received August 1, 2018, Accepted November 13, 2018

Copyright © 2018 The Korean Society of Phycology

*Corresponding Author
E-mail: jang.kim@inu.ac.kr
Tel: +82-32-835-8877, Fax: +82-32-835-0806

329

http://e-algae.org pISSN: 1226-2617 eISSN: 2093-0860

Algae 2018, 33(4): 329-340

ganic nutrients to support its growth. The ability of nutrient absorption and accumulation in seaweed is strongly
influenced by environmental conditions such as nutrients, temperature, salinity, light, currents, and wind, etc.
(Dawes et al. 1999, Kim et al. 2016).
The seaweed tolerance to high salinity is dependent
on the internal and external osmotic potentials and on
the elasticity of the cell wall. At low salinity, the strength
of the cell walls and the ability of the cells to make their
internal osmotic potential less negative will determine
their resistance to low salinity (Hurd et al. 2014). Salinity
fluctuations alter the osmolarity within the cells, causing
stress on the organism. If the cell is placed in hypertonic
solution, water will flow rapidly out of the cell and turgor
pressure will be reduced causing plasmolysis, which is
usually irreparable. When the cell is placed in hypotonic
solution, water will enter the cell, causing an increase
of cell volume. If the difference in osmotic potentials is
great enough, the cell will be damaged irreversibly (Hurd
et al. 2014).
The fluctuation of salinity is highly variable in coastal
areas (Yarish and Edwards 1982, Kourafalou et al. 1996).
Salinity of 0 to 30 psu is not uncommon in nearshore
coastal areas (Yarish et al. 1979b, 1980, Karsten 2012).
Many Gracilaria and Ulva species are known to be
highly tolerant to hypo- and hyper-osmotic conditions
and grow well in the salinity fluctuating environment
(Latigue et al. 2003, Weinberger et al. 2008). These species are euryhaline (Bird et al. 1979, Lapointe et al. 1984,
Choi et al. 2010). Some species of Gracilaria and Ulva
have rapid growth rates, as well as a capacity for high
nutrient uptake (Martínez-Aragón et al. 2002, Neori et
al. 2003, Abreu et al. 2009, 2011, Kim et al. 2014, Gorman
et al. 2017). However, relatively few species in these genera have been thoroughly evaluated. The objectives of
this study were to look at the influence of salinity on the
growth and nutrient bioextraction abilities of Gracilaria
species (G. chorda and G. vermiculophylla) and Ulva species (U. prolifera and U. compressa); and to determine if
these seaweeds can be used for nutrient bioextraction
under hypo- or hyperosmotic conditions in estuaries and
/ or land-based fish farms as part of an integrated multitrophic system.

phylla, and two Ulva species, U. prolifera and U. compressa were used. G. chorda was collected from Tongyeong
Gyeongnam, Korea in Sep 18, 2015. This strain of G. chorda is the major cultivar in Gracilaria farms in Korea. G.
vermiculophylla was collected from the eulittoral zone
with high emersion stresses in Byeonsan, Jeonbuk, Korea in Sep 24, 2015. U. prolifera was originally collected
from the Pyropia yezoensis aquaculture rafts at Rudong,
Jiangsu Province, China in May 9, 2011. U. compressa was
collected from the upper sublittoral zone in Tongyeong,
Gyeongnam in Sep 18, 2015. All seaweeds were propagated at the Marine Ecology and Green Aquaculture Laboratory, Incheon National University, Korea. All species
were acclimated to experimental conditions, 20°C, 12 : 12
L : D photoperiod, 100 μmol m-2 s-1 photon fluence rate
and von Stosch’s enriched (VSE) seawater (Ott 1965) for
7 days. The nitrate and phosphorus concentrations in
VSE were 500 and 30 μM, respectively. The salinity was
maintained at 30 psu during the acclimation period with
media changes every 2 days. Post-acclimation tissue
samples were collected in triplicate for the subsequent
analysis of tissue nitrogen and carbon.

Experimental design and samples collection
Following acclimation, healthy apical segments of
each species were placed in 250 mL flasks with 200 mL
VSE medium at a stocking density of 1.0 g L-1. Different
salinity conditions (5, 10, 15, 20, 30, 40, and 50 psu) were
set by adding Corallife Sea Salt (Franklin, WI, USA). All
cultures were cultivated at the environmental conditions
above mentioned (n = 3). The seaweeds were cultivated
for 15 days. To eliminate the effect of evaporation flasks
were sealed with Parafilm (Yarish and Edwards 1982).
The culture medium was exchanged 2- to 3-day time intervals. Water samples were collected for inorganic nutrient analyses; each time there was a media change.
Biomass in each flask was weighed (fresh weight, FW)
every 5 days. FW was obtained after blotting dry with paper towels. Seaweed biomass in each flask was reduced to
initial stocking density (1.0 g L-1) and samples were taken
for dry weight (DW) and CHN tissue analysis. DW was determined by drying to constant weight at 60°C. Specific
growth rate (SGR, % d-1) was calculated using the following formula:

MATERIALS AND METHODS

SGR (% d-1) =

(ln S2 − ln S1)
× 100
(T2 − T1)

Seaweed collection and acclimation
, where S1 and S2 are the FW at days T1 and T2, respectively.
Dried tissues were ground to powder using a MM400

Two Gracilaria species, G. chorda and G. vermiculo-
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ball mill (Retsch, Mettmann, Germany). The total tissue
nitrogen (N) and carbon (C) in each sample were analyzed by using a CHN analyzer (Series II, CHNS/O 2400;
Perkin Elmer Analytical Division of E.G. & G, Wellesley,
MA, USA) (Kim et al. 2007). Using the tissue N and C contents combined with biomass data, the nitrogen and carbon removal were calculated using the following equation (Kim et al. 2007):
N removal (mg N g DW -1 d-1) =

lophylla grew well in a wide range of salinity (15-40 psu),
with the highest growth rate at 20 and 30 psu (>20.0% d-1).
U. prolifera grew well at all salinity conditions (ranged
from 12.7% d-1 at 15 psu to 35.0% d-1 at 20 psu). The
growth rate of U. compressa increased with salinity ranging from 10.0% d-1 at 15 psu to >19.5% d-1 at 40 and 50 psu.

Nitrate and phosphorus uptakes

DW
(Bt − B0 ) × Tissue N
×
t
FW

The ANOVA showed that the nitrate uptake was significantly influenced by species, salinity and by the interaction of these two factors (p ≤ 0.001) (Table 1). Nitrate
uptake rates of G. chorda were higher with increasing
salinities (15-50 psu; 6.4-11.7 µmol g-1 d-1) than those at
the salinities of 5 and 10 psu (1.1 and 1.7 µmol g-1 d-1, respectively) (Fig. 2). Nitrate uptake rates of G. vermiculophylla were ranged from 10.3 µmol g-1 d-1 at 5 psu to 17.2
µmol g-1 d-1 at 15 psu. In U. prolifera nitrate uptake rates
were significantly higher (25.5-27.5 µmol g-1 d-1) at the salinities of 5-15 psu than at the salinities between 20 and
50 psu (11.8-17.2 µmol g-1 d-1). Nitrate uptake rates of U.
compressa were higher than other species in all the salinity conditions with the highest at 20 psu, 32.4 µmol g-1 d-1.
Phosphorus uptake was significantly influenced by

, where Bt and Tissue N are biomass (in grams) and tissue
N (percent DW) at day t, while B0 is biomass at day 0.
The same calculation was used for C removal substituting tissue C for tissue N. Water samples obtained were
ﬁltered through 0.45 μm glass microfiber ﬁlters (Whatman, Buckinghamshire, UK) and kept at -20°C until measurements were made. Nitrate-nitrogen (NO3-N), and
inorganic phosphate (PO4-P) concentrations were measured following Wu et al. (2015). NO3- and PO43+ uptake
rates were calculated as the difference between the initial
and final nutrient concentrations during each sampling
period (Kim et al. 2007, 2016).

Statistical analysis
All statistical analyses were conducted using SPSS software v.17.0 (SPSS Inc., Chicago, IL, USA). Data from all
treatments conformed to a normal distribution (ShapiroWilk, p > 0.05) and had equal variances (Levene’s test, p >
0.05). Two-way ANOVA was used to determine the effects
of species and salinity on SGR, nitrate uptake, phosphorus uptake, tissue carbon, tissue nitrogen, C/N, carbon
removal and nitrogen removal (n = 3). Tukey’s honest
significant difference tests were conducted for post-hoc
investigation. Differences between treatments were considered to be significant at p < 0.05.

Table 1. Results of analysis of variance examining the effects
of species and salinity on specific growth rate (SGR), nitrate and
phosphorus uptake, the tissue carbon and nitrogen contents, and
carbon and nitrogen removal
Source
SGR
Nitrate
uptake
Phosphorus
uptake

RESULTS

Tissue
carbon

Specific growth rate

Tissue
nitrogen

Growth rates were significantly influenced by species, salinity and by the interaction of these two factors
(p < 0.001) (Table 1). Salinity significantly influenced
the growth rates in all four species (p < 0.001). G. chorda
showed the slowest growth rate in comparison to other
species at all conditions (Fig. 1). In G. chorda, the highest
growth rate was observed at 20 psu (6.3% d-1). G. vermicu-

C/N
Carbon
removal
Nitrogen
removal
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Species
df
F
Sig.
df
F
Sig.
df
F
Sig.
df
F
Sig.
df
F
Sig.
df
F
Sig.
df
F
Sig.
df
F
Sig.

3
297.952
<0.001
3
173.765
<0.001
3
98.249
<0.001
3
260.063
<0.001
3
41.905
<0.001
3
72.971
<0.001
3
247.296
<0.001
3
247.296
<0.001

Salinity Species ×
Salinity
6
18
49.402
9.789
<0.001
<0.001
6
18
3.804
7.4
0.001
<0.001
6
18
1.703
3.919
0.121
<0.001
6
18
37.483
13.882
<0.001
<0.001
6
18
21.36
16.559
<0.001
<0.001
6
18
4.507
9.358
<0.001
<0.001
6
18
46.991
7.143
<0.001
<0.001
6
18
16.991
7.143
<0.001
<0.001

Error
224
224
224
224
224
224
215
215
-
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A

B

C

D

Fig. 1. Growth rates of Gracilaria chorda (A), G. vermiculophylla (B), Ulva prolifera (C), and U. compressa (D) grown at different salinity conditions.
Values are presented as mean ± standard deviation (n = 3). Different letters indicate significant difference at the 0.05 level.
A

B

C

D

Fig. 2. Nitrate uptake rates of Gracilaria chorda (A), G. vermiculophylla (B), Ulva prolifera (C), and U. compressa (D) grown at different salinity
conditions. Values are presented as mean ± standard deviation (n = 3). Different letters indicate significant difference at the 0.05 level.

species and by the interaction of these two factors (p <
0.001) (Table 1). Among four tested species, G. chorda
showed the lowest phosphorus uptake rates (0.32-0.94
µmol g-1 d-1) while U. prolifera showed the highest phosphorus uptake rates (2.12-4.34 µmol g-1 d-1) at all salinity conditions (Fig. 3). The phosphorus uptake rates of G.
vermiculophylla were ranged from 0.58 µmol g-1 d-1 at 5

https://doi.org/10.4490/algae.2018.33.11.13

psu to 1.41 µmol g-1 d-1 at 40 psu. In general, Ulva species
showed higher phosphorus uptake rates than Gracilaria species. The phosphorus uptake rates of U. prolifera
showed a similar pattern to that of nitrate uptake: higher at lower salinities and lower at higher salinities. The
phosphorus uptake rates of U. compressa ranged from
0.97 µmol g-1 d-1 at 5 psu to 2.53 µmol g-1 d-1 at 20 psu.
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A

B
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Fig. 3. Phosphorus uptake rates of Gracilaria chorda (A), G. vermiculophylla (B), Ulva prolifera (C), and U. compressa (D) grown at different salinity
conditions. Values are presented as mean ± standard deviation (n = 3). Different letters indicate significant difference at the 0.05 level.

A

B

C

D

Fig. 4. Tissue carbon contents of Gracilaria chorda (A), G. vermiculophylla (B), Ulva prolifera (C), and U. compressa (D) grown at different salinity
conditions. Values are presented as mean ± standard deviation (n = 3). Different letters indicate significant difference at the 0.05 level.

Tissue carbon and nitrogen contents, and C : N
ratio

were similar at all salinity conditions: ranged from 31.0 to
32.5%. Both Ulva species showed a decline of the tissue
carbon contents as salinity increased. U. prolifera had the
tissue carbon content of 38.4% at 10 psu and decreased
to 28.4 and 28.6% at 40 and 50 psu, respectively. The tissue carbon contents of U. compressa also decreased from
41% at 5 and 10 psu to 37% at 50 psu (Fig. 4).
Tissue nitrogen contents were also significantly influ-

Tissue carbon contents were significantly influenced
by species, salinity, and the interaction of these two factors (p < 0.001) (Table 1). G. chorda showed the tissue
carbon contents ranged from 33.7% at 50 psu to 35.9% at
5 psu. The tissue carbon contents of G. vermiculophylla
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C

D

Fig. 5. Tissue nitrogen contents of Gracilaria chorda (A), G. vermiculophylla (B), Ulva prolifera (C), and U. compressa (D) grown at different salinity
conditions. Values are presented as mean ± standard deviation (n = 3). Different letters indicate significant difference at the 0.05 level.

A

B

C

D

Fig. 6. C : N ratio of Gracilaria chorda (A), G. vermiculophylla (B), Ulva prolifera (C), and U. compressa (D) grown at different salinity conditions.
Values are presented as mean ± standard deviation (n = 3). Different letters indicate significant difference at the 0.05 level.

enced by species, salinity, and the interaction of these
two factors (p < 0.001) (Table 1). Ulva species in general
cumulated higher contents of nitrogen in tissue than
Gracilaria species at the salinities of 5-15 psu. G. chorda and G. vermiculophylla did not show a pattern with
a salinity gradient with the highest contents at 4.15 and
4.02% at 30 psu, respectively. However, both Ulva species
decreased their tissue nitrogen contents as the salinity

https://doi.org/10.4490/algae.2018.33.11.13

increased, >5.1% at 5-15 psu and <3.7% at 20-50 psu for
U. prolifera and >4.3% at 5-20 psu and <3.4-3.6% at 30-50
psu for U. compressa (Fig. 5).
The C : N ratio of all species were low, ranged from 8.3
to 11.6 for G. chorda, 7.7 to 8.7 for G. vermiculophylla, 7.3
to 9.8 for U. prolifera, and 8.8 to 11.2 for U. compressa
(Fig. 6).
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Fig. 7. Carbon removal of Gracilaria chorda (A), G. vermiculophylla (B), Ulva prolifera (C), and U. compressa (D) grown at different salinity
conditions. Values are presented as mean ± standard deviation (n = 3). Different letters indicate significant difference at the 0.05 level.

A

B

C

D

Fig. 8. Nitrogen removal of Gracilaria chorda (A), G. vermiculophylla (B), Ulva prolifera (C), and U. compressa (D) grown at different salinity
conditions. Values are presented as mean ± standard deviation (n = 3). Different letters indicate significant different at the 0.05 level.

Nutrients removal

16.33 mgC g DW-1 d-1) than at extreme conditions. Both
Ulva species showed increased carbon removal at higher
salinity conditions. The carbon removal of U. prolifera
ranged from 7.16 to 10.32 mgC g DW-1 d-1 at 5-15 psu and
19.52 to 30.05 mgC g DW-1 d-1 at 20-50 psu. The carbon
removal of U. compressa ranged from 10.42 to 15.59 mgC
g DW-1 d-1 at 5-20 psu and 25.94 to 29.27 mgC g DW-1 d-1 at
30-50 psu (Fig. 7).

Carbon removal was significantly influenced by species, salinity, and the interaction of these two factors (p <
0.001) (Table 1). The carbon removal of G. chorda was the
lowest amongst the tested species ranging from 0.38 to
3.06 mgC g DW-1 d-1. The carbon removal of G. vermiculophylla was higher in the mid-salinities (15-30 psu; 15.36-
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Nitrogen removal was also significantly influenced
by species, salinity, and the interaction of these two factors (p < 0.001) (Table 1). Like carbon removal, both Ulva
species and G. vermiculophylla showed higher nitrogen
removal capacity than G. chorda. Nitrogen removal of
G. chorda was the highest at 30 psu while that of G. vermiculophylla was optimal at a wide range of salinity conditions (15-40 psu). Nitrogen removal of G. chorda was
ranged from 0.03 at 5 psu to 0.36 mgN g DW-1 d-1 at 30 psu.
The nitrogen removal of G. vermiculophylla was ranged
from 0.14 at 15 psu to 0.83 mgN g DW-1 d-1 at 10 psu. The
nitrogen removal of U. prolifera and U. compressa were
1.01-3.02 and 1.01-2.54 mgN g DW-1 d-1, respectively
(Fig. 8).

stress because of water evaporation (and rainfall) during
emersion. Salt concentration of extracellular water during emersion can be even 10-fold higher than the ambient salt water (Satoh et al. 1983). Therefore, eulittoral
species including Ulva and Gracilaria have physiological
adaptations to the extremes of salinity (Hurd et al. 2014).
For example, eulittoral seaweeds can in general tolerate
seawater salinities of 10-100 psu while the sublittoral
species are less tolerant especially to the increased salinities (Biebl 1962, Russell 1987).
Different populations (strains) of seaweeds showed
physiological responses differently in different salinity
conditions (Yarish et al. 1979a). The Chinese strain of U.
prolifera, which is the world’s largest macroalgal bloom
forming strain, showed the highest growth rate (~35%
d-1) and tissue nitrogen content (~5.4%) among the seaweeds tested although the maximum growth rates of U.
prolifera from other studies are quite variable (1.5-38%
d-1) (Xiao et al. 2016 and references therein). These results
suggest that U. prolifera has a great capacity for nutrient
absorption and assimilation, resulting in ecological success over other co-occurring species, especially in eutrophic waters (Huo et al. 2016, Zhang et al. 2016, Wu et al.
2017, 2018). Gracilaria chorda, which is a major aquaculture species in Korea and China, showed the lowest
growth rate (~6.3% d-1 at 20 psu) among the tested species. This is similar to (4-5% d-1) (Choi et al. 2006) or lower
than the growth rates of the same species in other some
studies (10-14% d-1) (Yang et al. 2006, Zhou et al. 2006,
Qu et al. 2017). This variation of growth among studies
may be due to the differences in seaweed strains, culturing methods and physio-chemical conditions (Liu and
Dong 2001).
The nitrate and phosphorus uptakes of both Gracilaria
species and U. compressa, corresponded to having higher
growth and uptake rates at salinities of 20 psu and higher, with optimum at intermediate levels. In U. prolifera,
however, the nitrate and phosphorus uptake were higher
at lower salinities (<20 psu) than higher salinity conditions (20 psu or higher), which is opposite of the growth
pattern. In a steady state, the nutrient uptake should be
increasing with growth (Choi et al. 2010). In other words,
when the seaweed grows rapidly, it should take up nutrients at a higher rate. However, in occasional cases, the
growth and nutrient uptake may be temporally imbalanced during periods of unfavorable conditions (McGlathery et al. 1996, Trimmer et al. 2000). Interestingly,
the tissue nitrogen contents of U. prolifera were much
higher (5.14-5.42%) at 5-15 psu than those at higher salinities (3.39-3.60%), corresponding to the nitrate uptake

DISCUSSION
Gracilaria chorda, G. vermiculophylla, Ulva prolifera,
and U. compressa tested in the present study were tolerant to a wide range of salinities (5-50 psu). Interestingly,
the highest growth rates were found at 20 psu except for
U. compressa. Enhanced growth rates at lower salinities
(15-28 psu) are not rare in Ulva and Gracilaria (Choi et
al. 2010, Kim et al. 2016 and references therein). Both U.
prolifera and U. compressa maintained high growth rates
even at extreme salinity conditions, 15 and 11% d-1 at 5
psu and 23 and 20% d-1 at 50 psu, respectively. Gracilaria
species also grew at these two extreme conditions although the performance of G. vermiculophylla was higher than that of G. chorda. These results suggest that these
two genera are well adapted to estuarine conditions. Both
Gracilaria and Ulva are known to be euryhaline genera.
They are dominant in some estuaries year round (Bird et
al. 1979, McLachlan and Bird 1984, Choi et al. 2010). For
example, G. tikvahiae survive salinities between 8 and 60
psu with optimum from 15 to 35 psu (Bird and McLachlan 1986). G. vermiculophylla has an even wider range of
tolerances to environmental stresses although the optimal salinities were found at 15 to 30 psu (Rueness 2005,
Kim et al. 2016). This alga can even survive at 0.5 psu for
many weeks (Weinberger et al. 2008). Ulva pertusa also
grew well (>19% daily growth rate) in a wide range of salinities, 5-40 psu, although higher growth rates were observed at between 15 and 25 psu (Choi et al. 2010).
It is interesting to note that growth performance of
Ulva and Gracilaria species was higher at 20 psu or higher salinities than at <20 psu. Ulva and Gracilaria species
are common in the eulittoral zone, suffering some degree
of hyper-osmotic (and less frequently hypo-osmotic)
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pattern in this alga. These results suggest that at hypoosmotic conditions, U. prolifera prefers to accumulate
the nitrogen internally rather than to use the nitrogen for
growth.
Tissue nutrients content can reflect the water column
nutrient availability, and nutrient demand and utilization
capacity of seaweeds (Martínez-Aragón et al. 2002, Yu et
al. 2014). However, the contents can be strongly influenced by environmental factors (e.g., temperature, pH,
salinity, etc.) (Hurd et al. 2014). Choi et al. (2010) reported
that the tissue carbon and nitrogen contents were consistent between 5 and 34 psu, but significantly decreased
at a higher salinity (40 psu). Tissue carbon and nitrogen
contents of Ulva ohnoi were also significantly influenced
by salinity: higher contents at 20, 25, 55, and 60 psu and
lower at 35 and 40 psu (Angell et al. 2015). However, a red
alga, Gelidium coulteri did not change its tissue nitrogen
content in a wide range of salinities (5-45 psu) (Macler
1988). In the present study, the effect of salinity in the tissue carbon and nitrogen contents were more significant
in Ulva than Gracilaria. While Gracilaria and Gelidium
have thicker thalli with lower surface area to volume ratio
(SA : V), Ulva has very thin filamentous or blade shape
thalli with high SA : V. Seaweeds with high SA : V have advantages to take up and assimilate nutrients efficiently
and to grow rapidly (Kraemer et al. 2004, Kim et al. 2007).
The same phenomenon may also apply to determine the
effect of salinity stress. Since all cells of Ulva are directly
exposed to the external environmental stresses (salinity),
the internal tissue carbon and nitrogen changes in this
species may be more significant. However, the cellular
and biochemical mechanisms for this phenomenon are
still unclear.
To estimate nitrogen removal, the present study used
a method as a function of biomass increase and total tissue nitrogen. This method is a more direct measurement
of the absolute nitrogen mitigation capacity of seaweed
compared to nitrogen uptake as a function of media depletion. This nitrogen removal method, therefore, is more
useful tool for bioremediation applications. Carbon and
nitrogen removal by Gracilaria and Ulva was affected by
salinity with various optimum conditions in different
species. Interestingly, the carbon and nitrogen content
in U. prolifera, U. compressa, and G. vermiculophylla still
remained high even at lowest salinity condition (5 psu).
Gracilaria and Ulva have been suggested as good
species for nutrient bioextraction and IMTA worldwide
(Neori et al. 2003, Abreu et al. 2009, 2011, Kim et al. 2014,
2017). The findings from present study also confirm that
these two genera have a great capacity of nutrient bio-

extraction at the salinities between 20 and 50 psu. Additionally, the present study suggests that the application
of these two genera (U. prolifera, U. compressa, and G.
vermiculophylla) for nutrient bioextraction can be extended to even lower saline waters (e.g., 5-15 psu) for
growth within IMTA systems with the fed aquaculture of
marine fish / shrimp aquaculture. Aquaculture of crustaceans (e.g., shrimp) and fish using low salinity water has
become more common and continues to increase globally (Boeuf and Payan 2001, Roy et al. 2010, Zheng et al.
2017). There have been attempts to utilize the low salinity
fish / shrimp effluent to grow land plants and evaluated
the plant yield and fish / shrimp production (MariscalLagarda et al. 2012) and to estimate the bioremediation
efficiency of land plants (e.g., tomatoes) (Mariscal-Lagarda and Páez-Osuna 2014). Although the land crops grew
well in fish effluent, the bioremediation capacity of these
plants was not promising. Fish production from brackish water aquaculture is significant, >9% of global fish
production (Food and Agriculture Organization of the
United Nations 2018) but there are serious water quality
issues (El-Mezayen et al. 2018).
In conclusion, all four species used in the present study
showed tolerance to a wide range of salinities with the
highest growth rates at 20 psu. This study also suggests
that Ulva prolifera, U. compressa, and G. vermiculophylla
have potential to be used for nutrient bioextraction not
only at the optimal salinity conditions (e.g., 20-40 psu)
but also at hyper- or hypo-osmotic conditions for marine finfish / shrimp aquaculture. It is important to note
that the use of Ulva should be limited to the land based
systems since this alga may cause blooms in open and /
or coastal waters. Their rapid growth, high nutrients uptake, high tissue carbon and nitrogen accumulation, and
carbon and nitrogen removal in a wide range of salinity
conditions will make them an integral component for
nutrient bioextraction in estuaries and / or land-based
fish farms (as part of an IMTA system).

ACKNOWLEDGEMENTS
This study was supported by Incheon National University Research Grant in 2016.

REFERENCES
Abreu, M. H., Pereira, R., Buschmann, A. H., Sousa-Pinto, I. &
Yarish, C. 2011. Nitrogen uptake responses of Gracilaria

337

http://e-algae.org

Algae 2018, 33(4): 329-340

vermiculophylla (Ohmi) Papenfuss under combined

remediation of nutrient-rich effluent. Algae 17:187-194.

and single addition of nitrate and ammonium. J. Exp.

Corey, P., Kim, J. K., Duston, J. & Garbary, D. J. 2014. Growth

Mar. Biol. Ecol. 407:190-199.

and nutrient uptake by Palmaria palmata integrated

Abreu, M. H., Varela, D. A., Henríquez, L., Villarroel, A., Yarish,

with Atlantic halibut in a land-based aquaculture sys-

C., Sousa-Pinto, I. & Buschmann, A. H. 2009. Traditional

tem. Algae 29:35-45.

vs. integrated multi-trophic aquaculture of Gracilaria

Corey, P., Kim, J. K., Duston, J., Garbary, D. J. & Prithiviraj,

chilensis C. J. Bird, J. McLachlan & E. C. Oliveira: pro-

B. 2013. Bioremediation potential of Palmaria palmata

ductivity and physiological performance. Aquaculture

and Chondrus crispus (Basin Head): effect of nitrate and

293:211-220.

ammonium ratio as nitrogen source on nutrient remov-

Angell, A. R., Mata, L., de Nys, R. & Paul, N. A. 2015. Indirect

al. J. Appl. Phycol. 25:1349-1358.

and direct effects of salinity on the quantity and qual-

Dawes, C. J., Orduña-Rojas, J. & Robledo, D. 1999. Response

ity of total amino acids in Ulva ohnoi (Chlorophyta). J.

of the tropical red seaweed Gracilaria cornea to tem-

Phycol. 51:536-545.

perature, salinity and irradiance. J. Appl. Phycol. 10:419-

Biebl, R. 1962. Seaweeds. In Lewin, R. A. (Ed.) Physiology and

425.

Biochemistry of the Algae. Academic Press, New York, pp.

El-Mezayen, M. M., Rueda-Roa, D. T., Essa, M. A., Muller-

799-815.

Karger, F. E. & Elghobashy, A. E. 2018. Water quality ob-

Bird, C. J. & McLachlan, J. 1986. The effect of salinity on dis-

servations in the marine aquaculture complex of the

tribution of species Gracilaria Grev. (Rhodophyta, Gi-

Deeba Triangle, Lake Manzala, Egyptian Mediterranean

gartinales): an experimental assessment. Bot. Mar. 29:

coast. Environ. Monit. Assess. 190:436.

231-238.

Ferrol-Schulte, D., Gorris, P., Baitoningsih, W., Adhuri, D. S.

Bird, N. L., Chen, L. C. M. & McLachlan, J. 1979. Effects of

& Ferse, S. C. A. 2015. Coastal livelihood vulnerability

temperature, light and salinity on growth in culture of

to marine resource degradation: a review of the Indo-

Chondrus crispus, Furcellaria lumbricalis, Gracilaria

nesian national coastal and marine policy framework.

tikvahiae (Gigartinales, Rhodophyta), and Fucus serra-

Mar. Policy 52:163-171.

tus (Fucales, Phaeophyta). Bot. Mar. 22:521-527.

Food and Agriculture Organization of the United Nations.

Boeuf, G. & Payan, P. 2001. How should salinity influence fish

2018. The state of world fisheries and aquaculture. Avail-

growth? Comp. Biochem. Physiol. C Pharmacol. Toxicol.

able from: http://www.fao.org/fishery/en. Accessed Jul

Endocrinol. 130:411-423.

14, 2018.

Buschmann, A. H., Varela, D. A., Hernández-González, M. C.

Gorman, L., Kraemer, G. P., Yarish, C., Boo, S. M. & Kim, J.

& Huovinen, P. 2008. Opportunities and challenges for

K. 2017. The effects of temperature on the growth and

the development of an integrated seaweed-based aqua-

nitrogen content of invasive Gracilaria vermiculophylla

culture activity in Chile: determining the physiological

and native Gracilaria tikvahiae from Long Island Sound,

capabilities of Macrocystis and Gracilaria as biofilters. J.

USA. Algae 32:57-66.

Appl. Phycol. 20:571-577.

Huo, Y., Han, H., Hua, L., Wei, Z., Yu, K., Shi, H., Kim, J. K.,

Choi, H. G., Kim, Y. S., Kim, J. H., Lee, S. J., Park, E. J., Ryu,

Yarish, C. & He, P. 2016. Tracing the origin of green mac-

J. & Nam, K. W. 2006. Effects of temperature and salin-

roalgal blooms based on the large scale spatio-temporal

ity on the growth of Gracilaria verrucosa and G. chorda,

distribution of Ulva microscopic propagules and settled

with the potential for mariculture in Korea. J. Appl. Phy-

mature Ulva vegetative thalli in coastal regions of the

col. 18:269-277.

Yellow Sea, China. Harmful Algae 59:91-99.

Choi, T. S., Kang, E. J., Kim, J. -H. & Kim, K. Y. 2010. Effect of

Hurd, C. L., Harrison, P. J., Bischof, K. & Lobban, C. S. 2014.

salinity on growth and nutrient uptake of Ulva pertusa

Seaweed ecology and physiology. 2nd ed. Cambridge

(Chlorophyta) from an eelgrass bed. Algae 25:17-26.

University Press, Cambridge, 562 pp.

Chopin, T., Robinson, S. M. C., Troell, M., Neori, A., Bus-

Karsten, U. 2012. Seaweed acclimation to salinity and desic-

chmann, A. H. & Fang, J. 2008. Ecological Engineering:

cation stress. In Wiencke, C. & Bischof, K. (Eds.) Seaweed

Multi-trophic integration for sustainable marine aqua-

Biology: Novel Insights into Ecophysiology, Ecology and

culture. In Jørgensen, S. E. & Fath, B. D. (Eds.) Encyclo-

Utilization. Springer, Berlin, pp. 87-107.

pedia of Ecology. Vol. 3. Elsevier, Amsterdam, pp. 2463-

Kim, J. K., Kottuparambil, S., Moh, S. H., Lee, T. K., Kim, Y.

2475.

-J., Rhee, J. -S., Choi, E. -M., Yu, Y. J., Yarish, C. & Han,

Chung, I. K., Kang, Y. H., Yarish, C., Kraemer, G. P. & Lee, J.

T. 2015a. Potential applications of nuisance microalgal

A. 2002. Application of seaweed cultivation to the bio-

https://doi.org/10.4490/algae.2018.33.11.13

blooms. J. Appl. Phycol. 27:1223-1234.

338

Wu et al. Growth and Nutrient Bioextraction of Gracilaria and Ulva

Kim, J. K., Kraemer, G. P., Neefus, C. D., Chung, I. K. & Yar-

ances of nitrogen and phosphorus in an integrated

ish, C. 2007. Effects of temperature and ammonium on

culture of shrimp (Litopenaeus vannamei) and tomato

growth, pigment production and nitrogen uptake by

(Lycopersicon esculentum Mill) with low salinity ground-

four species of Porphyra (Bangiales, Rhodophyta) native

water: a short communication. Aquac. Eng. 58:107-112.

to the New England coast. J. Appl. Phycol. 19:431-440.

Mariscal-Lagarda, M. M., Páez-Osuna, F., Esquer-Méndez,

Kim, J. K., Kraemer, G. P. & Yarish, C. 2014. Field scale evalua-

J. L., Guerrero-Monroy, I., del Vivar, A. R. & Félix-Gaste-

tion of seaweed aquaculture as a nutrient bioextraction

lum, R. 2012. Integrated culture of white shrimp (Litope-

strategy in Long Island Sound and the Bronx River Estu-

naeus vannamei) and tomato (Lycopersicon esculentum

ary. Aquaculture 433:148-156.

Mill) with low salinity groundwater: management and

Kim, J. K., Kraemer, G. P. & Yarish, C. 2015b. Use of sugar kelp

production. Aquaculture 366-367:76-84.

aquaculture in Long Island Sound and the Bronx River

Martínez-Aragón, J. F., Hernández, I., Pérez-Lloréns, J. L.,

Estuary for nutrient extraction. Mar. Ecol. Prog. Ser.

Vázquez, R. & Vergara, J. J. 2002. Biofiltering efficiency

531:155-166.

in removal of dissolved nutrients by three species of es-

Kim, J. K., Yarish, C., Hwang, E. K., Park, M. & Kim, Y. 2017.

tuarine macroalgae cultivated with sea bass (Dicentrar-

Seaweed aquaculture: cultivation technologies, chal-

chus labrax) waste waters 1. Phosphate. J. Appl. Phycol.

lenges and its ecosystem services. Algae 32:1-13.

14:365-374.

Kim, J. K., Yarish, C. & Pereira, R. 2016. Tolerances to hypo-

McGlathery, K. J., Pedersen, M. F. & Borum, J. 1996. Changes

osmotic and temperature stresses in native and invasive

in intracellular nitrogen pools and feedback controls on

species of Gracilaria (Rhodophyta). Phycologia 55:257-

nitrogen uptake in Chaetomorpha linum (Chlorophyta).

264.

J. Phycol. 32:393-401.

Kourafalou, V. H., Lee, T. N., Oey, L. -Y. & Wang, J. D. 1996.

McLachlan, J. & Bird, C. J. 1984. Geographical and experi-

The fate of river discharge on the continental shelf: 2.

mental assessment of the distribution of Gracilaria spe-

Transport of coastal low-salinity waters under realistic

cies (Rhodophyta: Gigartinales) in relation to tempera-

wind and tidal forcing. J. Geophys. Res. 101:3435-3455.

ture. Helgol. Meeresunters. 38:319-334.

Kraemer, G. P., Carmona, R., Chopin, T., Neefus, C., Tang, X.

Neori, A., Msuya, F. E., Shauli, L., Schuenhoff, A., Kopel, F.

& Yarish, C. 2004. Evaluation of the bioremediatory po-

& Shpigel, M. 2003. A novel three-stage seaweed (Ulva

tential of several species of the red alga Porphyra using

lactuca) biofilter design for integrated mariculture. J.

short-term measurements of nitrogen uptake as a rapid

Appl. Phycol. 15:543-553.

bioassay. J. Appl. Phycol. 16:489-497.

Ott, F. D. 1965. Synthetic media and techniques for the xe-

Lapointe, B. E., Rice, D. L. & Lawrence, J. M. 1984. Respons-

nic cultivation of marine algae and flagellate. Va. J. Sci.

es of photosynthesis, respiration, growth, and cellu-

16:205-218.

lar constituents to hypo-osmotic short in the red alga,

Qu, L., Xu, J., Sun, J., Li, X. & Gao, K. 2017. Diurnal pH fluc-

Gracilaria tikvahiae. Comp. Biochem. Physiol. Part A

tuations of seawater influence the responses of an eco-

Physiol. 77:127-132.

nomic red macroalga Gracilaria lemaneiformis to fu-

Lartigue, J., Neill, A., Hayden, B. L., Pulfer, J. & Cebrian, J.

ture CO2-induced seawater acidification. Aquaculture

2003. The impact of salinity fluctuations on net oxy-

473:383-388.

gen production and inorganic nitrogen uptake by Ulva

Rose, J. M., Bricker, S. B., Deonarine, S., Ferreira, J. G.,

lactuca (Chlorophyceae). Aquat. Bot. 75:339-350.

Getchis, T., Grant, J., Kim, J. K., Krumholz, J. S., Kraemer,

Latimer, J. S., Tedesco, M. A., Swanson, R. L., Yarish, C., Sta-

G. P., Stephenson, K., Wikfors, G. H. & Yarish, C. 2015.

cey, P. E. & Garza, C. 2014. Long Island sound: prospects

Nutrient bioextraction. In Meyers, R. A. (Ed.) Encyclo-

for the urban sea. Springer, New York, 558 pp.

pedia of Sustainability Science and Technology. Springer

Liu, J. W. & Dong, S. L. 2001. Comparative study on utilizing

Press, New York, pp. 1-33.

nitrogen capacity between two macroalgae Gracilaria

Roy, L. A., Davis, D. A., Saoud, I. P., Boyd, C. A., Pine, H. J. &

tenuistipitata var. liui (Rhodophyta) and Ulva pertusa

Boyd, C. E. 2010. Shrimp culture in inland low salinity

(Chlorophyta). I. Nitrogen storage under nitrogen en-

waters. Rev. Aquac. 2:191-208.

richment and starvation. J. Environ. Sci. 13:318-322.

Rueness, J. 2005. Life history and molecular sequences of

Macler, B. A. 1988. Salinity effects on photosynthesis, car-

Gracilaria vermiculophylla (Gracilariales, Rhodophyta),

bon allocation and nitrogen assimilation in the red alga,

a new introduction to European waters. Phycologia

Gelidium coulteri. Plant Physiol. 88:690-694.

44:120-128.

Mariscal-Lagarda, M. M. & Páez-Osuna, F. 2014. Mass bal-

Russell, G. 1987. Salinity and seaweed vegetation. In Craw-

339

http://e-algae.org

Algae 2018, 33(4): 329-340

ford, R. M. M. (Ed.) Plant Life in Aquatic and Amphibi-

Chung, I. K. 2006. Growth of Gracilaria lemaneiformis

ous Habitats. Blackwell Scientific, Oxford, pp. 35-52.

under different cultivation conditions and its effects on

Satoh, K., Smith, C. M. & Fork, D. C. 1983. Effects of salinity

nutrient removal in Chinese coastal waters. Aquaculture

on primary processes of photosynthesis in the red Por-

254:248-255.

phyra perforata. Plant Physiol. 73:643-647.

Yarish, C. & Edwards, P. 1982. A field and cultural investiga-

Tedesco, M. A., Swanson, R. L., Stacey, P. E., Latimer, J. S., Yar-

tion of the horizontal and seasonal distribution of es-

ish, C. & Garza, C. 2014. Synthesis for management. In

tuarine red algae of New Jersey. Phycologia 21:112-124.

Latimer, J. S., Tedesco, M. A., Swanson, R. L., Yarish, C.,

Yarish, C., Edwards, P. & Casey, A. S. 1979a. A culture study

Stacey, P. E. & Garza, C. (Eds.) Long Island Sound: Pros-

of salinity responses in ecotypes of two estuarine red al-

pects for the Urban Sea. Springer, New York, pp. 481-539.

gae. J. Phycol. 15:341-346.

Trimmer, M., Nedwell, D. B., Sivyer, D. B. & Malcolm, S. J.

Yarish, C., Edwards, P. & Casey, S. 1979b. Acclimation re-

2000. Seasonal organic mineralisation and denitrifica-

sponses to salinity of three estuarine red algae from

tion in intertidal sediments and their relationship to the

New Jersey. Mar. Biol. 51:289-294.

abundance of Enteromorpha sp. and Ulva sp. Mar. Ecol.

Yarish, C., Edwards, P. & Casey, S. 1980. The effects of salinity,

Prog. Ser. 203:67-80.

calcium and potassium variations on the growth of two

Weinberger, F., Buchholz, B., Karez, R. & Wahl, M. 2008. The

estuarine red algae. J. Exp. Mar. Biol. Ecol. 47:235-249.

invasive red alga Gracilaria vermiculophylla in the Bal-

Yu, Z., Zhu, X., Jiang, Y., Luo, P. & Hu, C. 2014. Bioremediation

tic Sea: adaptation to brackish water may compensate

and fodder potentials of two Sargassum spp. in coastal

for light limitation. Aquat. Biol. 3:251-264.

waters of Shenzhen, South China. Mar. Pollut. Bull.

Wu, H., Huo, Y., Han, F., Liu, Y. & He, P. 2015. Bioremediation

85:797-802.

using Gracilaria chouae co-cultured with Sparus mac-

Zhang, J., Kim, J. K., Yarish, C. & He, P. 2016. The expansion of

rocephalus to manage the nitrogen and phosphorous

Ulva prolifera O.F. Müller macroalgal blooms in the Yel-

balance in an IMTA system in the Xiangshan bay, China.

low Sea, PR China, through asexual reproduction. Mar.

Mar. Pollut. Bull. 91:272-279.

Pollut. Bull. 104:101-106.

Wu, H., Kim, J. K., Huo, Y., Zhang, J. & He, P. 2017. Nutrient

Zheng, X., Duan, Y., Dong, H. & Zhang, J. 2017. Effects of di-

removal ability of seaweeds on Pyropia yezoensis aqua-

etary Lactobacillus plantarum in different treatments

culture rafts in China’s radial sandbanks. Aquat. Bot.

on growth performance and immune gene expression

137:72-79.

of white shrimp Litopenaeus vannamei under normal

Wu, H., Zhang, J., Yarish, C., Kim, J. K., He, P. & Jim, J. K. 2018.

condition and stress of acute low salinity. Fish Shellfish

Bioremediation and nutrient migration during blooms

Immunol. 62:195-201.

of Ulva in the Yellow Sea, China. Phycologia 57:223-231.

Zhou, Y., Yang, H., Hu, H., Liu, Y., Mao, Y., Zhou, H., Xu, X.

Xiao, J., Zhang, X., Gao, C., Jiang, M., Li, R., Wang, Z., Li, Y.,

& Zhang, F. 2006. Bioremediation potential of the mac-

Fan, S. & Zhang, X. 2016. Effect of temperature, salinity

roalga Gracilaria lemaneiformis (Rhodophyta) integrat-

and irradiance on growth and photosynthesis of Ulva

ed into fed fish culture in coastal waters of north China.

prolifera. Acta Oceanol. Sin. 35:1141-21.

Aquaculture 252:264-276.

Yang, Y. -F., Fei, X. -G., Song, J. -M., Hu, H. -Y., Wang, G. -C. &

https://doi.org/10.4490/algae.2018.33.11.13

340

