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Salinity mediates the effects of nitrogen enrichment on the growth,
photosynthesis, and biochemical composition of Ulva prolifera
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Abstract
To study the combined effects of multiple nitrogen (N) sources and salinity on the growth and physiology on macroalgae, we
culturedUlva prolifera under three N levels (N0, 0.1235 mg L−1; N1, 0.6 mg L−1; and N2, 4.4 mg L−1; the ratios were 18:74:8 for
NH4–N, NO3–N, and NO2–N, respectively) and three salinity conditions (15, 25, and 35). Then, the growth, pigment content,
photosynthetic performance, superoxide dismutase (SOD) activity, and contents of soluble protein and carbohydrates were
measured. The results showed the following: (1) Compared to that grown at salinity 25, the growth of U. prolifera decreased
under salinity 35, especially under the N0 and N2 levels, but there were no significant effects of salinity 15 under any of the N
levels. (2) There were no significant effects of salinity on the chlorophyll a (Chla) content, but compared to the content at salinity
25, the chlorophyll b (Chlb) content was enhanced by salinity 15 and 35; lower ratio values between Chla and carotenoids (Car)
occurred under the salinity 25 treatment. Under each salinity condition, the pigments were enhanced by a high N level. (3) A
relatively higher salinity level decreased the photosynthetic oxygen evolution rate, while a higher N level increased this value.
Compared to the rate at salinity 25, the dark respiration rate (Rd) significantly increased at salinity 15 under the N0 condition. (4)
SOD activity was enhanced by a high N level, but no significant effects of salinity were observed. (5) The carbohydrate content
was enhanced at salinity 35 under the N0 and N1 levels, and under salinity 15, this value increased with increasing N levels. In
conclusion, although the growth ofU. prolifera decreased at high N levels under high salinity conditions, a high N level induced
an increase in photosynthesis, while no significant decrease in growth occurred. These findings indicate that low salinity and high
N levels may be nonnegligible reasons why this species thrives, and low salinity was the better choice when this species was used
for wastewater treatment.
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Introduction

Blooms ofUlva spp., also known as green tides, on the Yellow
Sea coast are worrisome. Green tide outbreaks thrive under a
variety of conditions, including suitable temperatures, light,
and available nitrogen (N) concentrations (Kessing et al.
2011; Shi et al. 2015). Coastal eutrophication, which is caused

by aquaculture activities, fertilizer, and manure use, occurs
gradually over time. The N levels in most coastal areas in
China are higher than those in other coastal zones of the world
(Valiela et al. 2018). The supplement of nutrients not only
enhanced the growth of macroalgae (Teichberg et al. 2010;
Luo et al. 2012; Xu et al. 2014; Chen et al. 2016;
Reidenbach et al. 2017) but also influenced their biochemical
composition, for example, the protein and carbohydrate com-
position of macroalgae changed (Ross et al. 2018), as did
levels of certain enzymes, including rubisco, carbonic
anhydrase (CA), and nitrate reductase (NR), which are key
enzymes in photosynthesis and N absorption (Jiménez del
Rio et al. 1995; Zhu et al. 2016). Excessive nutrients are the
main reason for the explosive proliferation of Ulva spp.
(Valiela et al. 2018). Although there are many papers about
the effects of nutrients on macroalgae, these studies have only
investigated the effects of single N species, and relatively
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more attention has been paid to nitrate (NO3–N) (Teichberg
et al. 2010; Zhu et al. 2016) and ammonium N (NH4–N) (Xu
et al. 2014; Reidenbach et al. 2017); the effects of multiple N
sources have been not been studied, including the interactive
effects between N and other environmental factors. NO3–N
and NH4–N are the main forms of inorganic N, but nitrite N
(NO2–N) also exists in coastal waters, especially in coastal
zones influenced by aquaculture (Ge et al. 2018).
Macroalgae, including Ulva spp., have been used for waste-
water treatment (Brito et al. 2014; Ge et al. 2018) due to their
high nutrient uptake ability and storage capacity (Luo et al.
2012; Lubsch and Timmermans 2018).

Furthermore, macroalgae grow in nearshore ponds, estuar-
ies, and intertidal zones, and the salinity varies in these areas.
The pigment content, photosynthesis, growth, and antioxidant
activity as well as reactive oxygen species in macroalgae
could be affected by salinity (Choi et al. 2010; Luo and Liu
2011; Gao et al. 2016). Compared to optimal salinity levels,
low and high salinities induce more oxidative damage, and
relatively higher SOD activity has been observed under
hyper- and hyposaline conditions (Luo and Liu 2011).
Salinity-dependent morphological variations in physiology
and biochemical composition were also observed in
U. prolifera, i.e., there were more branches at low salinity
levels (salinity 10), especially at 20 °C, and longer branches
were observed under hypersaline conditions (salinity 30), es-
pecially at 25 °C; relatively higher NR activity occurred at
salinity 20 at 25 °C (Gao et al. 2016). Additionally, the growth
and nitrate uptake rates ofU. pertusa decreased under low and
high salinity levels (Choi et al. 2010).

As previously mentioned, Ulva prolifera is the dominant
bloom-forming macroalga that thrives on the Yellow Sea coast
in late April through early August every year. We wanted to
investigate the extent to which coastal nutrient enrichment en-
hances the growth and photosynthesis of this species. Increases
in the activity of reactive oxygen scavenging enzymes induced
by low and high salinity levels are involved in oxidative stress
(Luo and Liu 2011), and therefore, we also wondered whether
and how this increase could mediate the effects of N enrichment
in this species. Furthermore, this species has also been used as a
biofilter and a monitor for metal pollution (Farias et al. 2017; Ge
et al. 2018), and the advantages of the physiological characteris-
tics ofU. prolifera in addition to its higher nutrient uptake ability
were also important. U. prolifera was chosen for this study and
was cultured in the laboratory across a range of salinity levels and
enriched with multiple N sources. After 6-day growth experi-
ments, the algae growth, photosynthesis, pigment content, respi-
ration, SOD activity, total soluble protein, and carbohydrate con-
tent in the thalli were determined. The aims of this study were to
possibly understand which level of N enrichment enhanced the
booming of this species, assess how this enhancement was af-
fected by salinity fluctuations, and determinewhatwe should pay
attention to when this species is used for wastewater treatment.

Materials and methods

Species and culture conditions

Ulva prolifera in approximately 2–3 mm lengths was provid-
ed by Xiangshan Xuwen Seaweed Development Co. Ltd.
Prior to the experiment, they were kept in non-N artificial
seawater (ASW; salinity 25) enriched by f/2 medium
(without Si, without N; Guillard and Ryther 1962) for 3–4
days at 25 °C and 80 μmol photons m−2 s−1 conditions (L:D
= 12:12) by bubbling with ambient air at 600 mL min−1. The
non-N ASWwas changed every day, and the fresh weight was
determined every day. Until the fresh weight was almost no
longer increase, they were used for experiments.

Treatments

In previous studies, the ratios of NH4–N, NO3–N, and NO2–N
have been ignored (Xu et al. 2014; Zhu et al. 2016). Therefore,
in this study, we set three N levels (N0 (LN), 0.12 mg L−1; N1

(MN), 0.60 mg L−1; and N2 (HN), 4.4 mg L−1) with 18:74:8
ratios for NH4–N, NO3–N, and NO2–N, respectively, based
on the China Offshore Sea Environmental Quality Bulletin
2016. N1 represented the average concentration of inorganic
N in Zhejiang coastal waters, while N2 represented the total
concentration of N in shrimp pond aquaculture wastewater.
Three salinity levels were set up: salinity 15 (LS), salinity 25
(MS), and salinity 35 (HS). The salinity of ASW was 35. The
salinity 25 and 15 treatments were prepared by diluting ASW
with distilled water. Then, different volumes (28 and 136 μL
for N0 and N1 treatments, and 1mL for N2 treatments) of stock
solutions (4.4 g L−1) were added. Approximately 0.2–0.3 g of
U. prolifera thalli that were precultured in f/2 enriched non-N
ASW were cultured (three replicates for each treatment) in
treatment combinations as follows:

N concentration (mg L−1) Salinity

15 (LS) 25 (MS) 35 (HS)

0.12 (LN) LNLS LNMS LNHS

0.6 (MN) MNLS MNMS MNHS

4.4 (HN) HNLS HNMS HNHS

The fresh weight was measured every day, and the culture
medium was renewed every day. To eliminate the effect of
culture density (Jiang et al. 2017), new algal biomass was
removed after the fresh weight was measured (Li et al.
2018). The growth rate was reported as the average of the last
three days in each treatment during the culture. The pigments,
photosynthesis, and biochemical constituents were deter-
mined after the algae were cultured under each treatment for
6 days.
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Growth rate and pigment content

Changes in the fresh weight was evaluated every day, and the
relative growth rate (RGR) was calculated using the following

formula: RGR % � d−1� � ¼ 100� lnW2
W1

� 1, where W1 and

W2 represent the fresh weight measured on the previous day
and the current day.

The samples (ca. 0.01 g) used for determining the pigments
were extracted in methanol (3 mL) overnight at 4 °C in dark-
ness, and the absorption spectrum of the extraction solution
was scanned from 250 to 750 nm using a scanning spectro-
photometer (Yuanxi Instrument Co., Ltd, Shanghai). The
chlorophyll a (Chla), chlorophyll b (Chlb), and carotenoid
(Car) concentrations were calculated according to
Lichtenthaler and Wellburn (1983) based on the absorbance
of the methanol extracts at 470, 653, and 666 nm.

Photosynthesis

The net photosynthetic oxygen evolution rates (Pn) were mea-
sured using a Clark-type oxygen electrode (Hansatech
Instruments Ltd, UK) at 25 °C under different irradiance
levels (50, 100, 200, 400, and 600 μmol m−2 s−1; P-I curve).
The thalli (ca. 0.01 g) were weighed and placed into 2 ml
sample cups containing fresh medium, and the temperature
was controlled by using a cooling circulator (Jinghong,
Shanghai, China). The Pn was reported as the increase in the
oxygen concentration of the medium at each light level from
5–8 min. The dark respiration rate (Rd) was measured by de-
termining the oxygen consumption under dark conditions.
The P-I curves were fitted by the following equation: Pn =
Pmax × tanh (α I/Pmax) + Rd (Jasby and Platt 1976), where tanh
and I represent the hyperbolic tangent and the irradiance
(μmol m−2 s−1), respectively; α, Pmax, and Rd represent the
apparent photosynthetic efficiency (α) (the slope of the initial
linear region of the P-I curves), the maximal net photosynthet-
ic rate, and the dark respiration rate, respectively. The com-
pensation (Ic; μmol m−2 s−1) and saturating light intensity (Ik;
μmol m−2 s−1) for photosynthesis were calculated as follows:
Ic = − Rd/α; Ik = Pmax/α. The gross photosynthetic oxygen rate
(Pg) was calculated according to Henley (1993) as follows: Pg

= Pmax + Rd.

Superoxide dismutase (SOD) activity and biochemical
constituent analysis

Aliquots of 0.15 g of thalli were extracted in phosphate buffer
solution (PBS: 50mmol L–1, pH 7.8) after being homogenized
and were centrifuged for 15 min at 11,000g at 4 °C. The
extraction solutions were used to determine their SOD activity
and biochemical constituents.

SOD (EC 1.15.1.1) activity was determined by nitroblue tet-
razolium (NBT) photoreduction (Giannopolitis and Ries 1977)
with some modifications (Luo and Liu 2011; Li et al. 2017). In
detail, a mixed solution that included methionine (14.5 mmol
L−1, 94.5 mL), EDTA-Na2 (30 μmol L−1, 350 μL), PBS
(50 mmol L−1, 3.15 mL, pH 7.8), NBT (2.25 mmol L−1, 3.5
mL), and riboflavin (60mmol L−1, 3.5 mL) was prepared. Then,
3 mL of the mixed solution and 50 μL of crude SOD extract
were transferred to test tubes and reacted at 25 °C and 80 μmol
photons m−2 s−1 conditions. After 20 min, the absorbance at
560 nm was measured. The quantity of SOD required to pro-
duce a 50% reduction in NBTwas defined as the SOD activity
(U g−1 Fw). The total soluble protein content and carbohydrates
were determined by coomassie brilliant blue G-250 dye and
anthracene ketone sulfuric acid colorimetric methods according
to Bradford (1976), and Loewus (1952), respectively.

Data analysis

Three replicates for each treatment were used in all the exper-
iments, and the data were shown as the mean and the standard
deviation. Origin 7.5 and SPSS 18.0 were used for plotting
and the statistical analyses, respectively. The normal distribu-
tion of all data under each treatment and the homogeneity of
variance were confirmed by a Shapiro-Wilk test (P > 0.05)
and Levene’s test (P > 0.05), respectively. The effects of sa-
linity, N, and their interactions were assessed by a two-way
analysis of variance (ANOVA). ATukey post hoc test (Tukey
HSD) was performed to show differences between the salinity
and N treatments. The significance level was set at P < 0.05.

Results

Effects of N and salinity on growth and pigments

Compared to salinity 25, the growth ofU. prolifera decreased by
salinity 35, especially under theN0 andN2 levels, and there were
no significant effects of salinity 15 under any N level. Under the
salinity 25 and 35 conditions, a higher growth rate was observed
at the N1 level, and under salinity 15, no effects of N were
observed (Fig. 1). However, the interactive effects of salinity
and N were significant (F4,18 = 3.779, P = 0.021; Table 1).

Compared to changes in salinity, there were significant in-
creases in the pigment contents in the thalli at higher N concen-
trations (Fig. 2, Table 1). In detail, higher Chla, Chlb, and Car
contents were observed under the N2 level regardless of the
salinity conditions. Significant effects of N on the Chla content
(F2,18 = 90.992, P < 0.001) were observed, while no significant
difference in salinity was observed (F2,18 = 2.869, P = 0.083).
However, these two factors showed significant interactive ef-
fects (F4,18 = 3.723; P = 0.022). The thalli grown under the N2

level and salinity 25 conditions had the highest Car content
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(Fig. 2C). Significant effects of both N (ANOVA; Chlb: F2,18=
68.638, P < 0.001; Car: F2,18 = 58.030, P < 0.001) and salinity
(ANOVA; Chlb: F2,18 = 48.759, P < 0.001; Car: F2,18 =
51.487, P < 0.001) on the Chlb and Car contents were ob-
served, but a significant interactive effect of these two pigments
was found only in the Car content (F4,18 = 7.517, P = 0.001).

Under each N level, compared to results at salinity 25, high
and low salinity levels inhibited the ratio of Chla and Chlb
(Chla/Chlb) and increased the ratio of Chla and Car (Chla/Car)
as well as the ratio of Chlb and Car (Chlb/Car). There was no
significant difference in the Chla/Chlb between salinity 15 and
35 (ANOVA;N0,F1,4= 0.519,P= 0.511; N1:F1,4= 1.218,P=
0.332; N2, F1,4 = 3.566, P = 0.132), while the Chla/Car and
Chlb/Car increased with increasing salinity (Table 2).

Effects of N and salinity on the photosynthesis

Net photosynthesis (Pn) increased gradually and then stabilized
with increasing light intensity, and a higher maximal Pn (Pmax)
occurred under the N2 level, especially at salinity 15 (Fig. 3,

Table 3). Under the N0 level, compared to results in the salinity
25 treatment, the thalli grown at salinity 15 showed a higher α,
Pmax, and Rd; the thalli grown at salinity 35 had a lower Rd and
Pmax and no influence on α, which was lower than that for the
salinity 15 treatment. The Ic and Ik decreased due to low and

Fig. 1 The relative growth rate (RGR) of U. prolifera grown under dif-
ferent treatments. Different uppercase letters indicate significant differ-
ences between different nitrogen levels for the same salinity, while dif-
ferent lowercase letters represent significant differences between salinity
treatments at the same nitrogen level (P < 0.05)

Table 1 Results of two-way analysis of variance for the effects of sa-
linity and nitrogen on the relative growth rate (RGR) and pigments for
Ulva prolifera grown under different salinity and nitrogen levels.

Salinity*NITROGEN represents the interactive effect between these
two factors, df represents degrees of freedom, and F represents the value
of the F statistic

Source df F p value Source df F p value

RGR Chla

Salinity 2 13.945 0.000 Salinity 2 2.869 0.083

Nitrogen 2 3.622 0.048 Nitrogen 2 90.992 0.000

Salinity*nitrogen 4 3.779 0.021 Salinity*nitrogen 4 3.723 0.022

Chlb Car

Salinity 2 48.759 0.000 Salinity 2 51.487 0.000

Nitrogen 2 69.638 0.000 Nitrogen 2 58.030 0.000

Salinity*nitrogen 4 1.392 0.276 Salinity*nitrogen 4 7.517 0.001

Fig. 2 The Chla, Chlb, and Car contents of U. prolifera grown under the
different treatments. Different uppercase letters indicate significant
differences between different nitrogen levels for the same salinity, while
different lowercase letters represent significant differences between
salinity treatments at the same nitrogen level (P < 0.05)
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high salinity levels under the N0 level. Then, under the N1 and
N2 conditions, the α and Pmax in the salinity 15 treatment in-
creased, but the Ic and Ik decreased (Table 3). However, there
were no significant interactive effects of salinity and N on these
parameters, except for Ik (Table 4).

The ratio of Rd and Pg (Rd/Pg) decreased with increasing N
concentrations under the salinity 15 and 25 conditions, but no
differences between the N levels were observed for the salinity
35 condition. Additionally, under the N0 level, no effects of
salinity on the Rd/Pg occurred, while this value increased with
increasing salinity for the N1 and N2 levels. Significant effects
of N (ANOVA; F2,18 = 16.422, P < 0.001) and salinity
(ANOVA; F2,18 = 16.989, P < 0.001) on the Rd/Pg were ob-
served, but there were no significant interactive effects be-
tween these two factors (F4,18 = 1.852, P = 0.163; Table 4).

Effects of N and salinity on SOD activity

No significant effects of salinity on the SOD activity were
observed (ANOVA; F2,24 = 2.098, P = 0.145; Fig. 4), al-
though higher values occurred at salinity 35 under all the three
N levels. Compared to the N0 level, the N2 level significantly
increased the SOD activity, especially under the salinity 15
(ANOVA; F1,4 = 33.300, P = 0.004) and salinity 35 condi-
tions (ANOVA; F1,4 = 6154.119, P < 0.001). The interactive
effects of these two factors were statistically insignificant
(F4,18 = 2.847, P = 0.054; Fig. 4).

Effects of N and salinity on soluble protein
and carbohydrates

The soluble protein content was maintained between 1.1 and
1.7 mg g−1 under the different treatments, and no significant
effects of N and salinity (ANOVA; salinity: F2,18 = 2.379, P =
0.121; N: F2,18 = 0.896, P = 0.425) or the interactive effects of

these two factors were observed (F4,18 = 0.648; P = 0.635)
(Fig. 5A).

Under the salinity 25 condition, no significant effects of N
on carbohydrates were observed, but under salinity 15, this
value increased with increasingN concentrations; the opposite
trend occurred under the salinity 35 condition. Additionally,
the thalli grown at salinity 35 under the N0 and N1 levels
showed higher carbohydrate contents. The results showed that
there were significant effects of salinity (ANOVA; F2,18 =
54.521, P < 0.001) but not of N (ANOVA; F2,18 = 3.201, P
= 0.065) on carbohydrates; however, the interactive effects of
salinity and N were significant (F4,18 = 17.251; P < 0.001)
(Fig. 5B; Table 4).

Discussion

Ulva spp. in estuaries, intertidal zones and other areas often
experience salinity fluctuations as well as eutrophication, in-
cluding the enrichment of NH4–N, NO3–N, and NO2–N. This
study was the first to attempt to evaluate the effects of salinity
and multiple N sources on Ulva prolifera. The results showed
that compared to that grown in a hypersaline environment, the
growth ofUlva prolifera in hyposaline conditions was greater;

Table 2 The ratios of Chla, Chlb, and Car of U. prolifera grown under
different treatments. Different uppercase letters indicate significant
differences between different nitrogen levels for the same salinity, while
different lowercase letters represent significant differences between
salinity treatments at the same nitrogen level (P < 0.05)

Treatment Chla/Chlb Chla/Car Chlb/Car

LNLS 1.39 ± 0.05Aa 5.46 ± 1.00Aa 3.94 ± 0.86Aa

LNMS 2.30 ± 0.12Ab 2.96 ± 0.14Ab 1.29 ± 0.13Ab

LNHS 1.29 ± 0.03Aa 4.60 ± 0.25Aa 3.56 ± 0.29Aa

MNLS 1.37 ± 0.02Aa 5.91 ± 0.34Aa 4.29 ± 0.30Aa

MNMS 2.33 ± 0.08Ab 3.23 ± 0.06Bb 1.38 ± 0.07Ab

MNHS 1.32 ± 0.03Aa 5.38 ± 0.09Bab 4.08 ± 0.16Ba

HNLS 1.37 ± 0.01Aa 6.25 ± 0.19Bab 4.55 ± 0.15Bb

HNMS 2.32 ± 0.07Bb 3.42 ± 0.07Cb 1.47 ± 0.07Aab

HNHS 1.34 ± 0.08Aa 5.06 ± 0.78Cc 3.77 ± 0.70AB

Fig. 3 Net photosynthetic oxygen evolution vs. the light intensity rate of
U. prolifera grown under different treatments (a, salinity 15; b, salinity
25; and c, salinity 35)
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high N concentrations lowered the growth of this species, but
the photosynthetic rate was enhanced by a high N level, espe-
cially under low salinity conditions.

Previous studies have shown that Ulva spp. have a
strong salinity tolerance, especially U. prolifera (Larsen
and Sand-Jensen 2006; Rybak 2018). In this study, the
growth of U. prolifera decreased due to high salinity, es-
pecially under low and high N concentrations. The reasons
for this phenomenon include that higher salinity levels in-
duced the formation of generative cells (Lin et al. 2011)
and more oxidative stresses (Luo and Liu 2011); however,
in this study, there were no significant effects of salinity on
the Chla content and SOD activity, indicating the euryha-
line nature of U. prolifera. The nonnegligible reason for

this result may be the increased frequency of changing
salinity conditions. However, in this study, the photosyn-
thetic rate decreased significantly under the high salinity
levels. To adapt to hypersaline conditions, algae rapidly
accumulate the organic osmolytes proline, tyrosine, and
histidine (Kakinuma et al. 2006; Angell et al. 2015) as well
as carbohydrates (increased due to high salinity in this
study), which is related to osmotic regulation ability
(Bohnert et al. 1995), and the algae consumed more me-
tabolites and energy necessary for growth. All the reasons
mentioned above induced the lower growth rate under the
high salinity condition. An inhibitory effect of extreme
salinity stress (salinity 40) on growth was also observed
in U. pertusa (Choi et al. 2010). In published papers,

Table 3 Photosynthetic parameters calculated from the P-I curves of
U. prolifera grown under different conditions. Different uppercase letters
indicate significant differences between different nitrogen levels for the

same salinity, while different lowercase letters represent significant
differences between salinity treatments at the same nitrogen level (P <
0.05)

Treatment Rd (μmol O2 g
−1 h−1) α Ic (μmol m−2 s−1) Ik (μmol m−2 s−1) Pmax (μmol O2 g

−1 h−1) Rd/Pg

LNLS 47.1 ± 16.1Aa 3.0 ± 0.5Aa 16.5 ± 9.1Aa 108.8 ± 32.9Aab 319.9 ± 34.6Aa 0.13 ± 0.03Aa

LNMS 35.0 ± 2.6Aa 1.1 ± 0.2Ab 33.3 ± 3.1Ab 185.3 ± 60.5Ab 190.3 ± 38.6Ab 0.16 ± 0.04Aa

LNHS 25.9 ± 4.3Ab 1.3 ± 0.1Ab 19.4 ± 2.0Aa 107.2 ± 8.3Aa 142.1 ± 3.0Ab 0.16 ± 0.02Aa

MNLS 30.0 ± 23.2ABa 3.1 ± 0.7Aa 9.6 ± 1.4Aa 112.4 ± 18.8Aab 358.3 ± 137.8ABa 0.08 ± 0.01Ba

MNMS 32.3 ± 3.8Aa 1.1 ± 0.2Ab 28.8 ± 3.6Ab 246.6 ± 21.5ABa 280.5 ± 58.5ABab 0.10 ± 0.01Ba

MNHS 35.2 ± 4.1Ba 1.4 ± 0.2Ab 24.4 ± 1.6Ab 140.9 ± 18.1Bb 202.3 ± 25.1Bb 0.15 ± 0.01Ab

HNLS 24.1 ± 9.5Ba 3.2 ± 0.7Aa 7.2 ± 1.5Aa 140.1 ± 14.8Aab 451.8 ± 82.0Ba 0.05 ± 0.01Ca

HNMS 36.1 ± 7.8Ab 1.1 ± 0.4Ab 33.2 ± 6.0Ab 372.8 ± 99.1Ba 392.5 ± 13.7Bab 0.08 ± 0.01Cb

HNHS 35.8 ± 16.1Bb 1.4 ± 0.3Ab 24.2 ± 6.4Ac 159.1 ± 18.7Bb 227.5 ± 49.4ABb 0.13 ± 0.03Ac

Table 4 Results of two-way analysis of variance for the effects of sa-
linity and nitrogen on the dark respiration rate (Rd), photosynthetic pa-
rameters derived from the P-I curves, the ratio between Rd and gross
photosynthesis (Rd/Pg), SOD activity, and carbohydrates for Ulva

prolifera grown under different salinity and nitrogen levels.
Salinity*nitrogen represents the interactive effect between these two fac-
tors, df represents degrees of freedom, and F represents the value of the F
statistic

Source df F p value Source df F p value

Rd α

Salinity 2 0.126 0.882 Salinity 2 59.553 0.000

Nitrogen 2 0.477 0.628 Nitrogen 2 0.196 0.824

Salinity*nitrogen 4 2.762 0.060 Salinity*nitrogen 4 0.037 0.997

Ic Ik
Salinity 2 45.182 0.000 Salinity 2 32.697 0.000

Nitrogen 2 0.502 0.614 Nitrogen 2 10.380 0.001

Salinity*nitrogen 4 2.435 0.085 Salinity*nitrogen 4 3.179 0.039

Pmax Rd /Pg
Salinity 2 19.985 0.000 Salinity 2 16.989 0.000

Nitrogen 2 11.323 0.001 Nitrogen 2 16.422 0.000

Salinity*nitrogen 4 0.798 0.542 Salinity*nitrogen 4 1.853 0.163

SOD Carbohydrates

Salinity 2 15.921 0.000 Salinity 2 54.521 0.000

Nitrogen 2 76.378 0.000 Nitrogen 2 3.201 0.065

Salinity*nitrogen 4 2.847 0.054 Salinity*nitrogen 4 17.251 0.000
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relatively higher growth was observed under lower salinity
conditions (Choi et al. 2010; Lin et al. 2011; Li et al.
2017); this result was also found in this study, indicating
strong adaptability to bay and coastal intertidal zones
where the salinity varies due to rainfall and freshwater
inputs. Low salinity levels increased the α as well as the
Rd, especially under low N concentrations; in turn, more
energy was provided that could be used for uptake and
assimilation of N where NR plays an important role.
Previous studies have shown that high N uptake occurred
at salinity 20 (Choi et al. 2010), and compared to activity at
salinities 5 and 30, high NR activity was observed at salin-
ity 15 (Zhu et al. 2016).

Fluctuations in seawater salinity induced by rivers inputs,
rainfall, and tidal periods often co-occurwith eutrophication,
and increasing N concentrations are the most important
cause. A high NO3

− concentration (2.24 mg L−1) increased
the growth and number of fragments of U. lactuca (Van
Alstyne 2018), and a high NH4–N concentration (2.8 mg
L−1) also increased the growth of U. prolifera (Xu et al.
2014); however, in this study, a nonsignificant increase in
growth was observed at a high N concentration (4.4 mg
L−1), especially under salinity 35. Previous papers have
shown that a relatively higher N concentration could stimu-
latematurityand induce the formationof reproductivecells in
U. rigida, thus leading to a decline in growth (Gao et al. 2017,
2018). In addition, because of life stage-specific sensitivity
differences, compared to adults, seedlings were more sensi-
tive to changes in environmental factors (Cui et al. 2015).
Moreover, the toxic effects of NH4− and NO2–Nmay be an-
other reason. A high NH4–N concentration (> 0.5 mg L−1)
reduced net primary production inEnteromorpha compressa
adults (Kautsky 1982) and depressed the growth of
Cladophora vagabunda and Gracilaria tikvahiae (Peckol
and Rivers 1995). Although growth decreased at the highest

N level, the pigment content increased significantly under all
the three salinity conditions; in turn, the photosynthetic rate
increasedunder high light levels in this study,whichwas also
observed in previous publications (Gordillo et al. 2003; Zou
andGao2014;Chen et al. 2016).However, this enhancement
in photosynthesis was more significant at salinity 15 than at
salinity 35, indicating that the synthesis or degradation of
osmolytes under the high salinity condition consumed more
energy (Angell et al. 2015).

In conclusion, the growth of U. prolifera decreased due to
high N levels, especially under high salinity conditions; how-
ever, high N levels induced increases in photosynthesis, and
no significant decreases in growth were observed. These re-
sults indicate that low salinity and high N levels may be
nonnegligible reasons why this species thrives, and low salin-
ity was the better choice when this species was used for waste-
water treatment. Additionally, the nitrate concentrations in
Chinese coastal waters were greater than those in other coastal
regions of the world. Considering the complexity of life stage-
specific responses to environmental factors as well as the an-
nual periodicity and regularity of green tides, we speculate
that the large-scale growth of U. prolifera is related to annual
rainfall and industrial and domestic wastewater discharge.
Therefore, information regarding nutrient sources as well as
changes in salinity is needed to understand the basis of
macroalgal blooms.

Fig. 4 The SOD activity ofU. prolifera grown under different treatments.
Different uppercase letters indicate significant differences between
different nitrogen levels for the same salinity, while different lowercase
letters represent significant differences between salinity treatments at the
same nitrogen level (P < 0.05)

Fig. 5 The contents of soluble protein (A) and carbohydrates (B) of
U. prolifera under different treatments. Different uppercase letters indi-
cate significant differences between different nitrogen levels for the same
salinity, while different lowercase letters represent significant differences
between salinity treatments at the same nitrogen level (P < 0.05)
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