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Abstract
The responses of Ulva species to diurnal temperature difference remain poorly understood. 
In this present study, we cultured Ulva prolifera under different diurnal temperature treat-
ments with 22°C for photoperiod and 22, 20, 18, 16, 14, and12°C for dark period, respec-
tively (noted as 22-22, 22-20, 22-18, 22-16, 22-14, and 22-12°C treatments). The growth, 
pigment contents, photosynthesis, superoxide dismutase (SOD) activity, soluble proteins, 
and sugars were measured. The main results were shown as follows: (1) The growth of U. 
prolifera was enhanced by the moderate diurnal temperature difference, and the highest 
growth rate was observed at 22-18°C. (2) Compared with 22-22°C treatment, the thalli 
grown under 22-18°C condition showed lower chlorophyll a (Chla) content, respiration rate 
(Rd), the ratio of Rd, and gross photosynthetic rate (Rd/Pg) as well as the net photosyn-
thetic rate (Pn), while the lowest Pn was observed at 22-12°C. (3) The maximum quantum 
yield (Fv/Fm) was enhanced by diurnal temperature difference, while the effective quantum 
yield (Fv′/Fm′) decreased with the decreased in temperature in the nighttime. (4) With the 
increase of the diurnal temperature difference gradient, the SOD activity decreased and 
then increased, with the lowest value observed at 22-18 °C, and the soluble protein con-
tent showed similar trend. Then we cultured this species at 22-22°C and 22-16°C both 
under 250 and 60 μmol  m−2s−1 conditions in order to study the combined effects of diur-
nal temperature change and light intensities. It was found that under both two light levels, 
22-16°C-grown thalli showed higher growth rate, while the SOD activity was lower than 
that grown under 22-22°C condition. Overall, the suitable range of diurnal temperature dif-
ference for the growth of U. prolifera was about 4–6°C and also was mediated by light 
intensity.
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Introduction

Green tides, because of the excessive grown of green seaweed and dominated by Ulva spe-
cies, are becoming a worldwide environmental problem and have caused serious impact on 
the environment, tourism, and economy (Guo et al. 2021; Smetacek and Zingone 2013). 
Until 2021, the size and biomass of green tide in Yellow Sea in China is unexpectedly 
massive (Song et al. 2022). It is well known that the suitable temperature, light, nutrition, 
and wind promote the formation and flotation of the green tides (Liu et al. 2013; Wu et al. 
2022a). In fact, we should notice that the harvest of the Ulva at the suitable time can pro-
vide the valuable ecosystem service for their quick absorption of nitrogen and phosphorus, 
as well as their important role in the carbon neutrality (Wu et al. 2018; Gao et al. 2022). 
Compared with non-green tides Ulva strains, green tides strains show higher protein con-
tent (Fort et al. 2020) and they are rich in fatty acids (McCauley et al. 2016), then they can 
be used as feedstock in food, medicine, and biorefining industries (Calheiros et al. 2021), 
and Ulva also have aquaculture potential (Jaiswar et al. 2022). Additionally, Ulva can be 
used as a model organism in the green seaweed research for system biology (Blomme et al. 
2023).

Due to the celebrity effects of Ulva species during green tides, there are too many stud-
ies about how Ulva respond to environmental changes, such as temperature, light intensity, 
salinity, and nutrient by using physiological and multi-omic methods (Cui et al. 2015; Feng 
et al. 2021; Huo et al. 2021; Wang et al. 2018; Zanolla et al. 2019; Zhao et al. 2023ab). 
Although there are species-specific acclimatization capacities of macroalge, Ulva can grow 
under a wide temperature range from 5 to 35°C (Cui et al. 2015; Wang et al. 2018), a large 
light levels range from 10 to 500 μmol  m−2s−1 and have high tolerance to low nutrient 
concentration (Luo et  al. 2012). The spore induction in U. lactuca was also affected by 
temperature and photoperiod (Jaiswar et al. 2022). In order to adapt the hypersalinity and 
excess light, Ulva fasciata can modify the gene expression of carotene biosynthesis-related 
protein (Hsu and Lee 2012). In U. prolifera, the carotenoid biosynthesis is modulated by 
R2R3-MYB transcription factor MYB44 (He et al. 2022). Additionally, different day-aged 
U. prolifera gametophytes showed varying growth rates and physiological characteris-
tics (Zhao et  al. 2023b). Among these environmental factors, the effects of temperature 
were mostly important (Zheng et al. 2022). When U. prolifera were exposed to 35°C for 
3 h and 30°C for 12 h, the abscisic acid signal transduction pathway was upregulated (Fan 
et al. 2018; Zhao et al. 2023a), and the role of  Ca2+-related channels was not to be ignored 
when they respond to high temperature (Fan et al. 2022). When the thalli grow under low 
temperature, vegetative growth dominated, while when they were cultivated under high 
temperature, they entered reproductive growth sooner (Feng et al. 2021). Actually, during 
the outbreak of the green tide, the gradient of the sea surface temperature (SST) showed 
regional and time difference (Keesing et al. 2011). Considering temperature dependence in 
the growth, photosynthesis, glucose, and amino acid metabolism of Ulva species (He et al. 
2018; Zhao et al. 2023a), as well as the light and dark period difference in the regulation of 
the key antioxidant enzymes activity and content (Poor et al. 2018), whether the changes in 
temperature gradient affect the outbreak of green tide needs to be studied.

Previous studies showed that the growth and soluble carbohydrate content of Pyropia 
haitanensis were increased by diurnal temperature variation (Chen et al. 2019), as well as 
the fluctuation temperatures (Wu et al. 2022b). In fact, Ulva species showed special diur-
nal growth patterns with biomass accumulation observed during night period (Fort et al. 
2019); lower temperature in nighttime enhanced the growth rate of U. prolifera in the 



3235Aquaculture International (2024) 32:3233–3247 

1 3

daytime (Li et al. 2019). The latest research showed that the growth rate of U. prolifera was 
significantly improved by the suitable temperature difference between day and night (4°C), 
especially under eutrophication conditions (Chen et al. 2023). Additionally, a more rapid 
temperature increase in the nighttime than that in daytime was observed (Sillmann et al. 
2013). The knowledge gap is that how the bloom forming Ulva species respond to diur-
nal temperature difference? Is there an optimal range of temperature difference between 
day and night for the growth of U. prolifera? So, in this present study, we set a certain 
diurnal temperature difference conditions based on the trend of SST changes in the Yel-
low Sea and the East China Sea, and cultured U. prolifera under these temperature condi-
tions. The growth, respiration and photosynthesis, as well as the cellular component were 
determined and analyzed, with the aim to investigate how diurnal temperature difference 
impacts the growth of this species and find the suitable temperature ranges for the growth 
of this species.

Materials and methods

Materials and pre‑treatment

U. prolifera thalli were provided by Xiangshan Xuwen Seaweed Development Co., Ltd. 
(Xiangshan, Ningbo, China) and were aerated and cultured in glass triangular bottles (500 
mL) with artificial seawater (salinity 25) enriched with f/2 medium at 100 μmol  m−2s−1 
(12L:12D) and 22°C. A “germing cluster” method (Hiraoka and Oka 2008) was used to 
culture this species in laboratory for almost 5 years. Before the experiment, the “germing 
cluster” was cultured under above conditions, the seawater medium with f/2 medium was 
aerated vigorously (600 mL  min−1) and was changed every other day. When the length of 
the thalli reached 3–5 cm, they were used in the following experiment. The changes of the 
length of thalli during the culture period are shown in Fig. S1.

Experimental setup

The suitable temperature for the growth of U. prolifera was about 15–25°C (Cui et  al. 
2015; Wang et al. 2018), the seawater temperature of Xiangshan bay was about 22°C when 
the U. prolifera grown quickly in the field, and this species was cultured in laboratory at 
22°C for almost 5 years, we also did the pre-experiment and found that there were no sig-
nificant difference between 22 and 18°C on the growth of this species, so the daytime tem-
perature was set as 22°C, while the nighttime temperature was set as 22, 20, 18, 16, 14, and 
12°C, respectively, so the treatments were noted as 22-22°C, 22-20°C, 22-18°C, 22-16°C, 
2214°C, and 22-12°C. Other conditions were kept same as above.

U. prolifera thalli (3–5 cm length of the thalli; 0.625g  FW  L−1) were cultured under the 
different temperature treatments. A previous study showed that the growth of macroalgae 
was affected by culture density (Jiang et al. 2019), so during the experiment, the medium 
was changed every two days and the new biomass was removed at the same time in order 
to avoid the effect of algal density (Xu and Gao 2012; Zheng et al. 2019). Each treatment 
was set up in 4 replicates, and the other parameters, including pigment content, respiration 
and photosynthetic rate, chlorophyll fluorescence parameters, superoxide dismutase (SOD) 
activity, and cellular component, were determined when they acclimated to the different 
temperature treatments.
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Additionally, during the adaptation of the Ulva spp., the light intensity of the sea surface 
was about 30–300 μmol  m−1s−1 on cloudy day and more than 300 μmol  m−1s−1 on sunny 
days (Wang et al. 2018). So, in order to study the combined effects of diurnal temperature 
difference and light intensity, we cultured this species under 22-22 °C and 22-16 °C under 
60 (low light level) and 250 μmol  m−2s−1 (high light level) for 3 days. The growth rate, 
Chla content, and SOD activity were measured.

Determination of relative growth rate

The fresh weights were measured every two days when the culture medium was renewed. 
The biomass accumulation rates (RGR) were calculated by using the following formula: 
RGR (%  d−1) = ln (Wt1/Wt0)/(t1−t0)×100, where Wt0 and Wt1 are the fresh weight (g) of 
the thalli at t0 and t1 days, respectively. The data of the RGR was reported as the after they 
grown under different treatments for 5 days.

Extraction and determination of pigment content

Certain fresh algae (about 0.008–0.010 g for all the treatments) was weighed and placed in 
a test tube; then 3 mL methanol (100%) was added to extract at 4°C overnight in the dark 
condition. The absorbance of the extraction solution was measured by using UV spectro-
photometer (METASH, Shanghai Yuanxi instrument Co., Ltd.); then according to Well-
burn (1994), the chlorophyll a (Chla), chlorophyll b (Chlb), and carotenoid (Car) content 
were calculated. The units of Chla, Chlb, and Car are presented as mg  g−1  Fw.

Determination of respiration and photosynthetic rate

At the mid-photoperiod, a Clark-type oxygen electrode (Hansatech, UK) was used to deter-
mine the net photosynthetic rates under different light intensity (P-I curves) of U. prolifera 
grown under different treatments. In details, about 0.01 g thalli (fresh weight) was trans-
ferred to the chamber containing fresh medium enriched with f/2 medium (2 mL). The 
temperature was controlled at 22°C and the light intensity was set as 0, 50, 80, 400, and 
680 μmol  m−2  s−1. The formula Pn = Pmax × tanh (α×I/Pmax) + Rd was used to fitted the 
P-I curves (Jasby and Platt, 1976), where Pmax is the maximum photosynthetic rate, α is 
the light energy utilization efficiency, and Rd is the dark respiration rate. Then, according 
to Henley (1993), the saturating (Ik; μmol  m−2s−1) and compensation (Ic; μmol  m−2s−1) 
light intensity for photosynthesis as well as the total photosynthetic rate (Pg) and the ratio 
between the total photosynthetic rate and dark respiration rate (Pg/Rd) were calculated 
based on the Pmax, Rd, and α.

Determination of chlorophyll fluorescence parameters

A PSI fluorometer (AquaPen-C, Photon System Instruments, Czech Republic) was used 
to determine the Fv/Fm, Fv′/Fm′, and the rapid light curves (RLC) for the electron transport 
rate (rETR). Fv/Fm was determined after the thalli acclimated to dark conditions for 15 
min. Fv′/Fm′ was measured with the actinic light as 100 μmol  m−2s−1 (growth light level). 
The RLCs were fitted as follows: rETR = I/(a × I2 + b × I + c), where I is the photon flux 
density of activity light (μmol  m−2s−1) and a, b, and c are the adjustment parameters (Eilers 
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and Peeters, 1988). Then the maximum relative electron transfer rate  (rETRmax), the ini-
tial light saturation point (Ek), and the surface utilization efficiency (α) were calculated by 
using the formula:  rETRmax = 1/[b + 2 (ac) 1/2]; Ek =  rETRmax/α; α = 1/c.

Determination of the SOD activity, soluble protein, and soluble sugar content

About 0.1g fresh thalli were ground to homogenate with 2.0 mL phosphate buffer solution 
(PBS, 0.05 mol  L−1, pH = 7.8) under the ice bath condition, the homogenate was centri-
fuged for 20 min at 4 °C (10,000g  min−1). The supernatant was used for the SOD activity, 
soluble protein, and soluble sugar determination.

A nitrogen blue tetrazolium photoreduction method was used to determine the SOD 
activity (Giannopolitis and Ries 1977; Li et  al. 2017). Soluble protein and sugar were 
determined by Coomassie brilliant blue G-250 method (Bradford 1976) and anthrone-sul-
furic acid colorimetry (Li et al. 2017), respectively.

Data analysis

The statistical analysis in this experiment was performed using the software SPSS18.0. 
One-way ANOVA was used to analyze the significance of the difference between different 
day and night temperature gradients. Two-way ANOVA and Tukey’s post hoc test were 
used to analyze the interactive effects of diurnal temperature variation and light intensity. 
We set 0.05 as the significant level.

Results

Effects of diurnal temperature variation on the growth and pigment content

Compared with 22-22°C, the growth rate of U. prolifera was increased by the moderate 
diurnal temperature difference between day and nighttime, while when the nighttime tem-
perature decreased to 14 and 12°C, the growth rate significantly decreased, with the highest 
growth rate observed at 22-18°C treatment (Fig. 1A). During the culture period, the length 
of the thalli also was affected by the diurnal temperature difference, with the longest thalli 
observed at 22-18°C (Fig. S1).

As for Chla content, the lowest value was observed at 22-18°C treatment, while there 
were no significant differences among other temperature treatments (Fig. 1B). Compared 
to 22-22°C treatment, the ratio of Chla and Chlb content was increased by the diurnal tem-
perature difference, and the higher value was observed at 22-18°C, while the ratio of Chla 
and Car, as well as the ratio of Chlb and Car, was decreased by the diurnal temperature dif-
ference (Table 1).

Different letters indicate significant differences among different treatments at P<0.05

Effects of diurnal temperature variation on the photosynthesis, respiration, 
and chlorophyll fluorescence

The effects of diurnal temperature difference on the net photosynthetic rate (Pn) and rETR 
of U. prolifera are shown in Fig. 2. In details, thalli grown under 22-16°C and 22-14°C 
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condition showed higher Pn, especially under higher light conditions when the PAR was 
larger than 200 μmol  m−2  s−1, while the 22-12°C-grown thalli showed lowest value, but no 
significant differences among other three temperature conditions were observed (Fig. 2A). 
For all the temperature treatments, 22-12°C-grown thalli showed lowest  rETRmax and Ik, 
while there were no significant differences among other temperature treatments (Fig. 2B, 
Table 2).

Compared with 22-22°C treatment, the lowest dark respiration rate was observed at 
22-18°C treatment, and lower Rd/Pg value was observed at both 22-18°C and 22-16°C 

Fig. 1  The relative growth rate 
(RGR; A) and Chl a (B) content 
of U. prolifera grown under 
different temperature conditions 
for 5–7 days. Different lowercase 
letters indicate significant differ-
ences among different tempera-
ture treatments (P<0.05)

Table 1  The ratios of Chla, Chlb, 
and Car of U. prolifera grown 
different treatments

Treatments Chla/Chlb Chla/Car Chlb/Car

22-22°C 1.44 ± 0.07bc 5.41 ± 0.35a 3.76 ± 0.43a

22-20°C 1.38 ± 0.02c 5.09 ± 0.44ab 3.70 ± 0.39a

22-18°C 1.82 ± 0.04a 3.91 ± 0.14c 2.15 ± 0.12c

22-16°C 1.52 ± 0.04b 4.81 ± 0.27b 3.17 ± 0.23b

22-14°C 1.71 ± 0.02a 3.91 ± 0.02c 2.29 ± 0.02c

22-12°C 1.72 ± 0.02a 4.05 ± 0.05c 2.35 ± 0.05c
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Fig. 2  The photosynthetic 
rate (A) and relative electron 
transport rate (rETR; B) of U. 
prolifera grown under different 
treatments for 5–7 days.

Table 2  Rapid light response 
curve chlorophyll fluorescence 
parameters of U. ±prolifera 
under different culture conditions

Different letters indicate significant differences among different treat-
ments at P<0.05. The data is the mean ± the standard deviation

Treatments rETRmax α Ik

22-22°C 137.25±11.09a 0.36±0.01ab 376.80±29.33a

22-20°C 146.21±6.62a 0.38±0.02a 382.68±20.12a

22-18°C 148.84±10.72a 0.40±0.02a 370.80±30.78a

22-16°C 146.26±6.91a 0.40±0.03a 366.40±30.80a

22-14°C 141.78±4.14a 0.39±0.02a 356.45±7.46a

22-12°C 107.21±7.95b 0.37±0.01ab 292.24±22.52b
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conditions (Fig. 3A, B). But 22-22°C-grown thalli showed lower Fv/Fm, and for all the tem-
perature treatments, higher Fv′/Fm′ was observed at 22-18°C condition (Fig. 3C, D).

Effect of diurnal temperature variation on the SOD activity, soluble sugar, 
and protein content

Under 22-22°C condition, SOD activity of thalli was about 325 U  g−1 Fw. With the decrease 
of the temperature in the night period, SOD activity decreased firstly then increased, with 
the lowest value (105 U  g−1  Fw) was observed at 22-18°C treatment (Fig. 4).

The soluble protein content of U. prolifera under different temperature conditions 
showed similar trend as SOD activity, but there was no significant difference among 22-18, 
22-16, and 22-14°C treatments (Fig. 5A). Additionally, there were no significant effects of 
diurnal temperature difference on the soluble sugar content except for 22-16°C treatment 
(Fig. 5B).

Combined effects of diurnal temperature difference and light level on the growth, 
Chla content, and SOD activity

For the growth rate, the effects of separate temperature changes (P = 0.000) and light 
intensity were significant (P = 0.003), while the interactive between these two fac-
tors were insignificant (P = 0.393). Compared with low light intensity, the growth was 
significantly increased from 25–32%  d−1 to 61–72  d−1. Compared with 22-22°C, the 

Fig. 3  The dark respiration (Rd, A), Rd/Pg (B), Fv/Fm (C), and Fv′/Fm′ (D)) of U. prolifera grown under dif-
ferent treatments for 5–7 days. Different lowercase letters indicate significant differences among different 
temperature treatments (P<0.05).
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Fig. 4  The SOD activity of U. 
prolifera grown under different 
treatments for 5–7 days. Different 
lowercase letters indicate signifi-
cant differences among different 
temperature treatments (P<0.05).

Fig. 5  The content of soluble 
protein (A) and soluble sugar (B) 
of U. prolifera under different 
treatments for 5–7 days. Different 
lowercase letters indicate signifi-
cant differences among different 
temperature treatments (P<0.05).
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growth of U. prolifera under low light intensity was enhanced by 28% by 22-16°C, but 
the increase was insignificant (P = 0.160), while under high light condition, the growth 
rate was significantly enhanced by 18% by 22-16°C (P= 0.016) (Fig. 6A). High light 
significantly decreased the Chla content under both temperature conditions, and the 
Chla content was enhanced by the diurnal temperature difference under low light inten-
sity but not for high light treatment, while no significantly interactive effects between 
light and temperature were observed (P = 0.218) on the Chla content (Fig. 6B).

For SOD activity, the effects of separate temperature changes (P = 0.000), light 
intensity (P = 0.000), and the interactive between these two factors were significant 
(P = 0.005). Under low light intensity, the SOD activity was about 365 U  g−1 Fw; then 
under high light intensity, the thalli grown under 22-16°C condition showed the lowest 
SOD activity (65 U  g−1  Fw) (Fig. 6C).

Fig. 6  The relative growth rate 
(A) and SOD activity (C) of U. 
prolifera grown under different 
light and temperature conditions. 
The different lowercase letters 
indicate significant differences 
between 22-22°C and 22-16°C 
at low or high light, respectively, 
while the different capital letters 
indicate significant differences 
between low and high light under 
22-22°C and 22-16°C, respec-
tively, at P<0.05.
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Discussion

Both the growth and photosynthesis of macroalgae are affected by temperature, Ulva spe-
cies had a large tolerance temperature range, not only for the biomass but also for the mor-
phological characters (Cui et al. 2015; Gao et al. 2016; Feng et al. 2021; Huo et al. 2021; 
Wang et al. 2018; Wu et al. 2022a). Previous studies showed that the suitable temperature 
for the growth of U. prolifera was about 15–25°C (Cui et al. 2015); especially, the 20°C 
was best (Wang et al. 2018; Wu et al. 2022a), but another study reported that the highest 
growth rate of this species was observed at 15°C (Feng et  al. 2021). In fact, the physi-
ological responses of macroalgae to chronic and acute temperature stress were affected by 
their acclimation history of temperature (Page et al. 2021), length of the experiment period 
(Zanolla et al. 2019; Feng et al. 2021), culture density (Jiang et al. 2017), light levels (Huo 
et al. 2021; Jiang et al. 2020; Wu et al. 2022a), and the nutrient conditions (Bao et al. 2023; 
Jiang et al. 2022). Low temperature history can induce the over-compensatory growth of 
U. prolifera when they were transferred to optimal growth condition (Yu et al. 2022). The 
fluctuating temperatures increased from 20°C to 24°C then decreased to 20°C at the rate of 
1°C per day enhanced the growth of Pyropia haitanensis (Wu et al. 2022a). These studies 
indicated the importance of the temperature change pattern during the study of impacts 
of temperature. So, in this experiment, the effects of diurnal temperature difference that 
simulate natural rhythms on the photosynthetic physiological response of U. prolifera were 
studied. Because this species was cultured at 22°C for almost 5 years by using the “germ-
ing cluster” method, 22°C was set as daytime temperature. Considering the suitable tem-
perature range for the growth of this species was 15-25°C (Cui et  al. 2015; Wang et  al. 
2018), both 22 and 18°C were within the suitable temperature range. Then combined the 
results of the pre-experiment—the thalli grown at 22°C and 18°C under constant tempera-
ture conditions showed similar growth rate (our unpublished data, or see Cui et al. 2015); 
the results of this study confirmed that a suitable temperature difference between photo-
period and dark-period can promote the growth of this species, and this enhancement was 
affected by light intensity.

It is well known that the thermal photosynthetic plasticity can help Ulva survive and 
reproduce in marine coastal ecosystem (Zanolla et al. 2019). The results of this study also 
revealed a noticeable tolerance and adaptive capacity of U. prolifera to diurnal temperature 
difference, with the daily growth rate higher than 25% even when they grow under up to 
10°C temperature difference between day and night condition.

Apart from the biomass, the length and numbers of the branches of Ulva was also 
affected by the temperature. In details, compared with 25°C, more branches were induced 
by the 20°C (Gao et al. 2016); however, in another study, more branches were observed in 
extreme temperature conditions (Wu et al. 2022a). In this study, we took “germing cluster” 
as materials which also was used in tank cultivation of Ulva (Hiraoka and Oka 2008). So, 
we did not pay more attention on the numbers of branches and only measured the length of 
the “germing cluster,” with the longest observed at 22-18°C (Fig. S1). This was consistent 
with the trend of biomass (fresh weight) under different temperature conditions.

For macroalgae, the enhanced growth by diurnal temperature variation also was 
observed in Pyropia haitanensis, and the nitrate reductase activity of P. haitanensis was 
also enhanced by diurnal temperature difference (Chen et  al. 2019). Similarly, when the 
temperature was higher than 15°C, there were a positive correlation between the growth 
of U. prolifera and nitrate reductase activity (Feng et al. 2021). The activity of membrane 
transporters, enzyme activity, and the rate of diffusion of nutrients were also affected by 



3244 Aquaculture International (2024) 32:3233–3247

1 3

temperature (Roleda and Hurd 2019). Additionally, for U. prolifera, high growth rate dur-
ing the night was observed (Fort et  al. 2019; Li et  al. 2019), which was positively with 
nitrates accumulated during the night (Fort et al. 2019). In fact, the enhanced growth of 
U. prolifera was induced by the 4°C; temperature difference between day and night was 
affected by nutrient conditions (Chen et al. 2023). Additionally, the content of soluble pro-
tein was decreased then increased when the temperature in night period decreased from 
22 to 14°C. This phenomenon could be explained by the temperature dependence of the 
relative enzymes; there is a possibility that low temperature decreased the synthesis and 
activity of the relative enzymes (Li et al. 2019; Eggert 2012). On the other hand, soluble 
proteins are important osmotic regulators, and play a protective role in the vital substances 
and biofilms of cells. So, with the decreased of the temperature in night period, the soluble 
protein content increased in order to keep the thalli from the extreme difference in tempera-
ture between day and night. This tendency was consistent with changes of dark respiration 
and SOD activity.

Low temperature reduced the dark respiration (Bao et al. 2023), leading lower photo-
synthate consumption during night for these suitable diurnal temperature range treatments. 
Indeed, the lower dark respiration rate also was observed under 22-18°C treatment. But 
we should notice that compared with the P. haitanensis grown under constant temperature 
condition (19°C), the dark respiration rate for that grown under 21°C and 17°C for day and 
night period, respectively, was enhanced (Chen et al. 2019). On the one hand, these seem-
ingly contradictory results indicated the species-specific responses to diurnal temperature 
changes. On the other hand, the higher dark respiration rate can explain why the growth 
rates of U. prolifera grown under large diurnal temperature range, such as 22-14°C and 
22-12°C treatments, were decreased. This was also observed at Wu et al. (2022a), although 
the way of the temperature changes is not exactly the same. Additionally, compare with 
22-18°C treatment, thalli grown under 22-14°C and 22-12°C treatments showed higher 
SOD activity, indicating cold stress occurred in night, but there have the different expla-
nation for 22-14°C and 22-12°C treatments. For 22-14°C-grown thalli, the photosynthe-
sis, dark respiration and SOD activity were enhanced, but when the thalli grown under 
22-12°C, the photosynthesis and dark respiration were inhibited, while the SOD activity 
and soluble protein content increased, indicating the cold stress occurred during the night 
period. Respiration includes the growth respiration and maintenance respiration (Amthor 
et al. 2019). Under large diurnal temperature range condition, trade-offs with growth and 
maintenance in energy budgets need to take place.

The most important finding of this study was that the growth of U. prolifera was 
enhanced by suitable diurnal temperature difference, with the highest growth rate observed 
at 22°C and 18°C for day and night periods, respectively, but the growth was inhibited 
by the large diurnal temperature difference. These findings indicated that the seasonal 
variations in day and night temperature differences can not be ignored in the study of 
the outbreak of green tide dominated by U. prolifera and shed the new light to study the 
adaptation of Ulva species to climate changes and the land-based farming of economic 
macroalgae in the future.
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