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Hongyan Wu1,2, Shasha Zang1,2, Fang Yan1,2, Zhiguang Xu1,2*

and Ning Liu3*

1School of Life Science, Ludong University, Yantai, China, 2Key Laboratory of Marine Biotechnology in
Universities of Shangdong, Ludong University, Yantai, China, 3Shandong Marine Resource and
Environment Research Institute, Yantai, China
In recent years, the periodic outbreak of green tides in the coastal areas of China,

caused by the combined effects of environmental changes and human activities,

has been attracting extensive attention due to the serious negative impacts on

the coastal marine ecosystem. In the study, the samples ofUlva linza, a green tide

species, were cultivated under two light intensities (LL: 80 mmol photons m-2 s-1;

HL: 300 mmol photons m-2 s-1) and three stocking densities (LD: 0.2 g L-1; MD:1 g

L-1; HD:2 g L-1) to explore the photosynthetic physiological responses and

nutrients absorption capacity. The results showed that high light and low

density significantly increased the growth rate of U. linza. Under the HLLD, the

maximum growth rate of U. linza was 43.13% day-1 and the energy captured per

unit reaction center for electron transfer (ET0/RC) was the highest. The higher

density significantly decreased the maximum relative electron transfer rate

(rETRmax) of U. linza, especially among groups subjected to high-light

condition. Under HL condition, HD also significantly decreased light utilization

efficiency (a) in U. linza. The contents of chlorophyll a, b and carotenoids of U.

linza were significantly lower in HLLD group compared to other treatment

groups. The P uptake of U. linza was prominently inhibited by higher density,

and the maximum P uptake and minimum P uptake was 17.94 mM g-1 FW day-1 in

LLLD group and 2.74 mM g-1 FW day-1 in LLHD group, respectively. Lower density

improved N uptake of U. linza, but high light had no effect on it. These results

suggest that high light and lower density synergistically promote the growth ofU.

linza, which is likely due to enhanced photosynthetic efficiency and nutrient

uptake. And the inhibitory effects of higher densities on growth, particularly

under high-light conditions, may be due to increased competition for light and

nutrients. In the late stage of the green tides outbreak, an increase in

accumulation density could help to suppress the sustained outbreak of the

green tides, particularly in high-light condition.
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1 Introduction

Under the combined influence of various factors such as

environmental changes and human activities, the coastal areas of

China have been experiencing the worldwide large-scale green tides

since 2007 (Li et al., 2022). Among them, the Southern Yellow Sea of

China has been particularly affected, with successive years of Ulva

tide disaster. The green tide drifted in a south to north direction,

covering an area of 13,000-30,000km2 between 2007 and 2019

(Zhang et al., 2019; Sun et al., 2022). In 2022, the maximum

distribution area reached 18,002 km2, with the maximum

coverage areas exceeding 135 km2 (Xia et al., 2024). The biomass

of attached Ulva species on Pyropia aquaculture rafts in the Yellow

Sea was ranged from 4000 to 6500 tons (Liu et al., 2021). Green tide

outbreaks seriously affected the near-shore landscape environment

and damaged to the marine ecosystem (Gao et al., 2016), because of

high frequency outbreaks, wide distribution, long duration, and

deep harm (Zhang et al., 2015). Moreover, it was also a major

ecological disaster which troubled the livelihoods of coastal

communities, resulting in substantial economic losses and

attracting extensive attention and high priority globally (Wang

et al., 2019).

In many coastal areas, macroalgal blooms are often dominated

by a single green algal species out of several co-occurring ones. Ulva

has frequently been identified as the predominant species

responsible for green tides and marine fouling (Luo et al., 2012).

Ulva linza is a common green macroalgae in China and is also one

of important species contributing to the early outbreaks of the green

tides (Kang et al., 2016). It exhibits a wide range of tolerance for

temperature and salinity, characterized by fast and versatile

reproduction (Li et al., 2008). With better environmental

adaptability, strong nutrient uptake capacity, and strong

resistance to adversity, U. linza plays a significant role in

dynamics of green tide outbreaks. The outbreaks of green tide

were influenced not only by the intrinsic physical and chemical

properties of the algae, but also affected by the environmental

factors at the sites of outbreak, such as temperature, nutrients,

light and so on (Fan et al., 2020).

Among these factors, light serve as the main source of energy

for photosynthesis in algae, significantly influencing their growth

rate and photosynthetic responses (Wu et al., 2018). The light

intensity requirements of seaweeds exhibit evident species

variations. In general, the optimal range of individual light

intensity lies between compensated and saturated light intensities

(Singh and Singh, 2015). At low light intensities, the light energy

utilization rate and the electron transport rate of algae were slower,

leading to weakened photosynthetic activity and reduced growth

rates (Wang et al., 2021). However, low-light intensity can promote

the synthesis of photosynthetic pigments in species such as Ulva

prolifera (He et al., 2020), Caulerpa lentillifera (Guo et al., 2015) and

Gracilaria lemaneiformis (Wu et al., 2015), serving as a

compensatory response to the reduced efficiency in light energy

utilization. The light intensity can be appropriately increased within

a specific range to enhance the utilization rate of light energy by

algae, as well as to augment the energy utilized by photosystem II

(PSII) for electron transport, leading to increased photosynthetic
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activity and growth rates (Yan et al., 2022). However, excessive light

intensity can lead to photoinhibition, leading to a deceleration in

electron transport rate and a subsequent decrease in photosynthetic

activity (Murata et al., 2007).

Density is a crucial environmental factor affecting the

photosynthesis and growth of macroalgae (Richards et al., 2011;

Li et al., 2020). The density of algae is relatively low in the early stage

of green tides; however, as it continues to grow and reproduce,

biomass accumulates and density increases. The increase in algal

density results in reductions of the electron transport rate and light

energy utilization rate of algae, thereby limiting photosynthesis

(Jiang et al., 2019). Furthermore, the elevation of stocking density

leads to a closer aggregation of algae, hindering the water flow

inside the algae and resulting in a slower exchange rate of CO2 and

nutrients required for photosynthesis. The competition for

nutrients and space within algae species becomes more intense as

the density increases, leading to a decrease in the relative growth

rate (Hurd, 2000). This phenomenon has been observed in

macroalgae such as Undaria pinnatifida (Richards et al., 2011),

Sargassum fusiforme, and Ulva lactuca (Cao et al., 2022). However,

there is limited research examining how density affects different

stages of Ulva outbreaks.

The effects of light and density on the photosynthesis and

growth of algae are indisputable, and these two factors are closely

interconnected. Higher stocking densities lead to a reduction in

light transmittance due to mutual occlusion among algae, resulting

in weakened light intensity. Conversely, low stocking densities

result in relatively stronger light intensity (Hurd, 2000). While

numerous experts and scholars have conducted extensive research

on the photosynthetic responses of algae to varying light intensity

and stocking density, there is a lack of reports regarding the

combined impacts of these two factors on Ulva outbreaks.

The present study aims to investigate the photosynthetic and

nutrients absorption responses of U. linza under different light

intensities and stocking densities, encompassing low and high light

levels as well as low, medium, and high stocking densities. These

findings provide additional perspectives on understanding the

outbreaking mechanism behind different stages of green

tide outbreaks.
2 Material and methods

2.1 Samples collection and
experimental design

The samples of Ulva linza were collected on March 12, 2023

from Yueliang Bay (37°53’N,121°43’E) in Yantai City, China. The

collected samples were placed in a temperature-controlled

collection box (4°C) and promptly transported to the laboratory

within 2 hours. After being washed with filtered and sterilized

seawater, healthy U. linza samples were carefully selected and

inoculated with 5 L sterilized seawater enriched with VSE

medium (Ott, 1965) for 2 days in a controlled environment

incubator (GXZ-380D, Ningbo Jiangnan Instruments, China).

The cultured temperature was maintained at 15°C, the light
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intensity was set to 80 ± 10 mmol photons m-2 s-1 with a light and

dark period of 12:12 hours, and continuous aeration was provided

for 24 hours. After pre-culture, 0.1, 0.5 and 1g fresh weight (FW) of

healthy U. linza with similar size (about 4-5 cm) were separately

weighed and placed in conical flasks containing 500 mL sterilized

seawater with VSE medium. The experiment involved three

different stocking densities: low density (LD: 0.2 g L-1), medium

density (MD: 1 g L-1) and high density (HD: 2 g L-1), and the density

of 1 g L-1 was considered as the reference point for the outbreak of

green tides (Gao et al., 2019). At the same time, low light intensity

(LL: 80 mmol photons m-2 s-1) and high light intensity (HL: 300

mmol photons m-2 s-1) were set respectively, and they were divided

into 6 groups (with 3 parallel groups in each treatment). Among

them, the optimal light intensity for the growth of Ulva was about

80 mmol photons m-2 s-1, with a surface light intensity of seawater

ranging from 300−400 mmol photons m-2 s-1 during the early stage

of the outbreak of Ulva blooms (Jiang et al., 2020). The temperature

was set to 20°C with 24-hour uninterrupted aeration and the

cultured medium was replaced every two days. All the parameters

were measured at the end of experiment.
2.2 Relative growth rate

The relative growth rate of theU. linzawas obtained bymeasuring

the fresh weight every two days with an electronic balance (FB244,

Shanghai Shunyuhengping Scientific Instrument, China) when

cultured medium was changed. During the measurement process,

the exposure time of the algae in the air would better be minimized to

mitigate potential damage to its activity, and subsequently, the initial

density of the algae was restored upon completion of the

measurement (Wu et al., 2010). The relative growth rate (RGR, %

day-1) was calculated following Equation (1).

RGR (% day−1) = 100 � ln(Wt=W0)=t : (1)

Where t is the number of days; Wt is the fresh weight (g) at days

t; W0 is the initial fresh weight (g) of algae.
2.3 Rapid light response curve

The photosynthetic efficiency of U. linza was assessed using a

handheld chlorophyll fluorometer (AquaPen AP-C100, Photon

Systems Instruments, Czech Republic). The algal samples were

acclimated in darkness for 20 minutes prior to the measurement,

and the rapid light response curves (RLC) were recorded using 8

photosynthetic active radiation (PAR) gradients of 0, 10, 20, 50, 100,

300, 500 and 1000 mmol photons m-2 s-1 for a duration of 10

seconds per light intensity. According to the equations proposed by

Eilers and Peeters (Eilers and Peeters, 1988), the maximum relative

electron transport rate (rETRmax), light energy utilization efficiency

(a) and saturated light intensity (Ik) can be calculated using the

Equations 2–5.

rETR = PAR=(a �PAR2 + b �PAR + c) (2)
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a = 1=c : (3)

rETRmax   ¼ 1=(b + 2
ffiffiffiffiffiffiffiffiffi

a � cp
) : (4)

Ik = c=(b + 2
ffiffiffiffiffiffiffiffiffi

a � cp
) (5)

Where a, b and c in the formulas are fitting parameters.
2.4 Rapid chlorophyll fluorescence
induction and JIP test

The parameters were measured using a double-modulation

chlorophyll fluorometer (FL6000, Photon Systems Instruments,

Czech Republic) after subjecting an appropriate quantity of well-

cultivated algae to a 15-minute period of dark adaptation. The

fluorescence signals were recorded with a scanning time that

ranged from 10 ms to 2 s and were labeled as O, J (at about 2

ms), I (at about 30 ms), and P. When plotting the curve, the

logarithmic form of the horizontal coordinate was utilized to

enhance visualization of the OJIP phase, thereby facilitating

direct observation of its J and I points and inferring the state of

the PSII reaction center. The relevant parameters of the OJIP

curve were calculated following Equations 6–12 (Strasser et al.,

2000).

VJ = (FJ − F0)=(Fm − F0) (6)

M0 = 4 � (F300ms − F0)(Fm − F0) (7)

Y0 = 1 − VJ : (8)

ABS=RC = M0 � (1=VJ) � (1=jP0) (9)

TR0=RC = M0 � (1=VJ) (10)

ET0=RC = M0 � (1=VJ) �Y0 : (11)

DI0=RC = ABS=RC − TR0=RC (12)

Where the OJIP curve provided information on the light energy

absorbed per unit reaction center (ABS/RC), the light energy

dissipated (DI0/RC), the energy captured per unit reaction center

for the reduction of QA (TR0/RC), the energy captured per unit

reaction center for electron transfer (ET0/RC), the degree of closure

of active reaction centers at 2 ms (VJ), the initial slope (M0), and the

degree of opening of active reaction centers at 2 ms (Y0).
2.5 Pigment contents and soluble protein

On the last day of the experiment, approximately 0.02 g (FW) of

U. linza thalli was collected from each conical bottle and transferred

into a centrifugal tube with 5 mL of anhydrous methanol, and

followed by extraction in a dark environment at a low temperature
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of 4°C for 24 hours. The supernatant was transferred to a quartz

colorimeter, and the absorbance at 470 nm, 653 nm, and 666 nm

were measured using an ultraviolet spectrophotometer (UH5300,

Hitachi High-tech Science, Japan). The contents of Chlorophyll a,

Chlorophyll b and Carotenoid in U. linza were calculated based on

the equation reported by Wellburn (Wellburn, 1994).

The soluble protein (SP) content in U. linza was determined

using the Coomassie Brilliant Blue G-250 method reported by

Bradford (Bradford, 1976). Under each cultured condition, 0.05g

FW of algal thalli was taken, adding 1mL of 0.1mol/L phosphate

buffer (pH=7.0), and was fully ground and extracted by GeneReady

UltraCool (BSH-C2, Hangzhou Suizhen Biotechnology Co, China).

The samples were then subjected to centrifugation at 6000 r/min for

15 minutes by centrifuge (Microfuge 20R, Germany). The

supernatants (0.05mL) was diluted to ten times and mixed with

G-250 dyeing reagent (1.5mL). After mixing, the absorbance at a

wavelength of 595 nm was measured using a Full-wavelength

Enzyme Labeler (INFINITE 200 PRO, Austria) to determine the

SP content.
2.6 Tissue carbon and nitrogen contents

At the ending of the experiment, algal samples were collected

from each treatment and their tissue contents (C, N) were

quantified. The samples were dried at 60°C to constant weight,

and then ground into powder by GeneReady UltraCool (BSH-C2,

Hangzhou Suizhen Biotechnology Co., LTD., China). The contents

of C and N elements in the algae were determined by Elemental

Analyzer (MACRO, Almonta Trading (Shanghai) Co.,

LTD., China).
2.7 Nutrients uptake

Phosphorus content in seawater was determined using

Phosphorus Molybdenum Blue Spectrophotometry (Shyla et al.,

2010). The nitrogen content in seawater was assessed using 220nm

ultraviolet spectrophotometry (Collos et al., 1999). The nutrients

uptake rate (NUR) of algae was evaluated based on the changes in

nutrient levels before and after a 2-day period. The formula of NUR

was Equation 13.

NUR = (N0 −Nt) �V=Fw=2: (13)

Where N0 represents the initial concentration of nitrogen or

phosphorus; Nt denotes the concentration of nitrogen or

phosphorus after a 2-day period; V represents the volume of

cultured algae; FW indicates the fresh weight of algae; the

variable t stands for cultured time.
2.8 Data analysis

Results were analyzed using Microsoft Excel and presented as

the mean ± standard deviation (X+SD) (n=3). IBM SPSS Statistics
Frontiers in Marine Science 04
27.0 was employed for data processing and analysis. GraphPad

Prism 8 and Origin 2021 were utilized to plot the data. Two-way

ANOVA was conducted to analyze the effects of light intensity and

stocking density on the growth, photosynthetic physiological

parameters and nutrient absorption of U. linza. Post hoc

examination was performed using Duncan’s multiple comparison

test, with a significance level of P<0.05.
3 Results

3.1 Relative growth rate of U. linza

The results of Two-way ANOVA (Duncan) revealed that both

light intensity and stocking density had significant effects on the

relative growth rate (RGR) of U. linza (P<0.05), with a significant

interaction between them (P<0.05) (Supplementary Table S1).

Specifically, under identical light condition, the RGR decreased

with increasing density. The RGR of the HLLD and LLLD groups

was 43.13% day-1 and 18.85% day-1, respectively (Figure 1).

Moreover, compared to the HLLD treatment group, the RGR of

U. linza in both MD treatment group and HD treatment group

decreased by 37.69% (HLMD) and 57.34% (HLHD) under HL

condition, respectively; while under LL condition, it decreased by

43.36% (LLMD) (P<0.05) and 56.31% (LLHD) (P<0.05),

respectively, and there was no significant difference was observed

between LLMD and LLHD groups (P>0.05) (Figure 1).

Additionally, RGR was significantly higher in the HL treatment

group compared to LL treatment group overall at the same stocking

density (P<0.05) (Figure 1).
FIGURE 1

The relative growth rate (RGR) of U. linza grown under three
stocking densities (LD: 0.2 g L-1; MD: 1 g L-1; HD: 2 g L-1) and tow
light intensities(LL: 80 mmol photons m-2 s-1; HL: 300 mmol photons
m-2 s-1)treatments. Data are reported as means ± SD (n = 3).
Different lowercase letters above the error bars represent significant
differences between the treatments (P< 0.05).
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3.2 The differences in rapid light
response curve

The photosynthetic properties ofU. linza under different treatment

conditions were shown (Figure 2; Table 1). The rETRmax of U. linza

was significantly influenced by light intensity and stocking density, and

their interaction (P<0.05). Light intensity and stocking density didn’t

have a significant effect on a and Ik (P>0.05), and their interaction only

had a significant effect on a (P<0.05) (Supplementary Table S1). Under

HL condition, the rETRmax was significantly reduced only in the HD

(46.00 mmol e- m-2 s -1) treatment group (P<0.05); Under LL condition,

both the MD (47.26 and 45.24 mmol e- m-2 s -1) and HD treatment

groups showed a significant decrease in rETRmax(P<0.05), with no

significant difference between them (P>0.05) (Table 1). At the same

density condition, the HL treatment group exhibited a significantly

higher rETRmax than the LL treatment group under LD and MD

conditions (P<0.05) (Table 1). The difference in a and Ik were not

statistically significant between the HL group and LL group at the same

density(P>0.05) (Table 1). Under HL condition, a in the HD group

was significantly lower than that in the LD and MD groups (P<0.05);

Under LL condition, density had no significant effect on a (P>0.05)

(Table 1). Density didn’t have a significant effect on Ik under HL

condition (P>0.05) (Table 1). However, under LL condition, there was

a progressive decrease in Ik with increasing density, and a significant

difference was observed between HD (160 mmol photons m-2 s-1) group

and LD (135 mmol photons m-2 s-1) group (P<0.05) (Table 1).
3.3 The differences in rapid chlorophyll
fluorescence induction and JIP test

Under different treatments, U. linza showed typical OJIP curves,

encompassing phases O, J, I and P. The light intensity exerted

significant effects on VJ, y0, ABS/RC, TR0/RC, ET0/RC and DI0/RC
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(P<0.05). Density only had a significant effect on ABS/RC (P<0.05),

while the interaction effects between light intensity and density was

observed in VJ, y0, and ET0/RC (P<0.05) (Supplementary Table S1).

The VJ in the HL treatment group was significantly lower than that in

the LL treatment group under identical density condition (P<0.05)

(Figure 3). The y0 of the HL treatment group was only significantly

higher than that of the LL treatment group under LD and MD

conditions (P<0.05) (Figure 3). Density had no significant effect on

y0 under HL condition (P>0.05), while y0 in the LD treatment group

was significantly lower than that in the HD treatment group under LL

condition (P<0.05) (Figure 3).

For ABS/RC, the HL treatment group exhibited a 12.73%, 10.78%

and 15.08% higher response compared to the LL treatment group with

increasing density, respectively (P>0.05) (Figure 3). Under the same

light intensity, the LD treatment group showed a higher response than

the MD and HD treatment groups (P>0.05) (Figure 3). In terms of

TR0/RC, the HL treatment group exhibited higher values compared to

the LL treatment group at equivalent densities (P>0.05) (Figure 3).

Under identical light intensity conditions, the LD treatment group

demonstrated higher values than both the MD and HD treatment

groups without statistically significant differences (P>0.05) (Figure 3).

The ET0/RC of the HL treatment group was only significantly higher

than that of the LL treatment group under LD and MD conditions

(P<0.05) (Figure 3). Under HL condition, the ET0/RC in the LD

treatment group was significantly higher than that in the MD and HD

treatment groups (P<0.05) (Figure 3). For DI0/RC, the HL treatment

groups showed higher values compared to the LL treatment groups at

the same density; however, no statistically significant difference among

them were observed (P>0.05) (Figure 3).
3.4 The contents of pigments and
soluble protein

The interaction of light intensity and density, light intensity had

significant effects on the pigment contents (Chl a, Chl b, Car.) of
TABLE 1 The best fitting parameters of rapid light response curve of U.
linza grown under different treatments (HLLD: 300 mmol photons m-2 s-1,
0.2 g L-1; HLMD: 300 mmol photons m-2 s-1, 1 g L-1; HLHD: 300 mmol
photons m-2 s-1, 2 g L-1; LLLD: 80 mmol photons m-2 s-1, 0.2 g L-1; LLMD:
80 mmol photons m-2 s-1, 1 g L-1; LLHD: 80 mmol photons m-2 s-1, 2 g L-1).
rETRmax is the maximum relative electron transport rate; a is light energy
utilization efficiency; Ik is saturated light intensity.

Treatment
rETRmax

(mmol e-

m-2 s -1)

a
Ik

(mmol photons

m-2 s-1)

HLLD 58.81±1.368a 0.37±0.005a 159.82±5.318a

HLMD 59.09±1.225a 0.36±0.017a 165.86±4.944a

HLHD 46.00±1.510c 0.30±0.025b 151.12±7.968ab

LLLD 52.68±1.068b 0.33±0.006ab 160.47±3.461a

LLMD 47.26±2.423c 0.33±0.001ab 144.17±6.943ab

LLHD 45.24±3.367c 0.34±0.029ab 135.12±20.639b
Data are reported as means ± SD (n = 3). Different lowercase letters represent significant
differences between the treatments (P< 0.05).
FIGURE 2

Rapid light curves (RLCs) of U. linza grown under different
treatments (HLLD: 300 mmol photons m-2 s-1, 0.2 g L-1; HLMD: 300
mmol photons m-2 s-1, 1 g L-1; HLHD: 300 mmol photons m-2 s-1, 2 g
L-1; LLLD: 80 mmol photons m-2 s-1, 0.2 g L-1; LLMD: 80 mmol
photons m-2 s-1, 1 g L-1; LLHD: 80 mmol photons m-2 s-1, 2 g L-1).
Data are reported as means ± SD (n = 3). Different lowercase letters
above the error bars represent significant differences between the
treatments (P< 0.05).
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U. linza (P<0.05), but density had no significant effect on them

(P>0.05) (Supplementary Table S1). The contents of Chl a, Chl b

and Car. in HLLD treatment group were (1.886 ± 0.176) mg/g,

(1.160 ± 0.115) mg/g and (0.457 ± 0.036) mg/g, respectively, which

were significantly lower than those in the other treatment groups

(P<0.05) (Figures 4A–C). No significant differences were observed

in the pigment contents among the other treatment groups (P>0.05)

(Figures 4A–C). The content of soluble protein in U. linza wasn’t

significantly affected by light intensity, density or their interaction

(P>0.05) (Supplementary Table S1). There were no significant

differences observed among the different treatment groups

(P>0.05) (Figure 4D).
3.5 Tissue contents and nutrients uptake

The light intensity, density and their interaction didn’t have a

significant impact on the Tissue C, Tissue N and C: N of U. linza

(P>0.05) (Supplementary Table S1). The carbon content of dry

weight in all treatment groups averaged approximately 30%,

nitrogen content ranged from 3.23% to 3.54%, and C:N was

about 9 (Figure 5).
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The density had a significant impact on the N uptake rate

(P<0.05), while the light intensity and their interaction didn’t have a

significant effect on it (P>0.05) (Supplementary Table S1). With

increasing density, under HL condition, both MD and HD

treatment groups showed a significant decrease of 53.32% and

70.57% respectively, compared to the LD treatment group

(P<0.05) (Figure 6A). Similarly, under LL condition, both MD

and HD treatment groups exhibited a significant decrease of

67.45% and 81.03% respectively, compared to the LD treatment

group (P<0.05) (Figure 6A). There was no significant difference

between the MD and HD treatment groups (P>0.5) (Figure 6A).

The light intensity didn’t have a significant impact on the P

uptake rate (P>0.05), whereas density and their interaction had

significant effects on it (P<0.05) (Supplementary Table S1). Under

the same light condition, U. linza exhibited a significant decrease in P

uptake rate with increasing density (P<0.05), transitioning from

HLLD (15.00 mMg-1 FW day-1) to HLMD (6.80 mMg-1 FW day-1),

and finally to HLHD (4.12 mMg-1 FW day-1) (Figure 6B).

Furthermore, under LD condition, the LL treatment group showed

significantly higher P uptake rate at17.94 mMg-1 FW day-1 compared

to the HL treatment group at 15.00 mMg-1 FW day-1 (P<0.05); Under

MD condition, the HL treatment group demonstrated a significantly
B

C

A

FIGURE 3

OJIP curves of U. linza grown under LL treatment (A), HL treatment (B). And the energy absorbed per unit reaction center (ABS/RC), the energy
dissipated per unit reaction center (DI0/RC), the energy captured per unit reaction center for the reduction of QA (TR0/RC), the energy captured per
unit reaction center for electron transfer (ET0/RC), relative variable fluorescence (VJ), initial slope of the OJIP fluorescence induction curve (M0), and
the degree of opening of active reaction centers (Y0) of U. linza grown under different treatments (C) (HLLD: 300 mmol photons m-2 s-1, 0.2 g L-1;
HLMD: 300 mmol photons m-2 s-1, 1 g L-1; HLHD: 300 mmol photons m-2 s-1, 2 g L-1; LLLD: 80 mmol photons m-2 s-1, 0.2 g L-1; LLMD: 80 mmol
photons m-2 s-1, 1 g L-1; LLHD: 80 mmol photons m-2 s-1, 2 g L-1).
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higher P uptake rate than the LL treatment group at 5.03 mMg-1 FW

day-1 (P<0.05) (Figure 6B). Under HD condition, there was no

significant difference between the HL treatment group and LL

treatment group (P>0.05) (Figure 6B).
4 Discussions

This study attempted to determine the combined effects of light

intensity and stocking density on photosynthesis and nutrients

uptake of U. linza (a bloom-forming green alga). Overall, the

growth of U. linza was influenced by both light intensity and

stocking density. The most important finding of this investigation

was that high light and low density synergistically promote the

growth of U. linza, and the inhibitory effects of higher densities on

Ulva’s growth are more pronounced under high-light condition.
4.1 The effects of light intensity on U. linza

The growth and photosynthesis of macroalgae are influenced by

multiple factors (Xue et al., 2023), including light intensity, density,

nutrients, temperature etc. Light serves as the fundamental energy

source for assimilatory power during the process of algal

photosynthesis, and appropriate light conditions are crucial for their

rapid growth and reproduction (Xiao et al., 2016). Studies have

demonstrated that the light reaction stage of algal photosynthesis was

impeded under low-light condition (light-restricted state), resulting in
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insufficient production of H+ and ATP to support the dark reaction

stage, consequently leading to slow growth due to inadequate

accumulation of photosynthetic organic matter (Meyer et al., 2015).

However, optimal high-light condition has been shown to significantly

enhance the relative electron transport rate, net photosynthetic rate and

growth ofU. prolifera (Wu et al., 2018), S. horneri (Yan et al., 2022) and

P. umbilicalis (Green and Neefus, 2016), which aligns with our

findings. In this study, both the relative electron transport rate and

growth rate ofU. linzawere notably higher in the HL treatment groups

compared to those in the LL treatment groups. The chlorophylls, as the

most crucial pigmentmolecule in photosynthesis, play a vital role in the

absorption and transmission of light energy and the primary

photochemical reaction, which is the foundation of algal

photosynthesis (Logan et al., 2023). The results of our study

demonstrated that the contents of Chl a, Chl b, and Car. in the

HLLD treatment group were significantly lower than those in other

treatment groups. This observation suggested that algae can enhance

their production of photosynthetic pigments under low-light condition

to optimize light energy absorption for maintaining normal growth,

and reduce pigments synthesis under higher light conditions to save

energy towards other biosynthesis and metabolic pathways, which was

a mechanism for algae to actively respond to changes in the external

environment (Zhukova and Yakovleva, 2021; Zhou et al., 2022). This

negative correlation between pigment and light intensity was also

commonly observed in other types of algae such as U. prolifera

(Zhao et al., 2016).

In addition, chlorophyll fluorescence can also quickly,

accurately and harmlessly detect the state of plant photosynthesis,
B

C D

A

FIGURE 4

The Chlorophyll a (A), Chlorophyll b (B), Carotenoid (C) and Soluble protein (D) contents of U. linza grown under different treatments (LD: 0.2 g L-1;
MD: 1 g L-1; HD: 2 g L-1; LL: 80 mmol photons m-2 s-1; HL: 300 mmol photons m-2 s-1). Data are reported as means ± SD (n = 3). Different lowercase
letters above the error bars represent significant differences between the treatments (P< 0.05).
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which reflected the influence of environment on plants through the

changes of fluorescence parameters (Kalaji et al., 2012). The OJIP

curve demonstrated that y0 was consistently higher under HL

condition compared to the LL treatment group, indicating that

high light condition facilitated electron transport on the PSII

acceptor side of U. linza. Furthermore, the confirmation was

further supported by the observed increase in ET0/RC under
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high-light condition and the elevated relative variable

fluorescence at the J-point (the impeded electron transport from

QA to secondary quinone receptor QB on the PSII side) under low-

light condition. These findings collectively supported strong

photosynthetic capacity and rapid growth rate of U. linza under

high light condition. The rapid growth and large-scale outbreaks of

U. linza can be attributed to its high capacity for nutrients

absorption (Fan et al., 2020), with light intensity playing a crucial

role in facilitating this process. Appropriate light intensity

promoted the absorption of N and P by algae, and increased with

the increase of light intensity within a certain range (Shi et al.,

2015). However, the results of this study showed that light intensity

had no significant effect on N absorption, while significantly

affected P absorption. This difference may be due to the varying

effects of high-light intensity on N and P absorption, potentially

caused by differences in photosynthetic demand. Compared to

HLLD treatment, The increased absorption rate of P under LLLD

could compensate for energy and carbon source deficiencies, thus

supporting the photosynthesis and growth of algae (Li et al., 2016).
4.2 The effects of stocking density on
U. linza

The changes in growth density will result in alterations in

environmental factors, including light intensity, CO2 concentration,

seawater pH and nutrients within seaweed populations.

Consequently, these changes will impact the growth and

photosynthetic capacity of macroalgae. Regarding the impact of

density on algae, Li et al. reported that high density led to a

reduction in light energy utilization efficiency, maximum

photosynthetic oxygen releasing rate and dark respiration rate in U.

conglobata, thereby influencing the physiological response of algae to

environmental changes (Li et al., 2020). Additionally, high density

also decreased the relative electron transport rate and relative growth

rate of U. lactuca (Cao et al., 2022). Consistent with these findings,

regardless of high or low light conditions, the relative electron

transport rate and relative growth rate of U. linza were consistently

the lowest in the HD treatment groups. In the natural environment,

as the algae grew and developed, their densities gradually increased.

Consequently, the algae adaptively decreased their light harvesting

efficiency and photosynthetic efficiency (Jiang et al., 2017), thereby

further inhibiting their growth.
4.3 The interaction effects of stocking
density and light intensity on U. linza

Under the condition where high density affected light intensity,

the algae underwent physiological adjustments to adapt to lower

light levels and enhanced pigment accumulation to mitigate the

issue of reduced light intensity caused by high density (Zou, 2005).

In this experiment, as density increased, the regulatory effect under

high light conditions became more pronounced. Under medium

and high densities, U. linza exhibited an increase in pigment

content to facilitate the utilization of light energy by
B

C

A

FIGURE 5

Tissue carbon (A), nitrogen (B) and C:N ratio (C) of U. linza grown
under different treatments (LD: 0.2 g L-1; MD: 1 g L-1; HD: 2 g L-1;
LL: 80 mmol photons m-2 s-1; HL: 300 mmol photons m-2 s-1). Data
are reported as means ± SD (n = 3). Different lowercase letters
above the error bars represent significant differences between the
treatments (P< 0.05).
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photosynthetic pigments. Additionally, as the stocking density

increased, so did the biomass and the consumption of nutrients.

This can lead to carbon or nutrient restrictions in macroalgae under

high density conditions. Kang et al. showed that the nutrients

uptake at thallus stocking densities of 5 and 10 g FW L–1 were

significantly higher than that at 20 g FW L–1 (Kang et al., 2014). The

results of this study also demonstrated that low density facilitated

the absorption rate of N and P simultaneously, while under low-

light condition the absorption rate of P was further enhanced.

Under low-density condition the algae faced minimal competition,

enabling them to efficiently absorb nutrients such as nitrogen and

phosphorus from seawater for algal growth. Excess nutrients can be

stored as an energy reservoir (Xu and Gao, 2012). However, in the

presence of low light and low density, U. linza experienced

inhibition of photosynthetic efficiency. The acquisition of more P

may contribute to the synthesis of ATP, proteins and other

biological macromolecules, thereby promoting the photosynthesis

and growth of U. linza (Li et al., 2016).
5 Conclusion

Our finding demonstrated that the photosynthetic process and

nutrient absorption capacity of U. linza were significantly

influenced by both light intensity and stocking density. The

growth of U. linza can be enhanced by high-light intensity and

lower density synergistically in this study, with the highest growth

rate observed under HLLD condition. Moreover, high density

exerted a more pronounced inhibitory effect on the

photosynthesis and growth of U. linza while light intensity was

high. However, under low-light condition, an increase in density

had a relatively minor impact on their photosynthesis and growth.

Simultaneously, high density hindered the absorption of N and P by

U. linza. Due to the climate change, such as global warming, there

has been an increase in light intensity on the mixed layer in recent

years. During the late stage of green tide outbreaks, there is a
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notable increase in the accumulation density of Ulva. This suggests

that the interaction between light availability and Ulva’s stocking

density plays a significant role in shaping the persistence and scale

of green tides events. Considering the annual variations and

increasing distribution areas since 2007, understanding these

interactions are crucial for grasping the broader ecological

implications of green tide phenomena in marine ecosystems.
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