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Abstract
1.	 Climate-driven changes in temperature and high nutrient inputs from anthropo-

genic activities significantly impact the interactions between submerged macro-
phytes and phytoplankton, potentially causing regime shifts in shallow freshwater 
lakes. Cyanobacteria, in particular, are predicted to become dominant among the 
phytoplankton under climate change, contributing to the collapse of submerged 
macrophytes. This study aimed to explore how submerged macrophytes and 
phytoplankton respond to rising temperatures and nutrient addition, how the 
presence of submerged macrophytes influences the photosynthetic activity of 
cyanobacteria, and how submerged macrophytes adapt their morphology and 
physiology to cope with excess phytoplankton.

2.	 We conducted a fully factorial experiment consisting of two temperature condi-
tions (low and high temperature), two nutrient conditions (with and without nutri-
ent addition) and two plant conditions (plant presence and absence). We analysed 
changes in phytoplankton biomass and diversity (taxonomic and functional) in re-
sponse to rising temperatures and nutrient addition. The maximum photochemi-
cal efficiency of the photosystem II (Fv/Fm) and the maximum relative electron 
transport rates (rETRmax) of cyanobacteria were determined. We measured the 
response of macrophytes to environmental changes by measuring antioxidant en-
zymes, such as superoxide dismutase (SOD) and catalase (CAT), as well as mor-
phological indicators like plant height, weight, and the relative growth rate.

3.	 In the absence of submerged macrophytes, rising temperatures led to higher 
total phytoplankton biomass and cyanobacteria dominance alongside reduced 
taxonomic and functional diversity. Conversely, when submerged macrophytes 
were present and no nutrients were added, rising temperatures did not lead to 
increased phytoplankton biomass.

4.	 Macrophytes can suppress undesirable cyanobacterial proliferation by competing 
for nutrients and inhibiting Fv/Fm. Furthermore, under conditions of environmen-
tal stress, such as high chlorophyll a concentrations due to nutrient inputs, sub-
merged macrophytes adapted by increasing height and the activity of antioxidant 
enzymes, such as SOD and CAT.
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1  |  INTRODUC TION

Freshwater ecosystems around the world are nowadays strongly 
affected by global changes such as rising temperatures and increas-
ing nutrient inputs (Jeppesen et al., 2014; Matzinger et al., 2007). In 
many lakes, this causes a shift from a clear-water state dominated 
by submerged macrophytes to a turbid state dominated by phyto-
plankton (Polst et al., 2022; Scheffer & Carpenter, 2003; Scheffer 
& Jeppesen, 2007), including also many shallow lakes in the middle 
and lower reaches of the Yangtze River in China (Xu et  al., 2019). 
The shift affects the services and functions of the lakes by dimin-
ishing the recreational and conservation value (swimming, fishing, 
etc.), causing loss of habitat generated by macrophytes, and en-
hancing the nutrient cycling (Meerhoff & Gonzalez-Sagrario, 2022). 
Submerged macrophytes can act as a nutrient source, compete with 
phytoplankton, and provide shelter for phytoplankton-grazing zoo-
plankton (Lauridsen et al., 1996; Vanderstukken et al., 2011; Wang 
et  al.,  2023). Phytoplankton is an important food source and can 
release oxygen through photosynthesis (Krause-Jensen & Sand-
Jensen, 1998; Taipale et al., 2019); however, excess phytoplankton 
can trigger algal blooms, reduced transparency, loss of macrophytes, 
and even production of toxic substances (Amorim & Moura, 2021; 
Carmichael,  2001). The interactions between submerged macro-
phytes and phytoplankton with changing nutrient regimes depend, 
though, on the lake temperature (Kosten et al., 2011, 2012).

Temperature determines many physiological properties of or-
ganisms and can regulate primary productivity (Staehr & Sand-
Jensen,  2006). An increase in temperature within a specific range 
can enhance enzyme activity and promote nutrient cycling, which 
in turn enhances photosynthetic rates, respiration, and cell growth 
(Raven & Geider, 1988). Some studies have shown that macrophytes 
benefit from the rising temperature through growth stimulation 
and seed germination (Ersoy et  al.,  2020; Rooney & Kalff,  2000). 
Phytoplankton and its diversity are also sensitive to temperature 
changes. Some experiments have shown negative effects of climate 
warming on phytoplankton diversity (Urrutia-Cordero et al., 2017), 
which may be due to competitive exclusion of some species (Burgmer 
& Hillebrand, 2011). However, the relationship between temperature 

and phytoplankton diversity is controversial and depends on many 
aspects (specific temperature and environmental background con-
ditions; Pálffy & Smeti, 2024). In addition to the taxonomic diver-
sity, functional/trait diversity is increasingly used in phytoplankton 
community ecology, and the key functional traits scale with cell 
size/volume (Borics et  al.,  2021; Litchman et  al.,  2007). Research 
has shown that the reduced size of aquatic organisms is one of the 
ecological responses to global warming (Daufresne et al., 2009), and 
warming favours dominance of small and fast-growing phytoplank-
ton (Rasconi et al., 2015). Lake stratification, exacerbated by climate 
change, may further favour the dominance of buoyant cyanobacte-
ria species, which can float to the surface and consequently shade 
other phytoplankton taxa (Huisman et al., 2004; Johnk et al., 2008; 
Paerl & Huisman, 2009). As predicted by Moss et al. (2003), warming 
will result in a shift towards cyanobacteria dominance (Burgmer & 
Hillebrand, 2011), as their optimal growth rates are found at higher 
temperatures—usually above 25°C—compared to most other eukary-
otic phytoplankton species (Paerl,  2014; Paerl & Huisman,  2009), 
thereby increasing the risk of submerged macrophyte collapse in 
shallow lakes. However, the size of the temperature effect also de-
pends on the nutrient conditions (Gonzalez-Olalla et al., 2022; Rhee 
& Gotham, 1981; Staehr & Sand-Jensen, 2006).

Nutrients affect the biomass of submerged macrophytes and phy-
toplankton by providing essential elements and energy sources for 
photosynthesis, respiration, and enzyme catalysis (Elser et al., 2000). 
Phosphorus and nitrogen are key limiting nutrients in aquatic ecosys-
tems and may play crucial roles in determining the growth and bio-
mass of phytoplankton (O'Donnell et al., 2017). Phytoplankton has 
a higher metabolism rate and nutrient requirement than submerged 
macrophytes (Sand-Jensen & Borum,  1991), and this may contrib-
ute to the shift from a macrophyte- to a phytoplankton-dominated 
state in shallow lakes suffering from a strong nutrient input (Hargeby 
et al., 2007; Scheffer & Jeppesen, 2007; Smith & Schindler, 2009). 
The nutrient inputs, which are likely to become higher due to climate 
change (e.g. increased rainfall intensity and temperature-mediated 
phosphorus release from the sediment) and increased human ac-
tivities, may, therefore, have a severe impact on lake ecosystems 
(Jeppesen et al., 2009; Smith & Schindler, 2009).

5.	 Within the context of climate warming and increased nutrient inputs, phyto-
plankton growth, especially of cyanobacteria, may be favoured. However, our 
study demonstrated the critical role of submerged macrophytes in inhibiting 
phytoplankton, especially when nutrients were controlled. By using these physi-
ological indicators to assess the life activity of organisms, our research provided 
new insights into macrophyte-phytoplankton relationships during regime shifts in 
aquatic ecosystems.

K E Y W O R D S
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    |  3ZHAO et al.

Temperature and nutrients often work synergistically and have 
profound effects on aquatic ecosystems (Gonzalez-Olalla et al., 2022; 
Lürling et al., 2018; Staehr & Sand-Jensen, 2006). Rising tempera-
tures increase the nutrient uptake and nutrient-use efficiency by 
organisms (Cross et  al.,  2015; Lewington-Pearce et  al.,  2019) and 
the risk of nutrient release from sediments (Jeppesen et al., 2009). 
Nutrient availability can also influence the thermal response of 
phytoplankton (Thomas et  al.,  2017). This synergy may make the 
interactions between submerged macrophytes and phytoplankton 
more complex. Given the present global changes, there is a grow-
ing need to explore the mechanisms of submerged macrophytes and 
phytoplankton in response to the synergistic effects of temperature 
and nutrients. In an experiment, Maredová et al. (2021) found that 
extracts from submerged macrophytes had an inhibitory effect on 
cyanobacteria. However, the inhibiting effect of plant extracts may 
not solely be attributed to allelopathically active compounds; other 
factors like nutrient competition might also contribute (Scheffer 
et al., 1993; Van Donk & Van de Bund, 2002). Gross et al. (1996) pro-
posed that plant-secreted polyphenols may play a role in allelopathic 
interactions, but the compounds in their study were only extracted 
from certain species and had species-specific allelopathic effects 
on phytoplankton, making them difficult to detect, especially in situ 
(Gross, 2003; Gross et al., 2007; Hilt & Gross, 2008). The mecha-
nisms by which submerged macrophytes inhibit phytoplankton need 
further investigation.

The inhibitory effects of submerged macrophytes on phyto-
plankton can be characterized by the activities of photosystem II 
(PSII) in phytoplankton (Gross,  2003; Leu et  al.,  2002). The maxi-
mum photochemical efficiency of photosystem II (Fv/Fm) serves as 
a robust indicator of photosynthetic efficiency across various stud-
ies, including field surveys and experiments (Bussotti et  al., 2020; 
Lürling et al., 2018). Besides, maximum relative electron transport 
rates (rETRmax; capacity of photosynthesis) increase as tempera-
ture increases within the optimal temperature range (Salleh & 
McMinn,  2011). The effect of phytoplankton on submerged mac-
rophytes is reflected by morphological (biomass, plant length, etc.) 
and physiological indicators. For example, it has been shown that 
hypoxic stress caused by algal blooms increases the activity of an-
tioxidant enzymes of plants, such as superoxide dismutase (SOD) 
and catalase to cope with the stress (CAT; Yuan et al., 2019; Zhang 
et  al., 2011). In addition to antioxidant enzymes, malondialdehyde 
(MDA) is a byproduct resulting from lipid peroxidation, which can be 
considered as an indicator of damage to plant cells (Song et al., 2015). 
Incorporating physiological and morphological indicators into the 
study of submerged macrophyte-phytoplankton interactions may 
help to better understand the mechanisms involved.

Within the context of global change, characterized by climate 
warming and nutrient enrichment, it is necessary to identify the re-
sponse mechanisms of phytoplankton (especially cyanobacteria that 
prefer high temperatures and nutrient enrichment) and submerged 
macrophytes under different combinations of environmental gradi-
ents through suitable and reliable indicators. We conducted a fully 
factored manipulation experiment with two temperature conditions, 

two nutrient conditions, and two plant conditions. We hypothesized 
that in the absence of macrophytes (1) rising temperature would 
boost the photosynthetic activity and dominance of cyanobacteria; 
(2) rising temperature would reduce the taxonomic diversity and 
functional diversity of phytoplankton communities, but that (3) sub-
merged macrophytes would resist adverse effects under warming 
and nutrient enrichment conditions by inhibiting the photosynthetic 
activity of cyanobacteria and nutrient competition, and (4) sub-
merged macrophytes would adapt to excess phytoplankton by mak-
ing physiological adjustments, such as increasing enzyme activity, 
and morphological changes, such as altering their height and weight.

2  |  METHODS

2.1  |  Study design

We used 24 experimental cylindrical aquaria (11 cm diameter, 65 cm 
height) with a sediment layer of 6.50 cm randomly positioned in 
two illumination incubators. The water level was maintained at 
50 cm (from sediment surface to water surface: 5.23 L). The sedi-
ment and water used for the experiments were from Lake Xuanwu 
(32°4′4.71"N, 118°47′55.72"E), which is a small urban shallow eu-
trophicated lake with a surface area of 3.68 km2 and an average 
water depth of 1.1 m. The total phosphorus (TP) concentrations in 
the water column of Lake Xuanwu ranged from 0.04 to 0.19 mg L−1 
(mean value 0.10 mg L−1) and the total nitrogen (TN) concentrations 
from 0.72 to 3.55 mg L−1 (mean value 1.85 mg L−1) in a bi-monthly 
survey conducted at four sampling sites between 2021 and 2022 
(Qu & Zhou, 2024). The water was filtered through a 64 μm mesh to 
remove macro-organisms and the sediment through a 1 mm aper-
ture sieve to remove coarse material. The phosphorus and nitrogen 
contents in the sediment on day 0 were 1.44 ± 0.01 mg g−1 dry weight 
and 2.25 ± 0.04 mg g−1 dry weight, respectively. The initial water 
TP and TN concentrations on day 0 were 0.043 ± 0.001 mg L−1 and 
1.47 ± 0.03 mg L−1, respectively. The evaporation losses were com-
pensated by distilled water once a week. The experimental factors 
included temperature (low temperature: LT; high temperature: HT), 
plants (with plant: WP; no plant: NP) and nutrients (with nutrient 
addition: WN; no nutrient addition: NN). A full factorial design with 
eight treatments (LT-NP-NN, LT-NP-WN, LT-WP-NN, LT-WP-WN, 
HT-NP-NN, HT-NP-WN, HT-WP-NN, and HT-WP-WN) was used, 
with three replications of each treatment, yielding a total of 24 ex-
perimental units.

The setup of temperature and illumination is shown in Figure 1. 
The low temperature (25°C) was chosen based on the actual water 
temperature of Lake Xuanwu at the time of sampling. The high tem-
perature (30°C, Figure  S1) was based on the field survey in 2022 
when China experienced a summer heatwave, especially in the 
middle reaches of the Yangtze River (Hua et al., 2023). In the high 
temperature setup, 30°C was recorded during four of the 12 h (day-
time). During the night, the temperature was set to 22°C. A total of 
two incubators were used, corresponding to different temperature 
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settings. In both incubators, fluorescent tubes provided light from 
above at 220 μmol photons m−2 s−1 photon flux density in 12:12 h 
light: dark cycles (Szabo et al., 2022).

Phosphorus (0.07 mg P−1 L−1 as KH2PO4) was added to the treat-
ments involving nutrient addition every 5 days (days 0, 5, 10, 15). The 
volume of actual water column is 5.23 L; for simplicity of calculation, 
a volume of 5 L was selected to calculate the required phosphorus 
load. The nutrient was added as a 7 mL solution from KH2PO4 stock 
(50 mg P−1 L−1) using an injector. Nitrogen was not added as a nutrient 
source in our experiment but the TN concentration by the end of the 
experiment was 0.79 ± 0.01 mg L−1 (Figure  2), which is close to the 
0.8 mg L−1 threshold for nitrogen limitation in phytoplankton growth 
described by Xu et al. (2010).

Vallisneria natans, a typical and widely distributed submerged 
macrophyte in freshwater lakes of the middle and lower Yangtze 
River, was used in the plant treatments. The artificially planted  
V. natans in Lake Xuanwu may have been treated with cycocel, which 
promotes dwarf growth (Elateeq et  al.,  2022), before being trans-
planted into the lake. In order to avoid any influence of this on our 
measurements, the plants used for the experiments were collected 
in eutrophic Lake Taihu (Dong et al., 2014). Submerged macrophytes 
with uniform morphology were carefully chosen and gently washed 
before being measured and prepared for planting. The submerged 
macrophytes were transplanted into aquaria and acclimatized for 
7 days. The initial total fresh weight of V. natans was 1.60 ± 0.03 g 
(168.4 ± 3.2 g m−2). The experiment lasted for a total of 20 days, after 
which the height of submerged macrophytes had reached the sur-
face of the water column.

2.2  |  Sampling and processing

A total of 20 mL water was sampled to determine TP and TN concen-
trations. A total of 150 mL water was filtered through GF/C filters 

(Whatman, Maidstone, UK), and chlorophyll α (Chl α) was extracted 
from the filters using 96% ethanol (Arvola, 1981). The filtered water 
was used to determine dissolved total phosphorus (DTP). The TP, 
DTP, and TN concentrations were determined using peroxodisulfate 
oxidation after digestion (Ebina et al., 1983). The difference between 
TP and DTP is particulate phosphorus (PP). The above sampling is 
carried out every 5 days. Water samples (50 mL) were collected from 
each treatment and subsequently fixed with Lugol's solution (1% 
v/v). After sedimentation for 48 h, the samples were concentrated to 
a final volume of 10 mL. Then, 0.1 mL portions of the samples were 
taken and placed in a 0.1 mL counting chamber at 400× magnifica-
tion using an Olympus BX-53 microscope (Olympus Corporation, 
Tokyo, Japan). The phytoplankton biomass was calculated from 
cell size and abundance by assuming a specific gravity of 1 g cm−3 
(Hillebrand et al., 1999). Phytoplankton was identified and counted 
at the genus level following the method of Hu (2006). Samples for 
phytoplankton identification were taken and analysed at the begin-
ning and the end of the experiment.

After 20 days, intact plants were collected and washed for labo-
ratory determination of indicators. The height and weight of the in-
dividual V. natans were measured. The total fresh weight of V. natans 
equals the sum of the individual fresh weights. The relative growth 
rate (RGR) of submerged macrophytes was calculated following 
Miyashita and Tateno (2014):

where B1 is the fresh weight at the initial time t1, and B2 is the fresh 
weight after 20 days.

Superoxide dismutase (SOD), catalase (CAT), and malondial-
dehyde (MDA) were extracted from fresh V. natans tissues. About 
0.5 g of fresh leaves mixed with phosphate-buffered saline solution 
(50 mM, pH 7.8) were ground into the homogenate using mortars 
and pestles. Then, the homogenates were centrifuged at 10,000× g 

(1)RGR
(

g g−1 d−1
)

=
lnB2 - lnB1

t2 − t1

F I G U R E  1  The temperature and light 
regime of the experiment.
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    |  5ZHAO et al.

at 4°C for 10 min, and the supernatants were used for subsequent 
analysis. The SOD activity was measured based on the fact that SOD 
has an inhibitory effect on superoxide anion radicals (Beauchamp 
& Fridovich, 1971), and one unit of SOD activity is defined as the 
amount required to achieve a 50% inhibition rate per milligram of 
protein in a 1 mL solution. The CAT activity was measured follow-
ing the method of Aebi  (1984), and one unit of CAT activity is de-
fined as the amount of enzyme decomposing 1 μmol H2O2 per min 
per milligram of protein. The test for MDA content is based on the 
fact that MDA can react with thiobarbituric acid to form products 
with a maximum absorption peak at 532 nm (Heath & Packer, 1968). 
Protein contents were determined according to the method of 
Bradford (1976). The enzyme activities of SOD and CAT, as well as 
MDA contents, were measured using commercial assay kits (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China).

As we were interested in the response of cyanobacteria, which 
may have a competitive advantage over other eukaryotic algae in 
our experimental scenario (nutrient enrichment and temperature 
increase; Paerl & Paul, 2012; Paerl, 2014), we measured the pho-
tosynthetic characteristics of cyanobacteria. A total of 3 mL water 
was sampled from each treatment at the end of the experiment. 
The minimum fluorescence (F0) value and maximum fluorescence 
(Fm) value of cyanobacteria were measured by a Phyto-PAM phy-
toplankton analyser (Heinz Walz GmbH, Effeltrich, Germany), 

which can distinguish between cyanobacteria and other eukary-
otic algae through differences in wavelength absorption (440, 
480, 540, 590, and 625 nm; Beecraft et al., 2017). Next, the max-
imum photochemical efficiency of the photosystem II (Fv/Fm) was 
calculated (Equation [2]),

A decrease in Fv/Fm is often associated with environmental 
stresses that result in suppression of maximum phytoplankton pho-
tochemical efficiency (Maxwell & Johnson,  2000). The maximum 
relative electron transport rates (rETRmax) of cyanobacteria were 
measured at 10 light intensities (2–855 μmol photons m−2 s−1). The 
calculation of rETRmax was based on the model proposed by Ralph 
and Gademann (2005) and can be obtained in PhytoWin software. 
The high rETRmax values indicate that phytoplankton possesses a 
high photosynthetic capacity (Ensminger et al., 2001).

2.3  |  Data analysis

The data used for analysis were derived at the end of the experiment 
unless otherwise stated. Taxonomic diversity and the functional di-
versity of phytoplankton were calculated. Taxonomic diversity was 

(2)Fv ∕Fm =
Fm − F0

Fm

F I G U R E  2  Variation of total 
phosphorus (a), particulate phosphorus 
(b), chlorophyll α (c) and total nitrogen 
(d) concentrations in the different 
treatments. Only mean values are shown. 
The standard errors can be found in 
Table S4.
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6  |    ZHAO et al.

represented as a Shannon Wiener index. Functional diversity was 
represented as a community-weighted mean by using the trait of cell 
size (CWM.size; Equation  (3); Díaz et  al.,  2007; Violle et  al.,  2007). 
Taxonomic and functional diversity were calculated using the R pack-
ages Picante (Kembel et al., 2010) and FD (Laliberté & Legendre, 2010),

where s is the number of species, pi is the relative abundance of species 
i, and ti is the trait value of species i. In our study, trait is the size (μm3) of 
phytoplankton. Larger CWM values (μm3) indicate the average larger 
cell size of the species in the community.

Three-way ANOVA was carried out to determine the effects of 
temperature, plants, and nutrients on water quality variablesand 
phytoplankton. Two-way ANOVA was carried out to determine the 
effects of temperature and nutrients on submerged macrophytes. 
If there was an interaction between factors, independent samples 
t-tests were performed to analyse differences between treatments. 
Differences in water qualityvariables between the beginning (day 
0) and end (day 20) were analysed using independent samples  
t-tests. Homoscedasticity (Levene test) and normality (Shapiro–
Wilk) tests were performed before the ANOVA and t-test anal-
ysis, and data that did not satisfy the tests were log-transformed. 
Pearson's correlation analysis was used to analyse the relationship 
between Chl α concentrations and plant morphology (height, weight 
and RGR) and physiology (SOD, CAT and MDA). Normality was satis-
fied before the correlation analysis. The direct/indirect interactions 
between submerged macrophytes and phytoplankton and with envi-
ronmental variables were examined using structural equation model 
(SEM) and elucidated by standardized regression coefficients (Grace 
et al., 2012). In order to simplify the model and improve the model 
fit, non-significant paths were removed from the model. The choice 
of model fit indices is flexible, and it is usually recommended to use 
at least two (Fan et al., 2016). Chi-squared/df (<2), p (χ2 test; >0.05), 
and comparative fit index (CFI; >0.90) were used to evaluate the 
global fitting quality (Guine et  al.,  2016). Both phytoplankton and 
photosynthesis capacity refer to cyanobacteria as we only analysed 
changes in the photosynthesis of cyanobacteria. We used total phos-
phorus (TP) to represent nutrients and quantified both submerged 
macrophytes and cyanobacteria as biomass. The SEM analysis was 
performed using Amos 24.0 (IBM Corporation, Armonk, NY, USA). 
All data processing and statistical analyses were carried out using 
R version 4.3.1 (R Core Team, 2023) and Origin software (OriginLab 
Corporation, Northampton, MA, USA).

3  |  RESULTS

3.1  |  Water quality

Independent samples t-tests were used to assess whether there 
were differences in water quality on day 20 (last day) compared to 
the initial measurements (Table S1). The results showed that at high 

temperatures, TP and Chl a concentrations increased significantly 
(Independent samples t-tests, p < 0.05 for all comparisons) in all 
treatments on day 20 compared to the initial day except for the treat-
ment with plants and no nutrient addition (HT-WP-NN; Independent 
samples t-tests, p > 0.05 for all comparisons). At low temperatures, 
TP and Chl α concentrations increased significantly in the treat-
ment with nutrient addition and no plant (LT-NP-WN; Independent 
samples t-tests, p < 0.05 for all comparisons). Among all treatments, 
only the LT-WP-NN treatment showed a significant decrease in Chl 
α concentrations (Independent samples t-test, t4 = 5.948, p = 0.004; 
Figure 2).

Three-way ANOVA showed that temperature, plant, nutrient 
and plant-nutrient interactions significantly affected TP, PP and Chl 
α concentrations on day 20 (Table  S2). We explored the effect of 
one environmental factor on water quality when fixing the levels 
of the remaining two factors through independent samples t-tests 
(Table  S3). For temperature effects, the increased temperature 
significantly increased Chl α concentrations (Independent samples  
t-tests, p < 0.05 for all comparisons). Rising temperatures signifi-
cantly increased the TP and PP concentrations when no plants were 
present and nutrients were added (Independent samples t-tests, 
p < 0.05 for all comparisons). For plant effects, plants significantly 
reduced the Chl α concentrations (Independent samples t-tests, 
p < 0.05 for all comparisons). The results showed that plants did 
not significantly affect TP and PP concentrations in the treatments 
without nutrient addition (Independent samples t-tests, p > 0.05 for 
all comparisons). However, when nutrient was added, plants signifi-
cantly reduced TP and PP concentrations (Independent samples  
t-tests, p < 0.05 for all comparisons). Nutrient addition resulted in a 
significant increase in TP, PP and Chl α concentrations (Independent 
samples t-tests, p < 0.05 for all comparisons) except when plants 
were present and no nutrient was added (LT-WP-NN vs. LT-WP-WN; 
t-test, t4 = −2.714, p = 0.053; Figure 2).

3.2  |  Phytoplankton biomass and proportion

Six phytoplankton phyla were identified: Cryptophyta, Dinophyta, 
Phaeophyta, Bacillariophyta, Cyanophyta and Chlorophyta. 
Temperature, plant, nutrient and interactions significantly af-
fected the total phytoplankton and Cyanophyta biomass as re-
vealed by three-way ANOVA (Figure 3a; Table S5). Bacillariophyta, 
Cyanophyta and Chlorophyta formed the vast majority of the 
community biomass (Figure  3b). Rising temperatures did not re-
sult in significant changes in total phytoplankton biomass when 
plants were present and nutrients were not added (LT-WP-NN vs. 
HT-WP-NN; t-test, t4 = −0.656, p = 0.548; Figure 3a). Rising tem-
peratures significantly increased the biomass and proportion of 
Cyanophyta (Independent samples t-tests, p < 0.05 for all com-
parisons; Table S6), causing a significant decrease in the biomass 
proportions of Bacillariophyta and Chlorophyta (Independent 
samples t-tests, p < 0.05 for all comparisons; Figure  3 and 
Table  S6). In general, Cyanophyta (biomass and proportion) 

(3)CWM. size =
∑S

i=1

(

pi × ti
)
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dominated in the higher temperature treatments except for the 
HT-WP-NN treatment with plant presence and no nutrient addi-
tion (Figure 3). Plants significantly reduced the biomass and pro-
portion of Cyanophyta (Independent samples t-tests, p < 0.05 for 
all comparisons). Nutrients significantly increased the biomass 
and proportion of Cyanophyta (Independent samples t-tests, 
p < 0.05 for all comparisons) and decreased the biomass propor-
tion of Bacillariophyta (Independent samples t-tests, p < 0.05 for 
all comparisons).

3.3  |  Phytoplankton diversity

The three-way ANOVA showed that temperature had significant 
effects on the Shannon Wiener index (F1,16 = 229.6, p < 0.001) and 
functional diversity (F1,16 = 142.39, p < 0.001). Increased tempera-
tures resulted in a significantly lower Shannon Wiener index and 
functional diversity (Independent samples t-tests; p < 0.05 for all 
comparisons; Table S7). The presence of plants significantly reduced 
the Shannon Wiener index (Independent samples t-tests; p < 0.05 
for all comparisons), except in the treatment with low temperature 
and no nutrient addition (t-test; t4 = 0.996, p = 0.376). At low tem-
peratures, plants significantly increased the functional diversity of 
phytoplankton (Independent samples t-tests; p < 0.05 for all com-
parisons). At high temperatures, plants did not significantly affect 
functional diversity when nutrient was added (t-test, t4 = −1.876, 
p = 0.134).

3.4  |  Macrophyte morphology

The effect of temperature on plant height was not significant 
(Figure  4; two-way ANOVA, F1,20 = 0.070, p = 0.794). However, 

the higher temperature significantly reduced the weight (two-
way ANOVA, F1,8 = 9.793, p = 0.014) and RGR (two-way ANOVA, 
F1,8 = 7.579, p = 0.025) of the plants. Plant height, weight, and RGR 
responded differently to nutrient addition (Figure  4). Nutrient ad-
dition significantly increased the height of the plants (two-way 
ANOVA, F1,20 = 20.476, p < 0.001) but had the opposite effect on 
weight (two-way ANOVA, F1,8 = 17.393, p = 0.003) and RGR (two-
way ANOVA, F1,8 = 9.641, p = 0.015). The results demonstrated the 
significant negative correlations between Chl α concentration and 
both weight (Pearson's correlation, r12 = −0.778, p = 0.003) and RGR 
(Pearson's correlation, r12 = −0.683, p = 0.014) but a positive correla-
tion between Chl α concentration and height (Pearson's correlation, 
r12 = 0.591, p = 0.043).

3.5  |  Phytoplankton and macrophyte physiology

We analysed photosynthetic activity of cyanobacteria in re-
sponse to environmental changes (Figure  5). Only tempera-
ture had a significant positive impact on rETRmax (three-way 
ANOVA, F1,16 = 29.469, p < 0.001). Conversely, plant (three-way 
ANOVA, F1,16 = 0.476, p = 0.500) and nutrient (three-way ANOVA, 
F1,16 = 0.827, p = 0.377) did not exhibit significant effects on 
rETRmax. The Fv/Fm was found to be most responsive to plant 
conditions (three-way ANOVA, F1,16 = 24.637, p < 0.001). Further 
analysis revealed that the presence of plants led to a significant 
reduction in Fv/Fm (Independent samples t-tests, p < 0.05 for all 
comparisons), except for the treatment with low temperature and 
no nutrient addition (LT-NP-NN vs. LT-WP-NN; t-test, t4 = 1.564, 
p = 0.193).

The two-way ANOVA showed that the temperature had a sig-
nificant effect on SOD (two-way ANOVA, F1,32 = 74.24, p < 0.001) 
and CAT (two-way ANOVA, F1,32 = 45.73, p < 0.001) activities 

F I G U R E  3  The (a) biomass and (b) proportion of Bacillariophyta, Cyanophyta and Chlorophyta under different environmental conditions 
at the end of the experiment. Others refer to the total biomass of Cryptophyta, Dinophyta and Phaeophyta. Error bars indicate 1 standard 
error. For an explanation of x axis letters—see Figure 2.
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(Figure 6). Rising temperatures were associated with increased lev-
els of SOD and CAT, as confirmed by t-tests (Independent samples 
t-tests, p < 0.05 for all comparisons). Furthermore, nutrient addition 
had a significant impact on SOD (two-way ANOVA, F1,32 = 201.36, 
p < 0.001), CAT (two-way ANOVA, F1,32 = 129.91, p < 0.001), and 
MDA  (two-way ANOVA, F1,32 = 42.77, p < 0.001). The activities of 
SOD, CAT, and MDA were notably higher in the treatments with than 
without nutrient addition (Independent samples t-tests, p < 0.05 for 
all comparisons). The results revealed significant positive correla-
tions between Chl α concentration and SOD (Pearson's correla-
tion, r12 = 0.871, p < 0.001), CAT (Pearson's correlation, r12 = 0.948, 
p < 0.001) and MDA (Pearson's correlation, r12 = 0.909, p < 0.001) 
contents.

In the SEM analysis, the χ2/Df and CFI values indicated that the 
selected model had a good fit. The SEM indicated that the rising 
temperatures and nutrient caused an increase in cyanobacterial bio-
mass regardless of the submerged macrophyte condition (Figure 7). 
A higher photosynthetic capacity of cyanobacteria corresponded to 
a higher cyanobacteria biomass. The results also showed that the 
submerged macrophytes could indirectly inhibit cyanobacteria bio-
mass by suppressing the photosynthetic activity and competing for 
nutrients (Figure 7b).

4  |  DISCUSSION

Strong interactions between submerged macrophytes and phy-
toplankton, affecting the state of lake ecosystems (Jeppesen 
et al., 1997; Scheffer et al., 1993), have been observed in numerous 
field surveys (Phillips et al., 2016). Within the context of a chang-
ing climate, the cumulative effects of warming and eutrophication 
have increased the dominance of cyanobacteria (Elliott,  2012; 
Paerl,  2014), which may lead to collapse of submerged macro-
phytes and the turbid state dominated by phytoplankton (Moss 
et al., 2003). We experimentally investigated how the interactions 
between phytoplankton and submerged macrophytes changed 
with nutrient input in a climate warming perspective, with focus 
on changes in the photosynthetic activity of phytoplankton (cy-
anobacteria) and the physiological characteristics of submerged 
macrophytes.

We observed significant changes in ecosystem state in response 
to temperature and nutrient conditions. In the absence of plants, 
rising temperatures led to a marked increase in Chl α concentra-
tions whether or not nutrients were added  . This may, in part, re-
flect a temperature-induced stimulation of phytoplankton growth as 
seen in other studies (e.g. Fanesi et  al.,  2016). High temperatures 

F I G U R E  4  Height, weight and relative growth rate (RGR) of Vallisneria natans at the end of the experiment. The boxes indicate the 
25th–75th percentiles, and the line in the box represents the median. For an explanation of x-axis letters—see Figure 2.

 13652427, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fw

b.14346 by N
anjing Institution O

f G
eo, W

iley O
nline L

ibrary on [12/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
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may promote cyanobacteria, augmenting their growth efficiency 
compared to most other phytoplankton taxa (Elliott,  2012; Paerl 
& Huisman,  2009). In correspondence with this, we found higher 
biomass and rETRmax of cyanobacteria under high temperature 
conditions in the absence of plants, leading to their dominance of 
the phytoplankton community. Other studies have also shown 
that at higher temperatures, cyanobacteria tend to dominate the 
phytoplankton community (Jeppesen, Audet, et  al.,  2021; Paerl & 
Huisman, 2008). Regarding phytoplankton diversity, both taxonomic 
and functional diversities were found to be lower at higher tem-
peratures, as shown in Figure 8. This reduction may be attributed 
to a shift towards a smaller, cyanobacteria-dominated phytoplank-
ton community at higher temperatures, this being consistent with 
findings in an experiment by Rasconi et al. (2015). Furthermore, the 
decreased functional diversity could result in reduced stability of 
the phytoplankton community (Zhang et al., 2022). Our results sug-
gested that, in the absence of plants, eutrophication caused by in-
creased nutrient input may be reinforced by warming, which has also 
been revealed in other studies based on experiments and monitoring 
data (Jeppesen et al., 2020; Jeppesen, Johansson, et al., 2021).

When plants were present, rising temperatures also resulted in 
higher Chl α concentrations regardless of nutrient conditions, while 
warming did not result in significant increases in TP concentrations 
and total phytoplankton biomass when there was no nutrient addi-
tion, indicating that water bodies with plants and low nutrient levels 

may be more resistant to the adverse effects of rising temperature. 
In terms of phytoplankton dynamics, rising temperatures coupled 
with nutrient addition significantly increased the total biomass of 
phytoplankton and specifically of cyanobacteria, known for their 
adaptability to warmer and nutrient-enriched conditions (Paerl & 
Huisman,  2008). However, the presence of macrophytes inhibited 
cyanobacteria at high temperatures without nutrient addition, sup-
porting the role in preventing cyanobacteria dominance in a warm-
ing environment. The observed reductions in plant weight and RGR 
at rising temperatures and nutrient addition could be attributed to 
the high Chl α concentrations. Excessive phytoplankton can degrade 
the light environment by reducing transparency and thus shading 
the submerged macrophytes (Bakker et  al.,  2013). To compensate 
for this, submerged macrophytes may obtain light for growth by in-
creasing their height (Goldsborough & Kemp, 1988). This adaptation 
aligns with our observations of a significant positive correlation be-
tween Chl α concentrations and plant height. Concurrently, under 
nutrient addition (with higher Chl α concentrations), the increased 
activities of SOD and CAT, as well as the elevated MDA content, 
also pointed to macrophyte adaptation. These adjustments may en-
hance the macrophytes' resilience to the combined stresses of rising 
temperature and nutrient enrichment within the context of climate 
change.

We saw clear differences when comparing the results from 
the plant presence and the plant absence treatments; the Chl α 

F I G U R E  5   The maximum relative electron transport rates (rETRmax) and the maximum photochemical efficiency of the photosystem II 
(Fv/Fm) of cyanobacteria at the end of the experiment. The boxes indicate the 25th–75th percentiles, and the line in the box represents the 
median. For an explanation of x axis letters—see Figure 2.
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10  |    ZHAO et al.

F I G U R E  6  Enzyme activities of superoxide dismutase (SOD) and catalase (CAT) along with malondialdehyde (MDA) contents in Vallisneria 
natans at the end of experiment. The boxes indicate the 25th–75th percentiles, the line in the box the median, and the dots outliers. For an 
explanation of x-axis letters—see Figure 2.

F I G U R E  7  The results of structural equation models showed interactions between submerged macrophytes and phytoplankton and with 
environmental variables in the absence (a) and presence (b) of submerged macrophytes. The photosynthetic capacity of phytoplankton is 
represented by the maximum photochemical efficiency of the photosystem II (Fv/Fm). Phytoplankton, in this case, is cyanobacteria as only 
the Fv/Fm of cyanobacteria was measured. Fv/Fm was chosen based on the results of a three-way ANOVA (plants had a significant effect on 
Fv/Fm (three-way ANOVA, F1,16= 24.637, p < 0.001) but not on the maximum relative electron transport rates (rETRmax; two-way ANOVA, 
F1,16 = 0.476, p = 0.5). Only statistically significant paths were retained. The standardized regression coefficients are marked next to the lines. 
Black lines show positive correlations and red lines negative correlations.
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concentrations were lower in all temperature and nutrient scenarios 
in the plant-present treatment than in the plant-absent treatment. 
Thus, the presence of plants mitigated the impact of warming on 
eutrophication regardless of the nutrient conditions. And the pres-
ence of submerged macrophytes significantly reduced the biomass 
of cyanobacteria regardless of temperature and nutrient conditions. 
It is well established that submerged macrophytes indirectly or di-
rectly can suppress phytoplankton through several feedback mech-
anisms (Jeppesen et  al.,  1998; Moss,  1990; Scheffer et  al.,  1993). 
Accordingly, we found that the submerged macrophytes signifi-
cantly inhibited the photosynthetic activity (Fv/Fm) of cyanobacte-
ria. The presence of macrophytes also had different effects on the 
functional diversity of phytoplankton. At lower temperatures, the 
functional diversity of phytoplankton was higher in the presence 
of macrophytes without resulting in an increase in their biomass 
(Figure 8), suggesting a shift towards a more diverse but less dense 
phytoplankton community. This finding corresponds with observa-
tions by Barrow et al. (2019), that ponds with high densities of mac-
rophytes exhibited higher functional diversity of phytoplankton. 
Similar effects of plants on functional diversity did not occur at high 
temperatures (Figure 8b), potentially reflecting that the functional 
diversity of phytoplankton was already significantly reduced at high 
temperatures.

In conclusion, higher temperature and nutrient addition in-
creased phytoplankton biomass by increasing the photosynthetic 
activity and nutrient availability, respectively, as indicated by the 
SEM model. However, our results showed that submerged mac-
rophytes may play a regulatory role by inhibiting phytoplankton 
(cyanobacteria) photosynthesis and competing for nutrients, 
thereby mitigating the adverse effects of eutrophication and ris-
ing temperatures. Additionally, our findings suggested that the 
adaptability of macrophytes, responding to environmental stress 
by physiological adaptations such as enzyme activity and morpho-
logical adjustments, could facilitate their survival under adverse 

conditions. By using these physiological indicators to assess the 
life activity of organisms, our research provided new insights into 
macrophyte-phytoplankton relationships during regime shifts in 
aquatic ecosystems.
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