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Abstract: Shallow lakes are highly vulnerable to damages caused by human activities and warming
trends. To assess whether and how community structures of phytoplankton and nitrogen uptake
respond to the combined effects of elevated temperature and eutrophication, we performed a
mesocosm experiment in field by combining a 4.5 ◦C increase in temperature and the addition of
phosphorus. Our results demonstrated that the combination of rising temperatures and phosphorus
loading stimulated the maximum biomass built up by the phytoplankton community, and changed the
phytoplankton community by significantly increasing the number of Chlorophyta and Cyanophyta,
and decreasing that of Cryptophyta. We also examined the effects of climate warming and
eutrophication on phytoplankton nitrogen uptake and dynamics using 15N tracer techniques.
The addition of phosphorus slightly increased the phytoplankton nitrate uptake velocity and relative
preference index, but decreased the nitrate uptake turnover time. Warming relatively increased
the ammonium uptake velocity and the relative preference index, but decreased the ammonium
turnover time. In kinetic studies, NH4

+ exhibited a higher maximum uptake rate (Vmax) and a lower
half-saturation constant (Ks) than NO3

− substrates due to temperature elevation and the addition
of phosphorus. Hence, warming and eutrophication increased the capacity of phytoplankton for
NH4

+ uptake and their affinity at low substrate concentrations. Thus, the combined effects of climate
warming and phosphorus nutrient availability may increase the prevalence of Chlorophyta and
Cyanophyta, and change the nitrogen cycling of aquatic ecosystems.
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1. Introduction

Climate change has been one of the most distinct threats to ecosystems for decades [1]. According
to the synthesis report summarized by the Intergovernmental Panel on Climate Change (IPCC) in 2014,
global temperatures have been rising for decades, and are predicted to rise further by an additional 3–5 ◦C
over the next century [2]. Shallow lakes are important productive areas that dominate inland waters and
are easily and strongly affected by climate change, particularly by increases in temperature [3] and by the
supply of nutrients [1] as lake ontogeny from oligotrophic–mesotrophic–eutrophic–hypereutrophic states
either in the short or long term. Anthropogenically driven increases in temperature can also disrupt
the aquatic environment. These alterations might ultimately lead to shifts in the food web structure
and productivity [4,5]. Thus, to resist such changes, some biological stabilizing mechanisms should
be preserved. Generally, phytoplankton growth is directly affected by water quality and the lake food
web through chemical, biological, and physical factors [6]. Simply put, climate change could lead to
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high phytoplankton biomass [7] and earlier spring phytoplankton bloom [8]. Climate change potentially
alters the structure and dynamics of phytoplankton communities [9], and also influences the nitrogen
dynamics of phytoplankton and N transport during the eutrophication of lakes [10,11].

Despite efforts to reduce anthropogenic input, one of the most ominous pressures on the lake
ecosystem functioning consistently is eutrophication [12–14]. Climate change projections indicate that
N losses from catchments under different land uses and N retention, as well as nutrient input in surface
waters, impact the succession of freshwater phytoplankton communities in response to global warming
combined with eutrophication [12,15,16]. Furthermore, temperature-driven shifts in phytoplankton
community composition toward more cyanobacteria seem nutrient dependent [17]. Obviously, global
climatic change and eutrophication both affect the communities of phytoplankton [12].

Phytoplankton responses to dynamic physical factors are characterized to determine adaptation
indices, which represent the ability of phytoplankton to utilize available energy to reach the nutritional
requirements of growth [18]. Ammonium, as an available energy source that represents more than
80% of nitrogenous nutrients, is preferentially considered during nitrogen uptake [19]. Nitrogen
uptake kinetics also demonstrate a strong preference for ammonium over nitrate [20]. However, many
factors affect phytoplankton nutrient uptake. For example, bacterial activities with inorganic nutrients
influence the total phytoplankton uptake rate [21]. The temperature dependence of nitrogen preference
in microbial plankton, especially in marine phytoplankton, could have far-reaching implications for
biogeochemical nutrient cycling on a global scale [22]. The uptake of oxidized and reduced forms
of nitrogen can be separated in time and space due to their association with distinct phytoplankton
groups [23]. However, the combined effects of warming and eutrophication on phytoplankton nitrogen
uptake and the nitrogen cycle require further investigation.

To obtain a more mechanistic understanding of the combined effect of warming and eutrophication
on the phytoplankton community and nitrogen utilization, we employed a temperature-controlled
outdoor mesocosm experiment during the summer to investigate the combined effects of gradually
increasing temperatures and eutrophication perturbations on the phytoplankton community structure
and nitrogen uptake dynamics. A major aim of this study was to elucidate the change pattern of
the phytoplankton community and nitrogen uptake dynamics in response to increasing levels of
both warming and eutrophication. We hypothesized that warming and eutrophication strengthen
competitive interaction among different phytoplankton taxa, thereby increasing overall phytoplankton
biomass. Therefore, we predicted that both warming and eutrophication may, in different ways,
increase the nitrogen uptake dynamics of phytoplankton, and the combined effects may be greater
than the sum of the individual effects, but not multiplicative as other studies found [20,24].

2. Methods

2.1. Mesocosm Establishment

The climate-change mesocosm experiment was carried out at the Huazhong Agricultural
University in Wuhan City, Central China (30◦29′ N, 114◦22′ E). It consisted of 24 outdoor
polyethylene-insulated mesocosms (diameter = 1.5 m, height = 1.4 m). Each mesocosm had a
total capacity of approximately 2500 L. In late December 2013, sediments were collected with a
Peterson grab sampler at the top few centimeters of a pelagic area in Lake Liangzihu (30◦11′3” N,
114◦37′59” E). This area had low amounts of nutrients (concentrations of total nitrogen (TN) and
total phosphorus (TP) were about 0.432 and 0.023 mg L−1, respectively) in lake water, and was
rich with macrophytes. The sediments were loaded into pre-cleaned containers and immediately
transported to the experimental mesocosms after sufficient mixing. All experimental mesocosms were
filled with mixed lake sediments up to 10 cm high and water up to 1 m high. The mesocosm water
consisted of water collected from Lake Nanhu (12.5%) and tap water (87.5%) to simulate mesotrophic
lake (the concentrations of TN and TP were 3.250 and 0.198 mg L−1, respectively, in Lake Nanhu).
The average TN and TP concentrations in control mesocosms were 0.464 and 0.059 mg L−1, respectively,
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during the experiment period (Table 1). Prior to the addition of water, water collected from Lake
Nanhu was flushed through a 20-µm plankton mesh to eliminate phytoplankton, i.e., to make sure that
all phytoplankton originated from the sediment. Aquarium heaters (1000 W) were used to increase
the water temperature in the temperature investigations. The temperature inside each mesocosm
(both heated and unheated) was controlled by a computer system equipped with temperature sensors
located at a water depth of 0.5 m. The system controlled and adjusted each temperature-elevated
enclosure individually based on the mean of the control temperature, which was sensed every 1 s.
During this period, evaporation losses from the mesocosms were replaced with tap water when not
compensated for by rainfall.

Four assigned treatments, replicated six times, were randomly placed in a 10 m × 20 m outdoor
area, and consisted of: (C) controls mimicking the concurrent state in Lake Liangzihu with respect to
temperature and nutrient level; (T) an increase in temperature of 4.5 ◦C compared with the control;
(P) the addition of 50 µg L−1 phosphate (KH2PO4) every 2 weeks, mimicking the eutrophication
process of Lake Liangzihu; and (T + P) a combination of both factors, which constituted a future
scenario with respect to temperature and phosphorus content.

Table 1. Mean water chemistry and zooplankton abundance from mesocosms under the C, T, P, and T
+ P treatments. Values were calculated from weekly measurements of six replicate (n = 6) mesocosms
in July and August 2014. Values are means ± SD (standard deviation). Abbreviations used: Control, C;
water temperature increased 4.5 ◦C compared with the control, T; addition of 50 µg L−1 phosphate every
2 weeks, P; addition of 50 µg L−1 phosphate every 2 weeks and temperature increase of 4.5 ◦C, T + P;
dissolved oxygen, DO; orthophosphate, SRP; total phosphorus, TP; total nitrogen, TN; chlorophyll-a,
Chl-a. (Note: ind. L−1 is the abbreviation of individual/litre).

C T P T + P

DO (mg L−1) 7.61 ± 1.67 7.34 ± 1.85 7.84 ± 1.95 7.11 ± 2.36
pH 8.48 ± 0.55 8.56 ± 0.36 8.54 ± 0.56 8.56 ± 0.54

Conductivity (µS cm−1) 233.9 ± 14.7 308.2 ± 11.4 225.3 ± 15.7 303.4 ± 14.0
TP (mg L−1) 0.059 ± 0.018 0.076 ± 0.031 0.155 ± 0.041 0.275 ± 0.074

SRP (mg L−1) 0.029 ± 0.009 0.028 ± 0.015 0.115 ± 0.034 0.227 ± 0.059
TN (mg L−1) 0.464 ± 0.077 0.508 ± 0.156 0.470 ± 0.093 0.586 ± 0.099

NO3
−-N (mg L−1) 0.114 ± 0.042 0.142 ± 0.046 0.112 ± 0.037 0.124 ± 0.033

NH4
+-N (mg L−1) 0.150 ± 0.071 0.164 ± 0.081 0.198 ± 0.083 0.208 ± 0.098

Chl-a (mg L−1) 2.75 ± 1.21 5.31 ± 2.59 2.84 ± 1.66 6.53 ± 4.37
Cladocera (ind. L−1) 15.45 ± 5.10 23.68 ± 4.24 61.27 ± 21.39 45.18 ± 9.97
Copepoda (ind. L−1) 46.96 ± 9.46 31.58 ± 7.03 83.08 ± 14.57 28.13 ± 4.61

Rotifera (ind. L−1) 26.25 ± 10.02 49.35 ± 11.51 17.23 ± 3.56 43.83 ± 9.71

2.2. Sampling and Analysis

All phytoplankton and zooplankton samples were collected and nitrogen uptake experiments
were conducted in July and August 2014 (Figure 1). Water samples were obtained from each tank using
a 1-m-long Plexiglas tube with a 70-mm diameter. The samples were mixed in a bucket. Three tube
samples were collected along the diameter of each enclosure; this pooled water sample was used for
analysis of nutrients, chlorophyll-a, phytoplankton abundance, and zooplankton abundance. Dissolved
oxygen (DO), pH, and conductivity were measured with HACH HQD Portable Meters (HQ60d,
HACH, Loveland, CO, USA). Total phosphorus (TP) and total nitrogen (TN) were measured using the
methods proposed by Reference [25]. Chlorophyll-a (Chl-a) was determined by water filtration on
Whatman GF/C filters and spectrophotometric analysis after acetone extraction [26]. The water for
phytoplankton and rotifer analysis was subsampled from the mixed sample, placed into a 100-mL glass
bottle, and preserved in Lugol’s acid solution for further analysis in the laboratory. Phytoplankton were
counted (at least up to 200 cells) and identified at the genus level [27] using tubular chambers and an
inverted microscope (Olympus SZ-40, Olympus Corporation, Tokyo, Japan). Zooplankton (cladocerans
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and copepods) samples were collected by filtering 10 L of initial water through a 112-µm plankton
mesh and preserved with 4% Lugol’s acid solution (v/v) for later enumeration at 10×magnification
(Olympus SZ-40). The abundances and genus of rotifers were determined using an inverted microscope
(Olympus SZ-40) at 100×magnification.
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2.3. Nitrogen Uptake Experiments

The collected water was dispensed in 3-L polyvinyl bottles and used to prepare the following
three treatments for C, T, P, and T + P: Control (no addition), nitrate (addition of 98% atom 15N-NaNO3),
and ammonium (addition of 98% atom 15N-NH4Cl). The bottle was added with 15N-labeled sodium
nitrate or 15N-labeled ammonium chloride (10% of the nitrate or ammonium concentration in each
tank). Procedures in the tracer technique were then performed.

2.4. Kinetics of Nitrogen Uptake

The treatment set-up and collected water samples were the same for the nitrogen uptake
experiment. The bottle for each treatment was supplemented with 15N-labeled sodium nitrate or
15N-labelled ammonium chloride at the following final concentrations: 0.05, 0.1, 0.5, 1.0, 2.0, 5.0,
and 10.0 µmol/L. Procedures in the tracer technique were then performed.

The relative uptake rate (V h−1) was determined by the equation used by Dugdale and Goering
(1967) and Dugdale and Wilkerson (1986) [28,29]:

V =
15Ns − 15Nn

(15Nenr − 15Nn)× T
(1)

where 15Ns is the atom % of 15N in the sample, 15Nn is the natural abundance of 15N, 15Nenr is the
initially labeled atom % of 15N, and T is the incubation time.

The absolute uptake rate (ρ; µmol L−1 h−1) [28,29] was determined as follows:

ρ = V × PN, (2)

where PN is the particulate nitrogen in the sample.
The relative preference index (RPI) was calculated as follows [29]:

RPI(
A
N
) =

ρ(A)

ρ(N)
/
(A)

(N)
(3)
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where ρ (A) is the cellular ammonium or nitrate uptake rate, ρ (N) is the sum of cellular ammonium
and nitrate uptake rates, A is the ambient concentration of ammonium or nitrate, and N is the sum of
ambient concentrations of ammonium and nitrate.

The turnover time (TT) was determined with the equation used by Gu and Alexander (1993) [30]:

TT(NH4
+) =

[
NH4

+
]

ρ
(
NH4

+
) (4)

The Michaelis–Menten equation is described by [31]

V =
Vmax ×Ks

S + Ks
(5)

where Vmax is the maximum uptake rate, Ks is the half-saturation constant and acts as an index of the
affinity to the substrate (nitrate, ammonium, etc.), and S is the equilibrium concentration.

2.5. Tracer Techniques

The 15N tracer techniques were applied in our experimental mesocosms to simultaneously
examine the effects of summer warming and eutrophication on phytoplankton nitrogen uptake and
dynamics during the growing season. We employed the tracer method described by Dugdale and
Goering (1967) [28]. Mixed water was collected by flushing through a net (mesh size: 20 µm) to avoid
uncontrolled introduction of vertebrates and fish. The water was placed in a 1-L polyvinyl bottle
and supplemented with 15N-labeled nitrogen compounds, such as 15N-NaNO3 (98% atom 15N) and
15N-NH4Cl (98% atom 15N). The sample was incubated around the depth of 0.5 m in our mesocosm
systems for 4 h using saturated HgCl solution to terminate the reaction. The incubated water sample
was filtered through Whatman GF/C glass filters to obtain particulate matter (phytoplankton in the
mesocosm system). The Whatman GF/C filter was dried at 60 ◦C for 48 h and scraped using a scalpel
to obtain particulate matter. Dried filters were loaded into tin capsules and analyzed for 15N content
with a Delta Plus (Finnigan, Palo Alto, CA, USA) continuous flow isotope ratio mass spectrometer
(CF-IRMS) directly coupled to an NC2500 elemental analyzer (Carlo Erba, Italy). The reproducibility
of several samples and standards (NH4CI) was within 0.03%.

3. Results

3.1. Water Chemistry in Mesocosms

The annual mean water temperature was 19.4 ◦C in the ambient temperature mesocosms.
The daily mean temperature ranged from 3.8 to 33.6 ◦C, and the heated mesocosms remained
4.5 ◦C higher than ambient temperature mesocosms (Figure 1). In the period of water sampling,
the temperature in the ambient mesocosms increased from 24.5 to 33.6 ◦C between 1 July 2014 and
31 August 2014 (Figure 1). The temperature in the heated mesocosms ranged from 28.9 to 37.9 ◦C
during the same period.

After the addition of phosphorus, the enriched mesocosms exhibited higher weekly mean
concentrations of TP and orthophosphate (SRP) than the unenriched mesocosms (Tables 1 and 2).
Warming only influenced conductivity. Nutrient enrichment and warming did not affect weekly mean
values of DO, pH, TN, NO3

−-N, NH4
+-N, and Rotifera (Tables 1 and 2). Furthermore, our results

indicated that elevated temperature and nutrient addition had an augmenting effect on the average
number of Cladocera, while Copepoda densities were significantly affected by nutrient addition
(Tables 1 and 2).
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Table 2. Summary of ANOVA tests (one-way analysis of variance, repeated measures) and
analysis of the effect of phosphorus addition and warming on water chemistry, chlorophyll-a,
and zooplankton abundance.

N p Warming P + Warming

DO (mg L−1) 48 0.823 0.784 0.613
pH 48 0.803 0.759 0.741

Conductivity (µS cm−1) 48 0.229 <0.001 <0.001
TP (mg L−1) 48 <0.001 0.475 <0.001

SRP (mg L−1) 48 <0.001 0.985 <0.001
TN (mg L−1) 48 0.911 0.427 <0.05

NO3
−-N (mg L−1) 48 0.927 0.167 0.620

NH4
+-N (mg L−1) 48 0.263 0.745 0.179

Chl. a (mg L−1) 48 0.951 0.072 <0.01
Cladocera (ind. L−1) 48 <0.001 <0.05 <0.001
Copepoda (ind. L−1) 48 <0.05 0.119 0.140

Rotifera (ind. L−1) 48 1.000 0.226 0.254

3.2. Phytoplankton Community Structure

The highest total phytoplankton density was detected for the T + P treatment on 11 August,
and sharply decreased during the experimental period (Figure 2A). The maximum phytoplankton
density of the T + P treatment was 4.36 × 109 ind. L−1. In the T and P treatments, the phytoplankton
density increased from the beginning of the experiment and reached the maximum value on 4 August.
The maximum phytoplankton density of the T and P treatments were 9.80 × 108 and 7.02 × 108 ind.
L−1, respectively. In the control, the total phytoplankton density remained at a low level during the
experiment period and peaked on 21 July (Figure 2A).
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Figure 2. Total phytoplankton density (A) and phytoplankton community structure (B) variation in
the C, T, P, and T + P treatments during the summer in the mesocosms. Abbreviations used: Control, C;
water temperature was increased 4.5 ◦C compared with the control, T; addition of 50 µg L−1 phosphate
every 2 weeks, P; addition of 50 µg L−1 phosphate every 2 weeks and temperature increase of 4.5 ◦C,
T + P. Error bars indicate ±standard error (SE).

Phytoplankton density was co-dominated by Cryptophyta (C 51.2% and P 59.4%) and
Chlorophyta (C 28.2% and P 17.7%) in the C and P treatments. Average Cryptophyta densities were
9.96 × 107 ind. L−1 in the control and 1.12 × 108 ind. L−1 in the P treatment. Average Chlorophyta
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densities of the C and P treatments were 5.48 × 107 ind. L−1 and 3.34 × 107 ind. L−1, respectively.
However, the phytoplankton community mainly comprised Chlorophyta (T 75.4% and T + P 79.5%),
followed by Cyanophyta (T 5.5% and T + P 13.0%), and Bacillariophyta (T 14.5% and T + P 5.8%) in the
T and T + P treatments (Figure 2B). Average Chlorophyta densities in the T and T + P treatments were
3.10× 107 ind. L−1 and 1.03× 109 ind. L−1, respectively. The average Cyanophyta density in the T + P
treatment (1.68 × 108 ind. L−1) was obviously higher than others. Furthermore, Cyanophyta mainly
consisted of Dolichospermum and Chroococcus, and Chlorophyta mostly comprised Chlamydomonas,
Closterium, and Cosmarium. Bacillariophyta consisted of Melosira, Navicula, and Cyclotella. Cryptophyta
consisted of Cryptomonas and Chroomonas in our mesocosms.

3.3. Effects on Dynamics of Phytoplankton Nitrogen Uptake

The estimated phytoplankton nitrogen uptake parameters in the four treatments are summarized
in Figure 3. The relative uptake velocity (V) of nitrate was slightly higher in the P treatment
(VP = 5.79 ± 0.81 h−1) than that in the other treatments (P > 0.05). Phosphorus addition may increase
the relative uptake velocity of nitrate. The relative uptake velocity of ammonium was higher in the
T treatment (P < 0.05) than that in the control. Warming significantly increased the phytoplankton
ammonium uptake velocity. The relative uptake velocity of ammonium in the T and T + P treatments
was twice as high as that of nitrate. The absolute uptake velocity (ρ) values of nitrate were highest
in the P treatment (26.26 ± 4.17 µmol L−1 h−1) and lowest in the T + P treatment (14.67 ± 2.21 µmol
L−1 h−1). The absolute uptake velocities of ammonium were ρC = 27.14 ± 2.97, ρT = 44.95 ± 3.37,
ρP = 31.61 ± 2.66, and ρTP = 36.82 ± 1.69 µmol L−1 h−1 (ρT > ρTP > ρP > ρC). The phytoplankton
absolute uptake velocity of ammonium was 1.20–2.51 times higher than that of nitrate. The maximum
RPI values of nitrate were 3.14± 0.36 in the P treatment, while the maximum RPI values of ammonium
were 3.68 ± 0.14 in the T + P treatment. The RPI of ammonium was higher than that of nitrate in all
treatments except in the P treatment. The TT of ammonium was relatively lower than that of nitrate
in all treatments. Therefore, the addition of phosphorus slightly increased the phytoplankton nitrate
uptake velocity and the relative preference index, but decreased the nitrate TT. Warming relatively
increased the ammonium uptake velocity and RPI, but decreased the ammonium TT, thereby inhibiting
phytoplankton nitrate uptake.
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Figure 3. Relative nitrogen uptake rate (V), absolute uptake rate (ρ), relative preference index (RPI),
and turnover time (TT) for phytoplankton in the four treatments (n = 6). For abbreviations used,
see Figure 1. Error bars indicate ± standard error (SE).

The relationship of phytoplankton uptake rates of nitrate and ammonium with the substrate
concentrations followed the Mickaelis–Menten kinetics. The estimated kinetic parameters for nitrate
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and ammonium uptakes are presented in Figures 4 and 5, respectively. The maximum uptake rate
(Vmax) of nitrate was higher in the P treatment (Vmax-P = 22.82 h−1) than that in the other treatments.
The maximum uptake velocity of nitrate decreased with warming. The nitrate–substrate curves
demonstrated pronounced maximum uptake velocity in the T and T + P treatments; the velocity was
1.16–2.53 times lower than that in the C treatment. The maximum uptake velocity of ammonium
was similar to nitrate in different treatments; the maximum and minimum values appeared in the P
(Vmax-P = 32.62 h−1) and T + P (Vmax-TP = 9.35 h−1) treatments. The half-saturation constant (Ks) of
nitrate and ammonium were the lowest in the T + P treatment (Ks-TP = 1.50 and Ks-TP = 0.78 µmol L−1).
Warming may result in a high affinity for inorganic nitrogen, as indicated by the low half-saturation
constant (Ks) for the uptake of nitrogen, especially that of ammonium.
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4. Discussion

4.1. Effects of Nutrients and Temperature on Phytoplankton Community Structure

In this study, the effects of temperature and the addition of phosphorus on the total density of
phytoplankton were related to species composition. Warming changed the phytoplankton community
by significantly decreasing the relative number of Cryptophyta, and increasing that of Chlorophyta;
in particular, the former was the most abundant taxa in the C and P treatments in the summer.
Field studies in freshwater and marine systems suggested that phytoplankton appearance varies in
response to increases in water temperature [4,5,32,33]. However, the appearance of species succession
in the natural habitat under the influence of climate warming is inconsistent among all functional
groups [34,35]. The general trend in nature indicates that warming avails small-sized algae [34,36,37].
Studies reported the superiority of Cyanophyta increases during the summer resulting in their
almost monospecific occurrence in many lakes [11,33,38,39], and the abundance of these species
increases with warming [33]. In contrast, Moss et al. [40] reported that warming did not increase
cyanobacteria abundance, but altered the community composition. Some researchers generally
proposed that nutrients or trophic interactions are more influential on the structure of phytoplankton
communities than temperature changes [41]. For example, due to their capacity for N-fixing in
low N:P lakes, cyanobacteria could dominate in a low N-loading environment [11]. Meanwhile,
environmental conditions (catchment area, surrounding soils, slopes, depth of the water body,
hydrological regime, etc.) are also critical factors influencing phytoplankton communities [34,40,42].
Some phytoplankton species that are isolated from inland water areas exhibit endurance to high
temperatures. In particular, Scenedesmus can proliferate at 40 ◦C and rapidly adjust its cellular
physiology, metabolism, and growth in response to large increases in growth temperature [43,44].
In the same way, the cosmopolitan Dyctiosphaerium can also tolerate a wide range of temperatures,
and thus, exhibits rapid genetic adaptation [45,46]. Therefore, eutrophication could be exacerbated by
warming, which, when combined with the addition of phosphorus, could promote the growth and
biomass of phytoplankton [12,17].

In addition to the bottom-up process controlling phytoplankton composition and succession,
zooplankton can also affect phytoplankton population dynamics known as the top-down process [47].
A higher biomass of phytoplankton is usually consistent with a lower mean biomass of zooplankton,
particularly herbivorous Cladocera, which grazes algal biomass [47,48]. As expected, elevated
temperatures and the addition of phosphorus had an amplifying effect on Cladocera abundance during
our experimental period, which may contribute significantly to grazing pressure on phytoplankton.
However, since Cryptophyta was the best food for all cladocerans [49], the shift of phytoplankton
species composition toward Cyanophyta and Chlorophyta reduced the strength of trophic cascade in
the T and T + P treatments. Therefore, our data suggest that the combined effects of rising temperatures
and eutrophication may boost Cyanophyta and Chlorophyta dominance in shallow lakes.

4.2. Effects on Dynamics of Phytoplankton Nitrogen Uptake

The addition of phosphorus slightly increased the phytoplankton nitrate uptake velocity (V and
ρ) and RPI, but decreased the nitrate uptake TT. Warming relatively increased the ammonium uptake
velocity and RPI, but decreased the ammonium TT, thereby inhibiting phytoplankton nitrate uptake.
Theoretically, regenerated ammonium-based production dominates the nitrogenous nutrition of
phytoplankton [42]. Ammonium uptake accounts for about 60% of the total nitrate and ammonium
utilization; as such, the uptake of inorganic nitrogen is mostly based on ammonium. The specific
uptake rate and transport rate of ammonium in the present mesocosm system were twice as high as
those of nitrate. Previous experiments confirmed that the uptake rate of nitrate would be suppressed by
the ammonium concentration [50]. Ammonium exhibits an affinity for phytoplankton and needs low
energy for uptake and assimilation [51]. In our mesocosm system, the ammonium concentration was
higher than the nitrate concentration, leading to a lower uptake rate of nitrate. A positive relationship
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exists between nitrate reductase and nitrate uptake in phytoplankton [52]; when dissolved oxygen
in the environment cannot sustain nitrification, the nitrate uptake decreases. The high ρ values for
competitive selection in algae provide a growth advantage in eutrophic waters [53], thereby increasing
the ammonium uptake.

In phytoplankton kinetic studies, the typical parameters are Vmax and Ks. An organism with
high Vmax can absorb a particular nutrient at high rates. For Ks, a low substrate concentration
for a given transport rate enhances the uptake of that nutrient at low concentrations. Therefore,
a competitive advantage originates from a high Vmax or low Ks [30,40,54–57]. In general, NH4

+ had
a lower Ks than NO3

−, which could be an important adaptation mechanism for the uptake of these
substrates; the uptakes of these nutrients are usually low in most water columns [58]. In the present
mesocosms, the response of phytoplankton uptake rates for N substrate (NH4

+ and NO3
−) followed the

Michaelis–Menten kinetics. The Vmax for ammonium and nitrate were the highest in the P treatment.
The Ks values were relatively lower for ammonium than that for nitrate in different treatments.
The synergistic effect of warming and eutrophication may confer an affinity strategy for phytoplankton
species, resulting in low Ks and favoring nutrients with low concentrations, especially ammonium.

The change in nitrogen uptake predilection by bloom-forming phytoplankton is related to
variations in ambient nitrogen concentrations [58]. For example, the Ks-NO3

− values are high in the
presence of numerous diatoms in the water column [59]. The results of taxon-specific nitrogen uptake
indicated that diatoms were the only planktonic algae group prominently associated with the uptake
of oxidized nitrogen (nitrate) [23]. Cryptophyta, filamentous Cyanophyta, and dinoflagellates were
distinctly associated with the uptake of reduced nitrogen species, including ammonium, urea, dissolved
free amino acids, and adenine [23]. NH4

+ and urea were beneficial to non-heterocystous cyanobacteria
and Chlorophyta, while NO3

− and urea facilitated chlorophytes, some cyanobacteria, and transient
blooms of diatoms [60]. Chlorophytes may grow well in various nitrogen sources because of diverse
efficient membrane transporters for NO3

− and NH4
+ [61]. Moreover, fast-growing chlorophytes can

efficiently acquire N through diverse N uptake mechanisms [61]. Therefore, the uptake of oxidized
and reduced forms of nitrogen can be separated in temporal and spatial changes because of their
connection to distinguishing phytoplankton communities [23]. Other environmental variables, such as
temperature, light, and availability of trace metals and other macro- and micronutrients, can change
the phytoplankton uptake kinetics of nitrogen. Positive relationships were found between the affinity
for NH4

+ and global warming, whereas an adverse impact was discovered for NO3
− [62]. Yin et al. [63]

showed that NH4
+ suppression of NO3

− uptake was light-dependent. Significant negative correlations
between NH4

+ uptake and TN:TP indicate that nitrogen assimilation in the estuary relies more on the
relative balance of nitrogen and phosphorus than on nitrogen or phosphorus alone [64].

This mesocosm experiment, as a conceptual model, presented the integrating effects of
temperature and nutrient factors on plankton, and examined the most significant factors that influence
plankton in the context of this model [6]. We demonstrated changes in the community structure
and nitrogen uptake of the phytoplankton population induced by temperature elevation combined
with increasing phosphorus concentration. The combined effect of climate warming and phosphorus
nutrient availability on phytoplankton communities should be considered. This study provides
evidence for the increasing prevalence of Cyanophyta and Chlorophyta and changing nitrogen
cycling in sub-trophic aquatic systems caused by the combined effects of human activities, including
unbalanced nutrient enrichment and climate warming. The overall response of lake ecosystems to
climatic variation and change is powerful, linking basic research to future challenges and supporting
theories for improving lake management [1].

In conclusion, climate change and eutrophication may have a profound impact on the nitrogen
circulation and phytoplankton community succession, aggravating the risk of phytoplankton bloom.
This research provides experimental evidence that warming and eutrophication could increase
the capacity of phytoplankton for NH4

+ uptake and their affinity at low substrate concentrations.
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Thus, the combined effects of climate warming and phosphorus nutrient availability may change the
nitrogen cycling of aquatic ecosystems.
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