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Temperature orchestrates
phytoplankton community
and environment in mountain
stream for enhancing
resource use efficiency
Li Ji1, Huayong Zhang1,2*, Zhongyu Wang1, Yonglan Tian1 ,
Wang Tian1 and Zhao Liu2

1Research Center for Engineering Ecology and Nonlinear Science, North China Electric Power
University, Beijing, China, 2Theoretical Ecology and Engineering Ecology Research Group, School of
Life Sciences, Shandong University, Qingdao, Shandong, China
Warming is a key factor influencing the function of the structure and function of

phytoplankton communities. However, the impacts of temperature on

phytoplankton resource use efficiency (RUE) in mountain rivers remain poorly

understood. Here, the spatiotemporal patterns of phytoplankton community

structure (biomass, community composition, and diversity), function (RUE), and

the main environmental factors in a high-latitude mountainous stream were

investigated to assess how temperature affects the phytoplankton RUE. The

results showed that phytoplankton species richness, biomass, and RUE all

increased with rising temperature, with species richness significantly higher.

There was a shift in the phytoplankton community from dominated by

Cyanophyta at lower temperatures to dominated by Cryptophyta at higher

temperatures. Phytoplankton RUE was significantly positively correlated to

species richness, but no significant relationship was observed between RUE and

Pielou’s evenness. Furthermore, redundancy analysis and Mantel tests revealed

that water temperature, nutrient (TP, and NH4
+-N) and physicochemical variable

(flow velocity, and dissolved oxygen) explained 40.40% of the overall variation in

phytoplankton RUE. Phytoplankton RUE exhibited stronger responses to

environmental variables than phytoplankton biomass or diversity. The results

highlighted that temperature directly affected phytoplankton community

composition and enhanced RUE by altering environmental conditions and

biodiversity. Temperature plays a crucial role in shaping the structure and

function of phytoplankton communities in rivers. Our results contribute to the

deep understanding of the mechanisms by which temperature influences RUE

providing a basis for the sustainable management and conservation of aquatic

ecosystems and watersheds.
KEYWORDS

phytoplankton community, mountain stream, temperature, environmental factors,
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1 Introduction

Global climate change, particularly temperatures rising, has

become a key factor affecting ecosystem functioning (Rosenzweig

et al., 2008; Archer, 2011; Nimma et al., 2024). As the primary

producers in aquatic ecosystems, phytoplankton play crucial roles

in the global carbon cycle, nutrient cycling, and primary production

(Field et al., 1998; Paerl and Huisman, 2008). The resource use

efficiency (RUE) of phytoplankton communities directly influences

the productivity and ecological functions of water ecosystems,

which in turn affects the ecological health and service functions of

an entire watershed (Wurtsbaugh et al., 2019). RUE is typically

influenced by multiple factors, including resource availability,

growth rate, population dynamics, and ecological interactions

(Tilman, 1982; Hooper et al., 2002; Anderson et al., 2022).

Temperature, as a critical environmental driver of phytoplankton

growth and distribution, not only directly affects their physiological

processes but also indirectly influences their ecological functions by

modulating other environmental parameters, such as dissolved

oxygen, nutrient concentrations, and light availability (Sommer

and Lengfellner, 2008; Maranón et al., 2012; Garzke et al., 2019).

In recent years, an increasing number of studies have focused

on the effects of rising temperature on the RUE of phytoplankton

communities, particularly on how temperature influences the

ecological functions of phytoplankton by altering environmental

conditions and biodiversity (Nico et al., 2014). These studies have

generally shown that increased temperature generally accelerates

phytoplankton growth rates, this effect exhibits different patterns

across varying temperature regimes and is species-dependent

(Klausmeier et al., 2004; Sherman et al., 2016). More importantly,

temperature fluctuations can also impact the biodiversity of

phytoplankton communities. Under warming conditions, certain

species may gain a competitive advantage, leading to shifts in

community structure, which, in turn, can alter the resource

utilization efficiency of the community (Hooper et al., 2002).

Many studies have examined the direct effects of temperature on

phytoplankton growth rates, photosynthetic efficiency, and RUE.

Experimental findings generally indicate that elevated temperatures

often enhance phytoplankton growth rates, particularly within a

certain optimal temperature range (Eppley, 1972; Mousing et al.,

2014). For instance, higher temperatures have been shown to

increase the rate of photosynthesis in phytoplankton, thereby

improving their ability to utilize available resources such as

nitrogen, phosphorus, and light (Wu et al., 2024). However, this

effect can be heterogeneous, varying across species and

environmental conditions. Some species may exhibit adaptive

advantages at elevated temperatures, while others may experience

growth suppression (Gibert, 2019). Temperature increases also

influence RUE by altering their species composition and diversity.

Species diversity within phytoplankton communities may decline

under warmer conditions, particularly in temperate and cold-water

ecosystems, potentially leading to reduced ecosystem stability and

altered RUE (MaChado et al., 2019). Species adapting to warmer

temperatures, such as certain algae and cyanobacteria, were

dominant under higher thermal conditions, resulting in reduced
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community diversity and possibly affecting the overall functionality

of the ecosystem (Barton et al., 2023). On the other hand, some

research suggested that phytoplankton communities can maintain

functional diversity and resource use efficiency through species

turnover and community restructuring in response to elevated

temperatures (Garcıá et al., 2018).

Temperature influences the resource utilization efficiency of

phytoplankton not only through direct effects on their physiological

processes but also through interactions with other environmental

factors (Gerhard et al., 2022). For instance, rising temperatures can

alter nutrient concentrations in the water, dissolved oxygen levels,

and light conditions, all of which can further regulate the patterns of

resource acquisition and utilization by phytoplankton (Vincent,

2010). Some studies analyzed the link between flow velocity and

phytoplankton biomass/composition in a freshwater lake. They

found a negative chlorophyll-a-flow velocity correlation, and that

turbulence inhibited biomass and affected composition (Li et al.,

2013). Rajwa-Kuligiewicz et al. (2015) explained the temperature-

dissolved oxygen relationship: higher water temperature reduces

oxygen solubility. They also analyzed temperature effects on aquatic

organisms and how temperature caused water stratification impacts

dissolved oxygen distribution (Rajwa-Kuligiewicz et al., 2015). The

study used a mixed-effects model to show low iron content reduces

phytoplankton growth rate, highlighting iron-copper interactions in

marine phytoplankton (Guo et al., 2012). Lobus and Kulikovskiy

(2023) expounded on phytoplankton role in aquatic ecosystem

biogeochemistry. They noted phytoplankton efficient use of major

and trace elements and explored its nutrient assimilation efficiency

and importance in the element cycle (Lobus and Kulikovskiy, 2023).

Some studies suggested that higher temperatures not only

accelerated nutrient release but also intensified competition

between phytoplankton and other organisms, such as

zooplankton and bacteria. The combined effects of these changes

could alter phytoplankton RUE and community stability (Kent

et al., 2007; Azani et al., 2021; Du et al., 2022). Additionally,

temperature changes may further regulate phytoplankton nutrient

acquisition and resource utilization patterns by affecting symbiotic

or competitive relationships between phytoplankton and bacteria

(Du et al., 2022). However, although the existing studies have

highlighted the potential effects of temperature on the RUE of

phytoplankton communities, the mechanisms by which

temperature indirectly regulates phytoplankton ecological

functions through changes in environmental conditions and

biodiversity remain insufficiently understood. In particular, how

temperature influences RUE and community stability of

phytoplankton by altering species composition, interspecific

interactions, and resource allocation strategies is a critical area for

further research.

Mountain river ecosystems are characterized by steep altitude

gradients, fast-flowing waters, a scarcity of fish, and low

temperatures. With an average temperature of 19°C in summer

and -12°C in winter, the temperature gradient of this area is

generated by seasonal changes. Moreover, it is rich in nutrients

such as nitrogen and phosphorus. Its unique climate, nutrient

conditions, as well as geographical and vegetation environment,
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provide an ideal setting for studying how phytoplankton respond to

seasonal temperature changes. This involves the relationships

among phytoplankton growth, community structure, species

composition, the interactions between temperature and nutrients,

and the supply of organic matter derived from vegetation. In the

present study, the primary environmental factors and

phytoplankton community in the Taizicheng River ecosystem

over one year were investigated. Phytoplankton RUE was used as

a measure of ecosystem functioning in this mountain stream in the

north of China. The objectives are to better understand the complex

relationships between temperature, environmental factors, and

phytoplankton community, and to shed light on the mechanisms

by which temperature influences the RUE of phytoplankton.

Specifically, this focused on the following aspects: (1) to examine

the distribution of phytoplankton communities and their RUE

along a temperature gradient; (2) to investigate the influence of

environmental variables on phytoplankton dynamics and RUE; (3)

to explore the mechanisms through which temperature affects

phytoplankton RUE.
2 Materials and methods

2.1 Study area

Taizicheng River, located in the Chongli District in

Zhangjiakou, China, is a mountain river of significant

importance, particularly as a crucial part of the 2022 Winter

Olympic’ core zone (Figure 1). The river springs from forest-clad

mountains, with its basin surrounded by mountains with a

vegetation coverage exceeding 65%. The dominant forest types in

the region are Betula platyphylla Suk and Larix thibetica. In the

upstream section of the river, the thick vegetation close to the

riverbanks cast shade, which leads to a decrease in the water

temperature of the neighboring areas. The river spans a length of
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30.5 km, with an average width of approximately 2.0 m, and a

general depth of less than 0.5 m. The river, with an altitude from

1180 m to 1910 m and rapid flow, lies in a region of typical

continental monsoon climate: cool-humid summers and long-cold

winters. The average temperature in summer is around 19 °C and

averages -12 °C in winter. The flow velocity of the river varies

between 0.06 and 1.96 m/s. In the rainy season, due to the increased

water volume, the stream flows more rapidly. In contrast, during

winter, when the region encounters freezing conditions and

snowfall, since the precipitation takes the form of snow, the

runoff from the mountains drops substantially. The freezing and

snowfall period in the region lasts from November to March. The

area receives approximately 500 mm of rainfall annually. Mountain

runoff following precipitation is the primary water source for the

river. The river is abundant in nutrients such as nitrogen and

phosphorus, and the concentrations of these nutrients display

substantial seasonal fluctuations.
2.2 Sampling and environmental variables

A total of 11 sampling sites were established along the river to

cover upstream and downstream features, while areas close to

tributaries were also included to assess the impact of additional

water input (Figure 1). At the first tributary (Mazhangzi), Sites Z01-

Z03 were set. At the second tributary, Sites T02-T06 were designated.

Along the river’ mainstream, T07-T10 were set up. All investigations

and measurements were conducted quarterly from May 2020 to

February 2021 (May 2020, August 2020, November 2020, and

February 2021). The locations sampled were the same every

quarter. The basic information of the sample points was displayed

in Supplementary Tables S1, S2. Water temperature, oxidation-

reduction potential, dissolved oxygen (DO), pH, and total dissolved

solids (TDS) were measured in situ using a multiparameter sonde

(YSI Professional Plus, USA). Water flow velocity was measured at
FIGURE 1

Position of the Taizicheng River and sampling spots.
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the river surface using a SonTek FlowTracker2 (Summers Ridge Rd,

San Diego, CA, USA). At each site, two 1-L surface water samples

were collected in previously cleaned polyethylene bottles: one for

element analyses, and the other for physicochemical analyses. The

water samples were sent to the laboratory within 24h to determine

physicochemical factors and elements. Phytoplankton samples were

collected by filtering 500mL of surface water using a No.13 (112mm)

nested with a No.25 plankton net (64mm) at 11 sampling stations

with the Taizicheng River. Sampling was repeated three times at each

sampling point. Since the stream is shallow, we did not set multiple

vertical sampling points. Samples were immediately preserved with

5% acidic Lugol’s solution, settled for 24 hours at room temperature,

and siphon-concentrated into 50-mL amber bottles for further

phytoplankton counting.

The chemical oxygen demand (COD), ammonia nitrogen

(NH4
+-N), total nitrogen (TN), total phosphorus (TP), and

nitrogen (NO3
–N) were analyzed in the laboratory based on the

National Standard of China (GB3838-2002). The copper (Cu),

calcium (Ca), iron (Fe), zinc (Zn), and Cobalt (Co) were

determined by inductively coupled plasma mass spectrometer

(ICP-MS) (Agilent 7800, Heng Sheng Mass Spectrometer

Company, Shanghai, China).
2.3 Phytoplankton analysis

The identification and counting of phytoplankton were carried out

within chambers with the aid of an inverted microscope (Motic AE31,

sourced from Xiamen, China) set at a magnification of 400×. For the

cells, colonies, and filaments, their taxonomic classification was

determined to the lowest achievable level by referring to the

taxonomic illustrations and descriptions of freshwater algae provided

by Hu and Wei (2006) (Hu and Wei, 2006). In each sample, a

minimum of 500 specimens were counted (Yang et al., 2017). The

biovolume was estimated by making use of standard geometric

formulae. Subsequently, based on the measured species-specific cell

volumes and by applying a specific weight factor of 1 mg/mm³, the

abundance data were converted into fresh weight values.
2.4 Phytoplankton resource use efficiency

The function of phytoplankton was evaluated according to RUE.

Considering the significance of the nitrogen and phosphorus ratio in

forecasting the structural composition and seasonal succession of

phytoplankton, the ratio of TN to TP served as the foundation for

computing phytoplankton RUE (Abell et al., 2010; Moon et al., 2021).

It should be noted that RUE differed from the rate of biomass

production as it depended on an estimation of standing stock

(Robert et al., 2008; Sterner, 2008). Phytoplankton RUE was

quantified by us through the ratio of phytoplankton biomass to the

N/P ratio (Equation 1). The calculation formula is as follows:

RUE =
BIO(Phytoplankton)

TN=TP
(1)
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where RUE represents the resource use efficiency of

phytoplankton; BIO (Phytoplankton) is the phytoplankton

biomass (mg/L); TN is the total nitrogen concentration (mg/L),

and TP is the total phosphorus concentration (mg/L).
2.5 Statistical analyses

The effect of temperature on phytoplankton RUE was assessed

using linear regression analysis. We separately analyzed the total

samples datasets to assess variations in phytoplankton biomass and

diversity along the temperature gradient. Diversity and community

composition analyses of the phytoplankton community were

performed using the phyloseq package (Charlop-Powers and

Brady, 2015). Alpha diversity was measured using the

“estimate_richness” function in phyloseq. Three biodiversity

indices, namely species richness, Shannon-Wiener diversity, and

Pielou’s evenness, were investigated. Species richness was defined as

the numerical count of distinct species within the community. The

diversity of phytoplankton (H) was was computed based on the

Shannon-Wiener index (Jiang et al., 2014), and the calculation

formula is presented in Equation 2. The evenness of phytoplankton

(J) was determined using Pielou’s evenness index (Pielou, 1966),

with the formula shown in Equation 3.

H = −o
S

i=1

ni
N
ln

ni
N

� �� �
(2)

J =
H
ln S

(3)

Where ni is the number of individuals of species i within a given

area, N is the number of total individuals of all species, S is the total

species number, and ln S denotes the natural logarithm of the total

number of species. It represents the highest possible value of the

Shannon-Wiener diversity index achievable when the community

attains a state of perfect uniformity with being the number

of species.

To visualize the relative abundance of phytoplankton groups

and the most abundant species in the community, stacked bar plots

were created at the phylum, and specie levels using the

“transform_sample_counts” function. The effect of temperature

on phytoplankton biomass and diversity, as well as the effects of

phytoplankton biomass and diversity on RUE, were determined

through linear regression analysis.

Environmental factors with a variance inflation factor (VIF)

<10 were selected for RDA analysis to examine the relationship

between RUE and environmental variables, using the Canoco 5.0.

We conducted Hierarchical Partitioning (HP) analysis with the

rdacca.hp package in R 4.4.2 to determine the independent

contribution of each environmental variable to the total variance

of phytoplankton RUE (Lai et al., 2021).

Furthermore, Mantel test relying on Pearson’s rank correlation

was employed to ascertain the associations between community

structure (biomass and diversity) or RUE and environmental

variables using the vegan, corrplot, and dplyr packages in R 4.4.2
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(Yang et al., 2017). Ultimately, partial least squares path modeling

(PLS-PM) was utilized by us to illustrate the relationships among

phytoplankton community structure, RUE, environmental

variables, and temperature levels using partial least squares path

modeling in the plspm package in R 4.4.2. Non-significant paths

were removed from the model. The goodness-of-fits (GoF)

measured the overall predictive power of the model (Benjamini

and Hochberg, 1995; Pike, 2011).

All statistical analyses were conducted using R 4.2.2 and

visualized with the “ggplot2” package (Ginestet, 2011).
3 Results

3.1 RUE along the temperature level

Phytoplankton resource use efficiencies (RUE) was significantly

positively correlated with temperature (Figure 2). The temperature

distribution of all sampling sites ranged from -6 to 22°C, and RUE

increased significantly along the temperature gradient (r=0.51,

p<0.001). Among them, the sampling points were denser at -6-7°

C, and sparse in the range of 15-22°C. The RUE of total

phytoplankton at 10-22°C was significantly higher than that at 0-

10°C (Supplementary Figure S1).
3.2 Relationship between phytoplankton
diversity and RUE under the influence
of temperature

Phytoplankton were primarily classified into the phylum

Bacillariophyta (53.89%), Chlorophyta (13.61%), Euglenophyta
Frontiers in Marine Science 05
(12.71%), Pyrrophyta (7.93%), Cryptophyta (6.07%) and Cyanophyta

(5.32%) (Figure 3). The highest proportion of Bacillariophyta within

the community indicated that they may play a key role in the material

circulation and energy flow within this particular ecosystem.

Furthermore, a significant relationship was observed between the

relative abundances of these phytoplankton phyla and the water

temperature. The water temperature remained at or below 10°C in

streams, Bacillariophyta and Cyanophyta emerged as the dominant

phyla. Their physiological adaptations likely enable them to thrive in

such relatively cold water conditions. However, in streams with

temperatures ranging from 10 - 22°C, a distinct shift in dominance

occurred. Bacillariophyta, Chlorophyta, and Cryptophyta became the

dominant groups, while Cyanophyta was scarcely detected. This shift

indicated that different phytoplankton phyla have varying temperature-

tolerance ranges and competitive abilities under different thermal

conditions. At the species level, a marked difference in species

richness was noted between the two temperature ranges. Species

richness was significantly higher at 10-22°C compared to

temperature ≤10°C. Notably, Synedra acus and Navicula

capitatoradiata were absent at 10-22°C (Supplementary Figure S2).

This absence suggested that these species have a narrow temperature

tolerance and are better adapted to the cooler conditions below 10°C.

The distribution characteristics of phytoplankton Biomass,

Shannon-Wiener diversity, and Pielou ’s evenness along

temperature gradients were shown in Supplementary Figure S3

and they were significantly correlated to the temperature across all

samples (Figure 4). Temperature exhibited a significant positive

correlation with phytoplankton biomass (r = 0.43, p < 0.01)

(Figure 4a). Similarly, temperature was positively correlated with

phytoplankton richness (r = 0.45, p < 0.01) (Figure 4b). However,

phytoplankton evenness significantly decreased with increasing

temperature across all samples (r = -0.35, p < 0.01) (Figure 4c).

Phytoplankton RUE exhibited a significant positive correlation

with biomass (r = 0.33, p < 0.05) and species richness (r = 0.49, p <

0.001) (Figure 4d, e), while no significant relationship was observed

between phytoplankton RUE and Pielou’s evenness (Figure 4f).

Similarly, RUE was positively correlated with both species richness

(r = 0.60, p < 0.01) and evenness (r = 0.51, p < 0.05) at temperature

between10-20°C. In contrast, no significant relationships were

found between phytoplankton RUE and special richness or

evenness at temperature ≤ 10°C (Supplementary Figure S4).
3.3 Connection between environmental
factors and RUE under the influence
of temperature

The environmental factors have different distribution

characteristics along the temperature gradient in Taizicheng River

(Supplementary Table S3). The first two axes of the RDA revealed

that water temperature, nutrient, and physicochemical variable

explained 40.40% of the overall variation in phytoplankton RUE

across the entire stream (Figure 5). Water temperature (WT), TP,

flow velocity (FV), Cu, and Ca were strongly correlated with each

other at p < 0.01, while chlorophyll-a (Chl-a) and NH4
+-N showed
FIGURE 2

Liner relationships between phytoplankton resource use efficiency
(RUEN/P) and temperature. RUEN/P was calculated as phytoplankton
biomass per unit total N/P. Spearman correlation coefficients (r) are
provided for regressions across all samples.
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negative correlation with water WT. Furthermore, hierarchical

partitioning analysis indicated that the independent contribution

of each of the 18 environmental variables accounted for 60.70% of

the total variation in phytoplankton RUE. Among these, water

temperature explained the largest proportion of the variation in

RUE, followed by Chl-a, DO, TC, Ca, and Fe.
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3.4 The driving path of temperature on the
change of RUE

Figure 6 illustrates the relationships between phytoplankton

community structure, function, and environmental factors, with the

specific information provided in Supplementary Table S4.
FIGURE 3

Relative abundances of phytoplankton at phylum level. The samples were arranged in increasing order of water temperature. In the figure, F
represents a temperature range of 0-10 °C, and S represents a temperature range of 10-22 °C.
FIGURE 4

This figure showed the relationship between phytoplankton biomass, diversity, temperature, and RUE. (a) represented the relationship between
temperature and phytoplankton biomass. (b) represented the relationship between temperature and phytoplankton Shannon index. (c) represented
the relationship between temperature and phytoplankton evenness. (d) represented the relationship between phytoplankton biomass and RUE. (e)
represented the relationship between phytoplankton Shannon index and RUE. (f) represents the relationship between phytoplankton evenness and
RUE. RUE standed for resource utilization efficiency. Pearson correlation coefficient (r) is shown in Figure. Shades of gray represent 95% confidence
intervals. The unit of temperature is ° C.
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Phytoplankton RUE exhibited stronger responses to 19

environmental variables than phytoplankton biomass and

diversities (Figure 6). Phytoplankton diversity was significantly

correlated with DO (r = 0.34, p < 0.01), FV (r = 0.28, p < 0.01)

and WT (r = 0.21, p < 0.01). Additionally, WT, DO, FV, TP, and

Chl-a exhibited significant correlations with phytoplankton RUE.

Furthermore, phytoplankton RUE was more strongly associated

with NH4
+-N and Ca. Figure 6 also presents the correlations among

various water quality parameters, excluding those with high

collinearity (│r│ > 0.7). Specifically, FV, DO, TC, TP, and COD

were significantly correlated with WT, Ca and Cu were strongly

correlated with FV, and Fe was strongly correlated with DO. These

results suggested that various water quality parameters are
Frontiers in Marine Science 07
interrelated, potentially influencing phytoplankton community

structure and function through both synergistic and direct effects.

The partial least squares path model constructed accounted for

72.50% of the variation in phytoplankton RUE, by integrating water

temperature, environmental factors, and phytoplankton community

structure (Figure 7; Supplementary Table S5). WT showed a

significant positive effect on phytoplankton Shannon-Wiener

diversity and a negative effect on evenness, with the direct effects of

0.337 (p < 0.01) and -0.334 (p < 0.01), respectively. Environmental

variables, on the other hand, had weak and negative effects on both

evenness and Shannon diversity. Furthermore, environmental factors

were the most significant drivers of phytoplankton RUE, with direct

effects 0.702 (p < 0.01). Notably, temperature significantly affected
FIGURE 6

Relationships between environmental variables and phytoplankton community structure and function. A pairwise comparison of environmental
factors was displayed with a color gradient denoting Pearson’s correlation coefficient at the bottom left. The phytoplankton community was related
to each environment factor by Mantel test at the upper right. WT, water temperature; FV, flow velocity; DO, dissolved oxygen; TN, total nitrogen; TP,
total phosphorus; Biomass, phytoplankton biomass; Shannon, species diversity; Evenness, Pielou’s evenness. Only significant Pearson’s correlations
among environmental variables are shown (p < 0.05).
FIGURE 5

Relationships among phytoplankton RUE, temperature, and environmental variables. WT, water temperature; DO, dissolved oxygen; Chl-a,
chlorophyll a.
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water properties, with direct effects of 0.732 (p < 0.01), indicating that

WT also exerted indirect positive effects on RUE by altering

environmental variables and evenness.
4 Discussion

4.1 Temperature affects phytoplankton
RUE via altering biodiversity

Temperature changes can alter the physical structure of habitats

and hydrological properties in aquatic ecosystems (Grimm et al.,

2008). Phytoplankton are a crucial component of river ecosystems

and are highly sensitive to environmental change (Jun et al., 2021).

Understanding how temperature influences river phytoplankton

community structure and functioning is essential for maintaining

the balance and stability of freshwater ecosystems.

Temperature level, as a key environmental factor, was

significantly positively correlated with RUE across trophic levels,

indicating that temperature plays an important role in driving the

enhancement of phytoplankton RUE. As the temperature rises, the

enzyme activity of phytoplankton is enhanced, and the rates of

photosynthesis and respiration accelerate, which leads to an

improvement in their RUE (Leles and Levine, 2023). The RUE of

total phytoplankton at 10-22°C was significantly higher than that at

0-10°C. This is because the physiological activities of cells are more

active at higher temperatures, enabling them to more efficiently

uptake and utilize nutrients in the environment (Moore et al.,

2021). The comparison of phytoplankton biomass, composition,

and diversity across samples in Taizicheng River provided valuable

insight into the effects of temperature on the structure and function of

phytoplankton communities in cold temperate mountain streams. In
Frontiers in Marine Science 08
our study, phytoplankton diversity, especially species richness,

significantly increased with temperature, suggesting that increasing

temperature can significantly enhance phytoplankton biomass and

richness. The increase in temperature promotes the growth and

reproduction of phytoplankton. Within the suitable temperature

range, relatively higher temperatures provide more favorable

conditions for the metabolism of phytoplankton. This accelerates

the rate of cell division, thereby increasing the biomass (Gao et al.,

2024). A long-term warming experiment observed a 67.00% increase

in phytoplankton species richness, suggesting that higher

temperatures may foster a more diverse and stable phytoplankton

community by improving ecological functions and species richness

(Yvon-Durocher et al., 2015). This result is consistent with our

findings. Previous studies have shown that phytoplankton

communities were highly sensitive to temperature fluctuations.

Experimental studies and model simulations demonstrated that

increasing temperatures enhanced the competitiveness of specific

functional types of phytoplankton (such as heat-resistant green algae

and cyanobacteria), which in turn affected community structure and

ecological functions (Deng et al., 2014; Filiz et al., 2020). Our results

also revealed a significant shift in phytoplankton community

composition along the temperature gradient, from a large number

of cyanobacteria exist in 0-10°C to disappear into cryptophyta in 10-

20°C. This shift in community composition is likely due to the

variations in environmental conditions driven by temperature

variations or local changes (Yang et al., 2022; Tian et al., 2024).

Some species in the phyla Bacillariophyta and Cyanophyta have a

relatively good adaptability to low-temperature environments. They

can maintain a certain level of physiological activity at low

temperatures and utilize the nutrients in the environment for

growth. As the temperature rises, species in the phyla Chlorophyta

and Cryptophyta are more capable of adapting to such temperature
FIGURE 7

Presents partial least squares path models that illustrate the relationships among water temperature, environmental variables, phytoplankton
community structure, and phytoplankton function. The goodness of fit index (GoF = 0.409) was utilized to assess the prediction performance of the
models. Blue lines signify positive effects, while red lines denote negative effects. The numbers adjacent to each arrow represent the partial
correlation coefficients corresponding to each causal relationship. For the sake of simplicity, the partial correlation coefficients less than 0.05 were
not displayed. The properties encompassed TP, TC, NO3

–N, DO, COD, TDS, and FV.
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changes. They possess stronger competitive abilities at higher

temperatures and can utilize the abundant light and nutrients for

rapid growth. In contrast, the Cyanophyta may be more sensitive to

temperature changes, and their growth is inhibited within this

temperature range (Repasch et al., 2022). In addition, we observed

single species bloom at lower temperature levels (e.g., cyanobacteria),

and these bloom events were characterized by lower species diversity

and higher biomass. Cryptophyta species at higher temperature levels

can serve as a biomarker for water pollution and climate change due

to their sensitivity to changes in temperature and light response

(Stomp et al., 2007). The photosynthesis of Cryptophyta contributes

to carbon dioxide, participates in the global carbon cycle, and helps

mitigate climate change (Parker and Hay, 2005). In our model, only

44.80% of the total variation in phytoplankton community structure

was explained by environmental variables. This may be due to the

lack of unverified variables, such as some trace elements and

micropollutants, which are also important in shaping

phytoplankton communities. Another possible explanation could

be the influence of microbial interactions, which contributed to

changes in phytoplankton diversity and community composition

(Xue et al., 2018).

Phytoplankton RUE exhibited a significant positive correlation

with species richness (Figure 4), indicating that species richness acted

as a predictor of RUE in the phytoplankton community. This

relationship supported the coupling of biodiversity and productivity

of phytoplankton communities in freshwater lakes and marine

systems (Robert et al., 2008; Striebel et al., 2009). Along the

temperature gradient, we observed that increasing temperature

levels could significantly enhance both phytoplankton species

richness and RUE (Figures 2, 4). These findings were consistent

with several theoretical and empirical studies (Cardinale, Bradley,

2011). One study reported that increasing genus-level phytoplankton

diversity resulted in higher RUE (Robert et al., 2008). Additionally, a

decrease in species richness was shown to reduce biomass (or

abundance) in focal trophic groups, leading to less complete

depletion of resources used by those groups (Cardinale et al., 2006).

Surprisingly, we found that the positive relationship between RUE

and species richness became more pronounced in communities with

higher species richness, suggesting that the effect of species richness

on RUE was stronger in more diverse communities. However,

phytoplankton RUE exhibited no significant correlation with

phytoplankton evenness in any of the samples from the Taizicheng

River. This result contrasts with findings from Lake Nansihu in

northern China (Tian et al, 2017), where species evenness exhibited a

significant negative correlation with RUE. He et al. studied the

relationship between the phytoplankton community and

environmental factors in the waters near Macau. They found that

ammonia nitrogen was significantly negatively correlated with the

richness, evenness, and Shannon of phytoplankton. Nitrite nitrogen

and nitrate nitrogen were positively correlated with the evenness and

Shannon of phytoplankton (He et al., 2022). This inconsistency may

be attributed to the differing sampling sites and disturbance events

across these studies (Jun et al., 2021). The fast flow of mountain

streams disrupts the link between RUE and evenness. Uneven

resources prompt phytoplankton to adapt by using resources at
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different times or places. Temperature changes the dominant

phytoplankton groups. This impacts interactions, and the resource-

getting ways of different species may break the RUE-evenness

connection. Nutrients such as TP and NH4
+-N, along with flow

and oxygen, explain much of the RUE variation. Their unique

combination in mountain streams breaks the typical RUE-evenness

link found in other waters. It is worth noting that the lack of

significant correlation between species evenness and RUE was

primarily observed in low-temperature conditions in mountain

streams (Mooney et al., 2009; Van Der Plas, 2019). Yang et al.

focused on subtropical rivers in southeastern China to explore the

impact of urbanization on the structure and function (RUE) of the

phytoplankton community. The study revealed that as urbanization

levels increased, the biomass of diatoms showed an upward trend,

while the diversity and resource use efficiency of phytoplankton

decreased significantly. Moreover, changes in environmental factors

were significantly correlated with phytoplankton diversity and

resource use efficiency (Yang et al., 2022). The Lab warming

experiments on subtropical freshwater phytoplankton showed

warming cut species richness and led to different community

trends. Green algae dominated at medium temps, cyanobacteria at

high temps. The highest resource use efficiency was in the warmest

treatment, proving warming impacts phytoplankton species,

diversity, and ecosystem functions (Moresco et al., 2024).
4.2 Temperature enhances phytoplankton
RUE via altering the
environmental conditions

The temperature could significantly enhance phytoplankton

RUE by modifying the environmental variables (Figure 7). The

warming and elevation differences at sampling sites may lead to

substantial hydrological modifications, which have an impact on the

structure and function of aquatic communities (Fausch et al., 2002).

Higher elevations, characterized by more variable hydrological

conditions, generally display more prominent ecological

responses, highlighting the intricate interaction among climate

change, and freshwater biodiversity (Garcı ́a et al., 2018).

Alterations in water quality, including increasing nitrogen and

phosphorus levels, flow velocity, and dissolved oxygen, may favor

certain species or a few dominant species that can survive in these

stressful conditions. Hypoxia conditions often led to dominance by

certain cyanobacteria and green algae, which were well-adapted to

low-oxygen environments, thus altering community structure (Cui

et al., 2023). The flow rate in downstream was faster and the

increasing human activities might not only alter the amounts of

nutrients but also change the forms and proportions of nutrients

and physicochemical variables, thereby resulting in adverse impacts

on water quality (Ji et al., 2024). But it may also have a certain

physical effect on the attachment and growth of phytoplankton. The

results indicated that phytoplankton RUE exhibited a more

pronounced response to water flow velocity (Figure 6). Therefore,

the variation in water quality contributed to a higher RUE of

phytoplankton by changing the nutrient status. Furthermore, the
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concentration of nutrients affects the growth and metabolism of

phytoplankton, shifting the community composition of both

phytoplankton and micro-invertebrates and thus affect the

efficiency of resource use (Chessman et al., 2010; Weijters et al.,

2010; Zhang et al., 2021). The positive effects of phytoplankton

diversity on ecosystem functioning declined with the increase in

environmental stress or multiple disturbances (Steudel et al., 2012;

Jun et al., 2021). In general, temperature-induced environmental

change exerts multiple on phytoplankton communities, including

alterations in community composition, biodiversity, and finally

ecosystem function.

Temperature exerted an influence on RUE via the potential

pathway mediated by the modification of environmental conditions

and phytoplankton diversity (Figure 7). Environmental variables are

the most important driving factors for phytoplankton RUE. The

synergistic and direct effects among environmental factors jointly

influence the structure and function of the phytoplankton

community (Righetti et al., 2019; Zhang et al., 2023). Changes in

water temperature not only directly affect the physiological activities

of phytoplankton, but also indirectly influence the growth,

reproduction, and community composition of phytoplankton by

altering environmental factors such as nutrient concentrations and

dissolved oxygen content in the water body. To commence, the

phytoplankton diversity and biomass within the river are principally

affected by the direct influence of physicochemical variables and

hydrodynamic conditions (Isabwe et al., 2018). Additionally, multi-

trophic communities in rivers jointly execute a regulatory role in the

process of external stressors modifying RUE, which may be

correlated with niche partitioning (Cardinale, Bradley, 2011). The

research discovered that phytoplankton communities with a larger

number of species enable diverse ecosystems to acquire a large

portion of biologically available resources (Cardinale, Bradley,

2011). An increase in species richness can lead to a higher

occupancy of trophic niches and consequently, a higher overall

RUE, potentially because different phytoplankton species exhibit

different affinities for specific forms of nutrients (Guedes et al., 2019).

Consequently, temperature-induced species alterations affect the

efficiency of phytoplankton in resource utilization by attenuating

niche partitioning and varying community composition. Meanwhile,

the RUE was persistently augmented by temperature-driven

environmental stresses exerted on phytoplankton cells.

Phytoplankton are not only directly affected by temperature but

also indirectly influenced by interactions with other aquatic

organisms such as zooplankton, bacteria, and other algal species.

Future investigations are essential to further explore how these

interactions between phytoplankton and other aquatic organisms

impact resource utilization efficiency and community stability under

diverse temperature circumstances.
5 Conclusions

By characterizing the relationships between the phytoplankton

community and temperature-related environmental variables in
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mountain streams, we found that the phytoplankton species

richness, biomass, and RUE were progressively increased with

ascending temperature levels, and the species richness exhibited a

significant augmentation under high-temperature condition. Our

results signified that temperature was intimately associated with

these alterations in the phytoplankton community. Temperature

led to a reduction in Cyanophyta biomass and an increment in

Cryptophyta biomass in the Taizicheng River. Our findings also

implied that temperature enhanced the resource use efficiency of

the phytoplankton community by modifying the environment and

biodiversity in mountain rivers. Future research could further

probe into how temperature governs the ecological function of

phytoplankton communities by influencing species diversity,

including functional diversity, via more elaborate experiments

and model simulations. In general, our work constitutes

substantial progress in comprehending the role of temperature

in molding the structure and function of phytoplankton

communities in mountain streams. It furnishes a theoretical

foundation for practical ecological protection and water

quality management.
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