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Aquatic gastropods are important integral components of the macroinvertebrate 

community in freshwater ecosystems and play critical roles in freshwater 

ecosystems by contributing to biodiversity, nutrient cycling, and water quality. 

However, the variation of aquatic gastropods’ community structure under 

the combined effects of warming and nutrient enrichment remains largely 

unknown. To investigate this question, we performed an outdoor mesocosm 

experiment examining the interaction of warming (a 4.5 °C increase in mean 

temperature above ambient conditions) and nutrient enrichment (phosphorus 

addition) on the aquatic gastropods’ community and dominant population 

(Bellamya aeruginosa). We analyzed the changes in community dynamics 

(abundance and biomass), size structure, and stoichiometric traits (only B. 

aeruginosa). Results showed that phosphorus enrichment alone had a positive 

effect on the total abundance and biomass of gastropods, as well as the 

abundance and biomass of B. aeruginosa. Warming alone only produced a 

positive effect on total abundance. However, the combined effects of warming 

and phosphorus enrichment negatively affected the biomass and abundance 

of the whole gastropod community and the dominant gastropod population. 

The body mass of B. aeruginosa increased because of warming, whereas the 

body mass of the gastropod community negatively responded to warming. 

Phosphorus enrichment alone had no remarkable effects on body mass. 

The combined effects of warming and phosphorus enrichment negatively 

affected the whole community’s body mass but had no substantial effect on 

the body mass of B. aeruginosa. For body stoichiometric traits, warming or 

phosphorus enrichment alone produced positive effects on the nitrogen and 

phosphorus contents of B. aeruginosa. The combined effects caused adverse 

effects on the contents of the two elements. The effect of warming alone only 

decreased the ratio of nitrogen to phosphorus. Results suggested that the 

response levels in size structure between the gastropod community and the 

dominant population differed remarkably. Composition species shift was the 
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main cause of the decrease in aquatic gastropods’ community size structure. 

The shift in species composition at the whole gastropod community level 

caused by warming and phosphorus enrichment may result in more complex 

and unpredicted consequences through cascade effects on the structure and 

function of freshwater ecosystems.

KEYWORDS

climate change, eutrophication, mesocosm, abundance, biomass, body mass, 
nitrogen, phosphorus

Introduction

Body size is an important ecological characteristic of 
organisms (Brown et al., 2004). Body size is correlated with 
many physiological and ecological processes, such as 
metabolism, fecundity, competition, predation and energy use 
(Woodward et al., 2005). Hence, body size variations can cause 
potentially profound effects on the aquatic ecosystem across 
multiple scales of organisation. The responses of organisms’ 
body size are worth investigating because global warming trend 
has not been halted (Ranasinghe et al., 2021) and eutrophication 
is still a significant water quality issue in global aquatic 
ecosystems (Smith and Schindler, 2009).

The temperature-size rule states that temperature and the 
body size of ectotherm organisms are closely related 
(Atkinson, 1994). Studies suggested that warming could alter 
the community size structure of aquatic benthic invertebrate 
organisms (Dossena et  al., 2012; Nelson et  al., 2017). The 
responses of aquatic benthic invertebrate communities to 
warming are related to nutrition conditions and seasons 
(Dossena et  al., 2012, Nelson et  al., 2017). Recent findings 
suggested that if nutrient supply increases with warming or 
primary production enhanced by warming could satisfy 
higher trophic levels of community energy demand, the 
energy would be sufficient to support a larger consumer body 
size (Nelson et al., 2017; O'Gorman et al., 2017). In addition, 
warming may alter community body size structure by a shift 
in the relative abundances of differently sized species, also 
known as the ‘species shift’ or ‘composition shift’ hypothesis 
(Daufresne et al., 2009; Ohlberger, 2013).

Aquatic gastropods are important components of 
macroinvertebrate communities in many freshwater ecosystems 
and play key roles in food web structure and biodiversity, material 
circulation, energy flow, and water quality (Brönmark and 
Weisner, 1996; Covich et al., 1999; Reed and Janzen, 1999; Guo 
et al., 2022). However, variations in the size structure of aquatic 
gastropods to warming are rarely studied. Warming could 
increase the proportion of larger and warm-adapted species (e.g., 
gastropods) compared with small and cold-adapted species under 
sufficient resource conditions (Nelson et  al., 2017). However, 
we do not know what is happening within this community of 
aquatic gastropods when facing warming.

Ecological stoichiometry is a conceptual framework that 
investigating the relationship between key elements (e.g., 
nitrogen, phosphorus) and organisms in ecological systems. It has 
been widely and successfully used in freshwater pelagic 
ecosystems and has great application potential in benthic 
ecosystems (Sterner and Elser, 2002; Cross et al., 2005; Frost et al., 
2005). Phosphorus is a key element for the growth of aquatic 
organisms and has a close relationship with the animal body size 
and phylogeny (Sterner, 2009). Pieces of evidence from 
zooplankton showed that, organisms need to increase phosphorus 
allocation to rRNA synthesis to raise the protein synthesis rate to 
maintain a rapid growth rate under high-temperature conditions 
(Elser et  al., 2000; Persson et  al., 2011). Woods et  al. (2003) 
indicated that the phosphorus content of poikilotherms declines 
with increased temperature through a literature survey study, 
because warming increases phosphorus use efficiency. These 
contradictory results show that the response of phosphorus to 
warming still needs to be explored. In addition, studies have yet 
to investigate how the stoichiometric traits of aquatic gastropods 
respond to warming and phosphorus enrichment.

Here, we  present a well-replicated, factorial outdoor 
mesocosm experiment to investigate the effects of warming and 
phosphorus enrichment on aquatic gastropods’ community 
dynamics (variation in abundance and biomass), size structure 
and ecological stoichiometric traits (i.e., nitrogen, phosphorus, 
and nitrogen-phosphorus ratio [N: P ratio]). Firstly, 
we hypothesised that aquatic gastropods’ community abundance 
and biomass would change under different experimental 
treatment conditions (Figure  1A). Warming may alter the 
phenology of gastropods (Villeneuve et al., 2021), and phosphorus 
enrichment may alter resource conditions (McCormick et al., 
2001). These effects would ultimately act on the biomass and 
abundance of aquatic gastropods. Secondly, we hypothesised that 
the aquatic gastropod community’s body size would tend to 
be smaller because of the warming effects. The decrease in body 
size might be  caused by the direct effects of warming or by 
composition shift (Figure 1B). Thirdly, we hypothesised that the 
effects of warming on gastropods’ phosphorus content would 
be context specific (Figure 1C) because evidence from other biota 
showed that warming increases phosphorus demand (Main et al., 
1997; Persson et al., 2011) and phosphorus use efficiency (Sievers 
et al., 2004; Toseland et al., 2013) simultaneously.
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Materials and methods

Mesocosm establishment

The climate change experimental mesocosm system is situated at 
Huazhong Agricultural University in Wuhan City, Central China 
(30°29′N, 114°22′E). It consisted of 48 insulated cylindrical 
polyethylene tanks (diameter = 1.5 m, height = 1.4 m), and each tank 
was supplied with aquarium heating devices and temperature sensors 
(water temperatures were measured every second). Water 
temperature in each mesocosm was continuously monitored and 
individually adjusted according to the corresponding treatment 
conditions. In addition, ambient temperature was measured in the 
controls using an automatic temperature control system (Wang 
et al., 2020).

In late December 2013, sediment was collected with a Peterson 
grab sampler (approximately 30 cm depth) from a pelagic area in Lake 
Liangzihu (30°11′3″N, 114°37′59″E). The water body’s total nitrogen 
(TN) and total phosphorus (TP) contents were 0.432 and 0.023 mg L−1, 
respectively (Li et al., 2018). In addition, it is a mesotrophic lake 
(Dong et al., 2016). The sediment was thoroughly mixed in a cleaned 
container and then transferred to the experimental tanks. Each tank 
had a 10 cm-deep, un-sieved, well-mixed bed layer of lake sediment 
and was filled with mixed water to a depth of 1 m. Mixed water, 
including tap water (87.5%) and water collected from Lake Nanhu 
(12.5%, near our mesocosm system), was used to simulate 
mesotrophic lakes (TN and TP concentrations in Lake Nanhu were 
3.250 and 0.198 mg L−1, respectively). Lake water from Lake Nanhu 
was flushed through a 20 μm mesh to eliminate large particle residues, 
fish, and other uncontrolled aquatic gastropods.

The tanks were randomly assigned to one of four experimental 
treatments in a fully factorial design (two factors: warming and 
phosphorus addition with two levels), each replicated six times: 
(C) control tanks, which were unheated and received no 
phosphorus addition for mimicking the current state of Lake 
Liangzihu; (T) increased temperature by 4.5°C compared with the 
control for mimicking the projected average regional temperature 
by the century’s end under high-emission scenario RCP  8.5 

(IPCC, 2013); (E) phosphorus enrichment without warming, 
comprising the addition of 50 μg L−1 phosphate (KH2PO4) every 
2 weeks to mimic the phosphorus loading of the lake; and (T + E), 
which is a combination of warming and phosphorus addition 
treatments to investigate the interaction effects between them. 
Phosphorus enrichment is often regarded as the key driver of 
eutrophication (Correll, 1998). Some studies suggested 
phosphorus control is more critical than nitrogen for mitigating 
eutrophication (Carpenter, 2008; Wang and Wang, 2009).

Before the start of the experiment, about 1 month was left for 
de-chlorination and the establishment of the aquatic community. Our 
study was conducted for 338 days between the 26th of January and 
the 29th of December 2014. Warming and phosphorus addition were 
started on the first day. During this period, evaporation loss from the 
mesocosms was supplied with tap water when not compensated for 
by rainfall. Freshwater gastropods, including Bellamya aeruginosa, 
Parafossarulus striatulus, Alocinma longicornis, Radix swinhoei, and 
Gyraulus convexiusculus (species information could be  found in 
Supplementary files), originated from the sediment. No fish was 
present during the experiment. Other macroinvertebrates, such as 
oligochaetes, also could originate from the sediment.

Sampling and analysis

Water samples were collected with a Plexiglas tube 
(diameter = 70 mm, length = 1 m) from 31st March 2014. Three 
replicate water samples from each mesocosm were collected and 
thoroughly mixed, then used for the analysis of TP (Jin and Tu, 1990) 
with a spectrophotometer (UV-2800, Unico, China). We monitored 
gastropods from 3rd April 2014 to 25th December 2014. A board 
(40 × 50 cm2) was attached to the wall of the mesocosm and was 0.3 m 
below the water surface. We used a fine benthic diddle net (425 μm) 
to take out the boards and collected all gastropods. Gastropods were 
cleaned carefully, blotted dry, counted, and weighed with a 0.1 mg 
electronic analytical balance, then gastropods were released back 
into the corresponding mesocosms. The sampling frequency was 
every 2 weeks in winter and every week during the other seasons. 

A B C

FIGURE 1

Possible consequences of experimental treatments on the aquatic gastropods. (A) Experimental treatments alter the abundance and biomass of 
gastropods. (B) Warming decreases the gastropods’ body size via direct effect or composition shift. (C) Warming increases phosphorus demand 
and phosphorus use efficiency, the direction of the phosphorus changes depends on the particular condition.
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Nitrogen and phosphorus contents of B. aeruginosa were detected in 
each season. The sampling number of B. aeruginosa in the C, E, T, 
and T + E groups was 51, 48, 60, and 26, respectively. The gastropods 
were left in clear water for 24 h to eliminate the effects of intestinal 
contents and then their shells were removed. Only muscle tissues 
were preserved and analysed (Liess and Hillebrand, 2005). According 
to Liess and Hillebrand (2005), the stoichiometric traits (e.g., N: P) 
between the whole gastropods (including shells) and only muscle 
tissue were not statistically different. Specimens were freeze-dried 
and then ground to powder. Nitrogen content was analyzed by an 
elemental analyzer (Flash EA 1112, CE Instruments, Italy). 
Phosphorus content was analyzed as PO4 after hot-acid hydrolysis 
with potassium persulfate (Grasshoff et al., 1983; Jin and Tu, 1990).

Statistics

Repeated measures data, including the water TP content, total 
abundance and biomass of the gastropod community, the abundance 
and biomass of B. aeruginosa, the body size of the gastropod 
community, and the body size of B. aeruginosa were analysed using 
generalized mixed models (GLMMs) with the “lmer” or “glmer” 
functions from the “lme4” R package (Bates et al., 2015). The nitrogen 
content, phosphorus content, and N: P ratio was also analysed by 
GLMMs. Before the analyses, variables were transformed using 
square root or log transformation as necessary. The normality of 
variance was checked by residual normal QQ plots (Kozak and 
Piepho, 2017). The abundance of gastropods was analysed using a 
Poisson distribution to fit count data. The model included the main 
effects of warming and phosphorus addition with their mutual 
interactions as fixed effects. The sampling date was regarded as 
random effects for analysis on TP content, gastropod abundance, 
biomass, and body size; and the weight data of gastropods and the 
sampling date were regarded as random effects for analysis on 
stoichiometric traits. The post hoc pairwise comparisons amongst 
treatment levels were assessed via Tukey’s test with the “lsmeans” R 
package (Lenth, 2016). We used the “ggpredict” function available in 
the “ggeffects” package (Lüdecke, 2018) to plot predictions from each 
statistical model. We presented the variation of gastropod body mass 
across time using the loess smoothing method implemented in the 
“ggplot2” package. All of the analyses were performed at a 0.05 
statistical significance level using R software (ver. 3.5.1; R 
Development Core Team, 2014).

Results

Water conditions in the experimental 
tanks

Water temperature in the experimental tanks followed the 
desired experimental design, in which warming groups (T and 
T + E) were always approximately 4.5°C higher than ambient 
temperature groups (C and E). The average daily water temperature 

ranged from 3.7°C to 33.6°C in ambient temperature groups, and 
ranged from 5.8°C to 37.9°C in warming groups (Figure 2A).

All treatments registered significantly higher TP 
concentrations than the controls (GLMMs: Z = 7.296, p < 0.001 
for warming; Z = 4.682, p < 0.001 for phosphorus addition; 
Z = 4.792, p < 0.001 for the interaction between the two factors; 
Figure  2B). The middle stages of the experiment showed a 
significantly higher TP concentration in the T + E group than in 
the C, T, and E groups (Tukey, p < 0.001; Figure  2B). The TP 
concentration in the T group was higher than in the E group 
(Tukey, p = 0.045). Group E also had a higher TP concentration 
than the C group (Tukey, p < 0.001).

Gastropod community dynamic variation

Five gastropod species appeared during the experimental period. 
B. aeruginosa, R. swinhoei and A. longicornis were present in all 
groups, P. striatulus was only present in the phosphorus addition 
groups (E and T + E), and G. convexiusculus was only present in the 
E and T groups. For gastropod biomass, B. aeruginosa was the 
dominant gastropod species in all groups (Figure 3). For gastropod 
abundance, B. aeruginosa was also the dominant gastropod species 
in the C, E, and T groups. The combined effects of warming and 
phosphorus addition induced composition shifts in gastropod 
community. B. aeruginosa and R. swinhoei were the abundant 
gastropod species in the T + E group (Figure 3).

Experimental treatments changed gastropod community 
dynamics, and the total abundance and biomass variation over 
time in the E, T, and T + E groups were different compared with 
those in the C (Figure 3). Warming or phosphorus enrichment 
alone produced positive effects on the total abundance of 
gastropods, but the interaction between these two factors caused 
negative effects (Figure 4; Table 1). For B. aeruginosa abundance, 
remarkable effects were caused by phosphorus addition alone. The 
interaction between warming and phosphorus addition, and as 
well as warming alone, did not produce substantial effects on the 
abundance of B. aeruginosa (Table 1).

Phosphorus addition alone had a remarkably positive effect 
on the total biomass of gastropods, but the interaction between 
warming and phosphorus addition produced adverse effects. 
Warming caused a marginal effect (p = 0.066) on total biomass 
(Figure 4; Table 1). For B. aeruginosa biomass, similar effects were 
caused by phosphorus addition alone and the interaction between 
warming and phosphorus addition, whereas warming also caused 
a marginal effect (p = 0.082) on B. aeruginosa biomass (Figure 4; 
Table 1).

Body mass

The gastropod size structure changed with treatments 
(Figure 5). Warming alone caused a negative effect on the 
body mass of the gastropod community (Figure 5A; Table 1). 
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The T group had smaller gastropods in the early experimental 
stage compared with the ambient temperature groups 
(Figure 5A). Phosphorus addition did not cause a remarkable 
effect on the body mass of the gastropod community. The 
interaction between warming and phosphorus addition also 
negatively affected the gastropod community’s body mass 
(Figure 5A; Table 1). The trend of the gastropod community’s 
body mass across time in the T + E group was very different 
compared with those in the other groups (Figure 5A).

For the dominant species, B. aeruginosa, warming alone 
considerably increased its body mass. Phosphorus addition or its 
interaction with warming did not produce any substantial effect 
(Figure 5B; Table 1).

Body stoichiometry of Bellamya 
aeruginosa

Warming alone, phosphorus alone, and the interaction 
between these two factors increased the nitrogen and phosphorus 
contents of B. aeruginosa (Figures 6A,B; Table 2). Warming alone 
caused a remarkable decrease in N: P ratio in the warming groups 
(Figure 6C; Table 2).

Discussion

Climate warming and eutrophication are two major 
coexisting global stressors in freshwater ecosystems and often 
have combined effects, inducing more severe and complex 
consequences that are difficult and costly to manage and 
remediate (Moss et  al., 2011). We  know very little about the 
responses of aquatic gastropods to these two stressors, even 
though this compartment is an important component of the 
macroinvertebrate community. The aquatic gastropod community 
dynamics remarkably varied over time due to the effects of 
warming and phosphorus enrichment treatments. Warming 
increased the total abundance of gastropods possibly because 
more species with smaller size (e.g., G. convexiusculus and 
R. swinhoei) appeared in warming treatments, rather than being 
dominated by phenology changes. Phosphorus enrichment 
increased abundance and biomass via increased resource 
availability. The negative effects of the interaction between these 
two factors may be related to the dominant species shift. Changes 
in the gastropod community’s dynamics may interact with other 
aquatic biotic components (e.g., trophic mismatch) and cause 
more complex ecological consequences (Edwards and Richardson, 
2004; Zhang et al., 2021).

A

B

FIGURE 2

Mean daily water temperature (A) and TP (B) in the four treatments (C represents controls, E represents phosphorus addition, T represents 
warming, T + E represents warming and phosphorus addition; n = 6 per treatment) during the whole experimental period.
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As shown by our results, warming decreased the body size 
of the whole gastropod community, even in the phosphorus 
enrichment condition because of composition shifts. In 
agreement with results from other ectothermic aquatic 
organisms (e.g., bacteria, phytoplankton, zooplankton and fish), 
small species increased in communities due to warming 
(Hiddink and Hofstede, 2007; Daufresne et al., 2009; Winder 
et al., 2009). In the T group, the species with a small body size 
(G. convexiusculus) that appeared in the early stage of the 
experiment may be responsible for the decline in community 
size. G. convexiusculus gradually disappeared over time. In the 
T + E group, R. swinhoei maintained a certain amount of 
abundance throughout the experiment. The gastropods’ 
composition shift may have been due to species’ tolerance. 
Previous studies suggested that the peak abundance or biomass 
of B. aeruginosa appeared in warm and cool seasons in some 
subtropical shallow lakes (Yan et al., 2000; Gong et al., 2009). 
Therefore, B. aeruginosa may have a high thermal tolerance, and 
warming alone could not alter its dominance in the gastropod 
community in our study. R. swinhoei accounted for a large 

proportion of the abundance composition at the end of our 
experiment (winter) and may have strong adaptability to low 
temperatures. A previous study documented that Radis sp. has a 
wide distribution and can even survive in extreme boreal 
climates or lakes with ice cover periods of more than half a year 
(Taft et al., 2012). Phosphorus addition alone did not induce the 
alteration of dominant gastropod species, which might be related 
to B. aeruginosa having a certain tolerance to nutrition 
enrichment (Wang et al., 2011).

For the dominant gastropod species, the body size of 
B. aeruginosa was increased by warming possibly because of the 
resource conditions. Organisms’ metabolic rates are directly 
affected by temperature (Gillooly et  al., 2001). Increasing 
metabolic demand associated with climate warming will 
be limited and therefore reduce the body size of ectotherms if the 
nutrient supply level remains unchanged (Sheridan and Bickford, 
2011). Natural warming experiments have provided evidence that 
larger consumers at higher trophic levels will be  sustained if 
nutrient supply increases with temperature to offset the rising 
metabolic demand of primary producers (O'Gorman et al., 2017). 

FIGURE 3

Time series of gastropods’ abundance (left) and biomass (right) for different groups (mean ± se; n = 6). C represents controls, E represents 
phosphorus addition, T represents warming, and T + E represents warming and phosphorus addition.
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In our study, the combined effects of warming and phosphorus 
addition remarkably increased the water TP content, and 
warming alone also had a positive effect on the water TP content. 
Sufficient resources are available for primary producers. Warming 
and phosphorus enrichment increased the abundance of 
planktonic algae and macrophytes (Li et al., 201 8; Yu et al., 2018; 
Supplementary Figure S1), accelerated litter decomposition by 
warming (Pan et al., 2021) or nutrient enrichment (Ferreira et al., 
2015), and might provide more foods to consumers (e.g., 
gastropod) through detritivorous and herbivorous food web 
pathways (Ardon et al., 2021).

Our results showed that B. aeruginosa’s nitrogen and 
phosphorus contents increased under warmer conditions. 
Research about zooplankton (Calanoid copepods) has reported an 
inverse relationship between body size and element content (e.g., 
body phosphorus content has a positive relationship with growth 
rate but a negative relationship with body size) (Carrillo et al., 
2001). A low N: P ratio may be  associated with a faster 
development rate (Beck et al., 2021), inducing a higher body size 
(Walters and Hassall, 2006). Hence, more phosphorus and 
nitrogen would be  needed to sustain a higher rate of protein 
synthesis if the phosphorus and nitrogen utilisation efficiency 

improved by warming cannot meet the growth and development 
requirements of organisms.

The interaction between warming and phosphorus 
enrichment will significantly influence the aquatic gastropod 
community and freshwater ecosystems. For instance, 
B. aeruginosa feeds on organic detritus and algae (Liu et al., 
1993) and rarely grazes macrophytes (Li et al., 2019), whereas 
R. swinhoei feeds extensively on submerged macrophytes when 
it has a high density (Li et al., 2009) apart from detritus and 
algae. Dietary differences may change primary producers’ 
structure and function through top-down effects. The direct 
grazing effects of herbivorous gastropods might interact with 
eutrophication and increase the chance of macrophyte collapse 
(Liu et  al., 2021). In addition, B. aeruginosa has a larger 
maximum size than R. swinhoei and a higher shell toughness 
than Radix sp. (Zhu et al., 2013), and shell toughness is closely 
related to anti-predation (Avery and Etter, 2006). The differences 
in prey composition and anti-predation ability may influence 
secondary or even higher-level predators’ behaviors and some 
functional traits through bottom-up effects (Navarrete and 
Manzur, 2008). Hence, the cascade effect of aquatic gastropod 
community changes is important for future studies to consider, 

FIGURE 4

Effects of warming and phosphorus enrichment on aquatic gastropods’ total abundance (A), total biomass (B), and B. aeruginosa’s abundance (C), 
and biomass (D). Data represent predicted (fitted with the “ggpredict” function) values to warming, phosphorus addition, and their interaction.. 
Biomass data were transformed by log (x + 0.1) to a Gaussian distribution. C represents controls, E represents phosphorus addition, T represents 
warming, and T + E represents warming and phosphorus addition.
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A B C

FIGURE 6

Effects of treatments on nitrogen (A) and phosphorus contents (B), and N: P ratio (C) of B. aeruginosa. Data represent predicted (fitted with the 
“ggpredict” function) values for the response of stoichiometry of B. aeruginosa to warming, phosphorus addition, and their interaction. The 
phosphorus content and the N: P ratio was transformed by square roots to increase normality. C represents controls, E represents phosphorus 
addition, T represents warming, and T + E represents warming and phosphorus addition.

A

B

FIGURE 5

Time series of aquatic gastropods’ body mass (log-transformed; A) and time series of B. aeruginosa’s body mass (log-transformed; B) for different 
treatments. Smoothed curves were fitted with loess smoothing (span = 0.8). C represents controls, E represents phosphorus addition, T represents 
warming, and T + E represents warming and phosphorus addition.
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TABLE 1 Results of the generalized mixed models (GLMMs) testing the effects of warming and phosphorus addition on gastropods’ abundance, 
biomass, and body size. Bold numbers indicate p < 0.05.

Estimate SE t p

Total abundance

Intercept 2.474 0.079 31.250 <0.001

Warming (T) 0.111 0.026 4.209 <0.001

Phosphorus addition (E) 0.698 0.023 29.805 <0.001

Interaction (T × E) −0.387 0.033 −11.597 <0.001

Total biomass

Intercept 0.116 0.066 1.766 0.079

Warming (T) −0.145 0.079 −1.840 0.066

Phosphorus addition (E) 0.266 0.079 3.379 <0.001

Interaction (T × E) −0.274 0.111 −2.465 0.014

B. aeruginosa abundance

Intercept 2.145 0.108 19.798 <0.001

Warming (T) 0.030 0.031 0.994 0.320

Phosphorus addition (E) 0.676 0.027 25.321 <0.001

Interaction (T × E) −1.195 0.044 −27.105 <0.001

B. aeruginosa biomass

Intercept 0.043 0.069 0.624 0.533

Warming (T) −0.141 0.081 −1.742 0.082

Phosphorus addition (E) 0.254 0.081 3.144 0.002

Interaction (T × E) −0.485 0.114 −4.245 <0.001

Community body mass (size)

Intercept −2.002 0.175 −11.464 <0.001

Warming (T) −0.180 0.084 −2.136 0.033

Phosphorus addition (E) 0.059 0.071 0.828 0.408

Interaction (T × E) −0.982 0.102 −9.624 <0.001

B. aeruginosa body mass (size)

Intercept −1.524 0.175 −8.681 <0.001

Warming (T) 0.223 0.067 3.305 <0.001

Phosphorus addition (E) 0.033 0.056 0.586 0.558

Interaction (T × E) −0.085 0.092 −0.919 0.358

Values in bold are statistically significant at α = 0.05.

TABLE 2 Results of the generalized mixed models (GLMMs) testing the effects of warming and phosphorus addition on the contents of nitrogen 
and phosphorus, and N: P ratio of B. aeruginosa. Bold numbers indicate p < 0.05

Estimate SE t p

Nitrogen content

Intercept 8.724 0.064 136.318 <0.001

Warming (T) 0.727 0.083 8.784 <0.001

Phosphorus addition (E) 0.561 0.088 6.398 <0.001

Interaction (T × E) −0.285 0.135 −2.106 0.037

Phosphorus content

Intercept 0.871 0.005 188.919 <0.001

Warming (T) 0.067 0.006 10.720 <0.001

Phosphorus addition (E) 0.033 0.007 5.069 <0.001

Interaction (T × E) −0.023 0.010 −2.285 0.023

N:P ratio

Intercept 3.396 0.021 162.472 <0.001

Warming (T) −0.120 0.028 −4.228 <0.001

Phosphorus addition (E) −0.023 0.030 −0.776 0.439

Interaction (T × E) 0.035 0.046 0.772 0.441
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especially because freshwater biodiversity is facing an 
unprecedented decline (Rosset and Oertli, 2011; Reid 
et al., 2018).

Conclusion

In conclusion, our results suggest that climate warming 
and phosphorus enrichment could alter aquatic gastropods’ 
community dynamics and size structure. These changes could 
be further investigated in a future study by considering the 
cascading effects amongst trophic levels. Warming and 
phosphorus enrichment caused different effects on body size 
at the dominant species’ population and the whole gastropod 
community levels. The body size of B. aeruginosa was 
increased by warming and was associated with stoichiometric 
traits, whereas the whole gastropod community’s body size 
decreased because of the composition shift. Hence, we predict 
that a smaller aquatic gastropod community body size will 
appear in aquatic ecosystems with warming and phosphorus 
enrichment, which shifting the dominant gastropod species 
and altering their abundance and biomass. Species shifts at 
the gastropod community level would cause more complex 
and unpredicted consequences in freshwater ecosystem 
structure and function.
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