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ARTICLE INFO ABSTRACT
Keywords: Changes in salinity have a profound influence on ecological services and functions of inland freshwater eco-
Plankton

systems, as well as on the shaping of microbial communities. Bacterioplankton, generally classified into free-
living (FL) and particle-attached (PA) forms, are main components of freshwater ecosystems and play key
Rare taxa functional roles for biogeochemical cycling and ecological stability. However, there is limited knowledge about
Species interaction the responses of community stability of both FL and PA bacteria to salinity fluctuations. Here, we systematically
Precipitation explored changes in community stability of both forms of bacteria based on high-frequency sampling in a shallow
urban reservoir (Xinglinwan Reservoir) in subtropical China for 3 years. Our results indicated that (1) salinity
was the strongest environmental factor determining FL and PA bacterial community compositions — rising
salinity increased the compositional stability of both bacterial communities but decreased their a-diversity. (2)
The community stability of PA bacteria was significantly higher than that of FL at high salinity level with low
salinity variance scenarios, while the opposite was found for FL bacteria, i.e., their stability was higher than PA
bacteria at low salinity level with high variance scenarios. (3) Both bacterial traits (e.g., bacterial genome size
and interaction strength of rare taxa) and precipitation-induced factors (e.g., changes in salinity and particle)
likely contributed collectively to differences in community stability of FL and PA bacteria under different salinity
scenarios. Our study provides additional scientific basis for ecological management, protection and restoration of
urban reservoirs under changing climatic and environmental conditions.

Bacterial community
Bacterial lifestyle

1. Introduction profound, yet partly unknown negative impacts on coastal cities, e.g.,
saltwater intrusion (Ward et al., 2020), with implications for the supply
Global warming triggers global sea level rise with potential of clean drinking water for residents and the quality of water for
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agricultural and industrial demands (Ma et al., 2022). Similarly, mi-
crobial communities, which play pivotal roles in freshwater ecosystems,
are also seriously threatened by saltwater intrusion in the form of
biodiversity loss (Mo et al., 2021). Numerous studies have shown that
the diversity, complexity and stability of microbial networks decrease
with increasing salinity (Corsi et al., 2010; Mo et al., 2021), and salinity
has long been recognised as a major factor controlling community
composition of freshwater microbes (Canedo-Argiielles et al., 2019),
either directly or indirectly by salinity-induced changes in the trophic
structure (Jeppesen et al., 2020; Cunillera-Montcusi et al., 2022). In
particular, salinity fluctuations in inland waters are predicted to in-
crease with a higher frequency and intensity of weather extremes such as
heavy precipitation events (Gulev et al., 2023), which may have marked
implications for microbial community composition and related ecosys-
tems functions (Giling et al., 2017; Stockwell et al., 2020; Talbot et al.,
2018).

Bacterioplankton has the potential to rapidly reproduce and respond
to environmental fluctuations, making them suitable models for
capturing small changes in environmental fluctuations (Allison and
Martiny, 2008; Cram et al., 2015; Logares et al., 2013). Therefore, many
ecologists have started to use bacterioplankton as the appropriate or-
ganisms to investigate the resistance and resilience of microbial com-
munities to disturbances in freshwater ecosystems (Jones et al., 2008; Li
etal., 2012; Shade et al., 2011; Zhang et al., 2024). Particulate matter in
water bodies appears in a continuum of sizes and can generally be
divided into organic and inorganic particulate matter (Mestre et al.,
2017). Particulate organic matter (POM) is mainly composed of living
plankton and the remains of dead organisms, serving as “hotspots” for
microbial decomposition (Farnelid et al., 2019; Simon et al., 2014;
Zoccarato and Grossart, 2019). Consequently, bacterioplankton can be
divided into two lifestyles depending on their relationship with the
particulate matter: free-living (FL) and particle-attached (PA) bacteria
(Grossart, 2010). PA bacteria normally colonize the surfaces of partic-
ulate matter, resulting in biofilm formation, and play an important role
in the degradation and remineralisation of POM (Grossart, 2010; Landa
et al., 2016). In contrast, FL bacteria are freely moving and mainly rely
on dissolved organic matter (DOC) (Mestre et al., 2017). Given the
profound effect of POM in aquatic biogeochemical cycling, a large
number of studies have focused on exploring the roles of bacterial life-
styles (Tang et al., 2010; Villalba et al., 2022). Our previous studies
revealed that co-occurrence between different lifestyles of bacter-
ioplankton and microeukaryotes is closely linked to changes in ecolog-
ical processes and functions (Xue et al, 2022). Generally,
bacterioplankton is vital for the matter cycling and energy flow in
freshwater ecosystems (Chow et al., 2014; Shade et al., 2012; Villalba
et al., 2022). Therefore, it is of major importance to know how bacterial
communities respond to salinity fluctuations in inland waters. In
particular, knowledge about the responses of bacterial community sta-
bility to salinity is crucial for predicting the future bacterial community
dynamics and functionality in a changing environment and for
improving management, protection and restoration of coastal urban
ecosystems (Canedo-Argiielles et al., 2019). To date, however, research
on the community stability of FL and PA bacteria under salinity fluc-
tuations is lacking.

Free-living (FL) and particle-attached (PA) bacteria show significant
differences in their diversity and community composition in inland
waters (Shen et al., 2022; Zoccarato and Grossart, 2019). Recently,
GeoChip 5.0 analysis revealed that the richness and abundance of
functional genes of PA bacteria, especially those related to nutrient
cycling and stress response, were much higher than those of FL bacteria
(Liu et al., 2020). Furthermore, genomic analysis results have revealed
that FL and PA bacteria have different metabolic trade-off strategies
(Polz and Cordero, 2016), indicating differences in the adaptation of the
two groups to the same environmental fluctuations. Along this line, our
previous studies showed that abundant PA bacterial subcommunities
have a higher variation between cyanobacterial bloom and non-bloom
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periods than abundant FL bacterial subcommunities (Liu et al., 2019).
This indicates that PA bacteria are more responsive to changes in cya-
nobacterial bloom-induced environmental changes. So far, however, no
study has evaluated the differences in community stability between FL
and PA bacteria over time under environmental fluctuations (e.g.,
salinity) and their underlying mechanisms.

Our previous work showed that the environmental heterogeneity in
the Xinglinwan Reservoir was low, presumably due to its small area and
shallow water depth. Salinity had strong effects on microeukaryotic
plankton communities, highlighting that even small salinity increases
are sufficient to cause dramatic changes in microeukaryotic plankton
communities (Mo et al., 2021; Yang et al., 2022). Here, we selected one
sampling site to further investigate the community stability of FL and PA
bacteria under salinity fluctuations using 16S rRNA gene sequencing and
multivariate statistical analyses based on high-frequency sampling in
the Xinglinwan Reservoir for 3 years. We aimed to answer the following
questions: (1) How does salinity affect the community stability of FL and
PA bacteria? (2) Do the response processes or mechanisms between FL
and PA bacterial community stabilities differ with salinity changes? We
proposed two hypotheses: (1) The community stability of both FL and
PA bacteria would increase with increasing salinity levels but decrease
with increasing salinity variance. (2) Bacterial traits and environmental
factors (e.g., precipitation) would both lead to different responses be-
tween FL and PA bacterial community stability under different salinity
scenarios.

2. Materials and methods
2.1. Study station and sampling

Surface water samples (0.5 m) were collected at station G (24° 36'N,
118° 04’ E) in the Xinglinwan Reservoir, Xiamen City, Fujian Province,
subtropical China (Fig. la). Xinglinwan Reservoir is a shallow and
eutrophic urban reservoir with low water transparency (trophic state
index = 80.0 + 4.1, transparency = 40.0 + 11.1 cm) (Luo et al., 2024;
Yang et al., 2022). A dam separates Xinglinwan Reservoir from the sea,
and saltwater intrusions in the bottom water layer are stronger in winter
than in summer due to the substantial decrease of incoming freshwater
(Mo et al., 2021).

Water samples were collected twice a week from 1st December 2017
to 27th November 2020, giving a 3-year high-resolution time-series
dataset. Water samples were divided into two sub-samples and imme-
diately brought to the laboratory for further processing. Detailed in-
formation of sample collection and environmental variables
measurements is shown in the Supplementary methods.

2.2. Bioinformatics

DNA extraction, PCR, sequencing and quality control processes are
described in the Supplementary methods. High-quality sequences were
assigned to zero-radius operational taxonomic units (zOTUs) using the
unoise3 algorithm in USEARCH v11 (Edgar, 2010, 2016). Unique se-
quences were compared against the SILVA v138 database (Quast et al.,
2013) using the SINTAX algorithm to obtain annotation information.
Then, we normalised the zOTU table with a minimum sequence number
of 69,735, and a total of 25,259 zOTUs were acquired. Finally, FL and PA
bacteria were selected from the total table for subsequent analysis,
including 22,263 zOTUs of FL and 20,984 zOTUs of PA bacteria,
respectively.

2.3. Definition of different salinity scenarios

To facilitate the comparison of differences in community stability of
FL and PA bacteria under different salinity scenarios, we divided our
samplings into six periods (Table 1) depending on the cross-point be-
tween the mean and coefficient of variation (CV) of salinity (Fig. 1b).
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Fig. 1. Sampling station and environmental drivers of free-living (FL) and particle-attached (PA) bacterial community composition. (a) Map of the sampling station
in Xinglinwan Reservoir, Xiamen, Southeast China. The water samples were taken from station G twice a week. (b) Trend of the mean and coefficient of variation
(CV) of salinity in every two adjacent months from December 2017 to November 2020. For example, the values for February 2018 indicate the mean and CV of
salinity for January and February 2018. Error bar represents the standard deviation. (c) Pairwise comparisons between environmental factors are shown in lower
figure to the left, with a colour gradient representing Spearman’s correlation coefficients. Partial Mantel test was performed for FL or PA bacterial community
composition and each environmental factor, respectively. Line width indicates the partial Mantel’s r statistic for corresponding correlations, with the larger values
indicating stronger correlations. Line colour indicates significance based on 999 permutation tests. Grey shadows in (b) represent periods 2, 4 and 6, respectively. FL,
free-living bacteria; PA, particle-attached bacteria. SS, suspended solids; Trans, transparency; WT, water temperature; DO, dissolved oxygen; ORP, oxida-
tion-reduction potential; TC, total carbon; TN, total nitrogen; NH4-N, ammonium nitrogen; NOs-N, nitrate nitrogen; NO,-N, nitrite nitrogen; PO4-P, phosphate
phosphorus; Precip, precipitation, 7-day accumulated precipitation before the sampling day; Wind, daily average wind speed; Chl-a-T, total algae chlorophyll-a; Chl-
a-Bl, cyanobacterial chlorophyll-a; Chl-a-Gr, Chlorophyta chlorophyll-a; Chl-a-Br, Bacillariophyta/Dinophyta chlorophyll-a; Time, sampling span.
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Table 1
Salinity properties of Xinglinwan Reservoir across six periods.
Period Time Salinity CV of salinity Precipitation
(%o) (%) (mm)
Periodl Dec, 2017 — Jun, 8.0+ 2.6 28.0 £ 9.2 17.3 + 33.6
(P1) 2018
Period2 Jul, 2018 — Nov, 24+1.6 70.5 £ 18.4 21.3 £42.3
(P2) 2018
Period3 Dec, 2018 —Feb, 5.1 +1.0 18.4 + 3.8 5.7 +9.1
(P3) 2019
Period4 Mar, 2019 - 0.8+1.0 54.7 £ 22.1 22.6 £ 29.7
(P4) Nov, 2019
Period5 Dec, 2019 — 3.2+1.2 18.3 + 6.0 13.5+15.3
(P5) May 2020
Period6 Jun, 2020 — 1.1 +0.8 60.9 £ 15.1 9.1 +12.3
(P6) Nov, 2020

To facilitate the comparison of the community stability of free-living and
particle-attached bacteria over time, we divided the study time into six periods
according to the mean and CV of the salinity: period 1 (M1-M7), period 2
(M8-M12), period 3 (M13-M15), period 4 (M16-M24), period 5 (M25-M30),
period 6 (M31-M36). M, month. CV, coefficient of variation. Precipitation, 7-
day accumulated precipitation before the sampling day. Values indicate mean
+ standard deviation.

The salinity of 0-2 %o, 2-4 %o, > 4 %o periods were termed as “low
salinity”, “medium salinity”, “high salinity”, respectively, and periods
with a CV of salinity more than 50 % were termed as “high variance”,
otherwise they were termed as “low variance”. Finally, we obtained the
following six periods: P1 (Month (M) 1-7, high salinity & low variance
period), P2 (M8-12, medium salinity & high variance period), P3
(M13-15, high salinity & low variance period), P4 (M16-24, low salinity
& high variance period), P5 (M25-30, medium salinity & low variance
period) and P6 (M31-36, low salinity & high variance period),
respectively.

2.4. Statistical analyses

All statistical analyses were performed in R software (v4.1.2) (R Core
Team, 2023). Partial Mantel test was applied to reveal the contribution
of each of the environmental variables to community composition
variation via the “linkET” package (Huang, 2021). To further investigate
the relationship between FL and PA bacterial community stability and
salinity, we used a generalized linear regression model via the glm
function. Besides, we assessed the differences between groups by Wil-
coxon rank sum test. All P values were adjusted by the Bonferroni
method. Visualisation was performed using the packages “ggplot2”,
“ggpubr”, “UpSetR” and “patchwork” (Gehlenborg, 2019; Kassambara,
2023; Pedersen, 2022; Wickham et al., 2016). Detailed information of
statistical analyses, definition of abundant and rare taxa, network con-
struction, estimation of genome size in bacterial communities and
random forest is given in the Supplementary methods.

2.5. Community stability analysis

We calculated multiple quantitative indices of community stability,
including community composition stability, node contribution, robust-
ness and interaction strength. We compared the community stability of
FL and PA bacteria based on two datasets, including original resampled
zOTUs and retained zOTUs after network construction.

Community compositional stability. We used the original resam-
pled zOTUs tables to calculate the community compositional stability of
FL and PA bacteria over time (Yuan et al., 2021; Zelikova et al., 2014).
Higher values indicate stronger stability of community composition.
Moreover, to visually observed trends in FL and PA bacterial community
compositional stability, we used a generalized additive model for fitting
using the gam function in the “mgev” package (Auladell et al., 2022). We
calculated community compositional stability of FL and PA bacteria
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from every two adjacent months.

Node contribution. Node contribution evaluates the relative
contribution of each node in the network to the global efficiency of the
network (Deng et al., 2012). In ecological networks, it can reflect the
spreading rate of species in the network to ecological events or distur-
bances (Yuan et al., 2021). The equation is as follows:

Node contribution = ,1 -

d(i, j)

where d(i, j) is the number of edges on the shortest path between node i
and node j in the network. The larger the value is, the greater the node’s
contribution to the overall network.

Robustness. Robustness in a network is defined as the proportion of
nodes remaining in the network after random or targeted removal of
nodes (Montesinos-Navarro et al., 2017). Larger values normally indi-
cate a more robust network. In order to show the impact of rare and
abundant taxa on network robustness, we gradually removed rare or
abundant nodes, respectively. To compare the differences in the
robustness of rare taxa in FL and PA bacterial communities during
different periods, we calculated the robustness of the network with
random removal of 50 % of all rare nodes.

Interaction strength. To evaluate the relative importance of one
taxon to the maintenance of community composition, we calculated the
interaction strength. The interaction strength of one taxon in a network
is defined as the average of the association strength of all nodes of the
taxon. The equation is as follows:

21 [(ripos) + abs(riny)]

n

Interaction strength =

where n is the total number of nodes of one taxon in the network; i is the
ith node of one taxon, ry,s and rineg are, respectively, all positive and all
negative associations that associate with node i in the network. Larger
values normally represent a greater contribution of the taxon to com-
munity structure maintenance. We calculated the interaction strength of
rare taxa in each network to compare the relative importance of rare
taxa to community composition maintenance.

2.6. PLS path modelling

We used the “plspm” package in R to construct partial least squares
path modelling (PLS-PM) to investigate direct and indirect effects of
environmental drivers on the community stability of FL and PA bacteria
under different salinity scenarios, respectively. Since the community
stability of PA bacteria was significantly higher than that of FL bacteria
(i.e., P1, P2, P3, P5 in Fig. 3a) at medium/high salinity levels, for
simplicity, we combined the samples of these periods in a “high salinity”
group, and periods 4 and 6 were defined as “low salinity” groups. The
environmental drivers were categorised into six block variables: pre-
cipitation (Precipitation), physical and chemical factors (Physicochem-
ical), nutrients, salinity, algal properties (Chl-a) and particulate matter
(Particle). In our initial model, precipitation was expressed as 7 days’
accumulated precipitation before the sampling day; physical and
chemical factors included water temperature, pH, dissolved oxygen and
oxidation-reduction potential; nutrients included TC, TN, TP, TOC,
NHy4-N and PO4-P; algal properties included Chl-a-Bl (cyanobacteria),
Chl-a-Gr (chlorophyta) and Chl-a-Br (bacillariophyta/dinophyta);
salinity included salinity and electrical conductivity; particulate matter
included suspended solids, turbidity and transparency (transparency
was inverse-transformed). We removed all variables with loadings < 0.7
to ensure model reliability. Finally, model performance was evaluated
using the value of goodness of fit (GoF) (Gao et al., 2021).
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3. Results

3.1. Environmental variable dynamics and their relationships with
bacterial communities

Changes in the environmental variables over three years are given in
Fig. S1, major and dramatic changes appearing in both precipitation and
salinity. Precipitation significantly (P < 0.01) impacted the aquatic
environment, including salinity, turbidity and water transparency
(Fig. S2). Partial Mantel test showed that salinity was the most impor-
tant factor shaping the variations in both FL and PA bacterial community
compositions (Fig. 1c). Concurrently, random forest analyses further
supported that salinity contributed the most to the community compo-
sition of FL and PA bacteria, accounting for the maximum mean squared
error (Fig. S3). Community dissimilarity exhibited a stronger correlation
with salinity (R = 0.386, P < 0.001 for FL bacteria; R = 0.383, P < 0.001
for PA bacteria; Fig. S4a-b) than with temperature (R = 0.316, P <
0.001 for FL bacteria; R = 0.245, P < 0.001 for PA bacteria; Fig. S4c—d)
and time (R = 0.279, P < 0.001 for FL bacteria; R = 0.274, P < 0.001 for
PA bacteria; Fig. S4e-f).

3.2. Community stability of FL and PA bacteria under salinity
fluctuations

The variation in community stability of FL and PA bacteria showed
an obvious pattern, being strongly correlated with salinity level and
salinity variance, respectively (Fig. 2). Additionally, a significant and
negative correlation between salinity level and variance was observed
(R =-0.490, P < 0.001; Fig. 2b). Notably, the FL bacterial community
exhibited a strong correlation with salinity level (R = 0.566, P < 0.001
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for FL bacteria; R = 0.141, P = 0.393 for PA bacteria; Fig. 2c), while the
PA bacterial community was more sensitive to salinity variance than FL
bacteria (R = -0.387, P < 0.01 for FL bacteria; R = -0.447, P < 0.001 for
PA bacteria; Fig. 2d). Furthermore, we found different stability patterns
of FL and PA bacterial communities under different salinity scenarios. At
high salinity level with low salinity variance scenarios, the stability of
the PA bacterial community was significantly higher than that of the FL
bacteria (e.g., 0.216 + 0.007 for FL bacteria, 0.230 + 0.008 for PA
bacteria in P1; Fig. 3a), whereas it was lower at the low salinity level
with high salinity variance scenarios (e.g., 0.233 + 0.007 for FL bacte-
ria, 0.219 £+ 0.007 for PA bacteria in P4; Fig. 3a). Interestingly, the
interaction strength of rare taxa in the FL bacterial communities was
significantly higher than in the PA bacteria communities at high salinity
level with low salinity variance scenarios (e.g., 0.239 + 0.003 for FL
bacteria, 0.216 + 0.003 for PA bacteria in P1; Fig. 3b), whereas it was
lower at low salinity level with high salinity variance scenarios (e.g.,
0.244 4 0.008 for FL bacteria, 0.250 £ 0.007 for PA bacteria in P4;
Fig. 3b). Furthermore, the genome size of FL bacteria was significantly
higher than for PA bacteria at family level in both salinity scenarios (e.
g., 4.24 Mbp for FL bacteria, 4.20 Mbp for PA bacteria during high
salinity period; 4.28 Mbp for FL bacteria, 4.25 Mbp for PA bacteria
during low salinity period; Table S1-2).

3.3. a-diversity of FL and PA bacterial communities under salinity
fluctuations

The a-diversity indices (richness, Chaol, phylogenetic diversity) of
both FL and PA bacterial communities decreased with increasing
salinity, whereas they increased with salinity variance (Fig. S5). Both
Shannon-Wiener and Pielou’s evenness showed a significant correlation
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Fig. 2. Dynamics of the community stability of free-living (FL) and particle-attached (PA) bacterial communities under salinity fluctuation. (a) Generalized additive
model fits of the compositional stability of FL (orange) and PA (green) bacterial communities over time during two adjacent months from December 2017 to
November 2020, respectively. For example, the values for February 2018 indicate the comparison of FL or PA bacterial community composition between January and
February 2018. (b) Relationship between the mean and CV of salinity. (c) Relationship between mean salinity and the compositional stability of FL or PA bacterial
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Fig. 3. Differences in the community stability of free-living (FL) and particle-attached (PA) bacteria and the importance of rare taxa for community stability under
different salinity scenarios. (a) Robustness is measured as the proportion of nodes remaining in the network after removal of nodes accounting for 50 % of all taxa in
each sub-network. (b) Interaction strength including only rare nodes of each sub-network of FL and PA bacterial communities, respectively. Error bar represents the

standard error (***P < 0.001, Wilcoxon rank sum test). (c) and (d) Column charts showing the top 10 taxa in each sub-network of FL and PA bacterial communities
contributing to the global efficiency of the network, respectively. AT, abundant taxa; RT, rare taxa. P1, period 1; P2, period 2; P3, period 3; P4, period 4; P5, period 5;

P6, period 6. For details of the six periods see Table 1.

with salinity for PA bacteria (R =-0.648, P < 0.001; Fig. S5¢; R =-0.500,
P < 0.01; Fig. S5d). For FL bacteria, in contrast, no significant rela-
tionship was observed between salinity and Shannon-Wiener or Pielou’s
evenness (R = -0.200, P = 0.249; Fig. S5¢; R = -0.032, P = 0.932;
Fig. S5d), implying that taxa with low abundance had different effects
on FL and the PA bacterial communities.

3.4. Importance of rare taxa for community stability of FL and PA
bacteria

Both FL and PA bacterial communities were composed of a few
abundant taxa and many more rare taxa (Table S3). Rare taxa were the
main contributors to community diversity (Fig. S6a—c) and were more
sensitive to environmental fluctuations than the abundant taxa
(Figs. S6d and S7, Table S4-5). Moreover, FL and PA bacterial networks
in the six defined periods revealed that rare taxa were important in
maintaining bacterial community stability (Table S6). For instance,
about 80 % of the top-10 nodes contributing to the global efficiency of
the network were rare (Fig. 3c—d), and 335 of the 554 keystone taxa
were identified as rare (i.e., conditionally rare taxa, Table S7). Clearly,
the node (zOTU) proportion changed dramatically when rare nodes
were removed from the networks, whereas it changed only negligibly
when abundant nodes were removed (Fig. S8).

3.5. Linkage between FL and PA bacterial community stability and
environmental variables

The partial least squares path modelling revealed that precipitation,
physical and chemical condition, salinity, nutrient, Chl-a and particulate
matter exerted a direct or indirect effect on the community stability of
FL and PA bacteria (Fig. 4). At high salinity level with low salinity

variance scenarios, salinity was the most important driver and had a
significant direct effect on FL and PA bacterial community stability.
Further, the effect of salinity on the stability of FL bacterial community
(correlation coefficient = 0.306, Figs. 4a and S9a) was greater than for
PA bacteria (correlation coefficient = 0.148, Figs. 4c and S9c). At low
salinity level with high salinity variance scenarios, for FL bacteria,
precipitation exerted an indirect and significant effect on stability by
affecting mainly the particulate matter concentrations in the water body
(correlation coefficient = -0.189, Figs. 4b and S9b). For PA bacteria,
precipitation had a significant indirect effect on community stability
through multiple paths. First, precipitation had a significant positive
effect on PA bacterial community stability via changing the physical and
chemical conditions in the water body (correlation coefficient = 0.495,
Figs. 4d and S9d). Second, a precipitation-driven change in physical and
chemical conditions altered nutrient and particulate matter in the water,
directly influencing PA bacterial community stability.

4. Discussion

4.1. Increasing salinity promotes community stability but reduces FL and
PA bacterial a-diversity

The responses of bacterial communities to environmental changes
have a great impact on the entire aquatic ecosystem as they are key
players in matter cycling (Chow et al., 2014; Guidi et al., 2016; Shade
et al., 2012). We acquired a 3-year high frequency dataset in a sub-
tropical urban reservoir to investigate the community stability of FL and
PA bacteria under different salinity scenarios. Our results indicated that
the community stability of the FL bacteria increased significantly with
increasing salinity, and a similar but non-significant trend was observed
for the PA bacteria (Fig. 2). This suggests that increasing salinity
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Fig. 4. Partial least squares path models (PLS-PM) showing the relationship between environmental drivers and the community stability of free-living (FL) and
particle-attached (PA) bacteria under different salinity scenarios. Red and black lines represent positive and negative effects, respectively. Only significant paths (P <
0.1) are shown for the sake of simplicity. The thickness of path lines indicates absolute coefficient values. All data are log-transformed, except pH and stability. GOF
means goodness-of-fit; Physicochemical represents physical and chemical factors; Precipitation represents 7-day accumulated precipitation before the sampling day.

generally promotes the community stability of bacteria. However, the
richness of the entire bacterial community decreased significantly with
increasing salinity (Fig. S5a-b), several explanations are possible to
explain this result. First, low salinity periods mainly occur in the wet
season or rainy periods (Table 1). Precipitation events increase the input
of freshwater and particulate matter, accompanied by a decrease in
salinity and often a major change in particulate matter density and
composition, which is consistent with our findings (Fig. S2). Meanwhile,
bacteria from the surrounding environments (i.e., soil, sediment and
watershed) might be washed into reservoir waters due to runoff (Sha-
barova et al., 2021; Stockwell et al., 2020), which likely results in a
faster turnover of the microbial community, leading to decreased
compositional stability at low salinity level with high variance sce-
narios. Second, the responses of bacterioplankton to salinity variances
are mainly related to changes in extracellular osmolarity (Mo et al.,
2021). For example, bacterioplankton intolerance of high osmotic stress
will be filtered out, resulting in low richness at high salinity level.
Recently, Li et al. (2023) reported similar results along a gradient of
freshwater-to-seawater ecosystems, whereby the majority of retained
species in the community being those with strong salt tolerance at
increasing salinity. This may reflect a higher resistance to increasing
salinity with presumably higher compositional stability. Moreover, we
found that the phylogenetic diversity of the FL and PA bacterial com-
munities decreased substantially with increasing salinity (Fig. S5e and
j)- A recent study on dryland plants highlighted that communities with
higher phylogenetic diversity were more likely to provide higher mul-
tifunctionality (Le Bagousse-Pinguet et al., 2019). Hence, our results

indicate that increasing salinity might be detrimental to the multi-
functionality of freshwater ecosystems. In summary, our results
demonstrate that FL and PA bacterial communities maintain higher
stability in community composition with enhanced salinity as species
with low salt tolerance are increasingly eliminated, which, in turn, may
greatly reduce the multifunctionality of freshwater ecosystems.

4.2. Difference in community stability between FL and PA bacteria under
different salinity scenarios

Our study indicated that different community stability changes of FL
and PA bacteria exist under different salinity scenarios (Fig. 3a). To
discuss this further, we focus on internal and external mechanisms,
respectively.

4.2.1. Internal mechanisms

Genomic traits, such as genome size, are related to microbial adap-
tation strategies in nutrient-changing environments (Ngugi et al., 2023;
Shenhav and David, 2020). Previous studies have shown that bacteria
with larger genomes can better adapt to more variable environments
and exhibit high resistance (Scheuerl et al., 2020; Sriswasdi et al., 2017).
In this study, we found that genome size was significantly higher for the
FL bacteria than for the PA bacteria at the low salinity level with high
salinity variance scenarios (Table S3). Therefore, FL bacterial commu-
nities show greater stability under higher salinity variance scenarios (e.
g., P4 and P6, Fig. 3a). In addition, at the high salinity level with low
salinity variance scenarios, we also found a higher genome size of FL
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than of PA bacteria (Table S3). A possible reason for this is that salinity
fluctuated less during these periods; thus, community stability might not
only depend on the ability to resist specific salinity changes but also on
other factors, e.g., nutrient availability. Specifically, due to a lower in-
tensity and frequency of precipitation events, the composition and dy-
namics of particulate matter in water bodies under this scenario might
be relatively stable. Moreover, our previous study has shown that rela-
tively warm winters in subtropical regions promote the growth and
dominance of phytoplankton in the Xinglinwan Reservoir (Luo et al.,
2022), potentially providing more micro-niches for PA bacteria (Roth
Rosenberg et al., 2021), and thus making it easier for PA bacteria to
colonize on particulate matter surfaces and obtain more nutrients than
FL bacteria. Unfortunately, the comparison of FL and PA genome sizes in
this study contradicts the results of previous studies, for instance, Ngugi
et al. (2023) reported larger genome size of PA than FL bacteria. There
might be two reasons for this discrepancy. First, the results of Ngugi
et al. were based on a dataset of an estimation of 364 marine meta-
genomes, while ours were derived from species alignment with more
than 200,000 high quality prokaryotic genomes from freshwater and/or
brackish water. Second, extracellular or “relic’ DNA or dormant in-
dividuals in the environment might be considered as FL bacteria,
resulting in a larger estimated genome size of FL bacteria (Jones and
Lennon, 2010; Lennon et al., 2018). Therefore, comprehensive and
standard reference databases of prokaryotic genomes as well as unbiased
collection approaches (more rigorous and precise experimental opera-
tions) for FL and PA bacteria are of particular importance for genome
evaluation of FL and PA bacteria in the future.

In addition to genomic traits, we also focused on the effects of rare
taxa on bacterial community stability. Previous studies have suggested
that the rare microbial biosphere, which is regarded as a part of the
microbial “seed bank” (Lynch and Neufeld, 2015), may drive the bac-
terial responses to environmental changes, subsequently affecting the
stability of microbial communities (Xue et al., 2018). In this study, we
not only highlighted the importance of rare taxa to community diversity
(Fig. S6, Table S4-5), but also unraveled that rare taxa play a decisive
role for community stability of both FL and PA bacteria. Specifically, the
higher the community stability is, the weaker is the interaction strength
of rare taxa in the community, e.g., the stability was higher while the
interaction strength of rare taxa was lower in the PA bacterial commu-
nity than in the FL bacterial community in period 1 (Fig. 3a and b).
Supporting this finding, Hu et al. (2022) observed that increasing in-
teractions between bacteria species correlated with a reduced compo-
sitional stability of the community in mesocosm experiments.
Furthermore, our results concur with those of Ratzke et al. (2020), who
demonstrated that weak microbial interactions increase the stability of
total biomass and species composition in a model simulation study. A
reasonable explanation is that species with weak interactions have a
higher degree of niche differentiation, allowing them to survive when
faced with environmental fluctuations, and this may contribute to
maintain the stability in bacterial community composition. In conclu-
sion, our results suggest that rare taxa play an irreplaceable role in
maintaining community stability of both FL and PA bacteria under
salinity fluctuations. Moreover, differences in the community stability of
FL and PA bacteria under different salinity scenarios might strongly
depend on the interaction strengths of rare taxa.

4.2.2. External mechanisms

At present, an increasing number of studies have focused on the
impact of global climate change on ecosystems and their functions
(Stockwell et al., 2020; Talbot et al., 2018). Many studies have
demonstrated that heavy precipitation can affect the hydrodynamics
and particulate matter dynamics of aquatic environments and thus has a
large impact on microbial community composition and function
(Kasprzak et al., 2017; Shabarova et al., 2021; Xin et al., 2023; Zhang
et al., 2024). Our results showed different effects of precipitation on FL
and PA bacterial communities, which may be one of the reasons why the
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community stability was higher for FL bacteria than for PA bacteria at
low salinity with high salinity variance scenarios. This scenario mainly
occurs in wet years or wet seasons, i.e., precipitation with strong in-
tensity, high frequency and long duration leads to declining salinity with
profound changes in hydrodynamics and particulate matter in water
bodies (Talbot et al., 2018). Such changes have a stronger effect on PA
bacteria colonising particulate matter than on FL bacteria (Shen et al.,
2022; Zoccarato and Grossart, 2019). In addition, Polz and Cordero
(2016) argued that microorganisms adapted to high nutrient concen-
trations (e.g., PA bacteria) typically produce more ribosomal proteins to
maximise their growth rate. However, microorganisms in low nutrient
environments (e.g., FL bacteria) tend to produce more metabolic en-
zymes, which enables them to extract more energy from limited re-
sources. Therefore, we speculate that FL bacteria can better obtain
energy from more adverse environments than PA bacteria to meet their
basic cell metabolism, while most of the PA bacteria that cannot with-
stand the numerous environmental fluctuations will be eliminated,
resulting in greater variation in community composition and thus lower
community stability. Furthermore, studies on the functional potential of
FL and PA bacteria indicate that PA bacteria occupy a more important
position in the biogeochemical cycles than FL bacteria (D’Ambrosio
et al., 2014; Grossart, 2010; Liu et al., 2020). Hence, our results suggest
that increasing frequency and intensity of heavy precipitation might be
detrimental to ecosystem matter cycling and energy flow by control of
particles and PA bacteria in surface waters.

At high salinity level with low salinity variance scenarios, we iden-
tified salinity as an important driver for the community stability of FL
and PA bacteria, while salinity had a greater effect on FL than PA bac-
teria (Fig. 4a and c). This specific scenario mostly occurred in dry years
or dry seasons. Clearly, a low frequency, weak intensity precipitation is
the main feature of this scenario, resulting in relatively stable particulate
matter concentrations in the water with strong selection due to the high
salinity being a major stressor. Previous studies have shown that PA
bacteria, in contrast to FL bacteria, usually have larger sizes and are
more metabolically active, and they can therefore degrade high-
molecular-weight organic compounds to provide energy for physiolog-
ical cell activities (D’Ambrosio et al., 2014; Li et al., 2021). The rela-
tively stable particulate matter conditions and favourable
microenvironment may provide a steady stream of nutrients for PA
bacteria (Farnelid et al., 2019; Simon et al., 2014). The obviously higher
nutrient availability of PA bacteria augmented the interactions facili-
tating exchange of energy and information and may render PA bacteria
more resistant to enhanced salinity stress than FL bacteria. In contrast,
living conditions for FL bacteria appear to be much less favourable than
for PA bacteria at high salinity stress. Accordingly, under these condi-
tions, the community stability of PA bacteria was significantly higher
than that of FL bacteria. In summary, our results provide direct evidence
of the different effects of precipitation on the community stability of FL
and PA bacteria by regulating salinity and runoff. Precipitation has a
greater negative effect on the community stability of PA bacteria than of
FL bacteria in inland surface waters.

5. Conclusion

We first explored the community stability of FL and PA bacteria
under salinity fluctuations based on a 3-year high-frequency time series
dataset from a subtropical shallow urban reservoir. Our two proposed
hypotheses were verified. First, the community stability of both FL and
PA bacteria increased with increasing salinity, but decreased with
increasing salinity variance, presumably by eliminating salt-sensitive
species. Second, the differences of response processes and underlying
mechanisms between FL and PA bacterial community stabilities were
unraveled. PA bacterial communities were more stable than FL bacterial
communities at high salinity level with low salinity variance scenarios,
but they were less stable at low salinity level with high salinity variance
scenarios, implying that FL bacteria are more susceptible to the absolute
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salinity level, whereas PA bacteria are more related to the increased
salinity variance during rainy periods. Importantly, these differences in
community stability of FL and PA bacteria under different salinity sce-
narios can be well explained by bacterial genome size, the interaction
strength of rare taxa and precipitation events. Given that precipitation-
induced salinity changes have a stronger impact on PA than FL bacterial
community stability in surface waters, the predicted increase in fre-
quency and intensity of future precipitation events may lead to high
risks to aquatic ecosystem functions and services. In summary, our study
reveals a strong relationship among precipitation, salinity and commu-
nity stability of FL and PA bacteria, and provides important insights into
the mechanisms underlying the differences in community stability be-
tween FL and PA bacteria in a changing climate.
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