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Abstract
Microbial communities are crucial for water quality and biogeochemical cycling in freshwaters. Microbes secrete extracel-
lular enzymes to decompose organic matter for their needs of nutrients and scarce elements. Yet, there is a lack of knowledge 
on microbial metabolic limitations in freshwaters, especially in lake sediments. Here, we examined the carbon, nitrogen, 
and phosphorus-acquiring extracellular enzyme activities and the bacterial and fungal communities of 30 sediments across 
Xingkai Lake, the largest freshwater lake in Northeast Asia. We further analyzed the microbial metabolic limitations via 
extracellular enzyme stoichiometry and explored the direct and indirect effects of abiotic and biotic factors on the limitations. 
We found that microbial metabolisms were primarily limited by phosphorus in Xingkai Lake. For instance, microbial carbon 
and phosphorus limitations were closely correlated to abiotic factors like water depth, total dissolved solids, sediment total 
carbon, and conductivity. The metabolic limitations were also affected by biotic factors, such as showing positive relationships 
with the alpha and beta diversity of bacteria, and with the beta diversity of fungi. In addition, community compositions of 
bacteria and fungi were mainly correlated to abiotic factors such as total carbon and dissolved organic carbon, respectively. 
Collectively, microbial metabolic limitations were affected directly or indirectly by abiotic factors and microbial communi-
ties. Our findings indicate that microbial metabolic limitations are not only driven by bacteria and fungi but also by abiotic 
factors such as water depth and total nitrogen, and thus provide empirical evidence for effective management of freshwater 
lakes under climate warming and intensified human activities.

Keywords Extracellular enzyme activities · Microbial metabolic limitations · Extracellular enzyme stoichiometry · Vector 
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Introduction

Microbial communities and their activities can mediate nutri-
ent cycling in aquatic ecosystems [1]. Extracellular enzymes 
released by microbial communities increase the availabil-
ity of nutrients by decomposing organic substances [2]. In 
lakes, extracellular enzyme activities (EEAs) and microbial 
activities are usually highest in the surface sediments [3]. 
The EEAs have been extensively employed as indexes of 
microbial carbon, nitrogen, and phosphorus decomposition 
and substrate acquisition [2, 4] and are commonly catego-
rized as carbon-acquiring enzymes, β-D-cellobiohydrolase 
and β-1,4-glucosidase; nitrogen-acquiring enzymes, leucine 
aminopeptidase and β-1,4-N-acetylglucosaminidase; and 
phosphorus-acquiring enzymes, alkaline phosphatase [5]. 
Microbes produce extracellular enzymes to overcome nutri-
ent limitations and release essential elements such as nitro-
gen and phosphorous from organic substrates [6]. Global 
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nutrient limitations in a system can be measured from the 
levels of extracellular enzyme activities that can liberate 
carbon, nitrogen, and phosphorous from complex organic 
substrates. This can be described as the ratio of logarithmi-
cally converted C, N, and P to enzyme activities involved in 
carbon, nitrogen, and phosphorus acquisitions [7, 8]. The 
activities of key enzymes that catalyzing the hydrolysis 
of principal C, N, and P compounds are characterized by 
similar scaling relationships, with a mean ratio for C:N:P 
extracellular enzyme activities near 1:1:1 in soils, biofilms 
and sediments [7]. Microbial metabolic limitations including 
carbon and nutrient limitations could further be determined 
by a vector analysis approach of EES [9]. The vector analysis 
refers to quantifying the relative investments in carbon vs 
nutrient acquisition and phosphorous vs nitrogen acquisition 
by calculating the length and angle of vectors in plots of 
carbon: nitrogen vs. carbon: phosphorous enzymes activi-
ties, respectively [9].

Carbon, nitrogen, and phosphorous availability are 
strongly affected by both abiotic and biotic factors as sug-
gested by EES [10, 11]. For abiotic factors, physicochemical 
variables such as pH, depth, conductivity, and nutrient con-
tents may influence the activity and stability of extracellular 
enzymes and have an impact on the nutrient requirements 
of microbes [12, 13]. For instance, pH directly affects EEAs 
due to their different optimal pH ranges [14]. In low-pH 
soils, the alkaline phosphatase activities could increase with 
the elevated phosphorus limitation [15]. Additionally, in 
deeper soils or sediments, enzyme activities would probably 
be higher when nutrients are more limited [16, 17]. Bacteria 
and fungi are mainly responsible for excreting extracellular 
enzymes in soils and sediments [3, 18, 19]. For instance, 
bacteria are mainly correlated with the enzymes relevant to 
the breakdown of organic materials and play crucial roles 
in nitrogen and phosphorous cycles in both sediment and 
water [20]. In the case of ectomycorrhizal fungi, they secrete 
EEAs from soil organic materials to get carbon and nutri-
ents, hence facilitating the nutrition of their host [21]. Nutri-
ent bioavailability is critical for the growth and maintenance 
of microbes, which is important to unravel the mechanisms 
of microbial metabolic limitations, especially in freshwater 
lakes.

Here, we examined the extracellular enzyme activities, 
such as those that acquire carbon, nitrogen, and phos-
phorous and the communities of bacteria and fungi of 30 
sediments across the Xingkai Lake, China. This lake in 
Northeast Asia is the largest freshwater lake and is cru-
cial for sustaining regional biodiversity and environmental 
balance [22]. The area around the lake has seen a sig-
nificant increase in resource development and usage in 
recent years due to the rapid growth of population and 
socio-economic development, and thus causes poor water 
quality and eutrophication [23]. We further analyzed the 

microbial metabolic limitations via vector analysis of 
extracellular enzyme stoichiometry and explored direct 
or indirect effects on the limitations regarding abiotic and 
biotic variables, such as pH, water depth, or bacterial and 
fungal community compositions. Our main objectives are 
to respond to the following questions: (i) What is the mode 
of microbial metabolic limitation in Xingkai Lake? (ii) 
Which abiotic and biotic variables are the primary causes 
of microbial metabolic limitations? (iii) How do the abi-
otic and biotic factors directly or indirectly affect micro-
bial metabolic limitations?

Materials and Methods

Study Area and Sample Collection

The location of the study was in Xingkai Lake (Fig. S1), 
which is situated at the border between Russia and China 
(44°32′–45° 21′ N, 131°58′–132°51′ E). In Northeast Asia, 
Xingkai Lake is the largest freshwater lake with 4.5 m aver-
age water depth and 65 m a.s.l. elevation and covers an area 
of 4556  km2 [24]. With an annual average temperature of 
3 °C, the climate is temperate continental monsoon. There 
is 540 mm of precipitation on average every year. Average 
monthly temperatures in summertime reach a maximum of 
21 °C, while wintertime averages drop to − 19.2 °C [23]. 
Xingkai Lake is divided into two lake regions by a sand 
dyke, namely Large Xingkai Lake (LXK) and Small Xing-
kai Lake (SXK), respectively [25]. There have been diverse 
habitats surrounded by an abundance of wetlands, swamps, 
and farmland. Xingkai Lake has crucial ecological functions 
such as conserving water sources, maintaining biodiversity, 
and regulating climate [26, 27].

In July 2021, we collected sediment and water samples 
in 30 locations, that is, 10 in the Small Xingkai Lake and 20 
locations in the Large Xingkai Lake, respectively (Fig. S1). 
We recorded the latitude and longitude of each sampling site 
by a GPS device. At each site, water depth was measured by 
a bathymeter. From the upper 50 cm of the lake’s surface 
layer, we removed 1 L of overlying water using a 5 L sam-
pler, and then promptly sealed and stored it at − 20 °C for the 
activities of microbial communities and enzyme analyses. 
Additionally, the surface sediments (0–5 cm) were sampled 
with box samplers. Two sub-samples were taken from these 
surface sediments: one was kept at − 20 °C for enzyme activ-
ity and microbial community analyses, and the other was 
kept at 4 °C for physiochemical measures. For each site 
in situ, the temperature, pH, salinity, total dissolved solids 
(TDS), and conductivity in the surface water (below 50 cm) 
were measured using a water quality detector with multiple 
parameters (YSI Incorporated, Yellow Springs, USA).
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Physicochemical Properties Analyses

For surface water, we measured dissolved ammonium 
 (NH4

+-N), phosphorus  (PO4
3−-P), nitrite  (NO2

−-N), and 
nitrate  (NO3

−-N) with a continuous flow analyzer (Skalar 
SA 1000, Breda, The Netherlands) [28]. We also used a 
peroxodisulfate oxidation to measure total phosphorus (TP) 
and total nitrogen (TN) according to the spectrophotometric 
methods [29].

For surface sediments, we first freeze-dried the samples to 
constant their weights and then grind them into fine powder 
for 4 days. For elemental analysis, we utilized the samples 
that went through a 100-mesh screen. Specifically, we used 
an elemental analyzer to measure the total nitrogen (TN) and 
total carbon (TC) of sediment. We also decomposed sedi-
ment total phosphorus (TP) with perchloric acid  (HClO4)—
hydrofluoric acid (HF) and measured TP with the molybde-
num blue colorimetry [30]. After freeze-drying the surface 
sediment, we filtered the aqueous suspension with cellulose 
acetate membranes (0.45 µm) to extract dissolved organic 
carbon (DOC) and dissolve inorganic nutrients in sediments 
(sediments to water ratio 1:20, g/ml) [31]. We used conven-
tional procedures to assess the dissolved phosphorus  (PO4

3−) 
and nitrogen  (NH4

+,  NO3
−, and  NO2

−) of sediments [32] and 
used a TOC analyzer (ET1020A, USA) to evaluate DOC 
with the combustion oxidation method [31]. We measured 
the conductivity and pH of surface sediments with conduc-
tivity and pH meters (Sanxin, China).

Extracellular Enzymes Assays

To quantify ecosystem functions, a fluorimetric microplate 
enzyme assay with the 96-well microplate was used to deter-
mine the activities of five essential extracellular enzymes 
[33]. The fluorimetric microplate enzyme assay can culture 
suspension, substrate, and corresponding buffer solution in 
a 96 microplate. This can allow the enzyme reaction to take 
place in the microplate and then perform fluorescence detec-
tion, greatly improving detection efficiency. These enzymes 
catalyze the last processes that use carbon, nitrogen, and 
phosphorus as their primary resources to hydrolyze absorb-
able compounds. Among these five enzymes, cellobiohydro-
lase (CBH) and β-1,4-Glucosidase (BG) contribute to the 
degradations of cellulose and are both related to C-cycling. 
β-N-acetyl-glucosaminidase (NAG) and Leucine amin-
opeptidase (LAP) are both related to carbon and nitrogen 
cycling. LAP hydrolyzes hydrophobic amino acids and leu-
cine at the N terminal of polypeptides, and NAG is essen-
tial for the degradation of chitin. Acid phosphatase (AP) 
hydrolyzes phosphomonoesters, releasing phosphate, and 
is related to carbon and phosphate cycling [5]. We provide 
a list of these five enzymes’ specific functions in Table S1 
[34].

Calculation of Microbial Metabolic Limitations

The ratio of carbon- to nitrogen-extracellular enzyme 
activities (e.g., (BG + CBH) /(NAG + LAP) in Table S1) 
or carbon- to phosphorus-extracellular enzyme activities 
(e.g., (BG + CBH)/AP in Table S1) is representative for 
the availability of organic carbon to nitrogen or phospho-
rus ratio in the system [5]. This can be described by a 
vector that determines the length and angle in plots of 
the carbon: nitrogen versus carbon: phosphorus enzyme 
activity, respectively [9]. Vector length (VL) and vector 
angle (VA) are included in the vector analysis and could 
evaluate the relative contributions in carbon versus nutri-
ent (nitrogen or phosphorus) acquisition and phosphorus 
versus nitrogen acquisition, indicating microbial relative 
energy and nutrient limitations. The following two equa-
tions were used to conduct the vector analysis of EES [9].

where x indicates the comparative carbon- versus phospho-
rus-obtaining enzymes activities; y denotes the compara-
tive carbon- versus nitrogen-obtaining enzymes activities; 
in Eq. 1, VL is calculated by root-sum square of x2 and y2, 
indicating microbial carbon limitation; and VA is arc-tan-
gent of the line connecting the point (x, y) and plot origin, 
quantifying microbial nitrogen or phosphorus limitation in 
Eq. 2. A higher microbial carbon limitation is indicated by 
higher vector length values. Microbial phosphorus limitation 
and nitrogen limitation is indicated by vector angles > 45° 
and < 45°, respectively [34].

Bacterial and Fungal Communities

According to the manufacturer instructions, Microbial 
DNA from the sediment samples such as bacteria and 
fungi were extracted with MoBio PowerSoil DNA Isola-
tion Kit (MoBio, Carlsbad, USA). For bacteria, we used 
polymerase chain reaction (PCR) with primers 806R (5′-
GGA C TA CNV GGG TWT CTA AT-3′) and 515F (5′-
GTG YCA GCM GCC GCG GTA A-3′) to amplify 16S 
rRNA genes’ V4 hypervariable regions in triplicate [35]. 
We then used the procedure ‘pick_open_reference_otus.
py’ to process the sequences into Microbial Ecology 
(QIIME2 version 2022.8) pipeline [36]. We also used the 
Denoiser algorithm to denoise the sequences that were 
longer than 450 bp [37] and used the UCLUST algorithm 
with seed based at a 97% similarity threshold to cluster 
them into operational taxonomic units (OTU) [38].

(1)C limitation = VL = SQRT
(

x
2 + y

2
)

(2)N∕P limitation = VA(◦) = Degrees(ATAN2(x, y))
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For fungi, we used the universal primers ITS1F (5′- CTT 
GGT CAT TTA GAG GAA GTA A -3′) and ITS2 (5′- GCT 
GCG TTC ATC GAT GC -3′) to amplify internal transcribed 
spacer 1 (ITS1) regions [39]. We then used PicoGreen 
(Eugene, OR, USA) to mix and measure the PCR results with 
triplicate reactions and further sufficiently utilized the even-
sequencing efforts for every sample in equimolar amounts. 
The clustering of OTUs was comparable to bacterial identifi-
cation, whereas each OTU's taxonomic identity was investi-
gated with the UNITE database [40]. Consequently, minimum 
sequence abundance was applied sparingly to both bacterial 
and fungal sequences to guarantee that variations in abun-
dance or intensity of sampling would not impact biodiversity.

Statistical Analysis

Firstly, we examined the significant differences of abiotic 
and biotic characteristics between Small Xingkai Lake and 
Large Xingkai Lake with a one-way analysis of variance. 
The characteristics include physicochemical properties (e.g., 
depth, pH, TDS, salinity, DOC, TC, TN, and TP), enzyme 
activity (e.g., CBH, BG, LAP, NAG, and AP), and microbial 
diversity (e.g., Shannon index). Among them, the Shannon 
index [41] uses two factors to characterize diversity: the dis-
tribution of biomass for each species (species evenness) and 
the number of existing species (species richness).

Secondly, we investigated how microbial metabolic limita-
tions and EEAs are related to abiotic factors by Pearson cor-
relation analysis [42]. By adding the enzyme activity required 
to acquire carbon (AG + BG), nitrogen (NAG + LAP), and 
phosphorus (AP), respectively, the elemental cycles were 
computed to characterize nutrient acquisition effects via enzy-
matic activities [34]. The relationships regarding on microbial 
metabolic limitations and main abiotic or biotic factors were 
assessed using a linear regression model for each region. We 
also illustrated the links underlying the differences in micro-
bial metabolic limitations with the Bray–Curtis dissimilarity 
[43] of the fungal and bacterial community compositions via 
a linear regression model. The Mantel test (999 permutations) 
was used to evaluate the relevance of the linear model.

Thirdly, we used random forest (RF) analysis to deter-
mine how much each abiotic factor contributed in relation 
including the Shannon index of bacteria and fungi, elemental 
cycles (C, N, and P), and microbial metabolic limitations. 
Random forest is a machine-learning technique that calcu-
lates the relative weights of predictor variables by averaging 
such drops in prediction accuracy across 2000 trees in a for-
est. The computation of the mean square error increase for a 
given predictor between the observation and the out-of-bag 
prediction after the data is randomly permuted yields the 
amount of such a decline in each instance of the tree [44]. 
We also used redundancy analysis (RDA) in order to choose 
crucial abiotic components that would have an important 

influence on the compositions of bacterial and fungal com-
munities with Hellinger transformation [45].

Finally, we explored how driving factors directly or indi-
rectly affected microbial metabolic limitations by structural 
equation model (SEM). Using statistical principles and causal 
hypotheses, SEM is a model framework which attempts to 
construct and assess models to investigate the potential causal 
relationship between variables in a quantitative manner [46]. 
With an analysis of variance, we estimated the standardized 
path coefficient (β) in SEM and used the significant path 
coefficient to derive the standardized total effect (SE). We 
evaluated the SEMs’ overall goodness of fit and examined the 
models with the highest comparative fit index (CFI > 0.95), 
a nonsignificant root mean square error approximation 
(RMSEA < 0.05, P > 0.05), and symmetric mean absolute 
percentage error (SRMR < 0.08, P > 0.05) [46].

The statistical analyses mentioned above were analyzed in 
R software (version 4.2.3) (http:// cran.r- proje ct. org/), using 
the “dplyr package” for data management, “ggplot2 pack-
age” for data visualization, “psych package” for Pearson 
correlation analyses, “vegan package” for the redundancy 
analysis and Bray–Curtis dissimilarity matrices analysis 
of communities of bacteria and fungi, “randomForestSRC 
package” for random forest analysis, and “lavaan package” 
for structural equation model.

Results

Environmental Properties and Microbial Metabolic 
Limitation

The physicochemical properties of sediments varied between 
two regions of Xingkai Lake (Table S2). The nutrient con-
tents were generally higher in SXK than in LXK. Spe-
cifically, the contents of sediment TC, TN, and TP were 
averagely 18.06, 1.78, and 0.73 g·kg−1, respectively, in 
Small Xingkai Lake and were 5.43, 0.69, and 0.44 g·kg−1, 
respectively, in Large Xingkai Lake. In general, the sedi-
ment TN to TP average ratio was higher in SXK than LXK, 
with 2.44 and 1.57, respectively (Table S2). The EEAs also 
significantly differed between SXK and LXK. For instance, 
the EEAs of C-acquiring enzyme such as BG were three 
times higher in SXK than in LXK. The EEAs of N-acquir-
ing enzyme activities such as NAG and LAP were slightly 
higher in SXK than LXK. The activities of AP, involved in 
the phosphorus cycle, were four times lower in SXK than in 
LXK (Table S2).

In Xingkai Lake, the predominant bacteria phyla were 
Proteobacteria, Acidobacteria, Chloroflexi, Planctomycetes, 
and Actinobacteria with the mean relative abundances of 
33.03, 11.32, 10.45, 9.18, and 7.54%, respectively (Fig. S2a). 
The dominant fungi phyla were Ascomycota, Basidiomycota, 

http://cran.r-project.org/
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Chytridiomycota, Rozellomycota, and Mortierellomycota 
with the mean relative abundances of 53.23, 33.47, 6.06, 
1.72, and 0.2%, respectively (Fig. S2b).

The characteristics of EES, including vector lengths and 
vector angles, indicated that Xingkai Lake jointly possessed 
carbon and phosphorus limitation (Fig. 1d). Compared to 
nitrogen acquisitions, there were more EEAs engaged in 
carbon acquisitions in Xingkai Lake (Fig. 1a). Phosphorus 
acquires accounted for a larger percentage of EEAs than 
carbon acquisitions (Fig. 1b). These findings imply that 
phosphorus and carbon were the primary microbial limita-
tions in Xingkai Lake, as opposed to nitrogen. In terms of 
nutrient (N or P) limitations in Xingkai Lake, the majority 

of sediment samples (22 out of 24) were above the line (1:1 
line) (Fig. 1c). This suggests a strong phosphorus limitation 
was predominant.

Abiotic and Biotic Factors Driving Microbial 
Metabolic Limitations

We also investigated the connections between biotic and 
abiotic driving forces in Xingkai Lake and the metabolic 
limitations of microbes. Overall, there existed a posi-
tive correlation between microbial carbon limitation and 
water TDS, sediment TC, and conductivity (P < 0.001, 
Figs. 2b–d, S3), while negatively connected with water 

Fig. 1  The stoichiometry of the relative proportions (a–c) and the lin-
ear correlations between microbial C and N/P limitation (d) of sedi-
ments. The relative proportions include C- vs. N-acquiring enzymes 
(a), C- vs. P-acquiring enzymes (b), and enzymatic C:N vs. C:P (c). 

The black dashed lines (a–c) indicate the effort of equal acquisition 
by the relevant enzyme activities on the x and y axis. The black solid 
line represents the linear relationship between nutritional and carbon 
limitations (d)
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depth (P < 0.001, Fig. 2a). Similarly, the microbial phos-
phorus limitation was negatively related to water TDS, 
sediment TC, and conductivity (P < 0.001, Figs. 2f–h, 
S3), while positively related to water depth (P < 0.001, 
Fig. 2e).

We also examined the connections between enzyme 
activities and abiotic factors. The EEAs of BG involved 
in the carbon cycle were positively connected with nutri-
ent levels such as water TN, sediment TC, TN, and DOC 
(P < 0.001, Fig.  S3), while negatively connected with 
water depth and sediment pH (P < 0.001, Fig. S3). Like-
wise, the EEAs of AP involved in the phosphorus cycle 
were positively connected with the water pH and depth 
(P < 0.01, Fig. S3). It indicated that microbial phospho-
rus limitation significantly increased with elevated pH and 
water depth.

For biotic factors, the impacts of fungi and bacteria on 
microbial metabolic limitations and element cycling were 
distinct. For instance, the metabolic limitations of carbon 
and phosphorus were significantly correlated to the Shannon 
index of bacteria (P < 0.05, Fig. 3a, c), while nonsignificant 
to that of fungi (Fig. 3b, d). Additionally, the Bray–Curtis 
dissimilarity of bacteria and fungi was positively and signifi-
cantly correlated to the differences in carbon and phosphorus 
limitations (P < 0.001, Fig. 3e–h).

The Relative Contributions of the Main Driving 
Factors

We evaluated the relative contributions of abiotic factors to 
the bacterial and fungal Shannon index by random forest 
analysis. The Shannon index of bacteria was affected by the 
conductivity and TC of sediment and conductivity and N/P 
ratio of water (P < 0.05, Fig. 4a). The bacterial community 
structure was mainly affected by sediment conductivity, 
DOC, TC, and water factors, such as depth, pH, salinity, 
and TDS (P < 0.05, Fig. 4c). Sediment DOC accounted for 
56.19% in the Shannon index of fungi (P < 0.001, Fig. 4b). 
Sediment conductivity and water factors, such as depth, pH, 
temperature, and N/P ratio mainly affected the community 
structure of fungi (P < 0.05, Fig. 4d).

We estimated the relative contribution of abiotic vari-
ables among carbon/nitrogen/phosphorus cycles and 
microbial metabolic limitations with random forest anal-
ysis. The carbon-cycle fluctuations were mostly caused 
by sediment DOC, which contributed 33.46% of the total 
changes (P < 0.001, Fig. 5a), followed by water dissolved 
nitrite, sediment pH, and TC with relative contributions of 
24.89, 12.11, and 11.68%, respectively (P < 0.05, Fig. 5a). 
Water depth had a 23.46% relative contribution to the vari-
ations in the nitrogen cycle (P < 0.001, Fig. 5b), followed 

Fig. 2  Correlations of the microbial metabolic limitations with abi-
otic factors in water and sediment. Abiotic factors include water depth 
(m), total dissolved solids (TDS, mg·L−1), sediment total carbon (TC, 

 103  g·kg−1), and conductivity (us·cm−1). The lines represent the fit-
ted linear regressions with 95% confidence intervals indicated by the 
shaded areas. The adjusted R2 values of the linear models are denoted



Carbon and Nutrient Limitations of Microbial Metabolism in Xingkai Lake, China: Abiotic and… Page 7 of 13    97 

by water dissolved phosphorus and nitrogen/phosphorus 
ratio with contributions of 13.72 and 12.54%, respectively 
(P < 0.01, Fig. 5b). With a proportional contribution of 
18.02%, sediment conductivity dominated changes in 
the phosphorus cycle (P < 0.001, Fig. 5c), followed by 
sediment TC, nitrogen/phosphorus ratio, and dissolved 
phosphorus with relative contributions of 16.68, 11.94, 
and 8.72%, respectively (P < 0.05, Fig. 5c). In addition, 
microbial carbon limitation was mainly altered by water 
TDS, sediment TC, and water depth with relative contri-
butions of 12.32, 8.24, and 7.86%, respectively (P < 0.01, 
Fig. 5d), followed by phosphorus cycle and DOC in sedi-
ment with the contributions of 7.56 and 7.49%, respec-
tively (P < 0.05, Fig. 5d). With a relative contribution of 
32.12%, the nitrogen cycle considerably altered the micro-
bial phosphorus limitation (P < 0.001, Fig. 5e), followed 
by sediment conductivity, water depth, and TDS with rela-
tive contributions of 17.28, 6.44, and 6.21%, respectively 
(P < 0.05, Fig. 5e).

Direct and Indirect Relationships on Microbial 
Metabolic Limitation

Finally, we investigated the possible direct or indirect effects 
on carbon and nitrogen/phosphorus limitations of physico-
chemical features and attributions to microbial communi-
ties and the carbon/nitrogen/phosphorus cycle by SEM. 
For microbial carbon limitation, the primary causes of the 
fluctuation were water depth, TDS, sediment TC, and pH 
with a total contribution of 72.9% by the multiple stepwise 
regressions (P < 0.05, Table S3). For microbial phosphorus 
limitations, the two main factors, water depth, and sediment 
conductivity, jointly accounted for 72.3% and 70.7% of the 
changes (P < 0.05, Table S3). After accounting for these 
specific physicochemical parameters, microbial community 
characteristics, and carbon/nitrogen/phosphorus cycles, the 
final SEM explained 99.6% and 99.2% of the variations in 
microbial carbon and phosphorus limitations, respectively 
(Fig. 6a, b). Our main findings demonstrated that, in com-
parison with the alpha diversity of bacteria and fungi, car-
bon and phosphorus limitations were more influenced by 

Fig. 3  Relationships between microbial metabolic limitations and 
the diversity of bacterial and fungal community. The relationships 
include microbial metabolic limitations with alpha diversity of bacte-
rial (a, c) and fungal (b, d) communities, and the difference in micro-
bial metabolic limitations with Bray–Curtis dissimilarity of bacterial 
(e, g) or fungal (f, h) community composition. The lines represent 

the fitted linear regressions with 95% confidence intervals indicated 
by the shaded areas. The adjusted R2 values of the linear models are 
denoted (*0.01 < P ≤ 0.05; **0.001 < P ≤ 0.01; ***P ≤ 0.001). The 
significant (P < 0.05) and nonsignificant (P > 0.05) trends are shown 
as solid and dashed lines, respectively
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the physicochemical characteristics, elemental cycles, and 
microbial compositional changes.

We further examined how driving factors directly or 
indirectly affect microbial metabolic limitations. For car-
bon limitation, the greatest physicochemical contribut-
ing factors (SE = 0.47; Fig. S4) were found in the water 
TDS, then in the sediment TC and water depth (SE = 0.39 
and − 0.29, respectively; Fig. S4). The phosphorus cycle 
has an indirect effect on carbon restriction due to water 
depth (β =  − 0.22; Fig. 6a). Additionally, sediment con-
ductivity indirectly impacted carbon limitation through the 
bacterial community compositions and phosphorus cycle 
(β =  − 0.18 and − 0.27, respectively; Fig. 6a). The most 
important microbiological feature for carbon limitation was 

the composition of the bacterial communities (SE = 0.19; 
Fig. S4), that impacted carbon limitation directly (β = 0.11; 
Fig. 6a). For phosphorus limitation, sediment conductivity 
was also the most important physicochemical contributing 
factors (SE =  − 0.37; Fig. S4), succeeded by water depth and 
TDS (SE = 0.27 and − 0.19, respectively; Fig. S4). Specifi-
cally, water TDS directly impacted phosphorus limitation 
(β =  − 0.22; Fig. 6b), and phosphorus limitation was indi-
rectly impacted by sediment conductivity via the community 
compositions of bacteria (β =  − 0.18; Fig. 6b). The nitrogen 
cycle also directly affected phosphorus limitation signifi-
cantly (β =  − 0.57; Fig. 6b). Bacterial community structure 
was the most significant microbiological characteristic for 
phosphorus limitation (SE =  − 0.16; Fig. S4), that impacted 
carbon limitation directly ( β =  − 0.11; Fig. 6b).

Fig. 4  Relative contributions of abiotic factors for bacterial (a) or 
fungal (b) alpha diversity, and the community compositions of bac-
teria (c) and fungi (d). The columns filled with brown and blue indi-
cate sediment and water variables, respectively. The significance 
of each variable was shown beside the column (*0.01 < P ≤ 0.05; 
**0.001 < P ≤ 0.01; ***P ≤ 0.001). S_TC, sediment total nitrogen; 

S_Conductivity, sediment conductivity; S_DOC, sediment dissolved 
organic carbon;  S_NO3

−-N, sediment dissolved nitrate; W_N/P, water 
nitrogen and phosphorus ratio; W_Conductivity, water conductiv-
ity; W_salinity, water salinity; W_TDS, water total dissolved solids; 
W_Depth, water depth; W_Temperature, water temperature; W_pH, 
water pH;  W_NH4

+-N, water dissolved ammonium
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Discussion

Since the ambient resources are typically insufficient to 
support microbial growth, benthic microbes decompose the 
organic matter in sediments using extracellular enzymes 
to obtain carbon and other nutrients [47]. Yet, little is now 
known about microbial metabolic limitations, including car-
bon and nutrient limitations, especially in lake sediments. 
In our research, we examined carbon, nitrogen, and phos-
phorus-acquiring enzyme activities in Xingkai Lake and 
further determined the driving abiotic and biotic factors of 
microbial metabolism limitations with extracellular enzyme 
stoichiometry via vector analysis. We have the following 
main findings: (1) Microbes were mainly limited by phos-
phorus in Xingkai Lake. (2) Microbial carbon and nutrient 
limitations were closely correlated to water total dissolved 
solids, sediment total carbon, and conductivity. (3) Micro-
bial metabolic limitations were significantly related to the 
alpha and beta diversity of bacteria, and to the beta diversity 
of fungi. (4) Microbial metabolic limitations were mainly 

affected directly and indirectly by abiotic factors and micro-
bial communities.

In the lake sediments of our research, although the lev-
els of total nutrients were significantly high (Table S2), 
especially total carbon and phosphorus, the microbial 
metabolism was still limited by sediment carbon and phos-
phorus in freshwater lake ecosystems. We assume that the 
stoichiometry of nutrients is an important explanation. In 
contrast to the worldwide ratio of 1:1:1, the mean ratio of 
the carbon: nitrogen: phosphorus acquisition enzyme was 
1:0.58:1.51 in Xingkai Lake. This indicates that the activi-
ties of enzymes that acquire carbon or phosphorus are com-
paratively greater than those that acquire nitrogen, and the 
activities of enzymes that acquire phosphorus were greater 
than those that acquire carbon. Although it is less reported 
in sediments due to the restriction of measurements and the 
heterogeneity of sediments, we could find similar results 
in soil ecosystems. Based on extracellular enzyme stoichi-
ometry, the worldwide meta-analysis shows that bacteria 
in soil ecosystems maintain a stoichiometric homeosta-
sis of carbon, nitrogen, and phosphorus [5]. The ratio of 

Fig. 5  Relative contributions of abiotic or biotic factors for cycle 
(a, b, c) and microbial metabolic limitation (d, e). The columns 
filled with brown, blue, green, and purple indicate sediment vari-
ables, water variables, microbial community variables, and enzyme 
activity variables, respectively. Among them, microbial community 
variables include the composition of bacteria (BC) and fungi (FC). 
The significance of each variable was shown beside the column 
(*0.01 < P ≤ 0.05; **0.001 < P ≤ 0.01; ***P ≤ 0.001). S_TC, sediment 
total nitrogen; S_DOC, sediment dissolved organic carbon; S_N/P, 

sediment nitrogen and phosphorus ratio; S_pH, sediment pH; S_Con-
ductivity, sediment conductivity;  S_NO3

−-N, sediment dissolved 
nitrate; S_  PO4

3−-P, sediment dissolved phosphorus; W_N/P, water 
nitrogen and phosphorus ratio; W_Conductivity, water conductiv-
ity; W_salinity, water salinity; W_TDS, water total dissolved solids; 
W_Depth, water depth; W_Temperature, water temperature; W_pH, 
water pH;  W_NH4

+-N, water ammonium; W_  PO4
3−-P, water dis-

solved phosphorus
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carbon:nitrogen:phosphorus acquisition enzymes, however, 
is highly dependent on ecosystem type and local environ-
mental circumstances, such as in forests, grasslands, and 
other soil ecosystems. For instance, based on a nationwide 
dataset, the ratios of carbon:nitrogen:phosphorus acquisi-
tion enzymes vary from 1:1:1 in China’s forests [48] but 
are extremely close to 1:1:1 for the surface soils of forest 
ecosystems in Eastern China [49]. Additionally, in Northern 
China, the ratio of carbon:nitrogen:phosphorus acquisition 
enzymes is 1:1.2:1.4 in temperate grassland ecosystems, 
indicating the limitation of phosphorus [50]. Therefore, the 
limitation of microbial carbon and nutrients is mainly due 
to the changes in nutrient stoichiometry, and thus leads to 
imbalanced nutrient supply in sediments and soils.

We also found that abiotic variables, such as water depth, 
TDS, and sediment conductivity, had important impacts on 

the microbial metabolic limitations. The freshwater lake eco-
system has characteristics such as closure, fragility, and low 
salinity [51]. It may provide relatively stable environmental 
conditions for microbes and result in low nutrient cycling. 
For instance, our findings showed the effects of water TDS 
and sediment conductivity on the microbial carbon and 
nitrogen limitations (Figs. 2, 5, 6). Conductivity, one of the 
most important thermophysical properties of lake water, 
can be used to evaluate the nutrient status of lakes [52]. 
There is almost a linear relationship between conductivity 
and total dissolved solids. The more eutrophication occurs, 
the greater impacts of electrons are carried out by nitrogen 
and phosphorus on electrical conductivity [53] and lead to 
the enrichment of electrically active microbial communities 
with finally carbon or nutrient limitations [54]. In addition, 
at different water depths, the sedimentation rates of particle 

Fig. 6  The structural equation model (SEM) of carbon (a) and phos-
phorus (b) limitations. The model includes sediment variables (e.g., 
sediment total carbon (S_TC), sediment conductivity (S_Conductiv-
ity) and sediment dissolved organic carbon (S_DOC)), water vari-
ables (e.g., water total dissolved solids (W_TDS) and water depth 
(W_Depth)), microbial community variables (e.g., alpha diversity of 

bacteria (BD) and fungi (FD) and composition of bacteria (BC) and 
fungi (FC)) and enzyme activity variables (e.g., N cycle and P cycle). 
Blue and red arrows represent positive and negative pathways, respec-
tively (P < 0.05). Arrow width is proportional to the strength of the 
relationship and numbers represent the standard path coefficients
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organic carbon vary significantly due to fluid dynamics and 
biological disturbances [55] and could affect the microbial 
processes that are in charge of the elemental cycling in 
sediments.

Additionally, we found that microbial phosphorus limita-
tions were significantly related to microbial communities, 
especially the compositions of bacteria instead of fungi. In 
our results, bacteria had a higher correlation with carbon 
and phosphorus limitations than fungi in the sediments of 
Xingkai Lake (Figs. 3, 5). These results suggest that the rela-
tive contributions to microbial phosphorus limitations are 
higher for bacteria than fungi. There may be two reasons to 
explain this phenomenon. One is that bacteria are thought to 
be essential to the health of their environments and occupy 
a greater variety of niches than fungi, algae, and protozoa 
[56]. And the other is that in comparison to fungi, bacteria 
often have higher phosphorus demands [57] and lower C/N 
ratios [58]. We also found that microbial phosphorus limita-
tions were more significantly correlated with beta diversity 
than alpha diversity of microbial communities. This could 
be due to a mixing of related environmental causes, similar 
evolutionary histories, and direct functional relationships, 
and thus lead to a better consistency of microbial beta diver-
sity than alpha diversity [59]. More research is required to 
better understand the potential effects of microbial compo-
sitions and activities on metabolic limitations, particularly 
in lake sediments, due to the complexity of these factors in 
the natural environment. We expected future studies could 
include the total bacterial or fungal biomass, total microbial 
productivity, and available inorganic nitrogen and phospho-
rus in determining the microbial enzyme activities so that 
further mechanisms of carbon and nutrient limitations could 
be explored.

Conclusion

In summary, our findings examined the biotic and abiotic 
factors of the water and sediments for microbial metabolic 
limitations in freshwaters, especially in Xingkai Lake. Via 
extracellular enzyme stoichiometry, we demonstrated that 
microbes were restricted by phosphorus in Xingkai Lake. 
For abiotic predictors, microbial carbon and phosphorus 
limitations were closely correlated to water depth, total dis-
solved solids, sediment total carbon, and conductivity. For 
biotic predictors, microbial metabolic limitations had posi-
tive relationships with the alpha and beta diversity of bac-
teria, and with the beta diversity of fungi, and more signifi-
cantly related to bacterial and fungal beta diversity instead 
of alpha diversity. We further found that microbial meta-
bolic limitations were mainly affected directly or indirectly 
by abiotic factors and microbial communities. These results 

suggest the potential mechanisms on affecting microbial 
metabolic limitation and further highlight the prospective 
impacts of human activities and climate change on freshwa-
ter lakes worldwide. Our research provides novel insights 
into microbial metabolic limitation in lake sediments and 
thus shows theoretical evidence for the effective manage-
ment of freshwater lakes in the context of global warming 
and increased human activities.
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