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Effect of nitrogen addition on the carbon 
metabolism of soil microorganisms 
in a Calamagrostis angustifolia wetland 
of the Sanjiang Plain, northeastern China
Xiaohong Weng1,2, Xin Sui1,2*   , Yingnan Liu3†, Libin Yang2,3 and Rongtao Zhang3† 

Abstract 

Purpose:  Soil microorganisms are important mediators of land ecosystem functions and stability. However, carbon 
sources in different amounts of nitrogen addition are known to affect the function of soil microbial communities. 
Thus, this study sought to evaluate the effects of nitrogen addition on the carbon utilization capacity of soil microor-
ganisms in the Sanjiang Plain wetland, northeastern China.

Methods:  Three nitrogen treatments (CK, 0 kg N ha−1 a−1; N40, 40 kg N ha−1 a−1; and N80 kg N ha−1 a−1) were evalu-
ated in the Honghe National Nature Reserve of the Sanjiang Plain. The carbon metabolism capacity of soil microor-
ganisms in the C. angustifolia wetland was investigated after five consecutive year’s nitrogen addition treatment using 
the Bio-Eco technique.

Results:  Different amounts of nitrogen addition conditions resulted in significant differences in pH, ammonium nitro-
gen (NH4

+), dissolved organic carbon (DOC), and soil microbial alpha diversity. The average well-color development 
(AWCD) in the Bio-Eco Plate assay increased gradually with incubation time, and different nitrogen levels significantly 
affected these AWCD values (P < 0.05), with the N40 treatment exhibiting the highest value. Furthermore, the N80 
treatment had significantly lower Shannon and Pielou diversity indices (P < 0.05). N40 significantly promoted carbohy-
drate, amino acid, and ester utilization rates by soil microorganisms, whereas N80 significantly inhibited carbohydrate, 
amino acid, alcohol, amine, and organic acids utilization. Redundancy analysis (RDA) showed that the three treat-
ments had remarkable differences in soil microbial community metabolism, and the cumulative variance contribution 
was 72.86%. In addition, RDA revealed that the N80 treatment was positively correlated with the TN, SMC, DON, and 
TOC but negatively correlated with DOC, NH4

+, pH, and NO3
−.

Conclusion:  Long-term nitrogen addition leads to changes in soil microbial community structure and significantly 
alters the ability of soil microorganisms to utilize carbon sources in the Calamagrostis angustifolia wetland.
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Background
Soil nitrogen is one of the important nutrient elements 
in ecosystems and plays critical roles on ecosystem 
structure and function. In wetland ecosystems, nitro-
gen is considered to be one of the mainly limiting nutri-
ent elements for primary productivity, but due to the 
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development of agricultural practice and long-term large 
amounts of nitrogen fertilizers utilization, the amounts of 
available nitrogen in the soil increase quickly and impact 
wetland ecosystem structure and function (Vitousek and 
Howarth 1991; Feng et  al. 2015). Therefore, nitrogen-
saturated inputs affect a number of ecological processes 
(Nakaji et al. 2001; Lu et al. 2015), such as soil acidifica-
tion (Ouyang et al. 2005), affecting apoplastic decompo-
sition (Song et  al. 2011), and stimulated CO2 emissions 
(Song et  al. 2013; Tao et  al. 2018), as well as reducing 
soil microbial diversity and affecting microbial ecologi-
cal functions (Wang et al. 2018; Zhang et al. 2018), ulti-
mately having an impact on wetland ecosystems.

Wetlands are important terrestrial ecosystems, cover-
ing 5 to 8% of the total area of the earth. Wetlands pos-
sess the characteristics of both terrestrial and aquatic 
ecosystems and are therefore highly biodiverse and pro-
ductive, in addition to providing a wide range of eco-
system services (Wang et  al. 2006a). Nitrogen addition 
affects the structure and function of wetland ecosystems 
by altering soil environmental conditions such as nitro-
gen content and soil organic matter, influencing soil 
microbial activity, as well as the composition and diver-
sity of soil microbial communities (Li et al. 2006; Wang 
et al. 2006b). Soil microorganisms are major participants 
in soil nitrogen transformation, and have an important 
regulatory role in the soil nitrogen cycle (Zhang et  al. 
2009), and contribute significantly to the stability and 
function of wetlands. Since microbial response to envi-
ronmental changes is very sensitive, so soil microbial 
structure and function is an important indicator for soil 
quality change (Yan et al. 2010).

Previous studies have shown that the continuous input 
of nitrogen affects soil microorganisms in different eco-
systems. For example, Li et al. (2013) results showed that 
the soil microbial activity decreased significantly was 
changed when the ammonium sulfate concentration was 
higher than 528.5 mg/kg. In contrast, Wu et  al. (2017) 
investigated the effect of nitrogen addition (NH4NO3) on 
soil microorganisms in coastal wetlands and found that 
soil microbial activity was increased under N addition 
(3 and 6 g N ha−1 a−1). The reason may be the different 
forms and amounts of N could affect the type of carbon 
source used by the soil microbiota. Fang et  al. (2014) 
reported that nitrogen source inputs of ammonium and 
nitrate nitrogen significantly promoted microbial meta-
bolic activity and utilization of carbon substrates. Long-
term nitrogen input experiments conducted by Compton 
et al. (2004) at Harvard University showed that increased 
nitrogen decreased microbial biomass and reduced the 
utilization ability of microbial communities for carbon 
sources. It is seen that nitrogen input affects grassland 
ecosystems, forest ecosystems, and wetland ecosystems. 

Wetlands play an important role in ecological processes 
such as controlling greenhouse gas emissions, regulat-
ing climate, and maintaining ecosystem balance (Liu 
2004). Many scholars have begun to focus on the effects 
of nitrogen addition on wetland soil microorganisms. 
Lu et  al. (2021) found in the effect of nitrogen addition 
on soil microbial structure and function in coastal saline 
wetlands that high N treatment (200 kg N ha−1 a−1) with 
NH4NO3 as a nitrogen source increased nutrients in 
the soil but reduced soil microbial diversity. Wang et al. 
(2019) studied the effects of nitrogen addition on temper-
ate marshland soils in northeastern China and found that 
nitrogen treatments (8 g N m−2 a−1) with NH4NO3 as a 
nitrogen source for nitrogen input reduced soil pH value 
and alteration in the microbial community.

The Sanjiang Plain is the largest freshwater marsh 
region in China. However, due to the extensive and inten-
sive use of the region for agricultural production over 
the past 50 years, the natural freshwater marshes in this 
region often received increasing amounts of exogenous N 
inputs (Zhao 1999; Wang et al. 2010; Zhang et al. 2007). 
Studies have shown that nitrogen input promotes bacte-
rial growth (Bragazza et  al. 2012), enhances methano-
genic and anaerobic respiratory bacterial activity (Yavitt 
et  al. 2012), accelerates soil denitrification processes 
(Francez et  al. 2011), and inhibits aerobic methane oxi-
dation (Lozanovska et  al. 2016). The previous studies 
reported that the ratio of NH4

+-N/NO3
−-N has been 

reduced from 5 to 2 since the 1970s, so the nitrogen form 
has been changed (Hu et  al. 2019). Our previous study 
also found that the bacterial and fungal diversities and 
compositions in the wetlands of the Sanjiang Plain were 
significantly changed by NH4NO3 addition (Sui et  al. 
2016). However, the function of soil microorganisms in 
the wetlands of the Sanjiang Plain by adding different 
nitrogen forms is still unknown. Therefore, we aim to (i) 
evaluate the variation of soil physicochemistry proper-
ties in different amounts NO3

- addition and (ii) clarify the 
changes of soil microbial carbon metabolism and func-
tion diversity in different amounts NO3

- addition.
The Bio-Eco Plate method is a technique that allows 

researchers to identify the different types of carbon 
sources utilized by soil microorganisms (Garland 1997; 
Preston et al. 2002). This technique has been widely used 
in recent years as it provides a simple and rapid means 
of assessing the function of soil microbial communities 
(Konopka et  al. 1998; Garland and Mills 1991). In this 
study, the carbon utilization capacity of soil microorgan-
isms was investigated using the Bio-Eco Plate technique 
based on long-term field simulations of NH4 addition 
in the Honghe National Nature Reserve in the Sanjiang 
Plain. Our findings thus provide important insights into 
the mechanisms by which wetland ecosystems adapt 
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to human activities, as well as a scientific basis for the 
promotion of sustainable development and the crea-
tion of more effective wetland ecosystem management 
strategies.

Results
Effect of different nitrogen levels on soil physicochemical 
characteristics
Table  1 summarizes the average values of main soil 
physicochemical properties under different nitrogen 
application levels. Different nitrogen levels had a sig-
nificant effect on soil pH, NH4

+ content, and DOC (P < 
0.05). The contents of SMC, DON, and TN showed an 
increasing trend with the increase of nitrogen addition 

concentration, as order CK < N40 < N80; the contents 
of soil pH and NO3

− showed a decreasing trend with 
the increase of nitrogen addition concentration, as order 
CK > N40 > N80; the NH4

+, DOC, and TOC contents of 
each treatment showed a decreasing and then increas-
ing phenomenon with the increase of nitrogen addition 
concentration.

Effects of simulated nitrogen addition on soil microbial 
carbon source metabolic activity
As illustrated in Fig.  1, the average well color develop-
ment (AWCD) of the soil microbial community under 
different nitrogen addition concentrations increased with 
culture time. Specifically, this value increased rapidly at 

Table 1  Physicochemical properties of wetland soil with different nitrogen addition conditions

Each treatment was performed in triplicate. The data are expressed as the mean ± standard deviation; lowercase letters indicate significant differences (P < 0.05)

CK control, N40 40 kg N ha−1 a−1, N80 80 kg N ha−1 a−1, SMC soil moisture contents, DOC dissolved organic carbon, DON dissolved organic nitrogen, TN total nitrogen, 
TOC total organic carbon

Treatment SMC pH NO3−
(mg/kg)

NH4
+

(mg/kg)
DOC
(mg/kg)

DON
(mg/kg)

TN
(%)

TOC
(%)

CK 0.43 ± 0.06a 4.4 ± 0.18a 23.8 ± 6.34a 21.2 ± 3.45a 3897.9 ± 625.37a 299.7 ± 130.71a 0.57 ± 0.23a 5.34 ± 2.23a

N40 0.48 ± 0.03a 4.3 ± 0.0ab 23.4 ± 0.89a 4.3 ± 0.30b 836.0 ± 135.58b 374.2 ± 17.77a 0.77 ± 0.16a 4.62 ± 0.80a

N80 0.50 ± 0.04a 4.1 ± 0.12b 21.7 ± 1.41a 9.4 ± 2.28b 1575.6 ± 325.29b 444.2 ± 134.93a 0.94 ± 0.29a 5.31 ± 1.44a

Fig. 1  Average well color development (AWCD) of the soil microbial community under different nitrogen addition concentrations as a function of 
incubation time



Page 4 of 14Weng et al. Annals of Microbiology           (2022) 72:18 

0–96 h, indicating a high microbial metabolic activity at 
this culture stage. These increases decelerated after 120 
h and stabilized thereafter. Therefore, the AWCD values 
that were incubated for 120 h were selected for subse-
quent analysis. The AWCD (i.e., and indicator of carbon 
utilization) of the microbial communities under differ-
ent nitrogen addition conditions exhibited the following 
order: N40 > CK > N80. Interestingly, the N40 treatment 
exhibited the highest carbon metabolic capacity.

Changes in soil microbial functional diversity
To further determine the effect of different nitrogen 
concentrations on soil microbial carbon source utiliza-
tion, different diversity indices were used to evaluate the 
AWCD value at 120 h of culture. As indicated in Table 2, 
there was no significant difference between the soil 
microbial functional diversity of the N40 and CK treat-
ments, but there was a significant difference between 
N80 and CK (P < 0.05).

Utilization of different carbon sources by the soil microbial 
community
Figure 2 illustrates the effects of different nitrogen addi-
tion levels on the utilization rates of different types of 
carbon sources by soil microorganisms. A total of 31 car-
bon sources were evaluated with the Bio-Eco Plate assay, 
which in turn were divided into six categories: carbohy-
drates (7), amino acids (6), alcohols (3), esters (4), amines 
(3), and organic acids (8). As shown in Fig. 2, N40 signifi-
cantly promoted carbohydrate, amino acid, and ester uti-
lization rates by soil microorganisms (P < 0.05), whereas 
N80 inhibited carbohydrate, amino acid, alcohol, amine, 
and organic acids utilization (P < 0.05).

As shown in Fig.  3, the metabolic fingerprint of the 
N40-treated soil was constituted by eight kinds of car-
bon sources with AWCD > 2.0, including α-D-lactose, 
β-methyl-D-glucoside, D-cellobiose, L-serine, D-man-
nitol, N-acetyl-D-glucosamine, D-galacturonic acid, 
and D-glucosaminic acid. Among these, the AWCD of 
D-mannitol was the highest, reaching a value of 3.42. 
The AWCD values of the N80 treatment were all below 
2. Among these, tween 40 had the highest AWCD value 

but reached only a value of 1.67. Overall, the compounds 
within each group did not always behave consistently. 
The utilization intensity of D-xylose, i-erythritol, phe-
nylethyl-amine, itaconic acid, and D-malic acid by soil 
microorganisms decreased with the increase of nitrogen 
concentration, as follows: CK > N40 > N80; the utiliza-
tion intensity of tween 40 and 4-hydroxy benzoic acid 
increased with the increase of nitrogen concentration, 
as follows: N80 > N40 > CK; the γ-hydroxybutyric acid 
showed N80 > CK > N40; and the utilization intensity of 
other carbon sources by soil microorganisms showed a 
trend of increasing and then decreasing with the increase 
of N concentration, as follows: N40 > CK > N80.

As illustrated in Fig.  4, the results of the metabolic 
activity heat map of the soil microbial community can be 
divided into four groups. In group I, the AWCD values 
of D-galactonic acid-γ-lactone, phenylethyl-amine, D,L-
α-glycerol phosphate, and glycyl-L-glutamic acid were 
not significantly different between the three treatments; 
in group II, the AWCD values of D-galacturonic acid, 
N-acetyl-D-glucosamine, D-mannitol, D-cellobiose, α-D-
lactose, and β-methyl-D-glucoside in N80 were signifi-
cantly lower than in CK and N40; in group III, putrescine, 
L-Serine, D-malic acid, and α-D-glucose-1-phosphate 
were significantly higher in CK and N40 than in N80; 
and in group IV, the AWCD values of D-glucosaminic 
acid in N80 were significantly lower than in CK and N40. 
These results demonstrated that different nitrogen con-
centrations had significantly different effects on the activ-
ity and carbon source utilization preference of the soil 
microbiota.

Factors influencing soil microbial carbon source utilization 
patterns under different nitrogen addition treatments
Table  3 summarizes the correlation coefficients of the 
main components of the 31 carbon sources. As shown 
in Table  3, a total of 21 carbon sources constitute the 
first principal component (PCA1), including five carbo-
hydrates, four amino acids, two esters, three alcohols, 
three amines, and three organic acids. Among them, 
D-cellobiose was the carbon source most related to 
PC1 with a 0.989 load value, followed by β-methyl-D-
glucoside (0.987) and α-D-glucose-1-phosphate (0.979). 
Therefore, D-cellobiose, β-methyl-D-glucoside, and α-D-
glucose-1-phosphate had a major effect on PCA1. Addi-
tionally, seven kinds of carbon sources constituted the 
second principal component (PC2), including two car-
bohydrates, two amino acids, one ester, and two organic 
acids. Among them, D-xylose is the most relevant car-
bon source for PC2 (loading value of −0.841), followed 
by L-phenylalanine (0.805) and glycogen (0.785). Collec-
tively, nitrogen addition makes the carbon source meta-
bolic activity of soil microorganisms most correlated 

Table 2  Soil microbial functional diversity index under different 
nitrogen addition concentrations

Each treatment was performed in triplicate. The data are expressed as the mean 
± standard deviation; lowercase letters indicate significant differences (P < 0.05)

CK control, N40 40 kg N ha−1 a−1, N80 80 kg N ha−1 a−1

Treatments Shannon index Simpson index Pielou index

CK 3.01 ± 0.04a 0.94 ± 0.0a 0.92 ± 0.01a

N40 3.02 ± 0.03a 0.94 ± 0.0a 0.91 ± 0.01a

N80 2.45 ± 0.09b 0.90 ± 0.01b 0.87 ± 0.02b
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with D-cellobiose and D-xylose in the Calamagrostis 
angustifolia wetland of the Sanjiang Plain.

The microorganisms in the soil samples containing var-
ying nitrogen levels were cultured for 120 h. The results 
of the redundancy analysis (RDA) showed that the vari-
ance contributions of RDA1 and RDA2 were 55.36% and 
17.5%, respectively, and the cumulative variance contri-
bution was 72.86%. As illustrated in Fig. 5, Soil microbial 

Biolog-substrate utilization patterns were separated 
with the alteration of nitrogen addition. Among them, 
the total N80 treatment clustered farthest from the total 
CK and N40 treatments, whereas the total CK and N40 
treatments clustered closer to each other. Therefore, we 
concluded that the N80 treatment significantly changes 
the carbon source utilization capacity of soil microor-
ganisms. In addition, the N80 treatment was positively 

Fig. 2  Utilization of different carbon sources by soil microbial communities under different nitrogen addition concentrations. 1 Carbohydrate, 2 
amino acids, 3 alcohols, 4 esters, 5 amine, 6 acids; lowercase letters indicate significant differences (P < 0.05). CK, control; N40, 40 kg N ha−1 a−1; N80, 
80 kg N ha−1 a−1
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correlated with the TN, SMC, DON, and TOC but nega-
tively correlated with DOC, NH4

+, pH, and NO3
−.

Table  4 presents the relationships between different 
soil microbial functional diversity indices and soil phys-
icochemical properties in the Sanjiang Plain. The AWCD 
value was highly positively correlated with pH (R2 = 0.69, 
P < 0.01). Furthermore, the Shannon-Wiener index (H), 
Simpson index (D), and Pielou index were highly cor-
related with pH, with R2 values reaching 0.68, 0.70, and 
0.74, respectively.

Discussion
Different soil conditions can strongly affect soil micro-
bial composition and diversity, and therefore, shifts 
in the functions of the soil microbiota can be used as 

relevant ecological indicators. Long-term nitrogen 
input ultimately affects the structure and function 
of wetland ecosystems, and therefore, assessing the 
impact of long-term nitrogen addition on soil microbial 
function is critical to gain a comprehensive insight into 
wetland ecosystem dynamics. In this study, the AWCD 
value of the soil microbial community increased with 
culture time, and the different experimental treat-
ments exhibited the following order: N40 > CK > N80 
(Fig.  1). Different times of N addition and different 
nitrogen forms had significant differences in soil micro-
bial carbon metabolism. For example, Yuan et al. (2012) 
found that the AWCD of N treatments (CO(NH2)2) in 
a Chinese fir plantation after seven consecutive year 
N addition showed nitrogen treatment (60 kg N ha−1 

Fig. 3  Carbon physiological spectrum and metabolic fingerprint of soil microbial community in the Calamagrostis angustifolia wetland of the 
Sanjiang Plain. Carbohydrate, B2–D-xylose, H1–α-D-lactose, A2–β-methyl-D-glucoside, G2–α-D-glucose-1-phosphate, E1–α-cyclodextrin, F1–
glycogen, G1–D-cellobiose; amino acids, A4–L-arginine, B4–L-asparagine, C4–L-phenylalanine, D4–L-serine, E4–L-threonine, F4–glycyl-L-glutamic 
acid; esters, B1–pyruvic acid methyl ester, C1–tween 40, D1–tween 80, A3–D-galactonic acid-γ-lactone; alcohols, C2–i-erythritol, D2–D-mannitol, 
H2–D, L-α-glycerol phosphate; amine, G4–phenylethyl-amine, H4–putrescine, E2–N-acetyl-d-glucosamine; acids, B3–D-galacturonic acid, 
F2–D-glucosaminic acid, C3–2-hydroxy benzoic acid, D3–4-hydroxy benzoic acid, E3–γ-hydroxybutyric acid, F3–itaconic acid, G3–α-ketobutyric acid, 
H3–D-malic acid
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a−1) significantly increased the AWCD, but nitrogen 
treatment (120 kg N ha−1 a−1) significantly decreased 
the AWCD value. However, Yu et al. (2013) found that 
treatment with applied NH4NO3 (150 kg N ha−1 a−1) 
promoted AWCD in shrub, but nitrogen treatment (50 
kg N ha−1 a−1) inhibited AWCD in shrub after 1 month 
of N addition. Sui et  al. (2016) conducted simulating 
nitrogen addition (NH4NO3), and four consecutive 
years on the functional diversity of soil microorganisms 
in the Calamagrostis angustifolia wetland of the San-
jiang Plain showed that after AWCD, values increased 
with increasing nitrogen concentration, showing HN 
(8 g N ha−1 a−1) > LN (4 g N ha−1 a−1) > CK. The dif-
ferences in the results of these studies may be related 
to differences in the form and the concentration of N 

addition. In soils with short-term nitrogen addition, 
nitrogen application helps to alleviate nitrogen limi-
tation and improve soil available nitrogen content, 
thereby promoting the functional activity of soil micro-
bial carbon metabolism (Liu et  al. 2010). However, 
long-term high nitrogen addition can result soil acidi-
fication and reduced organic carbon content, affect the 
effectiveness of heterotrophic microbial communities 
on substrate utilization, and reduce soil microbial pro-
ductivity (Deforest 2004).

Our findings indicated that higher nitrogen addi-
tion substantially decreased soil microbial activity, 
which also coincided with higher soil moisture. In 
soils with low nitrogen content, nitrogen application 
helps to alleviate nitrogen limitation and improve soil 

Fig. 4  Heat map and hierarchical cluster analysis based on the average well color development (AWCD) at 120 h of soil microbial communities 
under different nitrogen addition treatments. The samples are grouped based on their similarity to each other. The clustering results are arranged 
horizontally. Higher AWCD values are indicated in dark green, whereas lower AWCD values are indicated in yellow. CK, control; N40, 40 kg N ha−1 
a−1; N80, 80 kg N ha−1 a−1
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available nitrogen content, thereby promoting the func-
tional activity of soil microbial carbon metabolism (Liu 
et al. 2010). Therefore, our study is consistent with the 
results of Sui et al. (2016) and Wu et al. (2017) that low 
concentration of nitrogen addition promotes the func-
tional activity of carbon metabolism in soil microor-
ganisms. However, long-term high concentration of 
nitrogen addition can affect the effectiveness of het-
erotrophic microbial communities on substrate utiliza-
tion and reduce soil microbial productivity (Deforest 
2004); Compton et  al. (2004) conducted a long-term 
nitrogen input experiment in Harvard Forest, and the 

study showed that high nitrogen addition will lead to 
the decrease of soil microbial carbon biomass, which 
reduces the utilization rate of soil microorganisms for 
substrates. In addition, excessive nitrogen additions 
can lead to soil acidification (Table  1), and lower soil 
pH leads to changes in microbial biomass and micro-
bial communities (Li et al. 2019). This may be the rea-
son that the high concentration of nitrogen addition 
decreased the soil microbial AWCD value. However, 
Frey et al. (2004) carried out nitrogen addition experi-
ments in Harvard Forest, and their studies have shown 
that the utilization of substrates by soil microorganisms 
in broad-leaved forests and mixed forests is not signifi-
cantly related to nitrogen increase. So, the changes of 
soil microbial carbon metabolism under different nitro-
gen addition conditions may be related to ecosystem 
types, nitrogen application time, study period, nitrogen 
application amount and nitrogen application form, etc. 
Therefore, the effect mechanism of nitrogen addition 
on soil microbial metabolic activity still needs to be 
further studied.

The Shannon diversity index, Simpson index, and Pie-
lou index are composite indicators of the richness and 
evenness of microbial species (He et  al. 2013a). Our 
findings indicated that different levels of nitrogen addi-
tion significantly changed the alpha functional of the 
soil microbial community (Table  2). Specifically, the 
Shannon-Wiener, Simpson, and Pielou indices of the soil 
microorganisms were significantly higher in the CK and 
N40 treatments compared to N80. These findings were 
consistent with those of Sui et  al. (2016), whose study 
demonstrated that the Shannon and Simpson indices 
increased with the low concentration of nitrogen addi-
tion (4 g N ha−1 a−1) and decreased with the high concen-
tration of nitrogen addition (8 g N ha−1 a−1) in wetland 
soils, and the indices differed significantly between treat-
ments. This may be because moderate nitrogen applica-
tion favors the growth of soil microorganisms, whereas 
high nitrogen content promotes the proliferation of some 
microbial populations while suppressing others, resulting 
in a decrease in microbial community diversity indices.

The heat map shows that different nitrogen concentra-
tions had different effects on the carbon source utilization 
patterns of the microbes in the soil samples. Combining 
Fig. 2 and Fig. 3, it can be seen that N40 promoted the 
utilization of all carbon sources in carbohydrates, amino 
acids, and esters by soil microorganisms. N80 inhibited 
the utilization of all carbon sources in carbohydrates, 
amino acids, alcohols, amines, and organic acids, except 
for 4-hydroxy benzoic acid and γ-hydroxybutyric acid in 
organic acids. In addition, the most relevant D-cellobiose 
and D-xylose for PC1 and PC2 are both derived from 
carbohydrates, which exactly correspond to the results 

Table 3  Correlation coefficients of major components in 31 
kinds of carbon sources

PC1 principal component 1, PC2 principal component 2

Category Biolog 
EcoPlate 
well

Carbon source types PC1 PC2

Carbohydrate B2 D-xylose 0.383 −0.841

H1 α-D-lactose 0.969 −0.205

A2 β-methyl-D-glucoside 0.987 −0.117

G2 α-D-glucose-1-phosphate 0.979 −0.092

E1 α-cyclodextrin 0.434 0.719

F1 Glycogen 0.549 0.785

G1 D-cellobiose 0.989 −0.119

Amino acids A4 L-arginine 0.463 0.607

B4 L-asparagine 0.809 0.018

C4 L-phenylalanine 0.469 0.805

D4 L-serine 0.96 0.09

E4 L-threonine 0.746 −0.119

F4 Glycyl-L-glutamic acid 0.917 0.343

Esters B1 Pyruvic acid methyl ester 0.699 0.29

C1 Tween 40 −0.226 0.262

D1 Tween 80 0.723 −0.213

A3 D-galactonic acid-γ-
lactone

−0.072 0.088

Alcohols C2 i-erythritol 0.575 −0.178

D2 D-mannitol 0.968 −0.113

H2 D, L-α-glycerol phosphate 0.852 0.04

Amine G4 Phenylethyl-amine 0.408 −0.825

H4 Putrescine 0.963 −0.103

E2 N-acetyl-D-glucosamine 0.976 0.036

Acids B3 D-galacturonic acid 0.956 −0.063

F2 D-glucosaminic acid 0.926 −0.073

C3 2-hydroxy benzoic acid 0.381 0.697

D3 4-hydroxy benzoic acid −0.396 0.089

E3 γ-hydroxybutyric acid −0.169 −0.261

F3 Itaconic acid 0.392 −0.772

G3 α-ketobutyric acid 0.334 0.116

H3 D-malic acid 0.966 −0.181
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in Fig. 2 and Fig. 3. Frey et al. (2004) also evaluated the 
effect of simulated nitrogen settlement on the soil micro-
bial community of a hardwood forest and found that the 
carboxylic acids and carbohydrates were significantly 
higher in the low nitrogen plots, whereas the citric acid 
and malonic acid were significantly higher in the high 
nitrogen plots. Chakraborty et  al. (2011) reported that 
the application of nitrogen fertilizer reduced the abil-
ity of soil microbial groups to decompose organic acids 
and amines. Zhu et al. (2014) found that anaerobic bac-
teria increased the use of amino acids and decreased the 
use of organic acids and carbohydrates after nitrogen 

application. Furthermore, gram-negative bacteria 
increased the use of carboxylic acids and decreased the 
use of amino acids and polymeric carbon sources. In con-
trast, yeast increased the use of carboxylic acids and pol-
ymeric carbon sources. These findings demonstrate that 
the differences in the carbon source utilization patterns 
of soil microorganisms may be an adaptation to soil envi-
ronmental changes.

In this study, KNO3 was the main nitrogen source in 
this experiment; therefore, the NO3

−/NH4
+ increased in 

the soil, so this may reduce the soil microbial activity and 
used the ability of some carbon substrate. Soil carbon 

Fig. 5  Redundancy analysis of soil microbial community functions and environmental factors under different nitrogen addition treatments. CK, 
control; N40, 40 kg N ha−1 a−1; N80, 80 kg N ha−1 a−1. SMC, soil moisture contents; DOC, dissolved organic carbon; DON, dissolved organic nitrogen; 
TN, total nitrogen; TOC, total organic carbon

Table 4  Correlation between soil environmental factors and soil microbial functional diversity under different nitrogen addition 
treatments

SMC soil moisture contents, DOC dissolved organic carbon, DON dissolved organic nitrogen, TN total nitrogen, TOC total organic carbon, AWCD average well color 
development

*significant correlation at the 0.05 level (two-tailed)

SMC pH NO3
- NH4

+ DOC DON TN TOC

AWCD −0.437 0.69* 0.17 0.08 0.14 −0.42 −0.48 −0.2

Shannon −0.412 0.68* 0.18 0.19 0.23 −0.46 −0.49 −0.13

Simpson −0.445 0.70* 0.15 0.21 0.23 −0.5 −0.52 −0.17

Pielou −0.574 0.74* −0.06 0.31 0.33 −0.65 −0.64 −0.26
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concentration also affected significantly on soil micro-
bial function and diversity. Fang et  al. (2014) reported 
that high nitrogen concentration significantly increases 
DOC content in soil by changing the metabolic activity 
of microorganisms and the way of utilizing carbon sub-
strate, and nitrogen has no effect on it. This reason may 
be the soil organic carbon is an important nutrient on 
soil microbial function, and carbon metabolism activ-
ity and the variation of soil DOC concentration would 
directly affect the soil microbial composition and diver-
sity and therefore change the soil microbial function (He 
et  al. 2013b). The soil carbon metabolism types of N80 
treatment were positively correlated with the TN, SMC, 
DON, and TOC but significantly negatively correlated 
with DOC and NH4

+, pH, and NO3
− (Fig. 5). The increas-

ing N addition concentration also significantly reduced 
soil pH and NH4

+ content (Table 1). The reason may be 
adding nitrogen will lead to reduce the soil pH and affect 
the soil carbon metabolism ability. Liu et al. (2010) found 
that long-term high nitrogen addition would lead to soil 
acidification, affecting the soil microbial metabolism 
change and activity decline. Sui et al. (2021) reported that 
soil pH and total nitrogen had a significant effect on soil 
bacterial community structure. Fierer and Jackson (2006) 
demonstrated that soil pH significantly affected the com-
position of the bacterial community. Furthermore, Diao 
et al. (2019) found that soil pH was the main factor affect-
ing microbial carbon source utilization under different 
nitrogen levels. Additionally, our redundancy analyses 
showed that there was a distinct separation between the 
different nitrogen treatments tested herein, while the 
effect of the N80 treatment was significantly greater than 
that of the N40. It is possible that a nonlinear threshold 
is crossed somewhere between the N40 and N80 treat-
ments, which in turn allows the N80 treatment to have 
a greater effect on the composition, diversity, and car-
bon metabolism patterns of the microbial community 
than the N40 treatment. With the development of agri-
culture and industry in the future, it can be predicted 
that the amount of nitrogen input in the Sanjiang Plain 
will continue to increase, which will affect the structure 
and function of soil microorganisms. Carbon is the most 
important component in nature that can be utilized by 
soil microorganisms, and it is also the most consumed 
and utilized nutrient substrate. A large amount of nitro-
gen input will increase the amount of litter, change the 
quantity and quality of soil organic matter (Grandy et al. 
2009; Liu et al. 2010), and also directly change the quality 
of soil microbial decomposition substrates (C:N:P ratio), 
quantity, and soil environment. Therefore, nitrogen addi-
tion affects soil nutrient availability, causing changes in 
microbial utilization of carbon sources and ultimately 

altering the structure and function of microbial commu-
nities (Chakraborty et al. 2011).

In summary, the simulated nitrogen addition treat-
ments had a significant effect on the soil microbial com-
munities of Sanjiang Plain, demonstrating that increases 
in nitrogen addition rates will invariably change the 
physicochemical properties of the wetland environment. 
Nevertheless, the Biolog analysis method can only reflect 
changes in microbial functions based on carbon source 
utilization patterns and thus cannot fully illustrate the 
functional diversity of soil microorganisms. Therefore, 
this approach must be combined with high-throughput 
sequencing technology, molecular biology, and phospho-
lipid fatty acid analysis to better characterize the varia-
tions of microbial function diversity.

Conclusions
The carbon source utilization capacity of the soil micro-
organisms in the Calamagrostis angustifolia wetland of 
the Sanjiang Plain changed significantly under different 
nitrogen addition conditions. Particularly, N80 treatment 
significantly reduced the Shannon, Simpson, and Pie-
lou diversity indices of soil microorganisms and signifi-
cantly changes the carbon source utilization capacity of 
soil microorganisms. However, nitrogen addition affects 
the aforementioned parameters, thus affecting the car-
bon source utilization capacity of soil microorganisms. 
Therefore, once nitrogen addition rates exceed a certain 
threshold in the future, the stability of the temperate wet-
land ecosystem will be inevitably compromised if no pre-
vention strategies are implemented.

Methods
Study area
The experimental site was located in the Honghe 
National Nature Reserve of Sanjiang Plain (47° 42′ 
18″–47° 52′ 07″ N, 133° 34′ 38″–133° 46′ 29″ E) (Fig. 6). 
This region has a total area of 2.18 × 104 ha, of which 
the wetland area constitutes approximately 1.1 × 104 
ha, accounting for more than half of the total area of 
the reserve. The reserve exhibits a temperate humid/
semi humid monsoon climate with long winters, severe 
cold and snow, and short spring and autumn seasons. 
The average annual temperature (MAT) of this region is 
1.9 °C, the average annual evaporation is 1166 mm, and 
the average annual precipitation (MAP) is 585 mm, with 
precipitation mostly concentrated between July and Sep-
tember (Qu et  al. 2015). The study site exhibits primar-
ily bleached stagnant soil and fibrous organic soil, its 
main vegetation types are meadows and swamps, and the 
dominant plants are Calamagrostis angustifolia, Glyceria 
spiculose, Carex lasiocarpa, and Carex pseudocuraica.
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Plot setting and sample collection
To investigate the nitrogen addition concentration on soil 
microbial function in Sanjiang Plain, sample plots were 
established in May 2016, and nine plots (5 m × 30 m) 
were randomly established in the Calamagrostis angus-
tifolia wetland experiment station, which were treated 
with three nitrogen concentration levels. The nitrogen 
addition treatments included control (CK), 0 kg N ha−1 
a−1; N40, 40 kg N ha−1 a−1; and N80, 80 kg N ha−1 a−1 
treatments. Each treatment was performed in triplicate 
and randomly assigned. Nitrogen addition concentra-
tions were set based on the amount of local agricultural 
fertilize utilization. Applying large doses of N in the 
short term can effectively mimic long-term small-dose N 
concentration inputs (Dise and Stevens 2005). Nitrogen 
additions greater than the exogenous N input to the wet-
land ecosystem were used to study the response of the 
ecosystem to a possible future high N saturation state, 
and different N additions were set to observe the effects 
of N input over the next 50 years. The nitrogen source 
KNO3 was dissolved in water and sprayed uniformly with 
a sprinkler during the growing season which is mainly 
associated with agricultural fertilization (Sun et al. 2007), 
in May each year. The control plots were sprayed with an 
equal amount of water.

Sampling was conducted in October 2020 within each 
sample plot in the Calamagrostis angustifolia wetland. 
Five points (the center point of the diagonal line and the 
sample point on the diagonal line at an equal distance 

from the center sample point) were selected using the 
diagonal 5-point sampling method in each of the three 
treatment sample plots, and the soil was collected from 
the surface soil layer (0–20 cm) with a 4-cm diameter soil 
auger. After removing plant debris and other impurities 
in the collected soil samples, the samples were pooled, 
stored in a 4 °C cooler, and transported to the laboratory. 
One part of the sample was used for the Bio-Eco Plate 
experiments, whereas the other part was naturally dried 
and used for soil physicochemical analyses.

Determination of soil physicochemical factors
Soil pH was determined via the leaching and potentio-
metric method with a ratio of 2.5:1; soil moisture was 
determined via the drying method and determined gravi-
metrically by oven drying at 105 °C for 24 h; soil total 
nitrogen (TN) was determined with an elemental ana-
lyzer; NO3

−-N was determined via the phenol disulfonic 
acid colorimetric method; NH4

+-N was determined via 
the potassium chloride leaching-indophenol blue col-
orimetric method; dissolved organic carbon (DOC) and 
dissolved organic nitrogen (DON) were determined via 
the K2SO4 leaching method with a soil-liquid ratio of 1:5, 
extracted for 30 min, centrifuged and filtered, and then 
measured by TOC analyzer (Jones and Willett 2005); 
total organic carbon (TOC) was determined with a TOC 
analyzer; and NH4

+-N and NO3
−-N were determined by 

the Elemental Analyzer (Flash EA 1112 N, Thermo Fisher, 
Waltham, MA, USA) (Murphy et al. 2000).

Fig. 6  Location of the research site (Honghe National Nature Reserve, Sanjiang Plain)
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Determination of the functional diversity of the soil 
microbial community
The Bio-Eco Plate incubation method was used to deter-
mine the ability of soil microbial communities to utilize 
31 different kinds of carbon sources (Qu et  al. 2015). 
The Bio-Eco Plate has 96 microtiter wells, 1 replicate for 
every 32 wells, and 3 replicates in total. The first well is 
used as a control without carbon source, while the other 
wells contain different carbon sources and tetrazolium 
salt dyes. The microorganisms use the carbon source to 
respire and cause the dye tetrazolium in the microtiter 
wells to change color by redox reaction (Xi and Hu 2003). 
A portion of the soil sample was activated in a thermo-
stat at 25 °C for 24 h. Afterward, 10 g of fresh soil was 
weighed into a 200 mL triangular flask, to which 90 mL 
of 0.85% sterile NaCl solution was added. The mixture 
was then shaken at room temperature for 30 min at 200 r/
min. The plates were continuously incubated at 25 °C for 
168 h. During the incubation period, the absorbance was 
measured at 590 nm at 24 h intervals, and the absorbance 
values were recorded (Feng et al. 2021).

Statistical analysis
AWCD was calculated as follows (Velasco et  al. 2009; 
Jin et al. 2014; Liao et al. 2013):

where Ci is the 590 nm absorbance value of the well 
containing a carbon source, R is the absorbance value 
of the control well, and 31 is the number of holes in the 
ECO plate. If Ci-R ≤ 0, the value was recorded as 0.

The functional diversity of the soil microbial commu-
nities was calculated using 120-h cultivation data. The 
soil diversity indices were calculated as follows (Pielou 
1975; Whittaker 1972):

where Pi is the ratio of the ith relative absorbance value 
to the sum of the relative absorbance values of all samples.

All data were analyzed before processing using Excel 
2010. One-way ANOVA was performed using the SPSS 
25.0 software with the test level set at 0.05. Scatter plots 
with trend lines were generated using Excel 2010, and 
histograms were generated using SigmaPlot 10.0. Diver-
sity index analysis, heat map, and redundancy analysis 
(RDA) were performed with R (Vegan package).

(1)AWCD =

∑
(Ci − R)/31

(2)Shannon-Wiener diversity index : H = Pi ln Pi

(3)Simpson diversity index : D = 1−
∑

(Pi)
2

(4)Pielou diversity index : J = H/ln S

Abbreviations
CK: Control; N40: 40 kg N ha−1 a−1; N80: 80 kg N ha−1 a−1; AWCD: The aver-
age well-color development; RDA: Redundancy analysis; SMC: Soil moisture 
contents; DOC: Dissolved organic carbon; DON: Dissolved organic nitrogen; 
TN: Total nitrogen; TOC: Total organic carbon.
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