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Effects of simulated nitrogen deposition on soil microbial
community structure in temperate Korean pine plantation

based on PLFA method

ABSTRACT

Soil microorganisms play a crucial role in the biogeochemical eycling of terrestrial ecosystems.
However, previous studies on the effects of nitrogen deposition en microorganisms have
primarily focused on nitrogen-sensitive tropical forest ecosystems. This study focused on soil
in a temperate Korean pine plantation and conducted a field simulated nitrogen deposition
experiment. The effects of different nitrogen application rates on the microbial community
structure were analyzed using the phospholipid fatty acid (PLFA) method. The experiment
included four nitrogen application rates:.control (CK: 0 kg N ha™ yr™*), low nitrogen treatment
(LN: 20 kg N ha™ yr'™), medium nitrogen treatment (MN: 40 kg N ha™ yr'™"), and high nitrogen
treatment (HN: 80 kg N ha™* yr ) "After seven years of continuous application of ammonium
nitrate solution, the soil microbial . community structure was determined using the PLFA
method. The results showed'that all nitrogen application rates significantly reduced the PLFA
concentration of fungi and AMfungi (P < 0.05), while bacterial biomass significantly decreased
in the high nitrogen-treatment group. The biomass of Gram-positive bacteria, Gram-negative
bacteria (G’), and actinomycetes also significantly decreased in the HN treatment group.
Furthermore; long-term application of high nitrogen concentration (80 kg N ha™ yr™)
significantly reduced’soil microbial biomass and changed the fungal to bacterial ratio, thus
affecting the soil microbial community structure. Redundancy analysis (RDA) of soil microbial
and soil chemical properties found that the long-term simulated nitrogen deposition experiment
affected the soil microbial community structure by changing the content of soil N, P elements,
and soil pH values. In summary, long-term simulated N deposition can negatively affect soil
microbial biomass and its community structure, and the main reason for this analysis is related
to long-term N application leading to soil acidification and changes in the conversion of soil N
and P elements.
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1. INTRODUCTION

Since the Industrial Revolution, human activities such as agricultural and industrial practices,
as well as the burning of fossil fuels, have led to a significant increase in the release of reactive
nitrogen into the atmosphere, which has resulted in a rapid rise in nitrogen deposition in both
terrestrial and aquatic ecosystems [1,2]. Nitrogen deposition provides a new source of nutrients
for plants, but excessive nitrogen input can also affect biogeochemical cycling and alter
ecosystem structure and function. The continued increase in nitrogen deposition has
far-reaching impacts on terrestrial ecosystems, including soil acidification, loss of biodiversity,
and degradation of forest function [3-5]. The effects of nitrogen deposition on grassland
ecosystems have long been a hot topic in the field of ecology, while research on forest
ecosystems in northern temperate regions is relatively scarce. Forest ecosystems. have
important ecological functions, such as climate regulation and protection of biodiversity.[6], and
the stability and function of these ecosystems depend on the . contribution of soail
microorganisms. Soil microorganisms are a key component of seil ecosystems and are
involved in important ecological processes such as organic matter decomposition, nutrient
transformation, and plant growth [7]. Changes in soil microbial community structure and
biomass can directly affect the health and productivity of forest ecosystems [8]. However,
excessive nitrogen deposition may have a negative .impact on soil microbial biomass and
community structure, thus affecting soil ecological function. Therefore, studying the impact of
nitrogen deposition on the soil microbial community structure in Korean pine plantation in the
northern temperate zone is of great significance for us'to deepen our understanding of the
stability and sustainable development of forest ecosystems. This article aims to explore the
effects of nitrogen deposition on the soil microbial community structure in Korean pine
plantation in the northern temperate zone through simulated experiments, in order to provide
scientific basis for the protection and management of forest ecosystems.

2. RESEARCH PLOTS AND-RESEARCH METHODS

2.1 OVERVIEW'OF THE .RESEARCH PLOT

The experimental siteis located in the Korean pine plantation within Liangshui National Nature
Reserve, Heilongjiang Province (47°10'50"N, 128°53'20"E), with a natural nitrogen deposition
of 12.93 kg N-ha™ yr* [9]. The region exhibits a distinct temperate continental monsoon climate,
with an annual average temperature of -0.3°C, a daily average maximum temperature of 7.57C,
a daily average minimum temperature of -6.6°C, an annual average precipitation of 676 mm, an
annual average evapotranspiration of 805 mm, a frost-free period of 100-120 days, and a snow
season of 130-150 days. The Korean pine plantation at the experimental site was established in
1954 after the mixed broad-leaved Korean pine forest was cut down. The soil at the site is
classified as dark brown forest soil according to the Chinese soil classification system. The
dominant vegetation in the area is Pinus koraiensis, with accompanying herbaceous plants
such as Oxalis corniculata and Mitella nuda growing under the forest canopy.



2.2 Experimental design

The nitrogen addition experiment started in 2014, with nitrogen treatments applied to the study
site from mid-June to mid-September. The NH4;NO; required for each treatment was dissolved
in 20 L of water and evenly sprayed onto the ground using a backpack sprayer. A completely
randomized design was used, with each plot measuring 5 m x 30 m and separated by a 10 m
wide buffer zone. There were four gradients, including a control (CK: 0 kg N ha™ yr™), low
nitrogen (LN: 20 kg N ha™ yr™"), medium nitrogen (MN: 40 kg N ha™ yr™), and high nitrogen
(HN: 80 kg N ha™ yr™) [10], with three replicates per treatment.

2.3 Experimental Methods

2.3.1 Soil Sampling and Preparation

Soil samples were collected in mid-July 2020 using a soil sampler (5¢cminner diameter, 0-15
cm depth) from five random locations within each plot. The collected soil samples were mixed
to form one composite sample per plot. The composite samples were divided into two portions:
one portion was stored at —80°C for soil microbial analysis and.the other portion was air-dried
for soil chemical analysis.

2.3.2 Soil Chemical Analysis

Air-dried soil samples were used to measure.soil pH by mixing with a 2.5:1 ratio of deionized
water using a pH meter (FiveEasy FE20). The samples were ground with a ball mill and sieved
through a 200-mesh sieve. Total carbon (TC) and total nitrogen (TN) were measured using a
multi N/C 2100 TOC/TN analyzer (Analytikjena, Germany). Soil ammonium nitrogen (NH,"-N)
and nitrate nitrogen (NO3-N)‘Wwere measured using the magnesium oxide diesel alloy distillation
method, and total phosphorus (TR) and available phosphorus (AP) were measured using the
molybdenum antimony colorimetric method.

2.3.3 Measurement of Soil Microbial Community Structure

The soil microbial community was analyzed using the modified phospholipid fatty acid (PLFA)
method described by Koranda [11]. Frozen soil samples were extracted with a mixture of
methanol,.chloroform, and citrate buffer in a ratio of 2:1:0.8 (v/v/v), and the phospholipids were
separated using a silica gel column (in the methanol fraction). The extract was then dried under
a stream of N, and mildly alkaline methanolysis was performed. The resulting fatty acid methyl
esters (FAMESs) were re-dissolved in hexane and analyzed using a gas chromatograph (Agilent
7890B). Different PLFAs were classified into different microbial groups (Table 1) [12, 13] and
expressed as concentrations (nmol g™* soil). The concentration of the target PLFA was
calculated using the following formula:



Target PLFA concentration
_ PLFA peak area g internal standard concentration
" internal standard peak area PLFA molar mass

volume of extracted sample
X
sample mass

Table 1 Main PLFA for characterizing microbes

Microbiome PLFA-labeled

Bacterial 15:0, 17:0, i13:0, i14:0, i15:0, a15:0, i16:0, i17:0, al7:0, 12:0 OH,

14:1w5c, 15:1wbc, 16:1w7c, 16:1w9c, 17:1w8c, 18:1w7c

Gram-positive i13:0, i14:0, i15:0, al15:0, i16:0, i17:0, a17:0

bacteria

Gram-positive 12:0 OH, 14:1w5c, 15:1wbc, 16:1w7c, 16:1w9c, 17:1w8c, 18:1w7c
bacteria

Fungi 16:1 wbc, 18:1w9c, 18:2w6c, 20:1w9c

——AM fungi 16:1 whc

Actinomycetes 16:0 10Me, 17:0 10Me, 18:0 10Me

Anaerobe 15:0 DMA, 16:2 DMA, 17:0 DMA, 16:1 w7c DMA, 16:1 w9c DMA,

18:1 w9c DMA, 18:1 w7c DMA

2.4 data'processing

The experimental data was analyzed using IBM SPSS Statistics 26 software to perform
one-way ANOVA and Duncan's multiple range test (P <0.05). The correlation between soil
environmental factors was calculated using Pearson's test (two-tailed) at two significant levels
(P <0.05 and P <0.01). The impact of soil properties on soil microbial communities was
revealed using RDA analysis. Graphpad software was used for data visualization.



3. RESULTS

3.1 Effect of simulated nitrogen deposition on basic physical and chemical
properties of soil

As the nitrogen addition concentration increased, the pH of the soil in the artificial Korean pine
plantation gradually decreased, with the pH of the HN group significantly reduced to 5.18 (P
<0.05) (Table 2). The total phosphorus (TP) content in the soil significantly increased by 14.5%
in the MN group, while there was no significant difference in other treatment groups (P> 0.05).
The available phosphorus (AP) content significantly decreased after nitrogen addition. The
content of ammonium nitrogen (NH,*-N) and nitrate nitrogen (NO3-N) in the soil ‘showed
significant changes, with NH,*-N content increasing with increasing nitrogen: addition, and
significant increases observed in the MN and HN groups. The nitrate nitregen content was
significantly increased in the LN and MN groups, while the HN group-showed a significant
decrease in nitrate nitrogen content, but the overall fluctuation did notexceed 0:68 mg kg™.

Table 2 Effects of nitrogen addition on soil chemical properties of Korean pine

plantation
CK LN MN HN

pH 5.77x0.10 a 5.510,07b 5.400.03b 5.18+0.11c
TP (g kg™) 0.55 +0.03b 0.59.+0.04ab 0.630.02 a 0.560.03 b
AP (mg kg™ 1.25+0.17 a 0.79£0.12 b 0.81%0.05 b 0.95+0.03 b
TN (g kg 6.67+0.09 a 6.58+0.10 a 6.80£0.14 a 6.77+0.07 a
NH.*-N (mg kg™ 5.38+0.64 ¢ 5.83+0.14 ¢ 8.44+0.45 b 9.44+0.49 a
NOz-N (mg kg™ 3,69+0.09. b 4.08+0.13 a 3.99+0.07 a 3.40+0.17 ¢
TC (g kg 72.1048.94 a 66.87+6.60 a 73.27+2.18 a 71.47+11.50 a
SOC (g kg™ 64.07+6.77 a 61.00+6.70 a 64.23+2.47 a 62.47+5.33 a

3.2 Correlation analysis of soil physical and chemical factors under nitrogen
addition

As shown in Table 3, soil NH,"-N content was significantly negatively correlated with soil
NO3-N content (P<0.05), and was also significantly negatively correlated with soil pH value.
Soil NO3z-N content was significantly positively correlated with soil TP content. Soil total
carbon(TC) and soil organic carbon(SOC) content were significantly positively correlated (P
<0.01).



Table 3 Correlation analysis of soil physical and chemical factors in Korean pine

plantations under nitrogen addition

pH AP NH,-N TP TN NOs;-N TC SOC
pH 1
AP .540 1
NH,"-N -.870**  .290 1
TP -.154 .550 .100 1
TN -.380 .240 .510 147 1
NO3-N .361 410 -0.51* .585* -.378 1
TC -.106 .010 .150 .255 .396 -.126 1
SOC -.009 .120 .080 .223 .130 .053 .915* 1

3.3 Effects of simulated nitrogen deposition .on different types of soil
microorganisms

The simulated nitrogen deposition had a significant effect on the soil microorganisms of the
Korean pine plantation (P <0.05). The soil fungi, bacteria, actinomycetes and total PLFA were
the highest in the CK group, and the HN group was the lowest, but the responses of various
microorganisms to nitrogen addition were different.

With the increase of nitrogen application rate, fungi and bacteria showed a trend of decreasing
first, then slightly increasing and then decreasing. Compared with the control group, the
concentration of fungal<PLFA in the soil of LN group, MN and HN groups decreased
significantly (P <0.05), decreased by 33.6%, 27.5% and 46.0% respectively (Fig.1-A), bacteria
decreased by 14.2%, 10.2% and 25.2% respectively (Fig.1-B), by It can be seen that nitrogen
addition will reduce the biomass of soil fungi and bacteria. The ratio of fungi to bacteria also had
a similar trend. Compared with the CK group, the fungi/bacteria in the LN, MN, and HN groups
were significantly.reduced in varying degrees (P <0.05).
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Fig.1 Effects of Nitrogen Addition on Fungal, Bacterial and Fungal/Bacterial PLFA
Concentrations in Soil of Korean Pine Plantation
*Different lowercase letters indicate significant differences among different nitrogen addition



treatments (P <0.05)

Both Gram-positive bacteria(G*) and Gram-negative bacteria(G) showed a trend of
decreasing first, then slightly increasing and then decreasing. Compared with the control group,
the G” concentration of PLFA decreased significantly (P <0.05), the LN, MN, and HN groups
decreased by 22.2%, 21.1% and 31.38% respectively (Fig.2-A), and the G™ decreased by
17.1%, 11.1% and 17.7% (Fig.2-B), which shows that nitrogen addition will reduce the
biomass of soil G" and G". The ratio of G" to G decreased in different degrees with the

decrease of nitrogen application rate, but there was no significant difference among the groups
(P >0.05).
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Fig.2 Effects of nitrogen addition on Gram-positive bacteria(G*), Gram-negative bacteria(G’)
and G'/G of PLFA concentration in Korean pine plantation soil

PLFA of actinomycetes, AM fungi and anaerobic bacteria in soil to varying degrees (Fig.3).
Compared with the blank control group, the LN, MN, and HN groups all significantly reduced
the AM fungal biomass (P <0.05), which‘decreased by 38.9%, 35.8%, and 55.9%, respectively
(Fig.3-A). For actinomycetes in the soil; only the high nitrogen treatment pair had a significant
reduction (P <0.05), which decreased by 35.8% (Fig.3-B). Nitrogen addition had no significant
effect on anaerobic bacteria (P >0.05).(Fig.3-C).
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Fig.3 Effects of nitrogen addition on the concentration of A M fungi, actinomycetes and
anaerobic bacteria P LFA in the soil of Korean pine plantation

The total soil PLFA concentration was shown in Fig.4. With the increase of nitrogen
concentration, the total soil microbial biomass showed a downward trend, and the total
biomass of H N treatment decreased significantly (P <0.05), which decreased by 27.9% .



4004 a ab

5 o T b
c o 300
S g 1
T S
-E ~ 200—
o <
8 LL
S 5 1004

s

=)

T T
CK LN MN HN

Fig.4 Effect of nitrogen addition on the concentration of total PLFA

3.4 Influencing factors of soil microbial community structure under nitrogen
addition

The RDA analysis is shown in Fig.5. The length of the arrow can represent the degree of
influence of environmental factors on the structure of the microbial community. The six types of
soil chemical factors can explain 83.01% of the .changes in the soil microbial community. Soil
AP and NH,"-N content significantly affected soil ‘microbial community composition, and soil
pH value and nitrogen addition (N).concentration significantly affected soil microbial
community composition at P <0.01 level. In summary, the dynamic changes of nitrogen and
phosphorus in soil and soil pH are the main environmental factors affecting microbial
communities.
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Fig.5 Redundancy Analysis (RDA) of Soil Microbial Community and Environmental



Characteristics
4.DISCUSSION

4.1 Effects of Nitrogen Addition on Soil Physicochemical Properties

The results of this experiment showed that with increasing nitrogen addition concentration, soll
pH gradually decreased, indicating that nitrogen addition may lead to soil acidification. This
conclusion is consistent with many previous research findings. Many studies have shown that
nitrogen addition can lead to soil acidification. For example, a meta-analysis study found that
nitrogen deposition can cause soil acidification, and in simulated nitrogen deposition
experiments, nitrogen applied in the forms of urea and ammonium nitrate are more‘likely to
cause soil acidification [14]. Similarly, in Lu et al.'s experiment, long-term (six years) continuous
addition of ammonium nitrate to tropical forests also resulted in a decrease in soil pH:[15], and
Janssens et al. came to the same conclusion in their article [16]. In terms of the distribution of
soil phosphorus elements, the total phosphorus content in this experiment fluctuated, and the
available phosphorus content decreased after nitrogen application. Zhang et al.'s research
demonstrated that nitrogen deposition affects the dynamic transformation of soil phosphorus,
which can be explained by soil pH and soil microbial characteristics [17]. Nitrogen addition did
not significantly change the total nitrogen content of the soil, but‘compared with the control
group, it increased the content of ammonium nitrogen and nitrate nitrogen in the soil, which is
consistent with Li et al.'s research results in temperate forest soils. In addition, Preeti et al.'s
research on the effects of nitrogen deposition on, soil“nitrogen transformation showed that
nitrogen deposition causes soil acidification, leading to soil aluminum ion toxicity, which in turn
affects soil nitrogen transformation [18].

4.2 Effects of nitrogen addition on soil microbial community structure

The impact of nitrogen deposition on soil microorganisms has been studied, and a
meta-analysis by Zhang_ et al. summarized the negative effects of nitrogen deposition on soil
microorganisms«#“ The total’ microbial biomass, bacterial biomass, and fungal biomass
decreased by 13:2%, 16.6%, and 19.2%, respectively [19]. In this study, the PLFA method was
used to measure soil-microbial biomass, and compared with the control group, nitrogen addition
significantly. reduced the soil bacterial, fungal, and total PLFA amounts. Chen et al. found that
nitregen deposition can reduce soil microbial biomass, especially in acidic soil [20]. For AM
fungi in the soil, we found that nitrogen addition significantly reduced their biomass. The reason
for this may be that nitrogen deposition causes soil acidification or alters potassium cycling,
which in turn reduces plant diversity and abundance [21,22], leading to a decrease in AM fungi
biomass that mutually benefit with plants. The PLFA concentration of soil actinomycetes was
significantly reduced in the high-nitrogen treatment group, possibly due to the significant
decrease in pH in the high-nitrogen treatment group, which is not conducive to the survival of
actinomycetes.

The addition of nitrogen has been found to significantly decrease the fungal to bacterial ratio in
soil microbial structure. Tian et al. found that nitrogen deposition significantly decreased the



fungal to bacterial ratio in tropical forest soils, while the effect on temperate forests was not
significant [23]. The difference in results may be due to differences in experimental conditions,
such as nitrogen application rate and duration. We predict that long-term and high levels of
nitrogen deposition will exacerbate soil acidification and decrease the fungal to bacterial ratio.
Short-term nitrogen addition reduces the biomass of G" and G in soil, consistent with the
findings of Hong et al. [24], and significantly decreases the G+/G- ratio, altering soil bacterial
community structure. According to RDA analysis (Fig.5), the main factors affecting soil
microbial community structure are changes in soil N and P elements and soil pH caused by
nitrogen application.

5. CONCLUSION

The nitrogen treatments all significantly reduced the concentrations of soil fungi and:AM fungi
PLFA, while the bacterial biomass was significantly reduced in the high ‘nitrogen treatment
group. G* bacteria, G™ bacteria, and actinomycetes were all significantly reduced in the high
nitrogen treatment group. Additionally, long-term high-concentration nitrogen application
significantly reduced the total soil microbial biomass, changed the fungal-bacterial ratio, and
thus affected the soil microbial community structure. RDA analysis ‘'of soil microbial and soil
chemical properties found that long-term simulated nitrogen deposition experiments affected
soil microbial community structure by changing the transformation of soil N and P elements and
lowering soil pH. Therefore, long-term simulated hitrogen deposition will have a negative
impact on soil microbial biomass and community:structure, and the main reason for this is
related to long-term nitrogen application leading to soil acidification and changes in soil N and P
element transformation.
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