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Abstract: In order to investigate the general tendency of soil microbial community responses to fertilizers, a 
meta-analysis approach was used to synthesise observations on the effects of inorganic and organic fertilizer addi-
tion (N: nitrogen; P: phosphorus; NP: nitrogen and phosphorus; PK: phosphorus and potassium; NPK: nitrogen, 
phosphorus and potassium; OF: organic fertilizer; OF+NPK: organic fertilizer plus NPK) on soil microbial communi-
ties. Among the various studies, PK, NPK, OF and OF+NPK addition increased total phospholipid fatty acid (PLFA) 
by 52.0%, 19.5%, 334.3% and 58.3%, respectively; while NP, OF and OF+NPK addition increased fungi by 5.6%, 
21.0% and 8.2%, respectively. NP, NPK and OF addition increased bacteria by 6.4%, 9.8% and 13.3%, respectively; 
while NP and NPK addition increased actinomycetes by 7.0% and 14.8%, respectively. Addition of ammonium ni-
trate rather than urea decreased gram-negative bacteria (G–). N addition increased total PLFA、bacteria and ac-
tinomycetes in croplands, but decreased fungi and bacteria in forests, and the F/B ratio in grasslands. NPK addition 
increased total PLFA in forests but not in croplands. The N addition rate was positively correlated with the effects of 
N addition on gram-positive bacteria (G+) and G–. Therefore, different fertilizers appear to have different effects on 
the soil microbial community. Organic fertilizers can have a greater positive effect on the soil microbial community 
than inorganic fertilizers. The effects of fertilizers on the soil microbial community varied with ecosystem types. The 
effect of N addition on the soil microbial community was related to both the forms of nitrogen that were added and 
the nitrogen addition rate. 
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1  Introduction 
Considering that soil microbes mediate many key biogeo-
chemical processes in carbon and nitrogen cycling, they are 
central to the overall ecosystem function (Crowther et al., 
2012; Zhang et al., 2015; Fu and Shen, 2017b). Microor-
ganisms are important media for nutrient retention and 
transformation of soil nitrogen and phosphorus, and they 
can reveal soil functions related to nutrient cycling (Mosca-
telli et al., 2005; Joergensen and Emmerling, 2010; Fu et al., 

2012a). Fertilization, as an important method of human land 
management, can be divided into organic manure applica-
tion and inorganic fertilizer application. The complexity of 
the soil microbial community and the many ways that it can 
be affected by climate and other global changes can inter-
fere with the metabolic activity of organisms in different 
ways (Bardgett et al., 2008; Fu et al., 2012b; Fu et al., 
2019a). Thus, the knowledge of soil microbial ecology can 
provide a better understanding of the terrestrial carbon cycle,  
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and climate may play a vital role in the balanced ecosystem.  
Field experiments have analysed the potential effects of 

inorganic and organic fertilizers on the soil microbial com-
munity. However, some issues still needed to be further re-
solved. First, there are inconsistent results reported in vari-
ous studies. For example, several studies have demonstrated 
that long-term use of nitrogen fertilizer will adversely affect 
soil microbes (Lovell et al., 1995). Organic fertilizer appli-
cation is beneficial for increasing the G+/G– ratio, and it 
promotes bacterial growth (Yeates et al., 1997). Second, 
most previous meta-analyses in this area have mainly fo-
cused on the effects of nitrogen addition on plants and soils, 
rather than on the soil microbial community (Fu and Shen, 
2017c). Third, no meta-analysis has compared the effects of 
various forms of fertilizers (nitrogen, phosphorus, potassium 
and organic fertilizers) on the soil microbial community (Fu 
and Shen, 2016).  

Therefore, in this study, we compiled data from published 
studies related to the effects of fertilizers on the soil micro-
bial community which were derived from PLFA measure-
ments. The main objectives were to (1) examine the general 
quantitative effects of inorganic and organic fertilizers on 10 
variables related to the soil microbial community; (2) de-
termine whether environmental factors and/or vegetation 
types can affect the responses of the soil microbial commu-
nity to fertilizers; and (3) determine whether the responses 
of the soil microbial community to fertilizers varied with the 
different forms of fertilizers that were tested.  

2  Materials and methods  
2.1  Data compilation  
We sought papers and theses published prior to 2015 using 
the Web of Science and the China National Knowledge In-
frastructure. The compiled database included measurements 
of soil total PLFA, fungi, bacteria, gram-positive bacteria 
(G+), gram-negative bacteria (G–), actinomycetes, the ratio 
of soil fungi to bacteria (F/B ratio) and the ratio of 
gram-positive to gram-negative bacteria (G+/G– ratio).  

Similar to many meta-analyses (Fu and Shen, 2017a), our 
criteria for including studies were as follows: at least one of 
the variables mentioned above was measured; only field 
inorganic and organic fertilizer experimental studies were 
included; only data from controls and treatments were used 
for multifactor experiments; only the most recent results 
were used among multiple observations at different times 
from the same study site; means, standard deviations (or 
standard errors), and sample sizes were directly provided or 
could be calculated from the other data presented in the 
studies.  

Considering that temperature, precipitation and vegeta-
tion types are important environmental factors (Fu et al., 
2011; Wang et al., 2015; Wu and Fu, 2018; Fu et al., 2019c), 
data on the latitude, longitude, mean annual temperature, 
mean annual precipitation, nitrogen addition rate, nitrogen 

load and nitrogen duration were also extracted. We sepa-
rately grouped all of the studies into those analysing forests, 
grasslands, croplands and tundra ecosystems. The data were 
extracted using the GetData software when studies provided 
the data in graphic figures (Fu et al., 2015).  

2.2  Statistical analyses  
The METAWIN 2.1 software (Sinauer Associates Inc., 
Sunderland, MA, USA) (Rosenberg et al., 2000) was used to 
perform the meta-analysis in this study. The natural loga-
rithm of the response ratio (R) was used as the effect size 
(Hedges et al., 1999),  
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where wi and  ln iR are w and lnR of the ith observation, res-
pectively.  

We used a fixed effects model, which is the simplest data 
structure model for a meta-analysis, to test whether a treat-
ment had a significant effect on each variable across all 
studies (Rosenberg et al., 2000). The mean effect size and 
95% bootstrap confidence intervals (CI) were generated. For 
each variable, the effect of the treatment on this variable is 
statistically significant if the 95% bootstrap CI does not 
cover zero (Fu et al., 2019b).  

A fixed effects model with a grouping variable was used 
to compare the responses among vegetation types and forms 
of nitrogen fertilizers, which is analogous to ANOVA (Ros-
enberg et al., 2000). In the grouping models, the mean effect 
size of each group can be calculated using only the 
observations of that group (Rosenberg et al., 2000). Simi-
larly, the effect of a treatment is statistically significant if the 
95% bootstrap CI for each group does not cover zero  
(Rosenberg et al., 2000).  
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A random effects model with a continuous variable (> 20 
observations) was used to examine the relationships be-
tween the mean effect size of nitrogen addition and latitude, 
longitude, mean annual temperature, mean annual precipita-
tion, nitrogen addition rate (kg N hm2 yr–1), nitrogen load 
(kg N hm2) and nitrogen addition duration (Rosenberg et al., 
2000). A significant regression coefficient (i.e., slope) indi-
cates that a significant amount of the variation between the 
effect sizes can be explained by an independent variable 
(Rosenberg et al., 2000).  

For grouping and continuous models, the total heteroge-
neity (QT) of the effect sizes can be partitioned into the 
variation among the effect sizes which is explained by the 
model (QM) and the variation which is not explained by the 
model (QE) (Rosenberg et al., 2000). For a grouping model, 
a significant QM indicates that significant differences in the 
mean effect sizes are found among the groups, while for a 
continuous model, a significant QM indicates that a signifi-
cant part of the variation among effect sizes can be ex-
plained by an independent variable (Rosenberg et al., 2000). 
All graphs were implemented using SigmaPlot 10.0 map-
ping software. 

3  Results  
There were significant differences in the effects of fertilizers 
on total PLFA among the N(nitrogen), P(phosphorus), 
NP(nitrogen and phosphorus), PK(phosphorus and potas-
sium), NPK(nitrogen, phosphorus and potassium), OF(orga-
nic fertilizer) and OF+NPK(organic fertilizer plus NPK) 
additions (QM = 6562.77, P < 0.001). The PK, NPK, OF and 
OF+NPK additions significantly increased total PLFA by 
52.0%, 19.5%, 334.3% and 58.3%, respectively (Fig. 1).  

 

 
 

Fig. 1  Effect sizes of nitrogen (N), phosphorus (P), nitro-
gen+phosphorus (NP), phosphorus+potassium (PK), nitro-
gen+phosphorus+potassium (NPK), organic fertilizers (OF), 
and organic fertilizers + NPK (OF+NPK) on soil total PLFA. 
The error bars indicate effect sizes and 95% bootstrap con-
fidence intervals. The effect was statistically significant if the 
95%CI did not bracket zero. The dashed line is drawn at 
effect size = 0. The sample size for each variable is shown 
next to the bar. 

There were significant differences in the effects of fertil-
izers on fungi (QM = 320.00, P < 0.001), bacteria (QM = 
170.51, P < 0.001) and actinomycetes (QM = 217.51, P < 
0.001) among the N, P, NP, NPK, OF and OF+NPK addi-
tions. NP, OF and OF+NPK addition increased fungi by 
5.6%, 21.0% and 8.2%, respectively (Fig. 2a). NP, NPK and 
OF addition increased bacteria by 6.4%, 9.8% and 13.3%, 
respectively (Fig. 2b). NP and NPK addition increased ac-
tinomycetes by 7.0% and 14.8%, respectively (Fig. 2c).  

Latitude, longitude, MAT, MAP, Nitrogen load, and Ni-
trogen duration were not correlated with fertilizers for soil 
PLFA, fungi, bacteria, G+, or G–. The nitrogen addition rate 
was positively correlated with fertilizers for gram-positive 
bacteria (G+), and gram-negative bacteria (G–) (Table 1).  

There were significant differences in the effects of fertil-
izers on G+ (QM = 131.99, P < 0.001) and G– (QM = 87.50, 
P < 0.001) among the N, P, NP, NPK and OF additions. OF 
addition increased G– by 23.5% (Fig. 3). There were also 
significant differences in the effects of fertilizers on the F/B 
ratio (QM = 51.94, P < 0.001) among the N, P, NP and NPK 
additions. P addition increased the F/B ratio by 9.7%, while 
NPK addition decreased the F/B ratio by 9.2% (Fig. 4). N 
addition increased the G+/G– ratio by 6.5% (95% CI: 
0.6%–59.5%).  

N addition increased total PLFA by 24.4% and actino-
mycetes by 5.8% in croplands, decreased fungi by 37.1% 
and G– by 16.4% in forests, and decreased the F/B ratio by 
14.3% in grasslands (Fig. 5). N addition increased bacteria 
by 8.6% in croplands, but decreased bacteria by 11.8% in 
forests (Fig. 5). NPK addition increased total PLFA in for-
ests by 32.7% (95% CI: 9.9%–83.6%) but not in croplands 
(95% CI: –1.4% to 40.8%).  

Ammonium nitrate addition decreased G– by 16.9% (Fig. 6). 
The nitrogen addition rate was positively correlated with the 
effects of nitrogen addition on G+ and G– (Table 1).  

 

 
 

Fig. 2  Effect sizes of nitrogen (N), phosphorus (P), nitrogen+ 
phosphorus (NP), nitrogen+phosphorus+potassium (NPK), 
organic fertilizers (OF), and organic fertilizers+NPK (OF+ 
NPK) on soil (a) fungi, (b) bacteria and (c) actinomycetes. 
The error bars indicate effect sizes and 95% bootstrap con-
fidence intervals. The effect was statistically significant if the 
95%CI did not bracket zero. The dashed lines are drawn at 
effect size = 0. The sample size for each variable is shown 
next to the bar.  
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Fig. 3  Effect sizes of nitrogen (N), phosphorus (P), nitro-
gen+phosphorus (NP), nitrogen+phosphorus+potassium (NPK) 
and organic fertilizers (OF) on soil (a) gram-positive bacteria, 
and (b) gram-negative bacteria. The error bars indicate effect 
sizes and 95% bootstrap confidence intervals. The effect was 
statistically significant if the 95%CI did not bracket zero. The 
dashed lines are drawn at effect size = 0. The sample size for 
each variable is shown next to the bar.  

 

 
 

Fig. 4  Effect sizes of nitrogen (N), phosphorus (P), nitro-
gen+phosphorus (NP), and nitrogen+phosphorus+potassium 
(NPK) on the ratio of soil fungi to bacteria (F/B ratio). The 
error bars indicate effect sizes and 95% bootstrap confidence 
intervals. The effect was statistically significant if the 95%CI 
did not bracket zero. The dashed line is drawn at effect size = 
0. The sample size for each variable is shown next to the bar.  

 

 
 

Fig. 5  Effect sizes of nitrogen (N) on PLFA, fungi, bacteria, 
actinomycetes, gram-positive bacteria (G+) and gram-negative 
bacteria (G–) in (a) forest (b) grassland and (c) cropland. The 
error bars indicate effect sizes and 95% bootstrap confidence 
intervals. The effect was statistically significant if the 95%CI 
did not bracket zero. The dashed lines are drawn at effect 
size = 0. The sample size for each variable is shown next to 
the bar.  

 
 

Fig. 6  Effect sizes of (a) ammonium nitrate and (b) urea on 
PLFA, fungi, bacteria, actinomycetes, gram-positive bacteria 
(G+) and gram-negative bacteria (G–). The error bars indicate 
effect sizes and 95% bootstrap confidence intervals. The 
effect was statistically significant if the 95%CI did not bracket 
zero. The dashed lines are drawn at effect size = 0. The 
sample size for each variable is shown next to the bar. 

 

4  Discussion  
Nitrogen addition did not affect soil total PLFA or fungi, 
which was in line with a previous meta-analysis (Treseder, 
2008). However, our finding was not in line with other 
findings of that study (Treseder, 2008) which found that 
nitrogen addition increased bacteria. While many bacteria 
feed on easily available C compounds, fungi seem to prefer 
more complex C compounds (Meidute et al., 2008). The 
differences in the findings between these two studies may be 
due to the fact that more nitrogen addition studies were in-
cluded in our analysis. Organic fertilizer and single applica-
tion P treatments significantly promoted fungal and bacterial 
growth and increased the fungal/bacterial ratio, while single 
applications of N had no significant effect on bacteria or 
fungi (Bai et al., 2008). 

In this study, organic fertilizer addition had stronger posi-
tive effects on soil total PLFA, fungi, bacteria and gram- 
negative bacteria than inorganic fertilizer addition. In con-
trast, NP and NPK additions had stronger positive effects on 
actinomycetes than organic fertilizer addition. These results 
demonstrated that organic and inorganic fertilizers may have 
different effects on the soil microbial community. Organic 
fertilizers may not only provide a greater diversity of sub-
strates than inorganic fertilizers for microbial activity but 
they also directly introduce microorganisms which occur 
naturally in the organic fertilizers into the soil (Zeng et al., 
2007; Dong et al., 2014).  

The different effects among OF, NPK and OF+NPK ad-
ditions on soil total PLFA, fungi, bacteria and actinomycetes 
implied that inorganic fertilizer addition may dampen the 
positive effects of organic fertilizer addition on soil total 
PLFA, fungi and bacteria; while organic fertilizer addition 
may dampen the positive effect of inorganic fertilizer on 
actinomycetes. These results implied that there may be an 
antagonistic effect between organic and inorganic fertilizers 
on the soil microbial community.  
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Table 1  Relationships between the effect sizes of nitrogen 
addition on microbial indicators (total PLFA, fungi, bacteria, 
actinomycetes, G+, G–, and F/B ratio), and experimental 
variables (latitude, longitude, MAT, MAP, nitrogen addition 
rate, nitrogen load, and nitrogen addition duration) based on 
a random effects model with a continuous variable meta- 
analysis.  

Variables Slope P n 

Latitude     
PLFA 0.012 0.155 34 
Fungi 0.007 0.575 30 
Bacteria 0.006 0.477 26 
G– –0.003 0.812 22 

Longitude   
PLFA –0.002 0.090 34 
Fungi –0.001 0.492 30 
Bacteria –0.001 0.466 26 
G– –0.0010 0.439 22 

MAT     
PLFA 0.018 0.183 23 
Fungi 0.018 0.296 22 

MAP     
PLFA 0.000 0.531 28 
Fungi 0.000 0.885 27 
Bacteria 0.000 0.907 23 
G– 0.000 0.361 21 

Nitrogen addition rate  
PLFA 0.001 0.153 31 
Fungi 0.001 0.090 32 
Bacteria 0.001 0.051 28 
Actinomycetes 0.001 0.392 22 
G+ 0.002 0.015 22 
G– 0.002 0.001 24 
F/B ratio 0.000 0.513 21 

Nitrogen load   
Fungi 0.000 0.425 21 

Nitrogen duration  
PLFA –0.0001 0.906 30 
Fungi 0.0002 0.841 26 
Bacteria 0.0005 0.524 22 
G– 0.0006 0.434 21 

Note: G+ = gram-positive bacteria; G– = gram-negative bacteria; F/B ratio = 
ratio of fungi to bacteria; MAT = mean annual temperature; MAP = mean 
annual precipitation.  

 
NPK addition had stronger effects on soil total PLFA, 

bacteria and actinomycetes than N, P and NP additions. PK 
addition had a stronger effect on soil total PLFA than N, P, 
NP and NPK additions. P addition increased the F/B ratio, 
while NPK addition decreased the F/B ratio. These results 
indicated that there may be interactive effects between N, P 
and K fertilizers on the soil microbial community, as differ-
ent nitrogen, phosphorus, and potassium combinations pro-
duce different effects. 

In our study, the effect of nitrogen addition on the soil 
microbial community varied among the different forms of 
nitrogen (Fig. 6). This finding may be due to several reasons. 
Firstly, soil microbial growth can be limited by both carbon 
and nitrogen availability (Li et al., 2012; Bai et al., 2013; Yu 
et al., 2019). Urea addition not only increases soil nitrogen 
availability, but it also contributes carbon into soil (Fu and 
Shen, 2016; Fu and Shen, 2017c). In contrast, ammonium 
can decrease fungal abundance, whereas nitrate mainly in-
fluences bacterial growth rates (Naoise et al., 2006; Birgander 
et al., 2014). Secondly, N addition affects soil microbial 
communities in both direct (physiological activity) and in-
direct (substrate supply) ways (Zak et al., 2011).  

5  Conclusions  
In summary, organic and inorganic fertilizers may have dif-
ferent effects on the soil microbial community. Inorganic 
fertilizer addition may dampen the positive effects of or-
ganic fertilizer addition on soil total PLFA, fungi and bacte-
ria, so there may be an antagonism effect between organic 
and inorganic fertilizers on the soil microbial community. 
There may be interactive effects of N, P and K fertilizers on 
the soil microbial community. The effect of nitrogen addi-
tion on soil microbial community varied with the different 
forms of nitrogen that were applied. The effect of fertiliza-
tion on soil microbial community varies among different 
ecosystems. 
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有机肥和无机肥对土壤微生物群落影响的整合分析 

王江伟 1, 2，张光雨 1, 2，余成群 1 

1. 中国科学院地理科学与资源研究所, 生态系统网络观测与模拟重点实验室，拉萨高原生态系统研究站，北京 100101； 
2. 中国科学院大学，北京 100049  

摘  要：为了研究土壤微生物群落对肥料响应的一般趋势，采用整合分析方法综合了与无机和有机肥料添加对土壤微生物

群落影响有关的观察结果（N：氮；P：磷；NP：氮和磷；PK：磷和钾：NPK：氮磷钾；OF：有机肥；OF+NPK：有机肥和氮磷

钾）。PK、NPK、OF 和 OF+NPK 的添加分别使总磷脂脂质脂肪酸（PLFA）增长了 52.0%、19.5%、334.3%和 58.3%。NP、OF
和 OF+NPK 的添加分别使真菌增加了 5.6%、21.0%和 8.2%。NP，NPK 和 OF 的添加分别使细菌增加 6.4%、9.8%和 13.3%。NP
和 NPK 添加分别使放线菌增加 7.0%和 14.8%。硝酸铵添加减少了革兰氏阴性菌（G–）。氮添加增加了农田中总 PLFA、细菌和放

线菌，减少了森林中的细菌和真菌，以及草地中的 F/B 比值。氮磷钾添加增加了森林而不是农田中的总 PLFA。氮的添加速率与

氮的添加对革兰氏阳性细菌（G+）和 G–的影响呈正相关。因此，不同肥料对土壤微生物群落的影响可能不同。有机肥料比无机

肥料对土壤微生物群落具有更大的积极作用。肥料对土壤微生物群落的影响因生态系统类型而异。氮添加对土壤微生物群落的影

响与氮添加形式和氮添加速率有关。 
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