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Abstract—Despite the general consensus that fertilizer is the most important driver of the evolution of soil
microbial communities, the specific effects of long-term fertilizer use on microbial communities remain
unclear. Here, we collected soil samples from fertilized (NPK) and unfertilized (NF) plots in a subtropical
farmland in southwestern China. NPK plots were consistently treated with chemical fertilizer (nitrogen,
phosphorous, and potassium) for the 20 years; NF plots were left unfertilized for the same period. To explore
the effects of long-term fertilizer use on soil microbial community structure, microbial community compo-
sition in the topsoil was assessed using the bacterial 16S rRNA gene and the full-length fungal ITS1 gene. In
conjunction, we measured various soil chemical properties. We found that metrics associated with soil fertility
(i.e., total nitrogen, total phosphorus, total potassium, available nitrogen, available phosphorus, and available
potassium) were significantly greater in the NPK samples as compared to the NF samples, but that soil pH
was significantly lower. We also found that long-term fertilizer use reshaped soil microbial community com-
position but did not alter community o-diversity. Notably, the bacterial phyla Nitrospirae and Planctomyce-
tes and the fungal phylum Ascomycota were closely associated with the NPK plot, influenced by soil organic
matter, total nitrogen, available potassium, and available phosphorus, while the bacterial phyla Bacteroidetes
and Chloroflexi and the fungal phyla Glomeromycota and Basidiomycota were closely associated with the
NF plot, influenced by soil pH. Our results provide long-term data clarifying the microbial regulation mech-
anisms underlying the response of farmland soil to long-term fertilizer use in subtropical China.
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INTRODUCTION

The soil microbial community serves as an import-
ant resource for agricultural production in the era of
climate change for two main reasons [12]: First, as the
most important decomposer of organic matter, the soil
microbiome participates in biogeochemical nutrient
cycling, which helps to regulate climate change [2].
Second, soil microbial communities are involved in
various processes of nitrogen transformation, includ-
ing biological nitrogen fixation, nitrification, and
denitrification [26]. These transformation processes
improve nutrient use efficiency and soil enzyme activ-
ity levels, thereby affecting crop growth [23] and help-
ing to reduce the negative environmental effects of
nitrogen application [10].

Generally, inorganic fertilizers, especially nitro-
gen, phosphorus, and potassium fertilizers, not only

maintain or increase crop yields, but also directly or
indirectly change the chemical, physical, and biologi-
cal properties of the soil [3, 6]. Thus, these fertilizers
are believed to have significant long-term effects on
soil quality and productivity [1, 7]. Some studies have
suggested that the continuous overuse of inorganic
fertilizers may lead to a decline in soil quality and pro-
duction capacity [11]. For example, fertilizer overuse
leads to soil acidification and hardening [4] and may
also alter soil chemical properties in a way that is
harmful to plants [24]. Moreover, excessive fertilizer
use changes the composition of plant communities
and decreases biodiversity [5, 27]. However, other
studies have indicated that inorganic fertilizers have
both positive and negative effects [4] or no noticeable
effects on soil quality and productive capacity. The
inconsistencies among these previous reports demon-
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strate the importance of long-term fertilization exper-
iments, which can be used to better evaluate the effects
of agronomic management measures on soil quality
and productivity.

Fertilizer use strongly affects the structure of the soil
microbial community, impacting not only soil nutrients
but also specific bacterial and fungal taxa [28]. In a pre-
vious study, increase of crop yield under balanced fer-
tilizations might due to the increase of soil microbial
function traits, which is associated with decreasing
influence of environmental filtering [34]. A growing
body of work focused on agricultural sustainability has
explored changes in soil microorganismal composi-
tion to clarify the effects of fertilizer use over longer
time scales. For example, the long-term use of nitro-
gen-containing chemical fertilizers increased soil
acidification, decreased soil fertility, and significantly
altered the soil bacterial community, whereas the
long-term use of organic fertilizers, in conjunction
with fallow management, improved soil quality and
maintained bacterial diversity [33]. Furthermore, the
increased application of nitrogen and phosphorus fer-
tilizers changed the composition of the soil microbial
community, reducing the abundance of phospholipid
fatty acid (PLFA)-producing gram-positive bacteria
such as actinomycetes and significantly increasing the
fungal/bacterial PLFA ratio [8]. Similarly, phosphate
fertilizer may be a key factor controlling the number
and diversity of microbial colonies in dry red soils in
China [6]. In addition, Wang et al. [29] showed that
the application of urea significantly reduced the rela-
tive abundance of saprophytes and symbiotic bacteria.
Thus, the relationship between long-term fertilization
management and soil microbial community function
is critical for ecological health and sustainable agricul-
tural production. However, previous studies have
mainly focused on temperate regions. Few reports of
the effects of long-term fertilizer use on soil microor-
ganisms in subtropical regions are available.

Here, we explored the long-term effects of fertilizer
use on soil microorganisms in a subtropical monsoon
climate, and assessed soil quality and production
capacity. We conducted a 20-year field experiment in
which soils were subjected to different fertilization
regimes. We then assessed bacterial and fungal com-
munities in each topsoil sample using 16S rRNA and
ITS1. We aimed to characterize changes in the soil
microbial community after long-term fertilizer use
and to determine the relationship between soil micro-
bial community composition and soil chemical prop-
erties.

OBJECTS AND METHODS

Field site and experimental design. The monitoring
site, which was established in 1998, is located in Jing-
dong county, Yunnan Province, southwestern China
(24°29’ N, 100°49’ E). This site has a subtropical mon-
soon climate, an altitude of 1152 m, a mean annual
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precipitation of 1110 mm, a mean annual average tem-
perature of 18.3°C, a mean annual sunshine duration
of 2131 h, and a frost-free period of 354 days (data
from 1998—2019). The field soil is Red soil (Chinese
Classification), Typic Hapludult (US Soil Taxon-
omy) or Ferric Acrisol (WRB Classification). In
1998, prior to experimentation, the topsoil (0—20 cm
deep) had a pH of 6.0 and contained 0.68 g/kg nitro-
gen (N), 1.35 g/kg phosphorus (P,0s), and 9.80 g/kg
potassium (K,O). This corresponded to 135.60 mg/kg,
90.36 mg/kg, and 81.00 mg/kg of available nitrogen,
phosphorus, and potassium, respectively. Each was
6 meters wide and 23 meters long, with total planting
area of 133 m?. Between 1998 and 2018, both plots
were cultivated using a double cropping system: winter
wheat (Triticum aestivum L.) and summer maize (Zea
mays L.) was planted, respectively.

One of the established plots (selected randomly)
was left unfertilized (NF, the control), and the other
plot was fertilized using a conventional fertilization
regime (NPK). Nitrogen was applied to the NPK plot
as urea (N = 46%), phosphorus was applied as super
phosphate (P,O5 > 16%), and potassium was applied
as K,SO, (K,O = 50%). Nitrogen, phosphorus, and
potassium usage was 300, 225, and 108 kg/ha, respec-
tively, for winter wheat, and 375, 225, and 108 kg/ha,
respectively, for summer maize.

Sample collection and chemical analysis. Soil sam-
ples were collected from both plots in October 2019,
after the maize harvest but before soil plowing in
preparation for the subsequent wheat crop. Ten soil
cores (0—20 cm deep) were collected from each plot
using an auger (5 cm in diameter by 20 cm long). And
the pooled samples were then sieved through a 2-mm
mesh. One part was stored at —80°C for subsequent
soil microbe DNA extraction.

In the sieved, air-dried samples we measured sev-
eral soil properties [3, 13]. In brief, SOM was mea-
sured using the K,Cr,0,—H,0 oxidation method, and
TN was measured using an automatic Kjeldahl appa-
ratus (K-355, Buchi, Switzerland). AN was extracted
with 2 M KCl and determined using a Skalar SANplus
Segmented Flow Analyzer (Skalar Analytic B.V.,
De Breda, The Netherlands). AP was extracted by
sodium bicarbonate and determined using the molyb-
denum-antimony anti-colorimetric method. AK was
extracted by CH;COONH, and determined on a
flame photometer with a detection limit of 0.004 mM
(Model 410, Sherwood, UK). Soil pH was measured
using a pH meter (Mettler FE28, Mettler Toledo, Swit-
zerland) in a slurry composed of 1 part soil to 5 parts
carbon dioxide-free water.

DNA extraction and sequencing. Genomic DNA
were extracted from 0.25 g of each homogenized soil
sample using a PowerSoil DNA Isolation Kit (MO
BIO Laboratories: Carlsbad, CA, USA), following the
manufacturer’s instructions. We amplified the V1—-V9
region of the bacterial 16S rRNA gene using the prim-
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Table 1. Effects of long-term fertilizer application on soil chemical properties

Year

Plots

SOM, g kg~!

TN, gkg™!

AN, mg kg™!

AP, mg kg™!

AK, mg kg™!

Soil pH

Crop yield,
kg hm™2

2007

2016

2017

2018

2019

NPK
NF
NPK
NF
NPK
NF
NPK
NF
NPK
NF

22.00 £ 0.18a
14.22 + 0.15b
20.30 £ 0.71a
13.56 £ 0.40b
19.30 £ 0.31a
13.22 £0.22b
18.00 = 0.15a
12.92 +£ 0.12b
19.20 £ 0.17a
12.50 = 0.18b

10.90 £ 0.14a
7.53 £0.30b
13.10 £ 0.14a
7.43 £0.43b
10.20 £+ 1.14a
7.30 £ 1.03b
10.50 = 0.13a
7.10 £ 0.13b
10.83 £ 0.14a
6.98 = 0.14b

105.53 £4.20a
71.02 = 2.14b
107.54 £ 5.10a
70.02 + 4.55b
115.54 £ 5.10a
69.57 £ 3.25b
101.00 £ 4.10a
69.13 + 2.15b
105.45 £ 3.10a
69.02 + 1.55b

63.96 + 3.43a
34.63 £ 2.01b
67.67 = 3.42a
34.33 £ 1.11b
66.47 £ 4.23a
33.86 £ 1.86b
68.16 + 2.23a
32.70 + 1.31b
64.76 £ 2.43a
32.93 £ 1.11b

96.00 *+ 6.80a
45.87 £3.52b
97.36 = 7.20a
44.20 = 2.31b
95.78 £ 9.11a
43.60 £ 3.51b
93.35+ 8.90a
43.20 £ 2.43b
127.36 £ 11.9a
34.15+ 3.21b

5.49 £0.10b
5.88 £ 0.12a
5.57 £0.07b
5.94+0.08a
5.82 +0.47b
6.12+ 0.13a
5.96 = 0.12b
6.60 £ 0.15a
6.12+0.07b
6.88 £ 0.09a

10837.50 = 44.80aA
4102.50 £ 21.60bB

4774.70 £ 23.80aA
2977.60 £ 16.40bB
4699.50 £ 27.60aA
2721.90 = 17.30bB

6105.60 £ 30.50aA
1744.50 = 14.90bB
6677.00 £ 30.60aA
2120.40 = 12.50bB

Note: NPK plots were consistently treated with chemical fertilizer (nitrogen, phosphorous, and potassium) for the preceding 20 years;
NF plots were left unfertilized for the same period. SOM—soil organic matter; TN—total nitrogen; AN—available nitrogen; AP—avail-
able phosphorus; AK—available potassium. Crop yield is the sum of wheat and corn yields in one year. Different case letters indicate

denote significant difference (p < 0.05) and extremely significant difference (p < 0.01), respectively.

ers 27F (5'-AGRGTTTGATYNTGGCTCAG-3") and
1492R (5'-TASGGHTACCTTGTTASGACTT-3) [14],
and the full-length fungal ITS1 gene using the primers
Euk-A (5AACCTGGTTGATCCTGCCAGT-3') and
Euk-B (5'-GATCCTTCTGCAGGTTCACCTAC-3")
[24]. Equal molar amounts of the PCR products from
each sample were mixed and pair-end sequenced
using the PacBio Sequel platform (Sequel 11, Pacific
Biosciences, USA).

Statistical analyses. Soil chemical properties data
were analyzed with SPSS software (version 25, IBM,
Chicago, IL, USA). The remaining high-quality clean
sequences were processed and analyzed using the
QIIME v.1.8.0 pipeline. We taxonomically identified
16S OTUs (Operational taxonomic units) clusters using
the Silva database release 132 (http://www.arb-silva.de),
and we identified the 18S OTU clusters using the ITS1 :
Unite database release 8.1 (http://unite.ut.ee/index.php).
The PCoAs, Unweighted pair-group method with
arithmetic mean (UPGMA) trees, linear discriminant
analysis (LDA) effect size (LEfSe) analysis, and
redundancy analyses (RDAs) were selected using the
bioEnv function in the vegan R package. All sequenc-
ing data were deposited in the National Center for
Biotechnology Information (NCBI) GenBank data-
base under accession number PRINA657484.

RESULTS

Effects of long-term fertilizer use on soil chemical
properties. Our results indicated that soil chemical
properties were significantly affected by long-term fer-
tilizer use. In the NPK plot, SOM, TN, AN, AP, and
AK levels were significantly higher than those in the
NF plot (P < 0.001), while pH level was significantly
lower (P < 0.001; Table 1). In addition, the annual
yield of crops in NPK was significantly higher than

that of NF treatment (P < 0.01). Among them, the
crop yields of NPK treatment than that of NF treat-
ment in 2007, 2016, 2017, 2018 and 2019 were higher
164.2,60.3, 72.6, 250.0 and 214.9%, respectively.

Bacterial and fungal alpha diversity. The NF
sequences clustered into 138—161 OTUs (149 on aver-
age), while the NPK sequences clustered into 138—
146 OTUs (144 on average). Coverage for all samples
was >95%, and OTU rarefaction curves for the
sequencing libraries showed that saturation had pla-
teaued (Figs. 1a, 1b). This reflects the reliability of our
results. The Shannon, Simpson, Ace, and Chao 1 indi-
ces indicated that bacterial and fungal o-diversity was
similar between the NF and NPK samples (Table 2),
suggesting that long-term fertilizer use had little effect
on soil microbial diversity.

Soil microbial community composition. In both the
NF and the NPK samples, the bacterial community
was dominated by four phyla: Proteobacteria, Plancto-
mycetes, Bacteroidetes, and Verrucomicrobia (Fig. 2a).
However, the relative abundances of Planctomycetes,
Acidobacteria, Nitrospirae, and Firmicutes were
higher in the NPK samples as compared to the NF
samples, while the relative abundances of Proteobac-
teria, Bacteroidetes, Gemmatimonadetes, Chlorof-
lexi, and Actinobacteria were lower in the NPK sam-
ples as compared to the NF samples; the relative abun-
dance of the Verrucomicrobia was similar between the
NPK and NF samples (Fig. 2a). The bacterial species
Tepidisphaera mucosa, Pseudolabrys taiwanensis, Aci-
dobacteria sp., Xanthomonadaceae sp., Nostocoida lim-
icola and Gemmata_like.str. were more abundant in
the NPK samples than in the NF samples (Fig. 2b).

In both the NPK and NF samples, the fungal com-
munity was dominated by the phylum Ascomycota
(>65% relative abundance; Fig. 2c). However, the rel-
ative abundances of Basidiomycota and Glomeromy-
EURASIAN SOIL SCIENCE  Vol. 55
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Fig 1. Rarefaction curves for (a) bacteria and (b) fungi in the soil samples from the NPK and NF plots.

cota were greater in the NPK samples than in the NF
samples, while the relative abundances of Ascomycota
and Mucoromycota were lower in the NPK samples
than in the NF samples; the relative abundance of the
Chytridiomycota was similar between the NPK and
NF samples (Fig. 2¢). The fungal species Chalara het-
eroderae, Cercophora samala, Podospora bulbillosa,
Penicillium raperi, and Thanatephorus cucumeris were
significantly more abundant in the NPK samples than in
the NF samples (Fig. 2d). These results suggested that
long-term fertilizer use altered the structures of both the
bacterial and the fungal communities in the topsoil.

Bacterial and fungal beta diversity. Principal coor-
dinate analysis (PCoAs) showed that fungal and bac-
terial communities were more similar among soil sam-
ples subjected to the same fertilizer treatment regime;
that is, there were noticeable distinctions between the
NF and NPK microbial communities (Figs. 3a, 3b).
In the bacterial analysis, principal component 1 (PC1)
and principal component 2 (PC2) explained 68.68
and 16.65%, respectively, of the variation in the data
(Fig. 3a). In the fungal analysis, PC1 and PC2 explained
41.33 and 23.59%, respectively, of the variation in the
data (Fig. 3b). Consistent with the PCoAs results,
UPGMA hierarchical clustering analyses of bacterial
community composition (Fig. 3¢) and fungal commu-

nity composition (Fig. 3d) showed that communities
were more similar within treatment type than between
treatment type. Thus, our results indicated that long-
term fertilizer use affected soil microbial beta diversity.

Linear discriminant analysis effect size (LEfSe)
results for the microbial community LDA cladograms
indicated that there were significant shifts in bacterial
and fungal community composition between the NPK
and NF samples (P < 0.01, LDA score >3.0; Fig. 4). In
total, 105 bacterial taxa were differentially enriched
between the two treatments: the relative abundances of
57 taxa were greater in the NF samples, while the rela-
tive abundances of 48 taxa were greater in the NPK
samples. For example, the relative abundances of
Planctomycetes, Nitrospirae, Proteobacteria, and Aci-
dobacteria were significantly greater in the NPK sam-
ples, and the relative abundances of Bacteroidetes and
Chloroflexi were significantly greater in the NF sam-
ples (Fig. 4a). Similarly, 84 fungal taxa were differen-
tially enriched between the NPK and NF samples: the
relative abundances of 25 fungal taxa, in particular
Ascomycetes, were significantly greater in the NPK
samples, while the relative abundances of 59 fungal taxa
were significantly greater in the NF samples, including
Basidiomycotes, Glomeromycotes, and Mortierello-
mycotes (Fig. 4b).

Table 2. The alpha diversity indexes for the NF and NPK soil samples

Object Plot ACE Chao 1 Simpson Shannon Coverage
Bacteria NPK 246.00 £ 3.60? 239.66 £ 5.842 0.01 £ 0.00% 4.70 £ 0.03? 0.96
NF 252.33 £ 2.402 247.33 £2.722 0.01 £ 0.002 4.69 £+ 0.00? 0.95
Fungi NPK 352.00 £ 1.522 356.33 £ 2.18? 0.02 + 0.00? 4.61 £0.07% 0.99
NF 347.30 £+ 6.882 354.66 = 7.212 0.02 £ 0.002 4.40 = 0.012 0.99

Note: Different small letters indicate significant differences between treatments (p < 0.05, Duncan’s test).
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Fig. 2. Microbial community composition in the soil samples from the NPK and NF plots (a) bacterial phyla, (b) bacterial spe-

cies, (c) Fungal phyla, (d) fungal species.

Associations between soil properties and soil micro-
bial community structure. The RDA_ CCA indicated
that five soil properties (SOM, TN, pH, AK, and AP)
significantly affected the phyla level structures of the
bacterial and fungal communities at the study site
(Figs. 5a, 5b). Of the bacterial phyla, Nitrospirae and
Planctomycetes were closely associated with the NPK
samples and were most influenced by SOM, TN, AK,
and AP, while Bacteroidetes, Chloroflexi, and Gem-
matimonadetes were closely associated with the NF
samples and were most influenced by soil pH. Of the
fungal phyla, Ascomycota was closely associated with

the NPK samples and was most influenced by SOM,
TN, AK, and AP, while Glomeromycota and Basidio-
mycota were closely associated with the NF samples
and were most influenced by soil pH.

DISCUSSION

Soils harbor a huge diversity of microorganisms
that participate in various bio-geochemistry cycles
and influence soil fertility [31]. However, the com-
plexity and heterogeneity of soil habitats and soil
microbial communities limit our understanding of the
No. 8 2022
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relationships between soil microbes and soil health.
Here, we found that long-term fertilizer use reshaped
soil bacterial and fungal community structures, but
had little effect on the alpha and beta diversity of the
overall soil microbial community.

The factors driving soil microbiota composition
may be very complex, possible including both envi-
ronmental factors (e.g., temporal variation, spatial
heterogeneity, soil nutrient composition, and soil dis-
turbances due to agricultural activity) [13] and biotic
factors (e.g., reproductive behavior, dispersal ability,
competition, niche differentiation, extinction, genetic
diversity, and plant growth periods [22, 30]. Previous

EURASIAN SOIL SCIENCE  Vol. 55

No.8 2022

studies have shown that soil pH is the principal predic-
tor of bacterial community structure at the ecosystem
level [35]. In addition, long-term fertilization was
shown to decrease bacterial diversity, primarily because
long-term nitrogen input decreases soil pH, and soil
microbial diversity decreases with soil pH [20, 32].
Consistent with this, the relative abundances of the
dominant bacterial and fungal phyla (Proteobacteria,
Bacteroidetes, and Ascomycota) were lower in the
NPK samples as compared to the NF samples, as was
soil pH (Figs. 3a, 3b).

Furthermore, soils with high pH values and abundant
plant mulch tend to have greater microbial diversity,
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Fig. 4. LEfSe cladograms showing the (a) bacterial and (b) fungal taxa that were significantly differentially abundant (LDA
score > 3.0, P<0.05) between the soil samples from the NPK and NF plots. The cladograms are organized in concentric circles

as follows: domain (innermost), phylum, class, order, family, genus, and species (outermost).
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while acidic soils have lower microbial diversity [18].
These pH-linked differences may further impact plant-
microbial interactions and plant productivity. How-
ever, although pH values were lower in the NPK sam-
ples as compared to the NF samples (Table 1), this dif-
ference appeared to have little effect on the diversity of
the soil microbial community. It may be that our
results differ from previous studies of the effects of pH
on soil microbial communities because we focused
specifically on subtropical soils in southwest China;
that is, this discrepancy may be due to spatio-temporal
and soil heterogeneities. Alternatively, after 20 years of
exposure, the microbial community may have evolved
a new homeostasis in the topsoil at the study site.
Thus, it remains unclear whether long-term fertiliza-
tion has a significant effect on soil microbial diversity.

Alternatively, eutrophic bacteria are abundant than
oligotrophic bacteria in environments with high nutri-
ent input [20]. Consistent with this, our results showed
that long-term high nutrient input (i.e., in the NPK-
fertilized plot) increased the abundance of eutrophic
bacterial phyla including Planctomycetes, Acidobac-
teria, and Nitrospirae, while lack of fertilization (i.e.,
in the NF plot) promoted the growth of oligotrophic
bacteria such as Proteobacteria, Bacteroidetes, and
Gemmatimonadetes (Fig. S1) [17]. Thus, these taxa
may be important competitors after long-term envi-
ronmental filtration.

The principle of oligotrophic-eutrophication
states that nutrient enrichment usually increases the
growth of eutrophic bacteria but decreases the
growth of oligotrophic bacteria; conversely, oligotro-
phic bacterial growth continues under conditions of
malnutrition [21]. Thus, eutrophic bacteria are
abundant than oligotrophic bacteria in environments
with high nutrient input [13]. Consistent with this,
our results showed that long-term high nutrient input
(i.e., in the NPK-fertilized plot) increased the abun-
dance of eutrophic bacterial phyla including Planc-
tomycetes, Acidobacteria, and Nitrospirae, while
lack of fertilization (i.e., in the NF plot) promoted
the growth of oligotrophic bacteria such as Proteo-
bacteria, Bacteroidetes, and Gemmatimonadetes
(Fig. 3a). Thus, these taxa may be important compet-
itors after long-term environmental filtration [34].

Ultimately, long-term fertilization may reduce the
heterogeneity of nutrient utilization, allowing species
that are adapted to higher nutrient levels to colonize
and dominate the fertilized area [19]. Alternatively,
fertilization may amplify initial differences unevenly,
resulting in a more divergent spatial pattern of species
distributions [16, 29]. Finally, the response of soil
microorganisms to fertilizers may vary depending on
environmental conditions [9]. Therefore, further
multiscale and integrative analysis are required to
assess the complexities of soil microbial communities
and surrounding resources at different points in the
crop growth cycle.

EURASIAN SOIL SCIENCE  Vol. 55

No.8 2022

1123

CONCLUSIONS

Our 20-year fertilizer experiment showed that
NPK significantly increased indices associated with
soil fertility (i.e., TN, TP, TK, AN, AP and AK), but
decreased soil pH. In addition, long-term fertilizer use
reshaped the soil microbial community without
changing a-diversity. The bacterial phyla Nitrospirae
and Planctomycetes and the fungal phylum Ascomy-
cota were closely associated with the NPK plot, influ-
enced by SOM, TN, AK, and AP, while the bacterial
phyla Bacteroidetes and Chloroflexi and the fungal
phyla Glomeromycota and Basidiomycota were closely
associated with the NF plot, influenced by soil pH.
Therefore, our results provide insights into the
response of soil microorganisms to long-term fertilizer
use in subtropical regions. Therefore, our results pro-
vide insights into the response of soil microorganisms
to long-term fertilizer use in subtropical regions.
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