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Abstract

Despite the pivotal importance of soil microbial communities in regulating the terrestrial
carbon (C) cycle and ecosystem functioning, their vertical patterns and their responses to
long-term nitrogen (N) deposition, in terms of microbial biomass and relative abundance,
still remain unclear, particularly for fungi versus (vs.) bacteria and Gram-positive (GP) vs.
-negative (GN) bacteria, where they traditionally have contrasting biological characteristics.
In this study, we investigated the responses of GP and GN bacteria, total bacteria (TB), and
fungi (TF) and their relationships with four nutrient ratios to 10 years of N addition with
three N addition rates (control, N2, and N10 representing 0, 2, and 10 g m−2yr−1, respec-
tively) across a 100 cm soil profile (0-10-20-30-40-70-100 cm) in a semiarid grassland, both in
terms of absolute biomass and relative abundance represented by the amount and percent-
age of phospholipid fatty acids (PLFAs) (e.g., GP bacterial PLFAs: total PLFAS) of specific
microbial groups, respectively. Our results showed that N addition has significant negative
effects on the biomass of these four microbial groups across the whole soil profile, while
N addition significantly decreased the relative abundance of GN bacteria and increased
those of TF and GP bacteria. Additionally, N addition significantly decreased the biomass
of TF and GP bacteria in 0–10 cm soil, and of TB and GN bacteria in 0–10, 40–70, and
70–100 cm soils, with the significant increase or decrease mainly occurring at the N10 rate.
Our results also showed that the biomass of these four microbial groups decreased with
soil depth regardless of N addition, but that of TB and GN bacteria decreased faster than
that of TF and GP bacteria did, and further caused the relative abundance of TF and GP
bacteria to increase with soil depth. Significant Pearson correlations among the biomass
and relative abundance of these microbial taxa with soil pH, total phosphorus, NH4

+-N,
and NO3

−-N were mainly found in 0–10 cm soil. C:N and NH4
+-N: NO3

−-N ratios in-
creased with increasing soil depth, while C: phosphorus (P) and N:P ratios decreased. N
addition significantly increased C:P and NH4

+-N: NO3
−-N ratios and decreased N:P ratios,

especially under the N10 rate. Among these four nutrient ratios, N:P significantly explained
the highest variations in F:B (76%) and GP:GN (38%) across the whole soil profile. Together,
these results underline the different responses of soil microbial relative abundance and
biomass along the soil profile under long-term N addition. They also suggest a relationship
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between soil microbial diversity and biomass relationships, and how this links to nutrient
ratios in the subsoil needs to be investigated in future.

Keywords: nitrogen deposition; soil microbiome; temperate grassland; subsoil; Mongolian Plateau

1. Introduction
Over the last century, reactive nitrogen (N) generated by human activities has far

exceeded the total reactive N produced by natural processes in the Earth’s surface system
over the same period, leading to a high reactive N content ratio in the atmosphere, which
further significantly alters N cycling processes between atmospheric and terrestrial sys-
tems [1–4]. China’s grassland accounts for approximately 35% of the total national land
area, underlying the sustainability of ecosystem products and services regionally [5–7]. Soil
microorganisms, representing the unseen majority residing in soil, dominate terrestrial
biogeochemical cycling and are essential for plant growth [8–11]. Increased mineral N
fertilizers may cause adverse effects on soil microorganisms in grasslands via decreasing
soil pH and aggravating nutrient competition [12–15]. However, the responses of microor-
ganisms and their relationships with soil pH, NH4

+-N, and NO3
−-N in grassland soils to

N addition still remain unclear.
Fungi and bacteria play fundamental roles in key terrestrial ecosystem processes,

including nutrient cycling (e.g., N; phosphorus, P), carbon (C) cycling and sequestration,
and litter decomposition [16–19]. Moreover, Bar-On et al. (2018) [20] reported that there is
12 gigatons (Gt) of fungal biomass on earth, constituting about 3% of the global biomass,
while there is 70 Gt of bacterial biomass, although bacteria mostly reside in aquifers and
subseafloor sediment. Fungi, as the decomposers of relative recalcitrant soil organic matter
(SOM), generally play dominant roles in ecosystems (e.g., forest ecosystems) with slow
nutrient cycling [10,16]. As the most abundant of all bacteria taxa, Gram-positive (GP) and
-negative (GN) bacteria have received considerable attention in recent decades [21–23]. GP
bacteria can use more recalcitrant SOM, while GN bacteria use more labile SOM, derived
from plants [24]. Although soil microbial community composition under N addition has
received much research attention, we still lack enough field work to recognize the responses
of these four microbial functional groups to long-term N addition.

Most previous studies indicated that N addition affects the growth of these four mi-
crobial groups differently by decreasing soil pH and increasing N availability [25–29]. The
main reasons are that N addition can directly affect ecosystem N status (such as NH4

+-N
and NO3

−-N contents and their ratios) and soil pH, and further affect soil microbial activi-
ties. Generally, the decrease in soil pH could cause greater negative effects on GN bacteria
than GP bacteria, because GP bacteria have thicker cell walls [28,30]. By contrast, the
increment in N availability induced by N addition could favor bacteria than fungi, because
bacteria generally have higher nutrient requirements [28]. Moreover, these aforementioned
studies generally focus on the responses of microbial taxa to N addition in terms of only
biomass or relative abundance, although their responses may differ [31,32]. For instance,
Zhou et al. (2017) [27] analyzed the data according to 1408 paired observations and reported
that N addition significantly reduced fungal biomass and increased the relative abundance
of GP bacteria. However, another meta-analysis reported that the relative abundance of
fungi increased with no significant change in GP biomass under N addition [27]. Divergent
conclusions from existing meta-analyses could be attributed to not only enough data at the
time but also inconsistent data analysis methods.

https://doi.org/10.3390/nitrogen7030077

https://doi.org/10.3390/nitrogen7030077


Nitrogen 2026, 7, 77 3 of 17

Most microbial studies are restricted to surface soil, although soil microorganisms
play important roles throughout the soil profile [33–36]. Moreover, our knowledge of soil
depth variations in fungi and bacteria, in terms of biomass and relative abundance, was
very limited. Based on previous studies, microbial biomass and activity decreased with soil
depth because available C and other nutrients decreased with soil depth [37–39]. However,
the relative abundance of TF, TB, GP, and GN bacteria did not always decrease with soil
depth [40], which reflects the different vertical patterns of these microbial taxa. Moreover,
the relative abundance can reflect the environmental (e.g., pH, water, and nutrient avail-
ability) adaptability of a specific microbial functional group in the whole soil microbial
community at a specific soil depth. Additionally, few studies have directly investigated
the response of these microbial taxa to long-term N addition across the whole soil profile,
particularly under field conditions. Due to the significant difference in soil environment
among different soil layers, their response to N addition in top- and subsoil may be remark-
ably different. Therefore, it is of great interest to study the vertical pattern and responses of
Gram-bacteria, total bacteria, and fungi to N addition across the soil profile.

Chinese grasslands cover 12.5% of the world’s grassland area and 41.14% of the land
area of China [7], playing an important role in ecosystem services and functioning at global
and regional scales. Fungi and bacteria are pivotal to the control of the global terrestrial
C cycle and climate change at least in the 100 cm soil profile, but they play different
roles (TF vs. TB; GP vs. GN bacteria) in C cycling due to distinct biological characteris-
tics [21,23,41]. In this study, based on a N addition field experiment in a semiarid steppe,
we investigated their vertical patterns at the 100 cm soil depth and their responses and main
nutrients after 10 years of N addition from the absolute biomass and relative abundance
represented by phospholipid fatty acid (PLFA) amounts and percentages, respectively. Fur-
thermore, we explored how these four functional soil microbial groups and two microbial
ratios linked to soil properties and nutrient ratios across the 100 cm soil profile (Figure 1).

Figure 1. Overall research framework of the present study.

2. Materials and Methods
Our study site is located in a semiarid grassland in Xilingol, Inner Mongolia, north of

China (43◦32′ N, 116◦40′ E, elevation ~1200 m a.s.l.). The study area, an important part of
the Eurasia grasslands, has a semiarid continental climate with a mean annual temperature
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of 0.9 ◦C and mean annual precipitation of 321.8 mm for the period of 1985–2017. Moreover,
the mean monthly air temperature of the growing season (from May to August) is about
16 ◦C, with approximately 60–80% precipitation falling during the growing season in this
area. The soil is classified as a Haplic Calcisol (the FAO soil classification system) or a
chestnut (Chinese classification system). The content of soil clay, silt, and sand in the
0–10 cm soil is 5.2%, 44.2%, and 50.6%, respectively. The background annual N deposition
at this site is less than 2 g m−2 yr−1 [42]. No fertilizer was applied at this site before our
long-term experiment.

The study area has been fenced off since 1999 to exclude large animal grazing, and
a field N addition experiment was established in 2008. The experimental design was
described previously in detail by Niu et al. (2021) [43]. Briefly, we used a complete
randomized block design and set up ten 45 m × 70 m blocks in total, with each block
having thirty-eight 8 m × 8 m experimental plots, with 2 m walkways among blocks
and a 1 m walkway buffer zone to separate plots. Here, three N addition rates (0, 2, and
10 g m−2 yr−1 are described as the control, N2, and N10, respectively) were selected to
investigate the effects of N addition on total bacteria and fungi, and GP and GN bacteria,
both in terms of absolute abundance or biomass and relative abundance along the 100 cm
soil profile. The N deposition rate of 2 g m−2 yr−1 may become a reality in the near-future,
whereas 10 g N m−2 yr−1 is similar to the N saturation threshold in this area [44]. N, as
the form of ammonium nitrate (NH4NO3), was added to the plots on the first days of
June and November equally for each year. Meanwhile, to simulate seasonal wet and dry
N deposition, and ensure an even distribution in plots, N was added in the wet form of
NH4NO3 solution (NH4NO3 particles mixed with 9.0 L of purified water) on June 1st and
the dry form of NH4NO3 particles (mixed with 0.5 kg of sand) on November 1st. Hence,
the experimental plot received less than 1 mm of additional water annually.

We collected 108 soil samples in total (3 treatments × 6 soil depths × 6 replicates)
in September 2018, when the plots (not including control plots) received 10 consecutive
years of N addition treatment. For each plot, a composite soil sample was taken from five
scattered points, using a 5 cm diameter corer from six depth increments (0–10, 10–20, 20–30,
30–40, 40–70, and 70–100 cm). To remove visible plant materials, all soil samples were
passed through a 2 mm sieve and mixed. Then, each collected soil sample was divided into
three parts: one was used to analyze soil physicochemical properties after being air-dried;
one was stored at 4 ◦C to measure soil ammonium N (NH4

+-N) and nitrate N (NO3
−-N);

and the other was frozen at −20 ◦C for later use to measure soil microbial PLFAs.
The pH of air-dried soil samples was measured using a pH meter (sartorius PB-10;

Goettingen, Germany) with a 1:2.5 (wt/vol, 10 g/25 mL) soil/distilled water suspension.
Prior to analyses of soil total carbon (TC), N (TN), and P (TP), 20 grams (g) of each air-dried
soil sample was ground using a ball mill. Soil TC and TN contents were determined by a
C/N analyzer (Analytik-jena multi N/C 3100; Jena, Germany), while TP concentration was
measured using the mixed strong acid extraction method. Fresh soil NO3

−-N and NH4
+-N

were extracted with 0.5 mol L-1 of K2SO4 (1:5, soil/solution) and the concentrations of the
extracts were measured with a flow injection analyzer (Skalar; Breda, The Netherlands).
We further calculated four nutrient ratios: C:N, C:P, N:P, and NH4

+-N: NO3
−-N.

Phospholipid fatty acids (PLFAs) of each frozen soil sample were extracted [45–47] and
then analyzed via gas chromatography with a flame-ionization detector (Agilent 6850, MIDI
V.6.2; Agilent Technologies, Palo Alto, CA, USA). On the basis of 19:0 internal standard
concentrations, we calculated each PLFA concentration and we express it as nmol per g
of dry soil (nmol g−1). As one of the most commonly used methods for quantifying soil
microbial biomass and analyzing microbial community structure (relative abundance), the
PLFA method extracts PLFAs from the cell membranes of living soil microorganisms. Based
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on the resulting PLFA profiles, specific microbial groups (e.g., TB, TF, and GP bacteria)
can then be identified using their corresponding PLFA biomarkers [36,48,49]. Therein,
total fungal biomarkers included 16:1 w5c, 18:2 w6c, and 18:2 w9c, while total bacteria
biomarkers included all the indicators of GP and GN bacteria, and the PLFAs 14:00, 15:00,
16:00, 17:00, 18:00, and 20:00. The indicators of GP bacteria included i14:0, i15:0, a15:0,
i16:0, i17:0, and a17:0, while those of GP bacteria included 16:1 w7c, 16:1 w9c, 17:1 w8c,
cy17:0 w7c, 18:1 w7c, 18:1 w9c, and cy19:0 w7c. Total PLFAs were calculated as the sum of
total fungi, total bacteria, and other identifiable PLFAs, including 10me16:0, 10me17:0, and
10me18:0. The ratios of fungi to bacteria (F:B) and GP: GN were calculated. The relative
abundances of these four microbial taxa were also calculated by using the corresponding
PLFA of those divided by total PLFAs and are expressed as a percentage.

We ran all statistical analyses in R 3.6.2 (https://www.r-project.org, accessed on
12 December 2019) and the level of significance was accepted at p < 0.05, while we found
that all data met the homogeneity and normality requirements for data analyses after a test
in the “Car” package. Two-way analysis of variance (ANOVA) was used to assess the effects
of N addition and soil depth on soil properties, the PLFAs and relative abundance of these
four microbial groups, and F:B and GP:GN ratios. Then, one-way ANOVA with Tukey’s
HSD was used to test the effects of N treatments or soil depth on those aforementioned
indices. After one-way ANOVA, we used the Pearson correlation analyses to show the
relationships among microbial PLFAs, relative abundance with soil properties, and nutrient
contents. Linear regression analysis was used to assess the relationships between two
microbial ratios and four nutrient ratios (also including NH4

+-N: NO3
−-N with pH) across

the whole soil profile. For some cases (e.g., GP:GN ratio with NH4
+-N: NO3

−-N; NH4
+-N:

NO3
−-N with pH), which may not fit with general linear regression analysis, we also found

the break point using the bent stick approach in the “segmented” package.

2.1. Soil Properties

Based on two-way ANOVA, N addition and soil depth significantly affected all our
measured soil factors (Figures 1 and 2). Additionally, for soil pH and the concentrations
of NH4

+-N, NO3
−-N, and TP, the interactions of N addition × depth were also significant

(Figure 1). As compared with the control plots, N addition significantly decreased soil
pH and increased NO3

−-N content in the N10 treatment in all soil layers (Figure 2a,c).
N addition increased soil NH4

+-N and TN contents, and the increase in NH4
+-N was

significant in the N10 treatment in the upper three soil layers and 70–100 cm layer, while the
increase in TN was significant in the N2 and N10 treatments in the 10–20 cm soil layer and in
the N10 treatment in the 30–40 and 40–70 cm soil layers (Figure 2b,e). The TC content in the
N10 treatment was significantly higher than in the control and N2 treatments (Figure 2d).
N addition decreased soil TP content, with this decrease being significant in the N2 and
N10 treatments in the 0–10 cm soil layer, in the N2 treatment in the 20–30 cm soil layer, and
in the N10 treatment in the 70–100 cm soil layer (Figure 2f). Soil pH significantly increased
with increasing soil depth, while the contents of soil NH4

+-N, NO3
−-N, TC, TN, and TP

decreased significantly with soil depth (Figure 2). Significant linear relationships between
NH4

+-N: NO3
−-N ratio and pH were also observed within the 100 cm soil profile (Figure 3).

Regardless of N addition, C:N and NH4
+-N: NO3

−-N ratios significantly increased with
increasing soil depths, and C:P and N:P decreased (Figure 4). As compared with the control,
high N addition (N10) significantly decreased in C:N ratio at the 30–40 cm soil depth
(Figure 4a). N addition generally increased soil C:P and N:P ratios at all soil depths, and
the effects of this addition became more significant under N10 treatments (Figure 4b,c). N
addition decreased the NH4

+-N: NO3
−-N ratio, with this decreasing effect generally being

significant at 10–100 cm soil depths (Figure 4d).
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Figure 2. Effects of chronic N addition on soil properties within the 100 cm soil profile in a typical
grassland. Notes: Data are shown as means with standard errors, and some raw data come from a
previous study [43]. TC, TN, and TP correspond to soil total carbon, nitrogen, and phosphorus. The
different lowercase letters show significant differences (p < 0.05) among N treatments for each soil
depth, while the different capital letters indicate the same among different soil depths. The results
of two-way ANOVA are shown in the lower or upper right corner of the figures. Aasterisks ** and
*** indicate significant levels at p < 0.01 and <0.001, respectively. The ns means no significant effect.

Figure 3. Relationships of NH4
+-N: NO3

−-N ratio with pH within the 100 cm soil profile in a typical
grassland. Notes: The R2 value and its significance of linear regression are shown in the corner for
all significant cases. Results (break point, R2 value, slopes (k1 and k2) for the line before and after
the break point, and the significance) are shown using the bent stick approach. Asterisks *** indicate
significance levels at p < 0.001.
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Figure 4. Effects of chronic N addition on four soil nutrient ratios within the 100 cm soil profile in
a typical grassland. The different lowercase letters show significant differences (p < 0.05) among N
treatments for each soil depth, while the different capital letters indicate the same among different
soil depths. The results of two-way ANOVA are shown in the lower or upper right corner of the
figures. Asterisks *** indicate significant level at <0.001, respectively.

2.2. Soil Microbial Taxa Biomass (PLFA Amount)

The effects of N addition, soil depth, and its interactive effects on the biomass (PLFAs)
of TF, TB, GP, and GN bacteria were all significant (Figure 5). When compared with control
plots at a total soil depth of 0–100 cm, N addition significantly decreased TF PLFAs by
6.83%, TB PLFAs by 10.62%, GP bacteria PLFAs by 8%, and GN bacteria PLFAs by 14.27%
(Figure S1). From 0–10 to 70–100 cm soil, the PLFAs of TF, TB, GP, and GN biomass
significantly decreased by 51.9%, 74.3%, 67.0%, and 77.8%, respectively (Table S1). Hence,
in comparison to TF and GP bacteria PLFAs, TB and GN bacteria PLFAs decreased faster
with increasing soil depth and N inputs. N addition significantly decreased the biomass of
GP bacteria and TF at the N2 and N10 rates in the 0–10 cm soil layer, except for TF at the
N2 rate, while N addition had no significant effects below 10 cm soils as compared with
control plots (Figure 5a,c). Additionally, N addition significantly decreased GN bacteria
and TB PLFAs at the N2 and N10 rates in the 0–10, 40–70, and 70–100 cm soil layers, except
for TB biomass at the N10 level at the 40–70 cm depth and GN bacteria biomass at the
N10 level at the 70–100 cm depth (Figure 5b,d). Despite PLFAs of four microbial taxa
significantly decreasing with soil depth, those in the upper three soil layers had significant
differences, while relatively small differences occurred in 30–40, 40–70, and 70–100 cm soils
(Figure 5, Table S1).
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Figure 5. Effects of chronic N addition on the PLFAs of soil microbial groups within the 100 cm soil
profile in a typical grassland. Notes: TF, total fungi; TB, total bacteria; GP, Gram-positive bacteria;
GN, Gram-positive bacteria. The different lowercase letters show significant differences (p < 0.05)
among N treatments for each soil depth, while the different capital letters indicate the same among
different soil depths. The results of two-way ANOVA are shown in the lower or upper right corner of
the figures. Asterisks ** and *** indicate significant levels at p < 0.01 and < 0.001, respectively.

2.3. Relative Abundances of Soil Microbial Taxa (PLFA Percentages)

Soil depth and N addition significantly influenced the relative abundance of TF, TB, GP,
and GN bacteria and the F: B and GP: GN ratios, while the interactive effects of N addition
and soil depth were also significant (Figure 6). At a soil depth of 0–100 cm, N addition
significantly increased the relative abundance of TF and GP bacteria by 3.1% and 1.8%,
respectively, while significantly decreasing that of GN bacteria by 3.4% in comparison to the
control plots (Figure S1). N addition also increased F: B and GP: GN ratios from 1.33 and
0.12 in the CK plots to 1.43 and 0.13 in the N addition plots (p < 0.05), respectively. The
relative abundances of TF and GP bacteria in the 0–10 cm soil increased by 71.3% and 18.1%
as compared with that in 70–100 cm soil, whereas those of TB and GN bacteria decreased
by 8.9% and 20.1% (Figure 6, Table S2), respectively. When compared with control plots, N
addition significantly increased the relative abundance of TF in 0–10, 10–20 and 40–70 cm
soils and increased that of GP in 0–10 and 40–70 cm soils (Figure 6a,c). By contrast, that of
TB significantly increased in 0–10 cm soil, but decreased in 20–30 cm soil under N-addition
treatments (Figure 4b). That of GN also decreased in 0–10, 30–40 and 40–70 cm soils but
increased in 10–20 cm soil (Figure 6d, p < 0.05). Nitrogen addition significantly increased the
F: B ratio in all soil layers, except for 30–40 cm soil, while the GP: GN ratio also significantly
increased in 0–10, 30–40, and 40–70 cm soils (Figure 6e,f). The relative abundance of TF and
GP bacteria and the F: B and GP: GN ratios increased with increasing soil depth, while that
of TB and GN bacteria decreased with soil depth (Figure 6, p < 0.05).
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Figure 6. Effects of chronic N addition on the relative abundance of soil microbial groups within the
100 cm soil profile in a typical grassland. Notes: TF, total fungi; TB, total bacteria; GP, Gram-positive
bacteria; GN, Gram-positive bacteria. The different lowercase letters show significant differences
(p < 0.05) among N treatments for each soil depth, while the different capital letters indicate the same
among different soil depths. The results of two-way ANOVA are shown in the lower or upper right
corner of the figures. Asterisks *, **, and *** indicate significance levels at p < 0.05, <0.01, and <0.001,
respectively. The ns means no significant effect.

2.4. Relationships Between Microbial Properties and Relative Abundances of Soil Microbial Taxa

Across the whole 100 cm soil profile, GP:GN and F:B ratios increased with increasing
soil C:N and NH4

+-N: NO3
−-N ratios, and decreased with C:P and N:P ratios (Figure 5;

Table S3). C:N, C:P, N:P, and NH4
+-N: NO3

−-N can significantly explain 3%, 3%, 76%, and
32% of the total variation in F:B, while C:N, N:P, and NH4

+-N: NO3
−-N can significantly

explain 20%, 38%, and 6% of the total variation in GP:GN, respectively (Figure 7). Significant
relationships of microbial properties (including PLFAs and the relative abundance of TF, TB,
GP, and GN bacteria) with soil properties were mainly found in 0–10 cm soils. In 0–10 cm
soil, soil pH was positively correlated with the PLFAs of TF and GN bacteria, while soil
TC and TN were negatively correlated with TF PLFAs (p < 0.05, Table 1). Soil TP was also
positively correlated with the PLFAs of these four microbial groups (p < 0.05, Table 1). The
PLFAs of TF and GN bacteria correlated significantly positively with soil NH4+-N, and
negatively with soil NO3

−-N (Table 1). Soil TP was also significantly positively correlated
with TB PLFAs in 10–20 cm soil (Table 1). In 30–40 cm soil, soil pH was negatively correlated
with PLFAs of TF, TB, and GP bacteria, while soil TN positively correlated with PLFAs of TB
and GP bacteria (Table 1). Soil TN was negatively correlated with TF PLFAs in 70–100 cm
soils (Table 1).
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Figure 7. Relationships of GP:GN and F:B with C:N, C:P, N:P, and NH4
+-N: NO3

−-N ratios within
the 100 cm soil profile in a typical grassland. Notes: The R2 values and their significance of linear
regression are shown in the corner for all significant cases. Results (break point, R2 value, slopes
(k1 and k2) for the line before and after the break point, and the significance) are shown using
the bent stick approach. Asterisks *, **, and *** indicate significance levels at p < 0.05, <0.01, and
<0.001, respectively.

Table 1. Pearson’s correlation coefficients (r value) between the PLFAs of soil microbial groups and
soil factors at different depth in a typical grassland.

Depth (cm) PLFAs pH TC TN TP NH4
+-N NO3−-N

0–10

GP 0.300 −0.119 −0.107 0.751 *** −0.291 −0.320
GN 0.527 * −0.348 −0.311 0.789 *** −0.531 * −0.554 *
TF 0.634 *** −0.468 * −0.421 0.620 ** −0.665 ** −0.657 **
TB 0.372 −0.220 −0.205 0.798 *** −0.351 −0.391

10–20

GP −0.074 −0.169 0.058 0.436 * 0.037 0.033
GN −0.023 −0.165 0.140 0.407 −0.157 −0.128
TF 0.013 −0.081 0.278 0.281 0.187 0.158
TB 0.007 −0.224 0.065 0.494 * −0.083 −0.078

20–30

GP 0.008 0.187 0.042 0.148 0.067 0.068
GN 0.202 −0.099 −0.027 0.096 −0.201 −0.071
TF 0.181 0.258 −0.065 −0.132 −0.052 −0.093
TB 0.105 0.042 −0.022 0.095 −0.075 0.002

30–40

GP −0.564 * 0.216 0.577 * −0.214 0.293 0.446
GN −0.372 0.245 0.387 −0.121 0.201 0.121
TF −0.563 * 0.027 0.432 −0.225 0.311 0.350
TB −0.580 * 0.196 0.577 * −0.240 0.334 0.419

40–70

GP −0.313 −0.039 −0.217 0.156 −0.172 −0.141
GN −0.014 −0.076 −0.340 0.129 −0.332 −0.389
TF −0.331 −0.020 −0.169 0.107 −0.215 −0.146
TB −0.159 −0.040 −0.332 0.112 −0.261 −0.300

70–100

GP −0.009 −0.117 −0.351 0.003 −0.195 −0.325
GN 0.199 −0.278 −0.263 0.363 −0.303 −0.242
TF −0.119 −0.135 −0.468 * −0.071 −0.134 −0.128
TB 0.050 −0.225 −0.304 0.240 −0.304 −0.300

Notes: TF, total fungi; TB, total bacteria; GP, Gram-positive bacteria; GN, Gram-positive bacteria. Dots and
asterisks *, **, and *** indicate significance levels at p < 0.1, <0.05, <0.01, and <0.001, respectively. All significant
correlations are shown in bold.
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For the relative abundances of these microbial taxa, the relationships with soil proper-
ties were different than for PLFAs. In 0–10 cm soil, soil pH significantly positively correlated
with the relative abundance of GN bacteria, and negatively correlated with that of TB and
GP bacteria (Table 2). Similarly, soil TC, NH4

+-N, and NO3
−-N also positively correlated

with the relative abundance of TB and GP bacteria, and negatively correlated with that of
TF and GN bacteria (p < 0.05, Table 2). Soil TN was also significantly positively correlated
with that of TB and GP bacteria. Soil TP was significantly positively correlated with that of
GP bacteria, and negatively correlated with that of GN bacteria in 0–10 cm soil (Table 2). In
10–20 cm soil, the relative abundance of GP bacteria significantly negatively correlated with
soil pH, and positively correlated with NH4

+-N and NO3
−-N (Table 2). Soil TN was also

positively correlated with the relative abundance of TB. Soil TC and NH4+-N negatively
correlated with the relative abundance of GN bacteria in 20–30 cm soil (p < 0.05, Table 2).
In 30–40 cm soil, the relative abundance of GN bacteria negatively correlated with soil
TN and NH4

+-N, while that of TB positively correlated with soil TN (p < 0.05, Table 2).
Soil NO3

−-N was significantly positively correlated with the relative abundance of GP
bacteria and negatively with that of GN bacteria (p < 0.05, Table 2). The relative abundance
of TF was also significantly negatively correlated with TP, while that of TB was positively
correlated with soil NO3

−-N in 70–100 cm soil (Table 2).

Table 2. Pearson’s correlation coefficients between the relative abundance of soil microbial groups
and soil factors at different depth in a typical grassland.

Depth (cm) Relative Abundance pH TC TN TP NH4
+-N NO3−-N

0–10

GP −0.592 ** 0.584 * 0.594 ** −0.433 * 0.557 * 0.603 **
GN 0.676 ** −0.480 * −0.365 0.536 * −0.753 *** −0.724 ***
TF 0.447 −0.442 * −0.343 −0.372 −0.570 * −0.472 *
TB −0.623 ** 0.479 * 0.553 * 0.116 0.632 ** 0.607 **

10–20

GP −0.467 * 0.224 0.155 −0.183 0.462 * 0.444 *
GN −0.102 0.005 0.236 0.020 −0.222 −0.164
TF −0.086 0.285 0.378 −0.361 0.449 0.398
TB −0.467 * 0.025 0.444 * 0.033 0.057 0.091

20–30

GP −0.350 0.219 0.200 0.234 0.429 0.124
GN 0.368 −0.488 * −0.062 0.162 −0.423 −0.28
TF 0.116 0.322 −0.123 −0.379 0.024 −0.201
TB −0.051 −0.375 −0.029 0.431 0.045 −0.197

30–40

GP −0.363 0.265 0.433 −0.108 0.116 0.374
GN 0.610 ** 0.059 −0.524 * 0.304 −0.351 −0.676 **
TF −0.094 −0.349 −0.173 −0.024 0.032 −0.047
TB −0.35 0.387 0.513 * −0.314 0.350 0.258

40–70

GP −0.398 0.023 0.360 0.099 0.300 0.611 **
GN 0.38 −0.128 −0.367 0.100 −0.427 −0.536 *
TF −0.403 0.038 0.362 −0.089 0.102 0.413
TB 0.281 0.011 −0.670 ** −0.126 −0.345 −0.349

70–100

GP −0.037 0.170 −0.130 −0.290 0.060 −0.221
GN 0.338 −0.219 −0.023 0.383 −0.172 −0.069
TF −0.378 0.308 −0.284 −0.649 ** 0.367 0.334
TB 0.139 −0.099 −0.021 0.391 −0.401 −0.537 *

Notes: TF, total fungi; TB, total bacteria; GP, Gram-positive bacteria; GN, Gram-positive bacteria. Dots and
asterisks *, **, and *** indicate significance levels at p < 0.1, <0.05, <0.01, and <0.001, respectively. All significant
correlations are shown in bold.

3. Discussion
Generally, long-term N addition decreased the biomass of TF, TB, GP, and GN bacteria

across the soil profiles, but increased the relative abundance of TF and GP bacteria and
decreased that of TB and GN bacteria (Figures 3 and 4). This result reflected that long-term
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N addition influenced the biomass and relative abundance of these four microbial groups
differently. Additionally, our result indicated that low-N addition (2 g m−2 yr−1) generally
has no clear effects on the aforementioned microbial properties. These results are consis-
tent with those of previous studies in grassland ecosystems, although those studies only
reported changes in either biomass or relative abundance under N addition [27,28,50,51].
The decreasing availability of C and nutrients (e.g., N and P) with increasing soil depth
also reflected the resource limitations for soil microbial communities.

The negative effects of N addition on soil microbes indicated that excessive N inputs
can inhibit microbial growth. First, long-term N addition could increase the N availability
in this N-limited grassland and may further intensify competition for other nutrients
(e.g., P, K) among plants vs. microbes, and microbes vs. microbes [52–54]. The negative
correlations among NH4

+-N and NO3
−-N with the PLFAs of TF, TB, GN, and GP bacteria

may indicate that soil microbial growth may not be limited by N after 10 years of addition
at this site. Furthermore, the NH4

+-N: NO3
−-N ratio generally increased with increasing

soil pH (Figure 2), which may indicate that the relative influence of pH, NH4
+-N, and

NO3
—-N on soil functional microbial groups is coupled to a certain extent. Importantly, the

relationship of our results to those of soil pH, GP: GN, and NH4
+-N: NO3

—-N using the
bent stick approach indicated that there are important breakpoints (e.g., soil pH: 8.37 and
NH4

+-N: NO3
—-N ratio: 0.11) among these ratios, suggesting that the more complex

relationships should be reconsidered in future studies. We also found significant positive
correlations among TP with the biomass of these four microbial groups in 0–100 cm soil
(Table S3), indicating soil microbial growth may also face P deficiency. In addition, the
decrease in soil microbe biomass may be related to organic material decomposition and
root turnover [55,56]. For example, chronic N enrichment can inhibit the growth of white
rot fungi or mycorrhizal fungi by decreasing lignin’s activity and fine root growth [55,57].
Finally, the decrease in soil pH may be an important reason for the reduction in soil microbe
biomass. Our results indicate that long-term N addition decreased the pH across the whole
soil profile, while low-N addition decreased about 0.3 pH units even in the 70–100 cm soil
layer. The N-induced lower pH and higher solubility of metal cations (e.g., Fe, Mn) can
result in greater osmotic potential between soil microbe cells and soil solution, leading to
the accumulation of metal cations that are toxic to soil microbes [13,52,58].

Changes in the relative abundance of soil microbial groups reflect the different physi-
ologies of those groups and adaptive ability to the disturbance of N addition. Generally,
bacteria and GN bacteria have higher N demands than fungi and GP bacteria, while fungi
and GP bacteria can use relatively stable carbon fractions [59,60]. Hence, high N availability
induced by chronic N addition inhibits the growth of TF and GP, but favors more active,
copiotroph soil microbial groups, such as TB and GN bacteria. We found that N addition
significantly decreased the biomass of TF and GP in 0–10 cm soil, but it significantly re-
duced those of TB and GN bacteria in 0–10, 40–70, and 70–100 cm soils (Figures 5 and 6).
These results indicated that the responses of TB and GN bacteria were more sensitive to
long-term N addition than TF and GN bacteria were, and therefore N addition increased
the relative abundances of TF and GN bacteria. Our results are inconsistent with those
of Zhou et al. (2017) [27], who reported that N addition had positive effects on microbial
growth when the N addition dose was lower than 10 g m−2yr−1, and with a decreased
F: B ratio. The inconsistent results may be because our study has a longer duration of N
addition (10 years).

As expected, we found an inconsistent vertical pattern of relative abundance of TB vs.
TF, and GP vs. GN bacteria, although the biomass of those all decreased with increasing soil
depth regardless of N addition. The relative abundance of TF and GP bacteria increased,
whereas those of TB and GN bacteria decreased with soil depth. Meanwhile, we found
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that the biomass of TB and GN bacteria decreased faster than that of TF and GP bacteria.
Additionally, we found that F:B and GP: GN ratios increased with soil depth. These results
are partly consistent with those of Fierer et al. (2003) [40]. Moreover, we found significant
relationships between these two microbial ratios and four nutrient ratios across the whole
soil profile, and C:N and N:P can explain more than 20% of the total variation in GP:GN,
while those of N:P and NH4

+-N: NO3
−-N can explain more than 30% of total variation in F:B

(Figure 7). There may be three reasons for these phenomena related to ratio shifts. First, the
biological characteristics of different microbial groups seemed to prioritize the use of SOM
or a variety of different qualities, and the SOM (C:N ratio) quality generally decreased with
increasing soil depth due to less fresh plant inputs regardless of N addition [24,38,61,62].
Second, long-term N addition can accelerate the N cycle, altering the uptake of N and
other nutrient elements by plants and microorganisms, further leading to limitations in
the P ecosystem in our grassland ecosystems [21,22,53]. Moreover, the NH4

+-N: NO3
−-N

ratio changes significantly under N addition even in the 70–100 cm soil layer, suggesting
further studies need to focus on different N forms (e.g., NH4

+-N, NO3
−-N, and dissolved

organic nitrogen). Third, as compared with GP:GN, the degree of dispersion of F:B ratio
data was smaller across the whole soil profile (Figure 7). Although the scientific community
has now developed various emerging microbial sequencing methods, we suggest that the
PLFA method, which can indicate the absolute biomass of different microbes, can still can
provide irreplaceable insights into the dynamics of soil microbial communities under global
changes and human activities [23].

It is widely believed that microbial growth in subsoil is slower than that in topsoil,
and the vertical pattern is connected with the diminishing C and nutrient resources across
the soil profile [40,61,62]. We also showed that the biomass or PLFAs of TF, TB, GP, and
GN bacteria all decreased from 0–10 to 70–100 cm, with significant relationships between
these microbial groups and most soil factors along the whole soil profile (Figure 3; Table S3).
Moreover, the contents of soil TC and other nutrients decreased with soil depth (Figure 1). It
should be noted that the vertical pattern of TC is not completely consistent with that of TN
and TP, due to the higher TC values at the 30–40 cm soil depth. Although direct evidence
is lacking, we speculate that this pattern may be attributable to long-term plant inputs,
especially root growth and its vertical distribution. In our study area, most root biomass was
distributed in the surface soil [29], and we found almost no roots below a soil depth of 40 cm
during soil sampling. Hence, low C and other nutrient resources may not favor microbial
growth. Additionally, the faster decrease in TB and GN bacteria compared to TF and GP
bacteria with soil depth resulted in an inconsistent vertical pattern of relative abundance of
those microbes, and this result may correlate with their physiologies. For example, the TF
biomass decreased 52% on average in the 70–100 cm soil when compared with that in 0–10
cm soil, but TB decreased 74% correspondingly (Table S1). The relative abundance of TF
increased by 71% on average and that of TB decreased by 9% correspondingly (Table S2).
Generally, fungi and GP bacteria have higher adaptive capacities under low C and other
nutrient availability because they can use relatively recalcitrant C components compared to
bacteria and GN bacteria [27,38].

4. Conclusions
In summary, our study investigated the vertical pattern to soil depths of 0–100 cm

and the responses of Gram bacteria, total bacteria, and fungi to 10 years of N addition
in a typical steppe. The biomass (represented by PLFAs) of all microbial groups and the
relative abundance of TB and GN bacteria decreased with increasing soil depth, but the
relative abundance of TF and GP bacteria and the F:B and GP: GN ratios increased. N
addition decreased the biomass of all microbial groups and the relative abundance of
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GN bacteria across the soil profile but increased the relative abundances of TF and GP
bacteria and GP: GN and F:B ratios, although the effects were not significant in all soil
layers. N:P significantly explains the highest variations in F:B and GP:GN across the whole
soil profile. Our results distinguish the responses of biomass and the relative abundance of
common microbial groups to N addition along the profiles and link microbial changes to
nutrient ratio shifts in the 100 cm soil profile. Further studies are required to examine the
frame responses of soil microbes and the interactions with C and nutrient cycling under N
increment scenarios in grassland ecosystems.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/nitrogen7030077/s1, Figure S1: Effects of chronic N addition on
the biomass of soil microbial groups in the 100 cm soil profile in a typical steppe; Table S1: Variations
in biomass of soil total fungi, bacteria, and Gram bacteria in different soil layers within the 100 cm soil
profile under different N addition levels; Table S2: Variations in the relative abundance of soil total
fungi, bacteria, and Gram bacteria in different soil layers within the 1 m soil profile under different N
addition levels; Table S3: Pearson’s correlation coefficients of the biomass and relative abundance of
soil microbial groups with soil factors at different depths in a typical steppe.
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