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the C/N ratio, and had a negative relationship with
pH in T2 and T3 treatments. However, the relative
abundance of bacteria in the T2 and T3 treatments
were positively influenced by SWC, AB and PC.
Moreover, in T4 treatment, the relative abundance
of bacteria was positively influenced by AB, PC, N,
SOC, available potassium (AK) and pH. The soil
and vegetation variables together explained 55.7%
variance in the composition of soil bacteria (Monte
Carlo permutation test with 999 permutations,
p<0.05).

3.4. Effects of individual plant species on the soil
bacterial community

N addition had no significant effects on the
aboveground biomass of L. chinensis, A. scoparia, P.

fagellaris or L. davurica, which were the dominant
species and the most common accompanying
species. However, N addition significantly decreased
the aboveground biomass of G. verna (Figure 3).
Relative to the CK group, the aboveground biomasses
of L. chinensis and A. scoparia were higher in the
treatment groups, although not significantly so. The
correlation analysis (Table 2) showed that the soil
bacterial Shannon-Wiener index was significantly and
positively correlated with the relative important value
of L. davurica (r=0.724, p<0.01) and significantly and
negatively correlated with the aboveground biomass
of G. verna (r=-0.664, p<0.01). Moreover, SMBC
increased linearly with the aboveground biomass of
A. scoparia (r=0.641, p<0.01) and was negatively
correlated with the aboveground biomass of G. verna
(r=-0.523, p<0.05).

Figure 1. PCR-DGGE analysis of bacterial diversity following N addition to soils in the Songnen grassland. The
numbering is as follows: 1-3, CK; 4-6, T1; 7-9, T2; 10-12, T3; and 13-15, T4. The treatments were control (CK),
T1 (23 kg ha! yr'), T2 (46 kg ha' yr'), T3 (69 kg ha' yr') and T4 (92 kg ha' yr'). We selected eight bands for
sequencing (Z1-Z8). We calculated the soil bacterial Shannon-Wiener index from the gel image according to the

number and peak heights of each band using Quantity-One software.
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Table 1. Effects of N addition on soil total N concentration (Total N), soil pH, soil water content (SWC), plant species
richness (SR), aboveground plant biomass (AB), the soil bacteria diversity (H) and the soil microbial biomass carbon
(SMBC) in a forbs community in the Songnen grassland. Different letters within a column indicate a significant
difference of the mean values + SE (p<0.05) in each plot.

Soil Vegetation Soil bacteria
Total N (g/kg) pH SWC (%) SR AB (g/mz) H SMBC (Mg*C/g)
CK 1.4+0.02a 7.78+0.04b 6.89+0.55a 1.69+0.03b  319.15+46.60a 2.14+0.19a 108.15 +£9.74a
Tl 1.5+0.02a 7.77+0.02b 6.16+0.47a 1.57+0.12b  330.00+43.16ab  2.70 £ 0.07b 137.89 = 11.60a
T2 1.4+0.04a  7.88+£0.0lc 7.37+0.60a 098+0.16a  359.06 + 15.04b 2.92+0.18b  202.77 +21.46ab
T3 1.5+0.0la 7.70+0.01b 7.16+0.71a 0.81+0.15a  432.97 +53.70c 3.12+0.13¢c  254.14 +21.26ab
T4 1.5+0.05a  7.59+0.05a 6.69+0.69a 0.72+0.21a  458.10 + 60.28d 2.99+£0.07b 310.92 = 18.16b
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Figure 2. Bioplot diagram of the redundancy analysis of the relative abundance of soil bacteria as a function of soil
and vegetation variables under N deposition in the Songnen grassland. Soil total nitrogen concentration (N), soil
organic carbon (SOC), soil water content (SWC), soil pH (pH), soil C/N ratio (C/N), available potassium (AK),
plant community height (PH), aboveground plant biomass (AB), plant community coverage (PC), plant species
richness (SR) and plant diversity (PD) were used as quantitative explanatory variables. Axis 1 and Axis 2 together
explained 55.7% of the total variance (p<0.05). The numbering of 1-15 is as follows: 1-3, CK; 4-6, T1; 7-9, T2;
10-12, T3; and 13-15, T4.
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Figure 3. Effects of nitrogen addition on the aboveground biomass of five plant species (Mean + SE). Different letters
above bars indicate significant differences (p<0.05) among treatments, ns = no significance.

Table 2. Correlations between the soil bacteria diversity (H) or soil microbial biomass carbon (SMBC) and the
aboveground biomass or relative importance value (RIV) of the five plant species.

L. chinensis

A. scoparia P, flagellaris L. davurica G verna
Biomass RIV Biomass RIV Biomass RIV Biomass ~ RIV Biomass RIV
H -0.075  -0.244 0473  0.429 -0.221  -0.092 0.120  0.724** -0.664** 0.505
SMBC -0.090 -0.142 0.641%*  0.441 -0.293  -0.104 0.316 0.465 -0.523*  0.340

Symbols * and ™" indicate the significance of the Pearson correlation at p<0.05 and p<0.01, respectively.

3.5. Effects of plant functional groups on the soil
bacterial community

None of the plant functional groups changed
significantly along the N addition gradient (Figure
4). Nonetheless, the aboveground biomass of PR
was higher in the treatment groups than in the CK,
whereas the aboveground biomasses of AAB (except

T4), PF, SS and PB were lower in the treatment
groups than in the CK. Both the soil bacterial
Shannon-Wiener index and SMBC were negatively
correlated with the richness of PF, PR and SS (Table
3). In addition, a significant positive correlation
between SMBC and aboveground biomass of the
AAB was observed (=0.683, p<0.01).
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Figure 4. Effects of nitrogen addition on the aboveground biomass of plant functional groups in the forbs community
(Mean + SE). Different letters above bars indicate significant differences (p<0.05) among treatments, ns = no
significance. (Abbreviations of plant functional groups: AAB = annuals and biennials, PF = perennial forbs, PR =
perennial rhizome grasses, SS = shrubs and semi-shrubs, PB = perennial bunch grasses).

Table 3. Correlations between the soil bacteria diversity (H) or soil microbial biomass carbon (SMBC) and the
aboveground biomass or richness (FR) of the five plant functional groups.

AAB PF PR SS PB
Biomass FR Biomass FR Biomass FR Biomass FR Biomass FR
H 0.507 -0.216 -0.429  -0.711%* -0.081  -0.698** -0.496  -0.645** 0.183 -0.117
SMBC 0.683** -0.127 -0.473  -0.737** -0.092  -0.768** -0.447 -0.562* 0.433 -0.268

Symbols * and ** indicate the significance of the Pearson correlation at p<0.05 and p<0.01, respectively. (Abbreviations of plant
functional groups: AAB = annuals and biennials, PF = perennial forbs, PR = perennial rhizome grasses, SS = shrubs and semi-
shrubs, PB = perennial bunch grasses).
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4. Discussion
4.1. Effects of N addition on the soil bacterial community

N addition increased the soil bacterial diversity (Figure
1; Table 1), though a study had found lower bacterial
diversity and a significant changes in microbial
community structure in long-term fertilized plots
(Campbell et al. 2010). This finding is consistent with
the increase in the diversity of soil bacterial functional
groups following different N fertilization (0, 100, 150
and 250 kg urea-N ha, respectively) (Xu et al. 2012).
Although the Songnen grassland is an N-limited
ecosystem, these results suggest that soil conditions
may have little direct effect on bacterial community
composition and that the stability of the soil bacterial
phyla may be related to other factors, such as plant
community composition. Plants release secondary
compounds into the soil environment from their roots as
exudates, since soil microbial communities depend on
plant root exudates for carbon and nitrogen sources, this
shift in vegetation is thought to influence soil microbial
community structure (Sanon et al. 2009). In our study
site, the dominant species Leymus chinensis and
Artemisia scoparia might provide constituents of root
exudates to soil and are metabolized by a wide variety
of bacteria. Therefore, some plant species may have
important indirect effects on the soil bacteria phyla.

4.2. Effects of soil characteristics on the soil bacterial
community

The distribution of nutrients and soil nutrient availability
affect the biomass, activity and composition of soil
bacterial communities (Ramirez et al. 2010). We found
the soil C/N ratio to be an important factor affecting the
soil bacterial diversity (Table S2). That is, the soil C/N
ratio may affect the soil bacterial diversity through its
effects on resource availability in soils and the plant
community composition. The SWC was also strongly
related to the soil bacterial diversity in our study (Figure
2). SWC regulates bacterial activity and diversity, and in
arid and semiarid ecosystems, it is an important factor
limiting plant growth. The influence of SWC on the soil

bacterial community can be explained by the greater
above- and below-ground plant productivity resulting
from soil water availability (Bai ef al. 2008).

Previous study observed differences among ecosystems
in the diversity and richness of soil bacterial
communities could largely be explained by soil pH
(Fierer and Jackson 2006). However, our results are not
consistent with those of previous studies. Although both
soil pH and the soil bacterial diversity were lowest in
the T4 treatment, there were no significant correlations.
Therefore, soil pH might not be the critical factor in
regulating the soil bacterial diversity.

The SMBC has been shown to be a reliable index of soil
fertility. SMBC increased linearly with aboveground
plant biomass suggests that the plants obtained sufficient
nutrients to increase their biomass and contribute more
root exudates to soil, such that the nutrient availability
of the soils changed the soil bacterial communities
(Hartmann et al. 2008); i.e., there exists a two-
way interaction between the plant and soil bacterial
communities in nutrient cycling.

4.3. Effects of plant diversity on the soil bacterial
community

Previous study showed that changes in plant diversity
and composition in grassland ecosystems lead to a rapid
response of bacterial diversity (Loranger-Merciris et al.
2006). A study in three semi-natural Irish grasslands
investigated the influence of different plant species,
fertilization and L. perenne ingression on microbial
community in soils, the results indicated that the
diversity of plant communities may affect soil bacterial
communities through variation in nutrient availability
over time (Liliensiek ez al. 2011).

With an increase in N availability, the growth of
legumes in an ecosystem is usually replaced by the
growth of non-legumes, which are normally N-limited.
Accordingly, the aboveground biomass of G. verna
significantly decreased with increasing N application
(Figure 3). Nonetheless, the diversity and biomass



of the soil bacterial community increased in response
to N addition. In addition, the relative importance
value of L. davurica, a main accompanying species,
increased, enhancing the soil bacterial diversity
(Table 2). Although N addition can reduce plant
diversity, the dominant and main accompanying
species not only persisted but increased community
height, coverage, and, in particular, biomass (Figure
3, Table S1). A significant and positive correlation
has found between the aboveground biomass of
A. scoparia and the SMBC (Table 2), suggesting
that the greater biomass of dominant plant species
increased the availability of C and N to the soil
microbial community, resulting in a higher SMBC.
Thus, increases in the relative importance values
and aboveground biomasses of the dominant and
main accompanying plant species likely enhance the
SMBC and change the soil bacterial diversity.

N addition enhanced the aboveground biomass of
the PR and AAB groups (especially L. chinensis and
A. scoparia) (Figure 3, Figure 4). Some keystone
species can have effects on community or ecosystem
function that are large relative to their total biomass,
thereby increasing the amount of mineralization
nutrients to below-ground communities. Most
soil bacterial communities were established in the
presence of a few dominant plant species or special
plant functional groups (Vessey 2003), not among
plant species declining or disappearing due to long-
term N addition. Accordingly, the functional plant
group AAB exerted significant effects on the soil
bacterial community (Table 3). In most ecosystems,
bacterial growth is limited by plant biomass
production. In contrast, the C and N resources
needed for the metabolism of the soil bacterial
community come primarily from plant exudates or
decomposing plant litter (Loranger-Merciris et al.
2006). Although a decrease in plant diversity was
detected, some functional plant groups (e.g., AAB,
PR) provided more resources to the soil bacterial
community. From the above evidence, we suggested
that a unique relationship between plant species and
soil bacteria. The soil bacterial community structure
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may depend, not on all the plant species present, but
on a minority of species that have disproportionately
large contributions to the plant community biomass.
This hypothesis is consistent with the view that each
plant species contributes to below-ground system
functioning. The relationship between plant species
and the soil bacterial community may have a one-to-
many mechanism, with “one” designating one or a
few particular plant species.

4.4. The primary influences on the correlations
among plant community, soil properties and bacterial
community

N availability has been shown to regulate the rate
and course of plant community redevelopment in N
gradient experiments (Tilman 1987). N deposition
could reduce the plant species richness. Reduced
competition for N within plant communities and
changes in plant species richness may be expected
to modify the nutrient availability to soil microbial
communities and thus alter the soil bacterial
diversity.

Although variation in the soil bacterial community
is ultimately a function of resource availability in
the soil (McCrackin et al. 2008), N addition directly
affects plant composition and diversity. In our study,
when plant community height, coverage, biomass
or diversity changed, the soil bacterial diversity
changed. Relative to variations in soil nutrient levels,
the soil bacterial community is sensitive to vegetation
characteristics (Table S2, Figure 2). Although N
addition alters the soil bacterial community, the
indirect effects of plant community on the soil
bacterial community exceed the direct effects of soil
nutrient levels. Nevertheless, many factors correlated
to the 16S rRNA gene bacterial profiling detected
by DGGE. The soil and vegetation factors we
selected explained 55.7% of the variance in species-
environment relationships (Figure 2); the remaining
variance cannot be explained by these factors, it is
due to unmeasured environmental factors, such as
soil temperature.
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Table S1. List of plant species within the quadrats (Im x 1 m).

Functional group Latin name Relative Biomass (%)
Annuals and biennials Artemisia scoparia 61.699
Chenopodium serotinum 0.084
Chloris virgata 0.024
Eragrostis pilosa 0.018
Euphorbia humifusa 0.014
Kochia sieversiana <0.001
Kummerowia striata 0.391
Orobanche coerulescens 0.216
Plantago depressa <0.001
Salsola collina 1.838
Setaria viridis 0.343
Tribulus terrester 0.032
Perennial forbs Astragalus adsurgens 1.115
Astragalus melilotoides 0.719
Astragalus scaberrimus 0.023
Carex duriuscula 0.262
Convolvulus ammannii 0.192
Erodium stephanianum 1.096
Gueldenstaedtia verna 0.202
Inula japonica 0.067
Ixeris denticulata <0.001
Melissitus ruthenica <0.001
Potentilla flagellaris 4.079
Saussurea amara 0.053
Taraxacum ohwianum 0.082
Vicia amoena 0.278
Perennial rhizome grasses Hierochloe glabra 0.894
Leymus chinensis 23215
Perennial bunch grasses Cleistogenes squarrosa 0.445
Shrubs and semi-shrubs Lespedeza davurica 1.987

Lespedeza juncea 0.617
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Table S2. Correlation analysis predicting the soil bacteria diversity (/) and the soil microbial biomass carbon (SMBC)
as a function of select vegetation and soil variables under N deposition in the Songnen grassland. (AB, aboveground
biomass; PC, plant community coverage; SR, plant species richness; PH, plant community height; PD, plant Shannon-
Wiener index; Total N, soil total nitrogen concentration; SOC, soil organic carbon; SWC, soil water content; C/N, soil
C/N ratio; AK, available kalium).

Dependent variables Variables Correlation coefficient » R
Total N 0.262 0.069

SOC 0.094 0.009

Soil pH 0272 0.074

SWC 0.270 0.073

C/N ratio -0.632" 0.400

H AK 0.134 0.018
AB 0.407 0.165

PC 0.613" 0.376

SR -0.714™ 0.510

PH 0.711" 0.506

PD -0.395 0.156

Total N 0.485 0.235

SOC 0.388 0.151

Soil pH -0.503 0.253

SWC 0.081 0.007

C/N ratio -0.296 0.088

SMBC AK 0.282 0.079
AB 0.792" 0.627

PC 0.585" 0.342

SR -0.656"" 0.430

PH 0.488 0.239

PD -0.45 0.203

H9<0.05, **p<0.01
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5. Conclusions

This study aimed at identifying the primary influences
on the relationship among the plant community,
the soil properties and the soil bacterial community
under simulated nitrogen deposition. The SMBC and
soil bacterial diversity was more sensitive to plant
community composition than to soil properties under
the context of increased N addition. The increased
aboveground biomass of dominant plant species
and plant functional groups resulted in the increased
diversity of soil bacteria and SMBC. It implied that
there was a unique relationship between the soil
bacterial community and a subset of plant species
rather than all species.
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