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Abstract: The ecological productivity of the Robinia pseudoacacia L. (RP) widely cultivated on the Loess
hilly region has been widely questioned with its aging. Soil microbial biomass (SMB) plays a key role
in soil nutrient dynamics and productivity of the ecosystems. Understanding the main ecological
drivers of SMB is supposed to be of importance for ecosystem functioning of RP in the Loess hilly
region. In this study, we identified the most influential factors affecting SMB at 2 layers (0–10 cm and
10–30 cm) using forward selection in terms of plant characteristics (forest age, tree height, diameter at
breast height, tree canopy, crown base height, herb height, herb number, herb coverage, herb ground
diameter and herb diversity), soil physiochemical characteristics (soil bulk density, pH, water content,
soil organ carbon, soil total and available nutrient content) and topographical properties (elevation,
aspect and slope). We also analyzed individual and interactive effects (plant–soil, plant–topography,
soil–topography, plant–soil–topography) using general linear model (GLM) analysis. Among all
plant variables, tree canopy and understory richness had the greatest impact on SMB. The soil
variables with the greatest impact on SMB were bulk density and available phosphorus. Elevation
was the most important topographic factor affecting SMB. When we considered the interactive effects
among plant, soil physicochemical and topographical variables on SMB, a significant interaction
effect occurred at a depth of 10–30 cm soil layer. We concluded that individual effects of abiotic and
biotic factors significantly affect SMB at 0–10 cm, while the interaction of these factors mainly played
roles at 10–30 cm. These results provide a basis for maintaining soil health and productivity using
efficient SMB by providing suitable abiotic and biotic habitats.

Keywords: Robinia pseudoacacia; driving factors; interactive effect; forward selection; general
linear model

1. Introduction

Belowground soil microbes are important for forest ecosystem sustainability and
functioning [1,2]. They take parts in carbon and nutrient turnover, nutrient mobiliza-
tion/immobilization, humification, and maintenance of the soil structure [3–5]. Among
the various microbial characteristics, soil microbial biomass (SMB) is regarded as the most
satisfactory index to estimate ecosystem productivity [6,7], which is the major reservoir
of available nutrients [8] and the balance between the release and sequestration of soil
carbon [9]. Identifying the main drivers of SMB is important to better understand the
function of soil microorganisms in regulating ecosystem structure, process and functioning.

Previous researches have reported the effect of plant, soil and topography on SMB [10].
Plant properties have significant effect on SMB by providing carbon source including leaf
litter and root inputs to soil microbes and by altering living environment of microorganisms
through root exudates [11]. Abiotic factors (soil and topography) are considered as more
important influential factors for changes of the soil microbes compared to plant variables in
local scales [12]. SMB may be affected by soil nutrient content [13], soil water content [14],
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soil physical structures [15], slope aspect [16], slope position and elevation [17]. However,
to our knowledge, few studies have identified the drivers of SMB at different soil depths,
which impedes the understanding of how SMB adapts to soil resources and conditions in
soil profiles.

The effect of plant, soil and topographical factors on SMB is closely interrelated and
subsequently affects SMB. Plants can directly affect microbial biomass, and they can interact
with soil and/or topographical factors. Similarly, soil and topographic factors can also affect
SMB directly or together with other factors. Previous studies have reported the interactive
effects of vegetation, soil texture, and topography on soil nutrients. For example, a study
on shortgrass steppe showed that the lower the slope, the more grasses above the ground,
which leads to a much higher soil nutrient concentration. [18]. As mentioned above,
although numerical studies have examined the effects of vegetation, soil and topography
on SMB and tried to explain the mechanisms behind the effects, however, little is known
about the effects of plant–soil–topography interactions on SMB along soil profiles.

The Loess hilly region of China has experienced sever soil erosion and desertification
for centuries [19]. Since the 1950s, several afforestation projects have been carried out for
soil erosion control and ecosystem restoration [20]. To date, 9.27 million ha of sloping
croplands have been revegetated to grasslands or forestlands [21] and >90% of the revege-
tation areas covers Robinia pseudoacacia L. (RP) [22] due to its tolerance to a wide range of
natural conditions and strong ability to improve soil nutrient conditions via N-fixing rhizo-
bium [23]. However, RP reforestation in this region have suffered from severe ecosystem
degradation nowadays [22]. For example, biomass accumulation and small growth rate
(tree diameters, height and crown diameter) and understory diversity were low, the soil
nutrient, microbial composition and soil enzyme activity in RP forest all declined to varying
degrees [24]. Wei et al. [25] has systematically analyzed the mechanisms of RP plantations
degradation from the perspectives of ecology (climatic change, community structure and
forest management) and physiology (hydraulic features, genetic and molecular regulation).
To our knowledge, however, few studies has examined the causes of low productivity of
RP plantations in terms of abiotic, biotic and their interactions, leading to our knowledge
gap of the decline mechanism of RP plantations.

Here in this study, we collected abiotic (soil and topography) and biotic factors (plant)
affecting SMB from RP plantations in the Loess hilly region in northern Shaanxi. We
hypothesize that (1) SMB at 0–10 cm is affected more by plants as there are more plant
inputs in the topsoil layer, and (2) the plant, soil, and topographical factors would affect
SMB, but the interaction would depend on the soil layers. The main objectives were to
(1) identify the main plant, soil and topography factors affecting SMB at different depths;
(2) analyze the interaction of soil, plant and topographical properties on SMB at different
depths. Given the importance of SMB dynamics in ecosystem functioning, we expect to
provide more insight into the mechanisms of plant–microbe–soil–topography associations
combating soil degradation in the Loess hilly region.

2. Materials and Methods
2.1. Description of Study Area

The study was conducted in the Zhifanggou watershed (36◦30′–37◦39′ N, 108◦5′–109◦26′ E,
elevation ranges from 1010 to 1400 m), located in the Yan river basin in North Shaanxi, China.
The study area belongs to temperate semiarid continental climate zone, with mean annual
precipitation of 482.7 mm from 1980 to 2018. Approximately 60% of the annual rainfall occurs
during summer months (from July to September). The mean annual temperature is 8.8 ◦C.
The monthly mean maximum temperature is 35.2 ◦C in July, and the monthly mean minimum
temperature is −15.3 ◦C in January (China Meteorological Data Service Center). Soil in this
region is classified as Loessial soil (IUSS Working group WRB, 2014) with 64% sand (50–2000 µm
in diameter), 24% silt (2–50 µm in diameter), and 12% clay (<2 µm in diameter). The land
use type in the study area currently include croplands, forests, shrub lands, grasslands and
abandoned land [26]. RP, Pinus tabulaeformis Carr., Platycladus orientalis (L.) Franco. are the major
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arbor in forests. There are almost no shrubs under the RP forests, and the main herb species
included Setaria viridis (L.) Beauv., Salsola collina Pall. and Artemisia hedinii Ostenf. et Pauls.

2.2. Sample Plots

Sample plots were selected in July 2018 along a RP recovering chronosequence. Five
representative stand ages were selected, including 9, 14, 20, 32 and 41 years. Forest age was
determined as follow: 5–8 trees were selected in each plot, and the tree core was drilled
with a growth cone. The ages of the trees were determined by a tree ring analyzer, and the
average tree age in the same plot was used as the forest age. Three 20 m × 20 m plots, 50 m
apart from each other, were selected in the middle of slopes for arbor investigation. Within
each 20 m × 20 m plot, three 1 m × 1 m subplots were established in lower left, middle
and upper right for herb survey. Arbor plots and herb subplots were fenced with wire to
prevent human or wildlife interference. General characteristics of the sample plots were
given in Table 1.

Table 1. Geographical characteristic of the sample sites.

Plot
Number

Age
(Year)

Altitude
(m)

Slope
(◦)

Aspect
(◦)

Longitude
(◦)

Latitude
(◦)

1 9 1299.4 21 36 109.2605 36.7339
2 9 1298.6 22 60 109.2606 36.7341
3 9 1286.1 32 54 109.2604 36.7335
4 14 1283.3 21 47 109.2604 36.7331
5 14 1259.1 19 70 109.2539 36.7353
6 14 1274.7 20 73 109.2537 36.7355
7 20 1273.2 19 65 109.2536 36.7354
8 20 1309.5 22 83 109.2552 36.7320
9 20 1267.0 19 81 109.2562 36.7338

10 32 1263.1 13 62 109.2564 36.7641
11 32 1268.5 15 51 109.2562 36.7341
12 32 1267.8 16 15 109.2660 36.7346
13 41 1073.7 19 87 109.2505 36.7452
14 41 1072.4 18 157 109.2507 36.7450
15 41 1121.8 21 140 109.2509 36.7450

2.3. Plant Investigation

Vegetation investigation was conducted in August and September of 2018 when it
was a period of vigorous for plant. Investigation of arbor and herb characteristics were
conducted in corresponding (sub) plots. In the arbor plots, tree canopy (TC), diameter at
breast height (DBH), tree height (TH), and crown base height (CBH) indicating competition
of target tree with neighborhoods were recorded. The canopy was estimated by sample
point method, that is, randomly set 50 sample points in each plot to observe whether the
crown covers the sample, the number of covered spots were counted and the canopy was
calculated by the ratio of covered sample points to the total number of sample points (50
in our study). TH and CBH were measured using a height-adjustable gauge. The herb
characteristics included species name, number of each species (HN), coverage (HC), height
(HH) and ground diameter (HGD). The coverage was the percentage of herb vertical
projection to the area of subplots. Vernier caliper was used for measuring of ground
diameter and measuring tape for height. Herb diversity indexes using in our research are
richness index (R), the Shannon–Wiener index (SW), and Pielou’s index (J).

2.4. Soil Sampling and Soil Analysis

Ninety soil samples (15 sites × 3 pits × 2 soil depths) were collected in two diagonal
lines using a standard soil auger (5 cm inner diameter) after removing the litter layer.
Meanwhile, we collected soil samples using circle rings for water content measuring. Soil
collected from the same plot was homogenized, and three 100 g subsamples were taken as
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representative. The subsamples were sieved through a 2 mm screen to remove discernible
roots, stones and macro-fauna. We used sterile paper to wipe the remaining soil in auger
and sieve to avoid contamination and keep samples fresh. The subsamples collected by
soil auger were divided into two parts, one was stored at room temperature and air-dried
before physicochemical analysis and one was stored at 4 ◦C until SMB analysis.

Soil bulk density (BD) was calculated as the ratio of oven dried soil mass and the
volume of fresh soil obtained from cutting ring (100 cm2). Soil pH was determined in a 1:2.5
(w/w) of dry soil to distilled water suspension using a glass electrode (Delta 320 pH meter,
Mettlere-Toledo Instruments Co., Ltd., Shanghai, China). Soil organic carbon (SOC) was
determined by potassium dichromate oxidation—spectrophotometry method. Total nitrogen
(TN) was determined by Kjeldahl method, nitrate content (NN) and ammonium nitrogen
(AN) were determined using an automated continuous-flow auto analyzer after mixing
with 1 mol/L HCl at a 1:1.5 (w/v) ratio. Total phosphorus (TP) content was measured by
perchloric acid-sulfuric acid method, and available phosphorus (AP) content was measured
by lixiviating-molybdenum blue colorimetry after diluting in 0.5 mol/L NaHCO3 for 30 min.
Determination of total potassium (TK) was via hydrofluoric acid-perchloric acid method, and
available potassium (AK) via flame spectrophotometry method.

Microbial biomass C (MBC), microbial biomass N (MBN) and microbial biomass P
(MBP) content were measured using the chloroform fumigation–K2SO4 extraction method.
The content of K2SO4-extracted C was determined using a total organic carbon analyzer
Phoenix 8000 (Teledyne Tekmar, Mason, OH, USA). Using a KEC factor of 0.45 as the
correction coefficient to estimating MBC by converting the extractable C, which is the
difference in the TOC between the fumigated and non-fumigated samples. MBN and MBP
content was determined in the same method as MBC, with KEN = 0.54, KEP = 0.4.

2.5. Data Analysis

Before conducting analysis, we normalize all plant, soil and topographical variables
and obtained Z-score values for further analysis using “decostand” function in vegan
package in R version 3.4.1 (https://www.r-project.org/) to eliminate the statistical errors
caused by the different dimensions of the variables and improve the accuracy and credibility
of the results.

For convenience of further analysis and interpretations, we grouped all explanatory
variables into 4 groups (1) P (plant; Age, TH, DBH, TC, CBH, HN, HH, HGD, HC, R,
SW, J); (2) S1 (soil at 0–10 cm; AN1, NN1, TN1, SOC1, AP1, BD1, PH1, TP1, AK1, SWC1);
(3) S2 (soil at 10–30 cm; AN2, NN2, TN2, SOC2, AP2, BD2, PH2, TP2, AK2, SWC2); (4) T
(topography; Elevation, Slope and Aspect).

In order to rule out the problem of collinearity between explanatory variables and
the corresponding instability of regression coefficients, we deleted the explanatory factors
that have a strong correlation with other variables using “find correlation” function and
excluded the multiple collinearity problem between variables using “find Linear Combos”
function in Caret package in R. By doing this, we got TC, HGD, R, SW, J for group P;
AN1, TN1, SOC1, AP1, BD1, AK1, SWC1 for group S1; AN2, NN2, TN2, SOC2, AP2, BD2,
AK2, SWC2 for group S2. No correlation was observed among topographical factors. The
selected variables were used for further analysis.

The main driving factors of SMB in different depths among each group were identified
using the forward selection analysis by the “forward.sel” function in packfors package
in R. The “forward.sel” function takes the R2 of the full model containing all explanatory
variables as the termination principle, selects the variable with the highest proportion
of the total variance, and constructs a simple model containing only the most significant
variables. The significance of the reduced model was assessed using “anova.cca” function
in vegan package in R. The variance inflation factor (VIF) of each explanatory variable in
the reduced model was assessed by “vif.cca” function in vegan package in R. If the value is
less than 10, there is no obvious collinearity between the explanatory variables.

https://www.r-project.org/
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Principal components analysis (PCA) was conducted based on variables selected
by the forward selection analysis to create a new index that stand for each group. The
PCA results showed that the PC1 explained 54.41–97.71% of the total variance for each
group (Table 2). Due to the complexity of ecological data, we should be satisfied with such
results, and it is credible to use PC 1 for general linear model (GLM) analysis to identify
the interactive effects of plant, soil and topographical factors on SMB. The GLM analysis
was conducted using “glm” function in R with Gaussian-family.

Table 2. Results of principal components analysis (PCA) of plant and soil.

Layer Group Variables PC1

0–10

MBN1

P TC −70.7
R −70.7

Cummulative (%) 53.32
S1 AP1 −70.7

BD1 70.7
Cummulative (%) 51.82

MBC1

S1 AN1 70.7
TN1 70.7

Cummulative (%) 68.4
P TC −70.7

R −70.7
Cummulative (%) 53.32

MBP1
S1 SOC1 −70.7

AP1 70.7
Cummulative (%) 58.10

MBN2

S2 AN2 −38.8
NN2 −60.4
TN2 −69.6

10–30

Cummulative (%) 65.27
P TC −70.7

R −70.7
Cummulative (%) 53.32

MBP2

S2 SOC2 52.8
AP2 62.9
AK2 −57.1

Cummulative (%) 71.17
Values mean the correlation coefficient between the variables and scores for rows in the main matrix (PC1). MBN1,
MBC1, MBP1, microbial biomass N, C, P at 0–10 cm; MBN 2, MBP2, microbial biomass N, C, P at 10–30 cm; P,
plant characteristics; S1, soil characteristics at 0–10 cm; S2, soil characteristics at 10–30 cm; TC, tree canopy; R, herb
richness; AP1, available phosphorus at 0–10 cm; BD1, bulk density at 0–10 cm; AN1, available nitrogen at 0–10 cm;
TN1, total nitrogen at 0–10 cm; SOC1, soil organic carbon at 0–10 cm; AN2, available nitrogen at 10–30 cm; NN2,
nitrate content at 10–30 cm; TN2, total nitrogen at 10–30 cm; SOC2, soil organic carbon at 10–30 cm; AP2, available
phosphorus at 10–30 cm; AK2, available potassium at 10–30 cm.

3. Results
3.1. Forward Selection: The Main Drivers for SMB in Different Soil Depth

The reduced models for SMB containing the most significant variables at different
soil depth were constructed by forward selection. These models were acceptable because:
(1) these models contain the least amount of explanatory variables, but the R2 is equal
to R2 of the model containing all explanatory variables, indicating that the quality of
the model can be improved by reducing the explanatory variables; (2) the VIF value of
each explanatory variable in the reduced model is less than 10, indicating that there is no
significant collinearity between the explanatory variables.

Soil and vegetation factors that have the greatest impact on SMB were different at
different soil depths (Table 3). For example, MBN at 0–10 cm was mainly affected by AP
and BD, while mainly affected by AN, TN and NN at 10–30 cm. The main driving soil
factors for MBP were AP and SOC both at 0–10 and at 10–30 cm. Among all of the plant
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properties, TC and R were the main drivers for MBN, MBC and MBP in all layers, except
for a significant effect of HGD on MBP at 10–30 cm. The most significant topographical
factor was altitude in both layers (Table 3).

Table 3. Main drivers of soil microbial biomass (SMB) for different groups in different layers.

Layer Corresponding
Factors Group Explanatory

Factors F p of
Variables

Cumulative
R2 VIF

R2 of
Total

Model

p of
Reduced
Model

MBN1

S1 AP1 29.23 0.003 66.85 1.001 95.14 0.002 **
BD1 40.12 0.001 91.73 1.001

P R 10.31 0.008 39.96 1.004 62.44 0.002 **
TC 10.89 0.005 65.90 1.004

T Ele 75.25 0.001 84.13 1 82.12 0.002 **

MBC1

S1 AN1 15.56 0.005 50.99 1.15 83.03 0.001 **
TN1 32.13 0.001 85.56 1.15

0–10 P TC 45.66 76.13 0.001 1.004 82.90 0.001 ***
R 10.13 85.98 0.003 1.004

T Ele 7.39 0.017 31.34 1 37.41 0.015

MBP1

S1 AP1 51.14 0.004 78.17 1.02 96.76 0.001 ***
SOC1 30.99 0.002 93.40 1.02

P R 19.36 0.001 56.76 1 65.67 0.002 **
T Ele 247.58 0.001 94.62 1 94.48 0.001 ***

MBN2

S2 NN2 28.86 0.001 66.55 4.27 88.29 0.001 ***
AN2 11.25 0.007 81.3 2.02
TN2 9.85 0.005 89.24 5.52

P R 11.38 0.004 42.58 1.004 65.82 0.001 ***
TC 15.14 0.005 72.50 1.004

T Ele 73.17 0.002 83.75 1 83.24 0.001 ***

MBC2
S2 NN2 102.31 0.001 87.85 1 84.68 0.001 ***

10–30 P R 30.11 0.001 67.52 1 65.67 0.001 ***
T Ele 7.05 0.026 30.20 1 23.96 0.027 *

MBP2

S2 AP2 204.92 0.001 93.57 2.56 98.62 0.002 **
SOC2 12.46 0.006 96.58 1.55
AK2 12.37 0.007 98.24 1.95

P HGD 8.88 0.01 36.03 1 41.04 0.018 *
T Ele 237.11 0.003 94.40 1 94.46 0.002 **

MBN1, MBC1, MBP1, microbial biomass N, C, P at 0–10 cm; MBN2, MBP2, microbial biomass N, C, P at 10–30 cm; P, plant characteristics;
S1, soil characteristics at 0–10 cm; S2, soil characteristics at 10–30 cm; T, topographical variables. * represents the significance of p < 0.05;
** represents the significance of p < 0.01; *** represents the significance of p < 0.001.

3.2. Effect of Plant, Soil, Topography and Their Interaction on SMB

GLM analysis demonstrated that SMB at 0–10 cm was affected by individual factors
while interaction among these factors mainly acted at 10–30 cm (Table 4). The GLM results
also showed that MBN, MBC and MBP were affected by different factors in different depths.
Soil factors were the most significant factors affecting MBN at 0–10 cm, topographical
factors affecting MBP, while plant and topographical factors both played important roles in
affecting MBC. MBC at 10–30 cm was affected by soil-plant-topography interactions, MBP
was affected by soil–topography interaction while no significant interactive effects were
observed for MBN at 10–30 cm (Table 4).
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Table 4. General linear model (GLM) results for SMB in different depths as affected by soil, plant,
topography and their interaction.

S P T S–P S–T P–T S–P–T

MBN1 Coef −0.57
R2 = 97.83 Se 0.14

p > z 0.005 **
0–10 MBC1 Coef 0.73 −1.83

R2 = 96.97 Se 0.21 0.43
p > z 0.01 * 0.004 **

MBP1 Coef −0.55
R2 = 99.5 Se 0.18

p > z 0.02 *
MBN2 Coef

R2 = 96.7 Se
p > z

10–30 MBC2 Coef 1.03 −0.36 0.43 −0.54
R2 = 99.23 Se 0.09 0.12 0.16 0.17

p > z 0.00 *** 0.02 * 0.03 * 0.02 *
MBP2 Coef −0.35

R2 = 99.7 Se 0.12
p > z 0.02*

MBN1, MBC1, MBP1, microbial biomass N, C, P at 0–10 cm; MBN2, MBP2, microbial biomass N, C, P at 10–30 cm;
P, plant characteristics; S, soil characteristics at 0–10 cm; T, topographical variables; S–P, interactions between
soil and plant; S–T, interactions between soil and topography; P–T, interactions between plant and topography;
S–P–T, interactions among plant, soil and topography. * Represents the significance of p < 0.05; ** Represents the
significance of p < 0.01; *** Represents the significance of p < 0.001.

4. Discussion

Our aims were to identify the main drivers of SMB and to understand the collective
effect of plant, soil, and topographical properties on SMB across different soil depths at
a regional scale. We used forward selection to determine the main driving factors and
GLM to evaluate the interactive effects among plant, soil and topography on SMB at
different depths.

4.1. Effect of Plant Properties on SMB

Plant factors significantly affected MBC at 0–10 cm (Table 4). The plant inputs a large
amount of litter to the surface soil, which provide abundant carbon source for MBC [27].
Forward selection showed that canopy density and understory richness were the major
vegetation factors in modulating SMB at 0–10 cm in PR planation forests (Table 3). It is
commonly believed that high canopy density forests produce more litter which provides a
large amount of carbon source material and is beneficial to the growth and reproduction of
soil microorganisms. However, there was significantly negative correlation between MBC
and TC at 0–10 cm in our research (Figure S1). Therefore, we supposed that it is the decom-
position rate of litter rather than amount of litter affecting MBC. The rate of decomposition
was reported to be positively related with air temperature and moisture [28]. Increased
temperature and humidity enhanced microbial activity and therefor SMB. Stands with low
canopy density means high canopy openness leading to relative high air temperature and
moisture in soil surface and therefore high decomposition rate and high SMB content.

Forward selection results also showed that R was another important plant characteris-
tic in determining SMB (Table 3), indicating that changes of SMB in RP forests were mainly
due to the presence of a particular plant species or a particular plant functional group [29].
We supposed that the particular plant functional groups may be related to the specific
root structure of some plants. In the Loess hilly region, the plants including RP are mostly
restricted by P [30]. Under P-limited conditions, the absorption of P by plant depends
mainly on the change in root system, such as changing root morphological characteristics,
inducing acid phosphatase secretion or producing specific root exudates [31].
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4.2. Effect of Soil Properties on SMB

Soil factors significantly affected MBN at 0–10 cm layer and MBC at 10–30 cm
(Table 4). Effect of nitrogen on SMB has been reported by many other authors [32]. The for-
ward selection result showed that BD had good explanation for MBN (Table 3). This finding
is consistent with that of Li et al., who found that an increase in BD was quadratically
related to soil enzyme activity, indicating an increase in microbial activity and SMB [33].

Our research also indicated that SMB at different depths in RP forests in the Loess hilly
region is limited by AP content (Table 3). P in terrestrial ecosystems is almost entirely derived
from the weathering of mineral rocks [34]. Plants absorb P from the soil through the roots,
and then the P is returned to the soil by litter decomposition. In an undisturbed ecosystem,
P forms a complete cycle between the organism and the soil, with little loss of P [35]. However,
as the forest degraded in the Loess hilly region, soil erosion and phosphorus loss were high
and associated with more rain, which was converted to surface runoff. Previous researches
indicated that even if 70–89% of the P lost from soils is re-deposited within catchments, the
potential threats of P loss from soils are not reduced [36–39]. Studies have shown that with
the implementation of afforestation projects, soil erosion in this area has been effectively
controlled [40], and soil and vegetation P elements have increased [30]. However, there
is no research on the P cycle in the RP forests. Our study shows that the SMB as a soil-
vegetation interaction bond is still limited by P, indicating that the P cycle in the RP forest is
still unbalanced. Our result confirmed that the ecological function of RP in the Loess hilly
region is gradually declining and it is urgent to take steps to prevent further declining of RP.

4.3. Effect of Topography on SMB

Forward selection results showed that altitude was the most important topographical
driving factor for SMB in RP forests rather than slope and aspect (Table 3). It is commonly
believed that response of SMB to altitude depends on plant and soil characteristics [41].
However, the GLM results showed that topography significantly affected SMB at 0–10 cm,
while the interaction among topography and plant–soil was insignificant (Table 4), indi-
cating that SMB at 0–10 cm was directly affected by topography. Previous studies have
also demonstrated a direct association between topography (especially altitude) and soil
microorganisms [41]. Two possible reasons could explain this phenomenon. (1) Temper-
ature decreases with the elevation, and the high temperature can improve the activity
of microbes [42]. Therefore, elevation affected SMB at 0–10 cm by changing microbial
activity rather than by changing input of plant materials and soil nutrient availability.
(2) The MBC/MBN ratio reflects the relative proportion of fungi and bacteria in soil, and
it can be used as an indication of the relative proportion of fungi to bacteria [43]. A low
MBC/MBN ratio indicates that the microbial biomass contains a higher proportion of bacte-
ria whereas a high value suggests that fungi predominate in the microbial population [44].
The MBC/MBN ratios obtained in this study were relatively low, 1.0–2.9 at 0–10 cm and
1.0–3.1 at 10–30 cm (Table S2, Supplementary Materials), indicating the predominance of
bacterial in these soils. Soil bacterial diversity was affected by altitude gradients while
fungal diversity did not affect by altitude gradients [41]. Therefore, we suggested that
changes in SMB with altitude may be related to soil microbial species.

4.4. Interactive Effect of Abiotic and Biotic Factors on SMB

We observed that significantly interactive effect only occurred at 10–30 cm (Table 4).
This result indicated that the plant, soil and topographical factors do interact, affecting the
SMB, but that the interactive effects depend on soil depth. We suggest that the possible
reason may be the rhizosphere effect. The rhizosphere refers to the millimeters of soil that
directly surround a root [45]. Studies have shown that the roots of herbaceous plants in the
Loess hilly region are concentrated at 0–40 cm and absorptive root are mainly distributed
at 20–40 cm [46]. Due to the action of root exudates, the rhizosphere microbial activity
and species are significantly different from the bulk soil [47]. Tian et al. [48] showed that
larger bacteria and actinomycete counts were found at 10–20 cm soil depths than at other
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depths in reed rhizospheric soils. Thus, we concluded that interactive effect of soil and
plant on SMB at 10–30 cm was the result of higher rhizosphere effects on this layer, and the
rhizosphere effects were connected with topographical factors especially altitude.

5. Conclusions

The influencing factors on SMB in different depths for RP plantations in the Loess
hilly region were examined from above and below abiotic and biotic aspects.

TC affected SMB by changing decomposition rate rather than amount of litter. R af-
fected SMB via the specific root structure of plants in the special natural condition in
the Loess hilly region. BD and AP were the most significant soil factors, indicating low
activities and P-limited loess soil for microorganism. Effect of elevation on SMB may be
connected with soil microbial species.

We found that the individual effect of abiotic and biotic factors significantly affected
SMB at 0–10 cm, while interactive effects of these factors mainly play roles at 10–30 cm,
which we supposed to be the result of rhizosphere effects.

Additional studies are required to further investigate the dynamics and mechanisms
of SMB on global scale. We also recommend quantifying the contribution of SMB in
maintaining soil fertility and ecosystem productivity.

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-4
907/12/4/501/s1, Table S1: Plant factors in sample plots, Figure S1: Semi-matrices of Pearson
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