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Abstract 

Difference in soil moisture, temperature and microclimate on sunny and shady slope aspect can lead to various 
plant community, sequentially modify soil microbial community. In this study, we measured soil properties in-
cluding soil temperature, soil moisture, soil organic carbon (SOC), total nitrogen (TN); plant properties includ-
ing aboveground and underground biomass, and microbial properties including microbial carbon (C), nitrogen 
(N) content and phospholipid fatty acids (PLFAs) to evaluate the effects of slope aspect on plant biomass, soil 
properties and microbial community in the alpine meadow on the Qinghai–Tibetan Plateau. The results showed 
that sunny sites had higher soil temperature, organic C and underground biomass (UB), while shady sites had 
higher soil moisture, TN and aboveground biomass (AB). Principal component analysis (PCA) indicated that 
bacteria were the dominant soil microbes at sunny sites, while the fungi was more abundant at sites with a shady 
aspect. Redundancy analysis (RDA) showed that temperature was the major factor affecting the composition of 
the microbial community. It can be concluded, that slope aspect can significantly alter microbial composition 
due to the differences in plant community, soil properties and especially environmental factors.
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1. Introduction

The Qinghai–Tibetan Plateau is a very large land unit 
and an important terrestrial ecosystem that is known 
for its harsh climate, which is related to its high alti-
tude. As the most widely distributed grassland type, 
alpine meadow is highly representative of the Qing-
hai–Tibetan plateau, and accounts for approximately 
half of its total area. Alpine meadow is the basis of 
livestock production for local herders. However, it has 
been degraded because of overgrazing by yaks and Ti-
betan sheep in recent decades. Overgrazing has not 
only reduced grassland productivity, but has also af-
fected the composition and activity of microbial com-
munity because of changes in the litter decomposition 
rate (Abril and Bucher, 1999). 
Soil properties are closely linked to the materials from 
which soil is derived (Tsui et al., 2004). Soil microcli-
mate conditions (e.g., soil temperature and moisture) 
on different types of slopes can also affect soil devel-
opment and processes (Egli et al., 2006). Slope aspect 
is a major topographical feature and is an important 
factor in grassland systems because it is more stable 
than other variables such as climatic factors and plant 
communities (Carletti et al., 2009). Nahidan et al. 
(2015) established that slope aspect can significantly 
affect the quantity of SOC, TN, and enzyme activity 
by altering the rate of litter decomposition and the ac-
tivity of soil microbes. Soil nutrient conditions, espe-
cially C and nitrogen N contents, are affected by slope 
aspect, which are among the most important factors 
shaping soil microbial activity. Generally, the dy-
namic composition and activity of the soil microbial 
community are essential for C turnover (Melero et al., 
2006). Differences in the quantity and quality of SOC 
caused by different farming systems and management 
practices have been well studied in mountainous land-
scapes. N is another important soil nutrient that af-
fects plant growth and water use efficiency (Sardans 

et al., 2008). Huang et al. (2015) found that soil N 
was one of the most sensitive indicators for the micro-
bial community at sites with different slope aspects. 
Slope aspect also affects plant density and plant spe-
cies diversity. Species richness and biomass were 
shown to differ between sites with sunny and shady 
aspects (Badano et al., 2005; Gong et al., 2008). The 
plant community shapes the variety and quantity of 
microbes in soil community, as a result of different 
types of litter, root cell components, and root exu-
dates (Bardgett et al., 1999; Steenwerth et al., 2002; 
Leifeld et al., 2013). Increasing plant species richness 
can diversify soil microbial community via effects on 
soil nutrient pool and nutrient cycling rate, especially 
the distribution and cycling of C and N (Chung et al., 
2007). Plant and root residues also provide substrates 
for microbial community (Xue et al., 2016; Xue et al., 
2017). Therefore, plant community is one of the most 
important factors when investigating the size and 
composition of microbial community in soil at sites 
with different slope aspects. Therefore, when study-
ing the properties of the soil microbial community in 
a mountainous region, it is important to consider the 
effects of slope on plant community.
Most studies on slope aspect have focused on its ef-
fects on plant communities and grassland productiv-
ity. However, few studies have focused on the effects 
of slope aspect on soil nutrient conditions and micro-
bial community, especially in the harsh conditions on 
the Qinghai–Tibetan Plateau. Thus, the aims of this 
study were as follows: 1) to investigate the relation-
ship between slope aspect (sunny or shady) on micro-
bial biomass and microbial community structure by 
analyzing PLFAs; and 2) to explore the relationships 
between slope aspect and plant biomass, soil chemical 
and physical properties, and microbial groups. Future 
work will investigate the relationships between slope 
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aspect and soil microbial properties for the sustain-
able development of alpine meadow ecosystems on 
the Qinghai–Tibetan Plateau.  

2. Material and Methods

2.1. Experimental area 

The experimental site was located in the Zhuaxixi-
ulong grassland, which is part of the alpine meadow 
on the northeast edge of Qinghai–Tibetan Plateau 
(102°29′–102°33′E, 37°11′–37°12′N, 2990 m above 
sea level). The annual precipitation at this site ranges 
from 265 to 630 mm and rainfall is typically highest 
during June to August. The annual mean temperature 
ranges from -0.2 to 1.3 °C, with a 100-day growing 
season. The soil texture at this site is primarily Mol-
lisol (USDA, 2010). The vegetation of the alpine 
meadow in this area consists of Kobresia capillifolia 
C.B. Clarke, Polygonum viviparum L., Festuca ovina 
L., Pedicularis kansuensis Maxim, and other alpine 
grasses. The plant community at the site with a sunny 
aspect consisted primarily of K. capillifolia, F. ovina 
and Elymus nutans, and that at the site with a shady 
aspect consisted of P. viviparum and Kobresia tibeti-
ca. This meadow had been short-term grazed by yaks 
from June to September in the three years before this 
study was conducted.  

2.2. Soil and plant sampling

In mid-August, when plant community reached its 
maximum aboveground biomass (AB), nine soil and 
plant samples were randomly collected from two sites 
with different aspects: one with a sunny aspect and the 
other with a shady aspect. The sites were both about 
12 ha and there was at least 100 m between sampling 
locations. Soil samples were collected from 0–20 cm 
layer and then root fragments, stones, and vegetation 

were separated using a 2-mm sieve. Soil samples for 
microbial community analyses were immediately 
frozen at −20 °C; samples for microbial carbon and 
nitrogen (Cmic and Nmic) analyses were stored at 4°C; 
and samples for other analyses of other chemical 
properties were air-dried to constant weight. The AB 
was measured within quadrats (1 m × 1 m) and under-
ground biomass (UB) was measured by a soil auger 
down to 30 cm. Plant samples were dried in an oven 
at 85 °C for 48 h and then weighed.

2.3. Measurement of soil properties 

Soil temperature was measured using a soil thermom-
eter when the soil samples were collected. Soil mois-
ture was measured by oven-drying soil samples at 105 
°C for 72 h. SOC was determined by dichromate oxi-
dation and titration with ferrous ammonium sulfate, 
and TN was determined using an automatic analyzer 
(Kjeltec 8400, FOSS, Hoganas, Sweden) using the 
Kjeldahl method (Bremner and Mulvaney, 1982). We 
determined Cmic and Nmic using the chloroform fumi-
gation extraction method (Brookes et al., 1985; Wu et 
al., 1990), in which K2SO4 soil extracts of fumigated 
and unfumigated soil samples were kept in a vacuum 
desiccator for 24 hours. We calculated Nmic by deter-
mining ammonium nitrogen using a continuous flow 
analyzer (FIAstar 5000 Analyzer, FOSS, Sweden), 
and calculated Cmic after dichromate oxidation and ti-
tration with ferrous ammonium sulfate. 

2.4. Phospholipid fatty acids analysis

The PLFAs were extracted from 5 g soil sub-samples 
according to the procedure of Bligh and Dyer (1959). 
Briefly, soil lipids were extracted using a mixture 
of chloroform, methanol, and 0.15 M citrate buffer 
(1:2:0.8 v/v/v). The non-polar phase was loaded onto 
a silica-bonded phase extraction column and separated 
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into neutral lipid, glycolipid, and phospholipid frac-
tions by sequential elution with chloroform, acetone, 
and methanol. Phospholipids were methylated by 
adding methanol-toluol and 0.2 mol/L KOH solution. 
Samples were then analyzed by gas chromatography 
– mass spectrometry using an Agilent 6890-5973N 
system (Agilent Technologies, Wilmington DE, USA) 
and the separated components were identified using 
MSD ChemStation software. The PLFAs were quanti-
fied by using PLFA 19:0 as an internal standard. 
Individual PLFA markers represent specific microbial 
groups. Total PLFAs were considered as an index of 
total microbial biomass using both identified and un-
identified PLFAs. The sum of i14, i15:0, a15:0, 15:0, 
i16:0, 16:1w7, i17:0, a17:0, cy17, 17:0, and 18:1w7 
was considered as an index of bacterial biomass 
(Frostegård and Bååth, 1996). The PLFAs i14, i15:0, 
a15:0, i16:0, i17:0, a17:0 represented Gram-positive 
(G+) bacteria and cy17 and 16:1w7 represented Gram-
negative (G−) bacteria (Kourtev et al., 2002; Kaur et 
al., 2005). The quantity of 18:2w6.9 PLFAs was used 
as an index of fungal biomass. Actinomycetes bio-
mass was estimated from the PLFA 10Me17:0. The 
ratio of fungal to bacterial PLFAs was used as a rela-
tive index of fungal to bacterial biomass, and the ratio 
of G+ to G− bacteria was also calculated.   

2.5. Statistical analysis

The effects of slope aspect on soil temperature, soil 
moisture, SOC, TN, Cmic, Nmic, and PLFA markers 

were analyzed by SPSS 20.0 software (SPSS Inc., 
Chicago, IL, USA). Mean values were compared by 
t-test, with P<0.05 as the level of significance. The 
relationships between slope aspect and individual 
PLFA markers were analyzed by a principal compo-
nent analysis (PCA) and the relationship between the 
microbial community and environmental variables at 
sites with sunny and shady aspects was analyzed by 
a redundancy analysis (RDA), using CANOCO 4.5 
software (Microcomputer Power, Ithaca, NY, USA). 
The significance of variables was also evaluated by a 
Monte Carlo test.

3. Results 

3.1. Soil properties and plant biomass

Soil properties and plant biomass varied between 
shady and sunny slopes (Table 1). Sunny slope had 
higher temperature, SOC, C/N, Cmic, Cmic/Nmic, and 
UB, while shady slope had higher soil moisture, TN, 
and AB. Compared with shady slope, sunny slope had 
35.6% higher soil temperature and 24% higher Cmic 

(p<0.05). Soil moisture and TN were 27% and 15% 
higher, respectively, on shady slope than on sunny 
slope (P<0.05). UB was much greater than AB on 
both slopes, but the difference between AB and UB 
was larger on sunny slope, where UB was almost 
25 times larger than AB (Figure 1). Compared with 
shady slope, sunny slope had significantly higher UB 
and lower AB (P<0.05).
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Soil property 
Site aspect 

Sunny  Shady  

Soil temperature (°C) 19.43±0.48a 14.33±0.51b 

Soil moisture (%) 0.37±0.01b 0.47±0.02a 

SOC (g kg-1) 61.76±1.23a 57.34±0.73b 

TN (g kg-1) 4.44±0.084b 5.09±0.11a 

C/N 13.92±0.22a 11.29±0.14b 

Cmic (mg kg-1) 292.36±11.44a 236.51±10.42b 

Nmic (mg kg-1) 130.99±9.86a 133.51±7.2a 

Cmic / Nmic 2.32±0.18a 1.81±0.12b 

Table 1. Soil properties at sites with a shady and sunny aspect in an alpine meadow. 

SOC: soil organic carbon; TN: total nitrogen; C/N: soil organic carbon/total nitrogen; Cmic: microbial biomass carbon; Nmic: 

microbial biomass nitrogen. Nine replicates were analyzed for each aspect. Standard errors are shown. Different letters (a, b) 

represent significant difference between sunny and shady aspects (P<0.05, t-test).

 
 
 
 

 

Figure 1. Aboveground and underground biomass at sites with a shady and sunny aspect in an alpine meadow. Nine replicates 

from each site were analyzed. Standard errors are shown. Different letters (a, b) represent significant difference between sunny 

and shady aspects (P<0.05, t-test).
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3.2. Microbial community size and composition 

Microbial biomass, measured by total PLFAs, was 
greater on sunny slope than on shady slope (Table 
2). Bacteria accounted for approximately 40% of 
total PLFA, while fungi and actinomycetes repre-
sented only about 3%–4%. Of the bacteria, about 
60% were G+ and about 10% were G− on  both  slopes.

The amounts of bacterial, G+, and G− PLFAs were all 
significantly greater on sunny slope than shady slope 
(P<0.05). However, the amount of fungal PLFAs was 
more than 33% higher on shady slope than on sunny 
slope (p<0.05), which resulted in a higher F/B ratio 
on shady slope. The amount of actinomycetes PLFAs 
was 21% greater on sunny slope than on shady slope, 
but this difference was not statistically significant. 

Microbial groups 

(PLFAs) 

Site aspect 

Sunny Shady 

Total (nmol g-1) 712.05±19.80a 674.47±12.10b 

Bacterial (nmol g-1) 281.00±9.89a 248.71±5.25b 

Gram-positive (nmol g-1) 186.7±5.32a 154.75±4.48b 

Gram-negative (nmol g-1) 28.16±1.15a 25.62±0.49b 

G+/G− 6.67±0.18a 6.04±0.13b 

Fungal (nmol g-1) 8.90±0.96b 13.56±0.80a 

F/B 0.031±0.003b 0.055±0.003a 

Actinomycetes (nmol g-1) 14.58±1.42a 12.00±1.03a 

 

Table 2. Relative abundance of bacterial, fungal, actinomycetes phospholipid fatty acids in soil at sites with a 
shady and sunny aspect in an alpine meadow.

Nine replicates from each site were analyzed. Standard errors are shown. Different letters (a, b) represent significant difference 

between sunny and shady aspects (P<0.05, t-test).

3.3. Principal component analysis and redundancy 
analysis

PCA was conducted to analyze the effect of slope as-
pect on PLFA biomarker composition (Figure 2). The 
results showed that PC1 accounted for 71% and PC2 
accounted for 13.5% of total variance. PCA scores 
along axis 2 showed a significant slope aspect effect 
(ANOVA, P<0.001). The experimental sites were 
separated along PC2, where sites with a shady aspect 

had higher PC2 scores (most of them above X-axis), 
which represented higher soil moisture content and 
higher AB. The sites with a sunny aspect were dis-
tributed below the X-axis, and were represented by 
higher temperature, SOC, Cmic, and UB. On the biplot 
of fatty acid scores based on this composite analy-
sis, the PLFAs 18:2w6.9, 18:1w8, and 16:1w5 were 
relatively more abundant at sites with a shady aspect, 
while most of the other PLFAs were strongly enriched 
at sites with a sunny aspect.
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Figure 2. Loading for first two principal components (PC1 and PC2) of 18 phospholipid fatty acids (PLFA): PC1 
explained 71% and PC2 13.5% of the total variance in the principal component analysis. Score plot of principal 
component analysis showing the separation of nine sites with different slope aspect and distribution of individual 
phospholipid fatty acid markers (□sunny aspect; ○shady aspect).

The relationships between environmental variables 
and variations in the PLFA data were tested by RDA. 
The environmental variables analyzed were soil tem-
perature, soil moisture, SOC, TN, AB, and UB. The 
RDA biplots show the relationships between environ-
mental variables and PLFA contents (Figure 3). Axis 
1 explained 91.7% of the total variance in the species–
environment relationship, and axis 2 explained 7.2%. 
The first ordination RDA axis was strongly correlated 
with temperature and TN, while the second ordina-

tion RDA axis was strongly correlated with AB and 
UB. The results of the Monte Carlo test showed that 
temperature (F=5.34, P=0.04) was the main environ-
mental factor explaining the variations in PLFAs in 
sites with different slope aspects. Total, bacterial, 
G+, G−, and actinomycetes PLFA biomarkers were 
all positively correlated with temperature and UB, 
while fungal PLFAs were positively correlated with 
AB, TN, and soil moisture.
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Figure 3. Redundancy analysis plot of relationship between microbial groups and environmental variables: axis 
1 explained 88.7% of the variation in relative abundance of PLFA markers, axis 2 explained 10.4% (B: bacteria, 
F: fungi, A: actinomycetes).

4. Discussion 

4.1. Effect of slope aspect of plant community

Slope aspect is known to affect the diversity and den-
sity of plant communities. Sunny slopes retain less 
moisture because of stronger solar radiation and high-
er evaporation. Therefore, plants on sunny slopes, 
such as grasses, are more likely to be drought- and 
radiation-resistant. Conversely, shade-loving plants 
such as forbs are dominant on shady slopes. Nadal-
Romero et al. (2014) found a decrease in vegetation 
cover and species richness at sites with a shady as-
pect. Badano et al. (2005) also found that sunny sites 
were dominated by spiny shrubs and cacti while ev-
ergreen trees dominated shady slopes because of the 
more mesic conditions at these site. 

At our study site, the differences in water distribu-
tion, temperature, and solar radiation between sunny 
and shady slopes resulted in different plant commu-
nities, with the dominant plant species being K. ca-
pillifolia on sunny slope and P. viviparum on shady 
slope. Therefore, there was a large difference in UB 
and AB between sunny and shady slopes. Also, the 
morphological characteristics of the dominant plant 
species differed between sunny and shady slopes. For 
example, K. capillifolia has a fibrous root, while P. 
viviparum has a tap root. Differences between these 
two root systems include root turnover rates, root 
exudates, and absorption and utilization of carbon, 
which may directly or indirectly influence SOC in the 
rhizosphere soil of different plants (Aprill and Sims, 
1990). Therefore, differences in the characteristics of 
the dominant species may explain why plant biomass 
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and soil properties differed markedly between sunny 
and shady slopes in our study. 

4.2. Effect of slope aspect on soil properties 

Total plant biomass was higher on sunny slope, which 
may have led to higher SOC and consequently, ad-
equate substrates for microbes. However, Huang et 
al. (2015) obtained the opposite result in the Loess 
Plateau region, with higher SOC detected at sites with 
a shady aspect. The best explanation is that moisture 
is the fundamental environmental factor in a relatively 
dry region, so higher moisture at sites with a shady 
aspect may lead to better nutrient cycling and higher 
activity of the microbial community. However, in cold 
and wet areas such as alpine meadows, temperature or 
the amount of radiation will be more important envi-
ronmental factors, and so the higher temperatures at 
sites with a sunny aspect will lead to higher microbial 
activity and better soil nutritional status. 
Soil microbes can be very sensitive to temperature. In 
cold systems like plateaus, sites  with a sunny aspect 
receive more solar radiation and have temperatures 
that are more suitable for microbial growth. Also, 
soil moisture controls the survival and activity of mi-
croorganisms (Drenovsky et al., 2004; Borken and 
Matzner, 2009). At our study site, precipitation was 
very high when soil was collected, and the soil mois-
ture content on the shady slope was 43.7%, which was 
more than enough to meet the needs of microorgan-
isms and plants. Therefore, the microbial population 
on shady slope is not likely to be limited by water 
deficit. The relatively lower bacterial PLFA and higher 
fungal PLFA on shady slope than on sunny slope sug-
gested that water potential affects microbial groups 
differently. In general, fungi are more tolerant than 
bacteria to high soil moisture content. Fungi can build 
airgaps in wet soil using their hyphal system, while 
high soil moisture content can reduce the movement of 

bacteria. Consequently, fungi are more likely survive 
at sites with a shady aspect (Wilson and Griffin, 1975; 
Wilkinson et al., 2002). 
  
4.3. Effect of slope aspect on microbial community

While Cmic and Nmic make up only a small propor-
tion of SOC and TN, they are the most active parts in 
the turnover and reproduction of the microbial com-
munity (Moore et al., 2000). In our study, Cmic and 
Nmic contributed 0.5% and 2.5% to SOC and TN, re-
spectively. Cmic was higher on sunny slope than on 
shady slope, indicating that microbial biomass was 
larger on the sunny slope. PLFA biomarkers results 
also indicated that microbial biomass was greater on 
sunny slope than shady slope. The proportion of fun-
gal PLFAs was higher on shady slope, suggesting that 
relatively low temperature and higher plant biomass 
are better for fungal growth and development, while 
a habitat with higher temperatures may be more suit-
able for bacteria. 
Slope aspect affects microbial community by altering 
environmental factors, soil properties, and the plant 
community. Root exudate is the driver of microbial 
biomass and activity. Further, quality and identity 
of rhizodeposits differs from plant to plant (Barea, 
2015). Thus, in this study, effect of different plant 
community on microbial community is also an impor-
tant component of slope influence. Some researchers 
have argued that soil physical or chemical properties 
are more important than the plant community in shap-
ing the structure of the soil microbial community. 
Bezemer et al. (2006) found that the effects of soil 
chemical properties were even greater when grasses 
and forbs were grown in sandy soil, while Bardgett 
et al. (1999) argued that the biomass and activity of 
the soil microbial community generally depend on 
soil fertility conditions within a single soil type. The 
results of our study indicate that while plant biomass 
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may be an important factor controlling the biomass 
of active microbial groups, it did not outweigh the 
effects of soil temperature in alpine meadow eco-
system. 

5. Conclusions

Due to the differences in environment factors 
(temperature and moisture), as well as plant spe-
cies on sunny and shady aspect, sunny slope had 
higher soil organic carbon (SOC) and underground 
biomass (UB) while shady slope had higher total 
nitrogen (TN) and aboveground biomass (AB). 
Further, microbial composition also affected by 
various carbon (C) and nitrogen (N) utilization, 
cycling model and microclimate, in which bacte-
rial phospholipid fatty acids (PLFAs) were higher 
in sunny slope, while fugal PLFAs were higher on 
shady slope. It is suggested that plant community, 
soil properties and environmental factors all made 
contribution to the microbial diversity between 
sunny and shady slope, among which temperature 
was the main factor that can explain most of the 
variations in alpine meadow system.
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