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Abstract  As an important biomarker, fatty acids (FAs) have been extensively used to trace the origin of organic matter in 
sediments and soils. However, studies of the distribution and abundance of FAs in alpine grassland soils are still rare, espe-
cially on the Qinghai-Tibetan Plateau (QTP), the highest plateau in the world, which contributes sediments to many large riv-
ers in Asia. This study investigates the composition, distribution and source of FAs with increasing soil depths from 17 typical 
alpine grassland sites in the QTP. The most abundant FAs included the ubiquitous C16 FA and even-numbered long-chain FAs 
(C20–C30), indicating mixed inputs from microbial and higher plant sources. Source apportionment showed that higher plants 
were the dominant contributor of FAs (approximately 40%) in QTP soils. The abundance of FAs decreased with soil depth, 
with the highest value (1.08±0.09 mg/g C) at a 0–10 cm depth and the lowest value (0.46±0.12 mg/g C) at a 50–70 cm depth, 
due to much lower plant inputs into the deeper horizons. The total concentration of FAs was negatively correlated to the mean 
annual temperature (MAT; P<0.05) and soil pH (P<0.01), suggesting that the preservation of FAs was favored in low-MAT 
and low-pH soils on the QTP. The abundance of fresh C source FAs increased significantly with the mean annual precipitation 
(MAP; P<0.05), indicating that high MAP facilitates the accumulation of fresh FAs in QTP soils. Other environmental param-
eters, such as the soil mineral content (aluminum and iron oxide), microbial community composition as well as litter quality 
and quantity, may also exert a strong control on the preservation of FAs in QTP soils and warrant further research to better 
understand the mechanisms responsible for the preservation of FAs in QTP soils. 
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1.  Introduction  

Organic matter biomarkers are compounds with unique 
structures that are specific to certain organisms (e.g., higher 
plants and microbes) (Kögel-Knabner, 2002; Otto and Simp-
son, 2005; Feng and Simpson, 2007). Fatty acids (FAs), de-

rived from plants, microbes and other soil fauna, are the 
important sources of the aliphatic constituents of soil or-
ganic matter (SOM) (Otto and Simpson, 2005, and refer-
ences therein). They play an important role in the incorpo-
ration and transformation of plant and/or microbial residues 
into soil and in the stabilization of SOM. Over the past few 
decades, FAs have been successfully used to examine the 
source and reactivity of organic matter in sediments (Perry 
et al., 1979; Camacho-Ibar et al., 2003; Hu et al., 2006; 
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Morgunova et al., 2012; Huang et al., 2015) and have pro-
vided valuable information on the composition, source and 
biogeochemistry of the organic matter in sediments.  

A number of studies have assessed the concentrations, 
distribution patterns and turnover rates of FAs in forest and 
grassland soils (e.g., Bull et al., 2000; Jandl et al., 2005; 
Naafs et al., 2004; Otto and Simpson, 2005; Feng and 
Simpson, 2007). However, as far as we know, studies on the 
FA distribution in alpine grassland soils are still rare. Fur-
thermore, how environmental factors affect the distribution 
and abundances of FAs is also poorly understood for this 
cold region. The Qinghai-Tibetan Plateau (QTP) is the 
youngest, largest and highest plateau in the world, compris-
ing an area of more than 2.5 million km2 and an average 
elevation of over 4000 m a.s.l. Over 60% of the plateau is 
covered by grasslands, including alpine meadow, alpine 
steppe and alpine meadow steppe, which composes 40% of 
the national Chinese grassland area (Yang et al., 2008). 
Soils on the QTP store a large amount of carbon because of 
the cold and relatively humid climate (Yang et al., 2008; Shi 
et al., 2012). Due to the unique geographic and ecological 
conditions, SOM in the QTP has been reported to play an 
important role in regional and global carbon cycles and to 
contribute to the source of sediments in many large rivers in 
Asia (including the Yangtze, Yellow and Mekong Rivers). 
Recently, some researchers have noted that the QTP is a 
highly sensitive area to global climate changes, which may 
result in the degradation of alpine grasslands and loss of 
SOM due to microbial decomposition and riverine transport 
(Baumann et al., 2009; Lin et al., 2011; Chen et al., 2013; 
Dörfer et al., 2013). Investigations on the molecular compo-

sitions of FAs in QTP soils may shed light on soil carbon 
dynamics under global climate change and also provide 
source information on FAs in the sediments of rivers that 
originate in the QTP (Bull et al., 2000; Feng and Simpson, 
2008; Feng et al., 2013). In this study, FAs were first inves-
tigated in soil profiles at 17 sites in the QTP in August 2012. 
The main objectives of this study are to (1) determine the 
distribution and composition of FAs in QTP soils, (2) eval-
uate the contribution of plant- and microorganism-derived 
organic matter to the abundance of FAs and (3) assess the 
influence of temperature, precipitation, and soil properties 
on the FA distribution in the QTP. 

2.  Materials and Methods  

2.1  Sample collection 

A total of 162 soil samples were collected from 17 sites 
(three profiles per site) in the central part of the QTP (Fig-
ure 1) in August 2012. These sites cover a latitudinal gradi-
ent of 28.31° to 37.41°N and an elevation gradient of 3130 
to 5418 m and are largely dominated by alpine meadow 
(e.g., Kobresia pygmaea, Kobresia humilis, Saussurea sp.) 
and alpine steppe (e.g., Stipa purpurea, Stip subsessiliflora, 
Carex Ianceolata) (Table 1). The soils are dominated by 
sand (60%), with a pH of approximately 7.6. Soil samples 
were taken with a soil corer with an inner diameter of 50 
mm from depths of 0–10, 10–20, 20–30 and 50–70 cm 
where possible. After sampling, soils were air-dried, passed 
through a 2 mm sieve and ground before chemical analysis. 
All data on the bulk properties and FAs in QTP soils were  

 

Figure 1  Sampling locations in the central part of the Qinghai-Tibetan Plateau.  
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Table 1  Sample characteristics, including the geographical location, mean annual temperature (MAT), mean annual precipitation (MAP) and dominant 
vegetation 

Sampling sites Latitude (N) Longitude (E) Altitude (m) MAT (°C) MAP (mm) Primary vegetation 

P783 36.98° 100.92° 3130 1.49 437 Alpine meadow steppe 

P793 35.71° 94.28° 4374 4.35 193 Alpine meadow 

P804 32.19° 91.68° 4632 3.01 510 Alpine and subalpine meadow 

P806 31.58° 91.86° 4594 1.22 459 Alpine meadow 

P811 30.62° 91.54° 4542 0.30 529 Alpine meadow 

p815 37.41° 100.11° 3370 1.84 429 Alpine meadow steppe 

P816 29.28° 90.64° 3630 3.01 381 Alpine desert steppe 

P818 29.20° 90.62° 4721 2.99 369 Alpine and subalpine meadow 

P819 29.21° 90.64° 4544 3.01 381 Alpine and subalpine meadow 

P821 29.23° 90.63° 4148 3.01 381 Alpine meadow steppe 

P826 28.89° 90.30° 4666 1.80 364 Alpine meadow steppe 

P830 28.31° 89.47° 4441 0.92 315 Alpine meadow 

P835 28.56° 87.79° 4212 1.96 377 Alpine desert steppe 

P839 28.94° 87.44° 5216 1.40 354 Alpine meadow 

P858 29.90° 90.13° 5418 2.75 452 Alpine and subalpine meadow 

P860 29.87° 90.12° 5065 2.75 452 Alpine and subalpine meadow 

P862 29.80° 90.03° 4627 1.37 419 Alpine and subalpine meadow 

 

 
expressed as the mean values of three profiles.  

2.2  Environmental parameter analyses  

In the absence of observations at the exact sampling sites, 
meteorological data at each site were obtained based on 
linear models using latitude, longitude and altitude as varia-
bles from a 30-year temperature and precipitation record 
(1981–2010) at 680 well distributed climate stations across 
China (He et al., 2006). The mean annual precipitation 
(MAP) ranges from 193 to 529 mm, and more than 80% of 
the annual precipitation occurs during the summer months 
from July until September (Table 1). The mean annual 
temperature (MAT) varies from 4.35 to 3.01°C (Table 1) 
in the study area. 

Soil pH was measured using a pH meter in a soil-water 
suspension, with a soil:water ratio of 1:2.5 (Ding et al., 
2015). Soil grain size analysis was conducted following the 
method described by Sun et al. (2011). Briefly, approxi-
mately 1.0 g of dried soils was reacted with an excess of 1 
mol/L hydrochloric acid and then with hydrogen peroxide to 
remove carbonates and oxidize organic matter, respectively. 
Subsequently, sodium hexametaphosphate was added and 
the solutions were allowed to settle for 24 h. After ultra- 
sonication for 1 min, the grain size distribution was meas-
ured by a Mastersize 2000 Laser Particle Size Analyzer. 
The scan range was from 0.02 to 2000 m, and particles 
were categorized into three fractions: sand (20–2000 m), 
silt (2–20 m) and clay (<2 m). The total carbon (C,) and 

total nitrogen (TN) contents of soil samples were measured 
by the combustion method (Vario EL III, Elementar, Hanau, 
Germany) 

2.3  Extraction and analysis of FAs 

FAs were extracted and analyzed as described by Feng and 
Simpson (2007), with minor modifications. Briefly, soil 
samples (5–8 g dry soil) were extracted three times with  
30 mL of dichloromethane, dichloromethane:methanol (1:1, 
v:v) and methanol. The solvent extracts (approximately 100 
mL), spiked with a surrogate standard (C18 alkane), were 
filtered through glass fiber filters (Whatman GF/F) and 
evaporated almost to dryness by rotary evaporation. The 
extracts were further cleaned through a silica gel column 
(0.5 cm i.d.), with hydrocarbons eluted with 15 mL of hex-
ane and FAs eluted with 10–15 mL of methanol. The FA 
fraction was dried under nitrogen gas in 2 mL glass vials 
and redissolved in 1 mL of a dichloromethane:methanol 
(1:1, v:v) mixture. Aliquots (100 L) of the extracts were 
dried in a stream of nitrogen and then converted to trime-
thylsilyl derivatives by reaction with 90 L of N, O-bis- 
(trimethylsilyl)trifluoroacetamide (BSTFA) and 10 L of 
pyridine (9:1, v:v) for 3 h at 70°C. After cooling, 100 L 
DCM was added to dilute the extracts prior to instrument 
analysis.  

The molecular composition of FAs was examined on a 
Trace GC 1310 gas chromatograph coupled to an ISQ mass 
spectrometer (Thermo Fisher Scientific, USA) using a DB- 
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5MS column (30 m×0.25 mm i.d., film thickness, 0.25 m) 
for separation. The temperature increased from 65°C (initial 
hold time 2 min) to 300°C at a rate of 6°C/min, and helium 
was used as the carrier gas (1.2 mL/min). The mass spec-
trometer was operated in the EI mode at a 70 eV ionization 
energy and scanned from 50 to 650 daltons. Quantification 
was achieved by comparison with internal standard C19 FA. 
Errors associated with the lipid concentration data were 
typically <10% based on replicate analysis of the same soil 
sample. 

2.4  Source apportionment approach 

Source apportionment analysis was conducted using princi-
pal component analysis followed by multiple linear regres-
sion (PCA-MLR) based on the profiles of all FAs to com-
pare the contribution from different sources to total FAs. In 
the factor analysis model, PCA was used as the extraction 
method with Kaiser Normalization and varimax rotation. 
Only factors with eigenvalues >1 were used for the identi-
fication of the possible sources. The relationship between 
the principal component and FAs is indicated by the factor 
loadings. Stepwise MLR was then performed on the signif-
icant factors to determine the mass apportionment of each 
source to the total concentration. After normalization, the 
multiple regression model is represented by the simple for-
mula: 

 SumFAs ,ˆ
k kZ B t  (1) 

where SumFAs is the total concentration of FAs in this 

study, Ẑ is the standard normalized deviation of the Sum-
FAs values, Bk is the modeled regression coefficient and tk 
is the factor score calculated by PCA. 

The mean percentage contributions of each factor are 
calculated by eq. (2):  

   Mean contribution of source (%) 100 .k kk B B  (2) 

The contribution of each source k to the SumFAs is cal-
culated by eq. (3): 
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where meanSumFAs is the mean concentration of SumFAs and 
SumFAs is the standard deviation of SumFAs for all samples. 

2.5  Statistical analysis 

Mann-Whitney U analysis was conducted to examine the 
differences in bulk properties and FAs in soils from differ-
ent soil depths using SPSS 18.0. Linear regression models 
were used to examine the relationship between the abun-

dance of FAs and potential environmental covariates (MAT, 
MAP and soil properties). In all cases, P<0.05 were consid-
ered to be significant.  

3.  Results and discussion 

3.1  Bulk soil properties 

The bulk properties of the QTP grassland soils are listed in 
Table 2. The grains in the investigated soil samples were 
dominated by sand (58.7±2.7%, mean±s.e.), followed by silt 
(35.3±2.4%) and clay (6.0±0.4%). The clay content gener-
ally increased with soil depth, with Site P830 exhibiting the 
highest accumulation of clay (17.9±0.3%) at a 50–70 cm 
depth. The soil pH ranged from 5.83 to 8.47 in QTP soils 
with the highest value at Site P804 and the lowest value at 
Site P862 (Table 2). The soil pH increased with soil depth, 
with a pH of approximately 7.2 in the first 30 cm of the 
soils and 8.2 at a 50–70 cm depth. The C contents ranged 
from 0.6% to 13.0%, with the highest value at Site P862 and 
the lowest value at Site P835 (Table 2). In general, the C 
and TN contents seemed to decrease with soil depth, with 
mean values ranging from 5.0±0.7% (C) and 0.4±0.05% 
(TN) at a depth of 0–10 cm to 2.5±0.6% (C) and 0.1± 
0.02% (TN) at a depth of 50–70 cm, respectively. However, 
the decrease was not significant (P>0.05), which may be 
due to the limited number of samples in the deeper horizons 
(50–70 cm). A strong correlation was observed between C 
and TN (r=0.909, n=71, P<0.01), suggesting that nitrogen is 
primarily associated with soil carbon. It is notable that the 
atomic C/N ratio (C/Na) showed quite high values, approx-
imately 16 in the first 30 cm of the soils. Moreover, the 
C/Na ratio increased to ~25 at a 50–70 cm depth. Usually 
the organic C/Na ratio shows values of approximately 10 in 
well-developed grasslands (Otto and Simpson, 2005; Feng 
and Simpson, 2007; Zhao et al., 2014), our higher C/Na 
values likely due to the presence of inorganic carbon. An-
other possible explanation for the increase of the C/N ratio 
at a 50–70 cm depth is the presence of an oxic-anoxic 
boundary near the depth of 50 cm in QTP soils, which pro-
hibits SOM degradation (Baumann et al., 2009; Dörfer et al., 
2013).  

3.2  Composition and distribution of FAs in QTP soils 

The distribution of FAs in the QTP soil samples is summa-
rized in Figure 2. The distribution of FAs (C9 to C32) was 
similar among different soil depths, dominated by C16, C18 
and even-numbered homologues in the range of C22–C32 
(Figure 2). Generally, FAs exhibited a bimodal distribution 
with the maximum concentration (Cmax) at C16 for short- 
chain FAs (C14–C18) and Cmax at C24 for long-chain FAs 
(C20–C32) (Figure 2). This distribution pattern is characteristic 
of a mixed source of microbes and higher plants and has 
been previously reported in soils from other regions (Otto  
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Table 2  Bulk soil properties, abundance of fatty acids (FAs; mg/g C) and FA-based parameters (CPI and ACL) of the organic matter sources and degrada-
tion stages used in this paper a) 

Sites 
Depth 
(cm) 

C 
(%) 

TN 
(%) 

C/Na pH 
Clay 
(%) 

Slit 
(%) 

Sand 
(%) 

SumFAs 
(mg/g C) 

CPI ACL t1 t2 t3 t4 

P783 0–10 4.36 0.43 12 8.02 7.3 39.1 53.6 0.38 5.7 22.4 0.73 0.46 0.45 0.62 

10–20 3.52 0.34 12 8.09 5.8 54.9 39.3 0.41 5.9 22.1 0.82 0.32 0.35 0.83 

20–30 3.15 0.28 13 8.07 4.2 54.9 40.9 0.30 5.5 20.8 0.68 0.31 0.32 0.84 

50–70 3.50 0.16 25 8.29 7.6 37.1 55.3 0.06 4.1 20.3 0.60 0.27 0.36 0.59 

P793 0–10 5.03 0.35 17 7.95 5.2 31.0 63.8 1.06 9.3 20.3 0.01 0.73 1.82 0.65 

10–20 4.09 0.25 19 8.09 5.5 31.9 62.6 0.53 8.7 21.2 0.60 0.54 0.71 0.59 

20–30 3.63 0.18 23 8.17 6.0 36.6 57.4 0.19 9.6 22.6 0.68 0.31 0.38 0.61 

P804 0–10 1.77 0.05 38 8.28 2.0 12.3 85.7 0.39 8.7 19.3 0.50 0.57 0.40 0.79 

10–20 1.59 0.05 37 8.41 0.6 2.4 97.0 1.24 6.5 22.0 1.02 1.09 0.71 0.67 

20–30 1.88 0.06 35 8.35 1.1 5.1 93.8 0.40 6.2 21.7 0.78 0.48 0.38 0.63 

50–70 2.28 0.07 36 8.47 5.7 20.0 74.4 0.57 5.0 21.7 0.88 0.54 0.38 0.74 

P806 0–10 3.85 0.32 14 7.13 5.3 19.1 75.6 0.70 6.5 22.3 0.99 0.42 0.47 0.81 

10–20 2.89 0.24 14 7.17 3.6 15.5 81.0 0.40 5.8 23.5 0.95 0.36 0.34 0.62 

P811 0–10 6.59 0.55 15 5.85 4.8 19.8 75.3 0.94 13.6 20.6 0.09 0.44 1.78 0.68 

10–20 4.48 0.42 12 5.99 5.7 24.6 69.7 3.32 10.5 21.3 1.30 0.56 0.98 3.65 

20–30 4.84 0.43 13 6.29 5.4 20.8 73.8 1.34 9.7 23.1 1.59 0.49 0.49 0.93 

P815 0–10 8.04 0.70 14 7.21 7.4 36.1 56.4 0.68 6.2 21.3 0.46 0.67 0.81 0.70 

10–20 6.03 0.59 12 7.60 6.8 37.5 55.7 0.48 5.1 22.8 0.85 0.45 0.50 0.60 

20–30 4.12 0.42 11 7.84 7.4 34.9 57.8 0.22 4.8 22.7 0.78 0.35 0.35 0.59 

50–70 3.25 0.17 23 8.22 6.0 33.7 60.3 0.14 3.8 22.3 0.69 0.27 0.34 0.64 

P816 0–10 1.22 0.15 10 7.67 4.6 24.0 71.4 0.18 6.0 18.8 0.53 0.47 0.37 0.61 

10–20 0.98 0.12 9 7.81 5.1 32.2 62.7 0.17 7.3 20.2 0.59 0.44 0.32 0.60 

20–30 0.82 0.09 11 7.88 6.2 34.0 59.8 0.25 6.7 20.0 0.63 0.54 0.28 0.61 

P818 0–10 5.44 0.45 14 6.39 5.9 35.7 58.4 1.09 5.5 22.6 1.41 0.63 0.47 0.65 

10–20 4.36 0.37 14 6.48 7.5 40.3 52.1 1.55 5.0 23.4 2.01 0.67 0.46 0.67 

P819 0–10 6.00 0.50 14 6.60 5.6 30.8 63.5 1.00 5.3 22.4 1.12 0.49 0.92 0.59 

10–20 4.17 0.38 13 6.50 7.0 38.5 54.5 0.75 5.1 23.7 1.32 0.39 0.44 0.60 

20–30 3.29 0.26 15 6.55 6.1 38.3 55.6 0.92 4.6 23.8 1.56 0.47 0.39 0.56 

P821 0–10 3.98 0.31 15 7.06 7.6 38.1 54.3 0.55 6.0 22.9 1.07 0.42 0.35 0.65 

10–20 2.16 0.17 15 7.11 6.9 44.9 48.2 0.44 5.9 22.8 0.98 0.39 0.34 0.63 

20–30 1.21 0.13 11 7.11 6.8 43.4 49.8 0.34 5.5 22.8 0.91 0.37 0.33 0.63 

P826 0–10 3.15 0.29 12 7.97 4.6 44.7 50.7 0.93 5.0 22.6 1.34 0.64 0.51 0.54 

10–20 2.40 0.22 13 8.10 4.0 48.0 48.0 0.58 5.4 22.5 1.01 0.59 0.37 0.55 

20–30 1.89 0.16 14 8.12 4.3 48.5 47.2 1.56 1.3 23.5 2.04 0.98 0.19 0.62 

50–70 0.77 0.06 15 8.09 6.0 50.3 43.7 1.62 5.1 20.0 0.57 2.59 0.38 0.45 

P830 0–10 4.41 0.14 40 7.93 11.6 81.5 6.9 0.15 7.1 22.2 0.69 0.30 0.32 0.62 

10–20 4.59 0.10 54 7.84 11.1 80.1 8.8 0.08 6.1 23.0 0.65 0.26 0.34 0.60 

20–30 4.84 0.19 30 7.73 13.4 80.4 6.2 0.08 5.8 24.2 0.68 0.24 0.34 0.59 

50–70 4.67 0.12 45 7.74 17.9 73.8 8.3 0.09 5.4 23.7 0.69 0.24 0.35 0.59 

P835 0–10 0.61 0.14 5 8.38 0.6 5.3 94.1 1.27 9.5 20.0 0.35 2.10 0.47 0.59 

10–20 0.76 0.20 4 8.36 2.1 13.5 84.4 0.53 10.1 20.5 0.55 0.80 0.45 0.64 

20–30 0.64 0.15 5 8.39 1.9 16.6 81.4 0.59 11.5 19.8 0.47 1.02 0.40 0.61 

50–70 0.87 0.17 6 8.33 2.5 27.9 69.7 0.28 7.1 21.0 0.67 0.51 0.32 0.62 

           (To be continued on the next page)
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            (Continued)

Sites 
Depth 
(cm) 

C 
(%) 

TN 
(%) 

C/Na pH 
Clay 
(%) 

Slit 
(%) 

Sand 
(%) 

SumFAs 
(mg/g C) 

CPI ACL t1 t2 t3 t4 

P839 0–10 4.00 0.30 16 6.57 3.5 18.3 78.2 2.33 6.5 23.7 3.28 0.80 0.35 0.71 

10–20 3.41 0.28 14 6.33 6.2 30.5 63.3 1.70 6.2 23.9 2.77 0.52 0.19 0.67 

20–30 2.01 0.17 14 6.49 6.9 34.2 58.9 1.92 6.0 21.3 1.78 0.77 0.06 1.79 

P858 0–10 6.82 0.46 17 6.76 5.0 30.1 64.9 1.41 5.6 22.8 1.80 0.68 0.58 0.66 

10–20 3.66 0.27 16 6.49 4.2 23.1 72.7 2.04 4.3 23.2 2.89 1.11 0.38 0.47 

P860 0–10 6.90 0.38 21 6.25 5.5 32.0 62.5 2.93 8.0 23.6 3.49 0.40 0.85 0.89 

10–20 5.03 0.28 21 6.21 6.6 38.0 55.3 1.14 5.6 24.0 1.83 0.39 0.44 0.63 

20–30 4.02 0.22 21 6.04 7.2 42.0 50.8 1.91 5.4 20.1 0.90 0.92 0.35 2.16 

P862 0–10 13.04 0.77 20 6.04 7.7 33.6 58.8 2.38 5.5 23.6 2.93 0.63 1.46 0.07 

10–20 10.91 0.64 20 5.87 9.4 45.1 45.5 1.27 6.6 23.5 1.77 0.47 0.61 0.57 

20–30 10.48 0.60 20 5.83 8.8 39.2 52.0 1.48 4.9 23.4 2.01 0.46 1.21 0.27 

a) C, total carbon; TN, total nitrogen; C/Na Atomic C/N ratio; SumFAs, the total concentrations of fatty acids (FAs); CPI, carbon preference in-

dex:    20 22 24 26 28 30 19 21 23 25 27 29 20 22 24 26 28 30 21 23 25 27 29 31CPI C C C C / 2                   
       ; ACL, average chain length: ACL ( )n nz n z   , 

where zn is the abundance of FAs with a n number of carbon (in the range of 16 to 32); t1, t2, t3, and t4 were calculated by eqs. (2) and (4) in the main text. t1, 
plant-derived FAs, including saturated long-chain FAs (C20-C32); t2, FAs derived from a mixed source of both plant and microorganisms, including C9 to C18; 
t3, microbial-derived FAs, including branched FAs (iso-C15 and iso-C17); t4, fresh FAs, including unsaturated C18 FAs (C18:1 and C18:2).  

and Simpson, 2005; Feng and Simpson, 2007; Zhao et al., 
2014). FAs from higher plant waxes show a distribution 
from C20 to C32, with a Cmax at C24 or C26, whereas those 
from microorganisms range from C14 to C18, with a Cmax at 
C16 (Otto and Simpson, 2005, and reference therein). 
Branched FAs (iso-C15 and iso-C17) were detected at trace 
amounts in all soil samples, which are mainly biosynthe-
sized by bacteria and fungi, confirming microbial inputs in 
the study area. In addition to saturated FAs, unsaturated C18 
FAs (C18:1 and C18:2) were also detected at considerable 
concentrations in all soil samples. Their presence reflects 
the contribution of relatively fresh materials and indicates 
low to moderate levels of SOM degradation, as unsaturated 
FAs are easy to degrade in soils (Moucawi et al., 1981; 
Wiesenberg et al., 2010). 

The concentrations of FAs in QTP soils are given in Ta-
ble 2. The total concentrations of FAs ranged between 0.40 
mg/g C (P830) and 5.99 mg/g C (P860), with a mean of 
2.89±1.91 mg/g C. The concentrations of FAs decreased 
with increasing soil depth, with the highest value (1.08± 
0.09 mg/g C) at a 0–10 cm depth and the lowest value 
(0.46±0.12 mg/g C) at a 50–70 cm depth. The abundance of 
FAs in the surface soils (0–10 cm) in this study is higher 
than in grassland soils from western Alberta (0.10–0.16 mg/g 
C) (Otto and Simpson, 2005; Feng and Simpson, 2007) and 
similar to that of grassland soils from Inner Mongolia in 
Northern China (0.38–1.20 mg/g C) (Zhao et al., 2014). The 
abundance of total FAs and higher-plant-derived long- 
chain FAs at depths of 50–70 cm was significantly lower 
than that in the first 30 cm of QTP soils (P<0.05; Figure 3). 
This phenomenon is thought to be mainly caused by a sub-
stantially lower input of higher-plant-derived SOM in deeper 
soil profiles compared with the upper layer because 90% of 

the total root biomass occurred in the top 30 cm of alpine 
grassland soils in the QTP (Yang et al., 2009). By compari-
son, the concentration of short-chain FAs remained constant 
in the soil profile (Figure 3), which may be attributed to in 
situ microbial production, which remains active in the soil 
profiles. 

3.3  Sources and degradation of FAs in QTP soils 

The average chain length (ACL) and the carbon preference 
index (CPI) of FAs can be used to assess the degradation 
stages of SOM at the molecular level (Gleixner et al., 2001). 
The ACL value typically increases with increasing degrada-
tion due to a decrease of easily degradable short-chain FAs 
and a selective enrichment of long-chain FAs with increas-
ing degradation, while the CPI value decreases with ongo-
ing degradation (Kolattukudy et al., 1976; Wiesenberg et al., 
2010). The ACL values were 21.8±0.4, 22.6±0.3, 22.1±0.4 
and 21.5±0.6 at 0–10, 10–20, 20–30 and 50–70 cm depths, 
respectively, showing no clear trends with the soil depth. 
While the CPI values decreased with the soil depth, with the 
highest value at 0–10 cm (7.1±0.5), intermediate values at 
10–20 cm (6.5±0.4) and 20–30 cm (6.3±0.7), and the lowest 
value at 50–70 cm depths (5.1±0.5) (Table 2). This trend 
may be attributed to the progressive degradation of plant- 
derived organic matter with increasing soil depths.  

The distributions of FAs in QTP soil extracts (Figure 2) 
are consistent with the dominant input of higher-plant-derived 
organic matter to soil FAs, with microbial-derived organic 
matter as a minor contributor. To further quantify the carbon 
sources based on FA profiles, a PCA-MLR model was per-
formed for all soil samples. Four principal components 
(PC1, PC2, PC3 and PC4) were identified after varimax  
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Figure 2  Abundance of fatty acids (FAs) in QTP soils from different depth. Fatty acids are given as carbon numbers followed by the number of double 
bonds after the colon. 

 
Figure 3  The distribution of total fatty acids (FAs), long-chain FAs and 
short-chain FAs with soil depth in QTP soils. Different letters (a, b) above 
each column bar indicate significant difference (P<0.05). 

rotation; these components accounted for 32.4%, 23.0%, 
15.6% and 13.9% of the total variance, respectively (Table 
3). The first rotated component (PC1) was closely associat-
ed with long-chain FAs (Table 3) and hence indicative of 
high plant wax input. The second rotated component (PC2) 
was characterized by high loadings of saturated short-chain 
FAs (Table 3). Because short-chain FAs are synthesized by 
both plants and microorganisms (Otto and Simpson, 2005, 
and references therein), this indicates a mixed source. The 
profile in the third rotated component (PC3) had a high 
loading of branched FAs (iso-C15 and iso-C17) (Table 3), 
which is mainly biosynthesized by bacteria and fungi, indi-
cating microbial input. Finally, PC4 was only correlated 
with unsaturated C18 FAs (C18:1 and C18:2). Because fresh 
plant and microbes are enriched in C18:1 and C18:2 (Wiesen-
berg et al., 2010), PC4 represents fresh C sources. 

MLR analysis of elements in the factor scores matrix (tk) 
against the normal standard deviation of the SumFAs values 

( Ẑ ) was performed on the PCA scores to determine the 
mass apportionment of the four components in all soil sam-
ples. The resulting equation was as follows: 

 SumFAs 1 2 3

2
4

ˆ 0.393 0.204 0.176

                 0.249 ( 0.996,  0.001),

Z t t t

t R P

  

    (4)
 

where t1 is defined as higher-plant-derived FAs, t2 is a 
mixed source FAs from both plant and microorganisms, t3 is 
microorganism-derived FAs and t4 is fresh C source FAs. 
Then, the percentage contributions calculated by eq. (2) 
were 38.4% for t1, 20.0% for t2, 17.2% for t3 and 24.4% for 
t4. Overall, approximately 40% of the FAs in QTP soils 
were from higher plants. 

The contribution of each source k to the SumFAs can be 
calculated by eq. (3). In this study, meanSumFAs is 3.0 mg/g C 
and SumFAs is 2.0 mg/g C. For sampling Sites P818, P819, 
P839, P858, P860 and P862, the contribution from t1 was 
particularly high (42%–52%), suggesting a strong input of 
higher plants at these sites. At different soil depths, contri-
butions from t1 (higher-plant input) and t3 (microbial input) 
decreased with increasing soil depth mainly due to the low-
er input of plant- and microbial-derived organic matter in 
the deeper soil layers (Yang et al., 2009). Contributions 
from t2 (a mixed source from both higher-plant and micro-
bial inputs) and t4 (fresh material input) were highest at 
50–70 and 20–30 cm depths, respectively. This may be 
partly explained by the leaching of short-chain FAs in the 
soil profile, which can be present in solutions, colloids and  
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Table 3  Varimax-rotated component matrix following principal compo-
nent analysis (PCA) of all samplesa) 

FA 
Rotated component number 

1 2 3 4 

9:0 0.037 0.863 0.119 0.078 

10:0 0.498 0.616 0.416 0.098 

12:0 0.140 0.773 0.219 0.223 

14:0 0.315 0.752 0.253 0.024 

i15:0 0.243 0.083 0.859 0.052 

i15:0 0.263 0.356 0.780 0.365 

15:0 0.310 0.625 0.532 0.318 

16:1 0.318 0.277 0.687 0.190 

16:1 0.157 0.757 0.361 0.153 

16:0 0.435 0.778 0.337 0.233 

i17:0 0.138 0.491 0.816 0.043 

17:0 0.464 0.774 0.331 0.081 

18:2 0.060 0.078 0.130 0.969 

18:1 0.140 0.165 0.196 0.913 

18:1 0.246 0.177 0.548 0.782 

18:0 0.379 0.786 0.097 0.378 

20:0 0.722 0.637 0.016 0.041 

21:0 0.837 0.311 0.170 0.212 

22:0 0.796 0.231 0.307 0.347 

24:0 0.916 0.136 0.229 0.146 

25:0 0.590 0.139 0.010 0.133 

26:0 0.871 0.051 0.313 0.197 

27:0 0.734 0.362 0.002 0.148 

28:0 0.861 0.217 0.275 0.258 

29:0 0.785 0.252 0.217 -0.201 

30:0 0.859 0.177 0.167 0.219 

31:0 0.846 0.008 0.273 0.167 

32:0 0.717 0.066 0.375 0.461 

Variance explained 32.4% 23.0% 15.6% 13.9% 

a) Fatty acids (FAs) are given as the carbon number followed by the 
number of double bonds after the colon. Bold values denote a PCA loading 
higher than 0.7. i indicates the branched FAs. 

micelles in the soil (Piccolo et al., 1996; Nierop and Buurman, 
1998; Feng and Simpson, 2007).  

3.4  Relationship of environmental parameters with 
FAs in QTP soils 

A number of studies have demonstrated that temperature, 
precipitation and soil properties are the most important fac-
tors that govern SOM composition and distribution (Feng 
and Simpson, 2008; Baumann et al., 2009; Schmidt et al., 

2011; Pisani et al., 2014; Toriyama et al., 2015). In this 
study, the effects of MAT, MAP, soil pH and soil texture on 
the preservation of FAs in QTP soils were examined. As 
shown in Table 4, the total concentration of FAs was nega-
tively correlated with MAT (r=0.301, P=0.027; Table 4), 
indicating that the abundance of FAs decreased with in-
creasing MAT due to increased biodegradation of FAs in 
warmer climates. As for MAP, the abundance of fresh C 
source FAs (t4) increased significantly with MAP (r=0.270, 
P=0.049; Table 4), indicating that high precipitation facili-
tates the accumulation of fresh FAs in QTP soils; similar 
results have also been reported by Pisani et al. (2014). This 
is probably caused by increased plant productivity and/or 
increased preservation of fresh FAs at higher MAP. This 
explanation is supported by the recent findings on the QTP, 
where soil moisture plays an important role in soil C storage 
(Baumann et al., 2009; Dörfer et al., 2013). 

Soil pH has a profound effect on SOM preservation at 
the bulk (formation of humic horizon) and molecular levels 
(e.g., FAs; Bull et al., 2000). As shown in Table 4, the 
abundance of FAs, except for those derived from mixed 
sources of both higher-plant and microbial inputs (t2), is 
negatively correlated with soil pH, suggesting that the 
preservation of FAs was favored in low-pH soils. Bull et al. 
(2000) and Nierop et al. (2005) both observed a similar re-
lationship between the FA concentration and soil pH in 
grassland and oak forest soils, respectively. They believe 
that apart from direct input from vegetation, the most likely 
source for FAs is oxidation of other lipids, such as n-alkanes 
and n-alkanols in acidic soils (Moucawi et al., 1981; Am-
blès et al., 1994). Additionally, soils with a low pH appear 
to preserve biomolecules by retarding the activities of mi-
cro-organisms (Bull et al., 2000; Nierop et al., 2005). By 
comparison, short-chain FAs derived from mixed sources of 
both plants and microorganisms (t2) increased with the soil 
sand content (r=0.300, P=0.027; Table 4). However, be-
cause sand has little sorption capacity, this relationship may 
not be causal. Overall, the significantly negative correla-
tions of the total concentration of FAs with MAT (P<0.05) 
and soil pH (P<0.01) indicate that the preservation of FAs is 
favored in low-MAT and low-pH soils on the QTP. This 
result is consistent with previous studies (Bull et al., 2000; 
Nierop et al., 2005; Pisani et al., 2014). Recently, it has 
been suggested that the molecular structure alone does not 
control SOM stability and that this process should be 
viewed as an ecosystem property that is controlled by sev-
eral environmental factors, such as the presence of reactive 
mineral surfaces, climate, water availability, soil acidity, 
soil redox state and soil microbial community (Schmidt et 
al., 2011). Therefore, other environmental parameters, such 
as the soil mineral content, microbial community composi-
tion as well as litter quality and quantity, may also exert a 
strong control on the preservation and degradation of FAs in 
QTP soils, but are not included in the analysis here. Thus, 
further research is necessary to understand the mechanisms  
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Table 4  Pearson correlation coefficient between the abundance of various fatty acids (FAs) and climatic parameters and soil propertiesa) 

Environmental  
parameters 

Pearson 
parameters

t1 t2 t3 t4 SumFAs 

MAT 
r 0.190 0.130 0.245 0.080 0.301 

P 0.168 0.350 0.074 0.566 0.027 

MAP 
r 0.134 0.019 0.051 0.270 0.232 

P 0.335 0.890 0.714 0.049 0.092 

Clay 
r 0.016 0.387 0.028 0.026 0.159 

P 0.910 0.004 0.840 0.850 0.251 

Silt 
r 0.065 0.277 0.192 0.086 0.254 

P 0.638 0.042 0.165 0.536 0.064 

Sand 
r 0.055 0.300 0.172 0.079 0.246 

P 0.694 0.027 0.214 0.569 0.073 

pH 
r 0.620 0.136 0.343 0.272 0.644 

P 0.000 0.329 0.011 0.047 0.000 

a) Bold values denote significant correlations (P≤0.05, n=54). 

responsible for the distribution of FAs in QTP soils.  

4.  Conclusions 

This study investigated the composition, source and distri-
bution of FAs in the soil profile of 17 sampling sites from 
the QTP. In general, plant-derived even-numbered long- 
chain FAs (C22–30) dominate in all soil samples. Source ap-
portionment showed that approximately 40% of the FAs in 
QTP soils were from higher plants. The great abundance of 
unsaturated C18 FAs, mainly derived from fresh C sources, 
together with high C/Na ratios, indicate a low to moderate 
level of SOM degradation in QTP soils. The abundance of 
FAs decreased with soil depth, and there was a significant 
decrease at depths of 50–70 cm for total FAs and long-chain 
FAs. This phenomenon may be mainly caused by a substan-
tially lower input of higher-plant-derived FAs in deeper 
soils compared with the upper layers. By comparison, short- 
chain FAs remained constant with soil depth. The total 
concentration of FAs was negatively correlated to MAT 
(P<0.05) and soil pH (P<0.01), suggesting that the preser-
vation of FAs was favored in low-MAT and low-pH soils 
on the QTP. Further research is necessary to understand the 
mechanisms responsible for the preservation and distribu-
tion of FAs in QTP soils. 
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