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Abstract  The ubiquitous occurrence of branched glycerol dialkyl glycerol tetraethers (brGDGTs) in soils has allowed de-
velopment of new proxies for reconstruction of past climate and environment. The methylation and cyclization degrees of 
brGDGTs, expressed as MBT and CBT, respectively, are reported to be mainly controlled by mean annual air temperature 
(MAAT) and soil pH. However, the brGDGT-derived temperatures and soil pH scatter widely when data from different envi-
ronmental conditions are considered. In this study, we collected over 300 soil samples from China, which are representative of 
humid (Xishuangbanna, Guangzhou, and Shanghai), semi-arid (Dongying) and semi-arid/arid (Lanzhou, Tibetan Plateau) re-
gions. Collectively we have the most extensive dataset that broadly characterizes the distribution of brGDGTs according to 
climate zones in China. The overall data demonstrate that the MBT/CBT derived temperatures better match the measured 
MAATs in humid and non-alkaline regions than those from regions of low MAP (<400 mm/yr) and above neutral soil pH 
(>7.0–7.5). Similarly, CBT describes soil pH much better in humid and non-alkaline soils than in semi-arid/arid and alkaline 
soils; the semi-arid/arid and alkaline soils tend to show a positive correlation between soil pH and CBT, which contradicts that 
in the humid and non-alkaline soils. While soil pH, MAAT and mean annual precipitation (MAP) are dominating factors con-
trolling the brGDGT distribution across all climate zones, conductivity, total organic carbon and total nitrogen, as well as soil 
water content can also play an important role locally. Removing brGDGT-II resulted in a revised CBT index that provides 
more accurate estimation of pH, especially in semi-arid/arid and alkaline soils. The overall Chinese dataset demonstrates that 
continental air temperature derived from brGDGT-proxies can vastly deviate from real measurements and should be used with 
extreme caution in paleo-climate or -environment studies.  
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1.  Introduction 

Development of liquid chromatography-mass spectrometry 

technology allowed the separation and quantification of 
branched glycerol dialkyl glycerol tetraethers (brGDGTs; 
Figure 1) that are presumably produced by bacteria (Weijers 
et al., 2006). Studies of brGDGTs in a number of soil envi-
ronments demonstrated that the distribution of brGDGTs 
can be described by the methylation index of branched tet- 
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raethers (MBT) and the cyclisation ratio of branched tetrae-
thers (CBT), which are mainly governed by mean annual air 
temperature (MAAT) and/or soil pH, respectively (Weijers 
et al., 2007a). This has aided research in paleoclimate or 
global change by providing new proxies for paleo-     
continental temperatures or soil pH. For example, MBT/ 
CBT-estimated MAAT and CBT-estimated soil pH wit-
nessed a coupled thermal and hydrological evolution of 
tropical Africa over the last deglaciation (Weijers et al., 
2007b) and helped explain the extended megadroughts in 
the southwestern United States during Pleistocene intergla-
cials (Fawcett et al., 2011). Similarly, enhanced aridity as-
sociated with significant uplift of the Tibetan Plateau in the 
Late Miocene was evidenced by CBT index and the ratio 
between total archaeal GDGTs and brGDGTs (Ri/b) (Xie et 
al., 2012).  

However, the fidelity of MBT/CBT-derived proxies in 
paleo records has suffered from the fact that the calculated 
temperature and soil pH scatter widely in modern soil envi-
ronments. Mounting evidence shows that soil water content 

 

 

Figure 1  The molecular structures and protonated masses of brGDGTs 
identified from Chinese soil samples. 

(SWC) or mean annual precipitation (MAP) are additional 
factors that may strongly impact the distribution of 
brGDGTs in arid and semiarid environments (Peterse et al., 
2012; Dirghangi et al., 2013; Wang et al., 2014). Further 
unknown are the sources of brGDGTs because no definitive 
microorganisms (presumably bacteria) have been identified, 
which produce all brGDGTs observed from the natural en-
vironments. These and other uncertainties have led to mul-
tiple revisions of the original MBT/CBT-MAAT calibra-
tion, with each revision trying to explain the mechanisms 
causing the calibration error. For example, Peterse et al. 
(2012) re-calibrated the previous MBT-CBT proxies using 
approximately 280 samples globally and claimed that large 
scatter in the calibration cannot be fully explained by local 
factors or by seasonality. Anderson et al. (2014) tried to 
determine the sources of calibration error by using in situ 
monitoring of soil temperature along an elevation gradient 
across the Eastern Cordillera of Colombia and concluded 
that local and transient variation in factors such as soil 
moisture and nutrient availability causes the scattering of 
the calculated temperatures.  

The vast land in China not only has distinct climate 
zones from south to north but also is characterized by the 
high Tibetan Plateau and the Chinese loess regions that are 
unique to the East Asia climate zones. The occurrence and 
distribution of brGDGTs in some of these environments 
have been reported by a rapid growing number of publica-
tions in recent years (e.g., Wang et al., 2012; Zhang et al., 
2012; Liu et al., 2013; Yang et al., 2014; Ding et al., 2015). 
In particular, Yang et al. (2014) proposed new calibration 
models for Chinese soils using over 100 samples collected 
from different climatic regions, particularly the semiarid 
and arid loess regions. Ding et al. (2015) focused on the 
cold and dry regions of the Tibetan Plateau and recalibrated 
the MBT/CBT-MAT relationship that is constrained by a 
root mean square error (RMSE) of 4.2°C. Both studies sug-
gested that local calibrations are necessary for estimating 
MAAT or soil pH in semiarid and arid regions of China. 
This highlights the need for caution when interpreting 
MBT/CBT proxy in loess-paleosol sequence studies and 
begs for a thorough evaluation of its application in diverse 
Chinese soil environments, particularly the semi-arid and 
arid soils on the Tibetan Plateau and the Chinese Loess 
Plateau.    

We thus have performed an extensive sampling (over 
300 samples) from different regions of China, which cov-
ered a wide range of temperature, pH, vegetation, and soil 
water content. The objectives of this study were to demon-
strate the role of locality or geography on the distribution of 
brGDGTs and validate the fidelity of brGDGT-based prox-
ies using the most comprehensive dataset from the Chinese 
soils. 
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2.  Material and methods 

2.1  Sample collection and measurements of basic soil 
properties  

Soil samples were collected between 2011 and 2013 from 
six regions in China (Xishuangbanna, Guangzhou, Shang-
hai, Dongying, Lanzhou and Tibetan Plateau) (Figure 2). 
Detailed information for each sample is provided in Appen-
dix Table 1 (available at http://earth.scichina.com). At each 
site, the upper 5 cm soil was collected for each sample, 
which was homogenized after removing leaves and plants or 
plant roots. Samples were stored on dry ice in the field and 
at −20°C in the lab until further treatment. 

Soil pH was measured following Chu et al. (2010) with 
the following modification. The frozen sample was first 
thawed at room temperature, and then about 4 g of it was 
mixed with ultra-pure water at the ratio of 1:2.5 (w/v, 
g/mL). The mixture was shaken rigorously for 30 min and 
centrifuged at 3000 r/min for 10 min. The supernatant was 
measured by a pH meter (METTLER TOLEDO) and pH 

was recorded as the average of three measurements. The 
standard deviation for triplicate measurements was ±0.05 
pH units.  

Soil conductivity was measured in filtered soil extract by 
using a portable conductivity/salinity meter (METTLER 
TOLEDO). Briefly, ca. 5 g of thawed fresh soil was mixed 
with ultra-pure water at the ratio of 1:5 (w/v, g/mL) and 
rigorously shaken for 30 min. The mixture was centrifuged 
at 20000 g for 10 min and the analytical error for duplicate 
measurement was <0.01 ms/cm for most soils and <0.10 
ms/cm for saline soils (>1.00 ms/cm).  

Soil water content (SWC) was determined by the differ-
ence in weight before and after drying a portion of the soil 
sample at 105°C for 24 h (Nocita et al., 2013; Guntiñas et 
al., 2012).  

Total organic carbon (TOC) and total nitrogen (TN) were 
determined following a modified procedure of Zhang et al. 
(2012). Briefly, an aliquot of freeze-dried soil sample was 
treated with 10% HCl to remove bicarbonate. The residues 
were subsequently washed with distilled water until neutral 

 

 
Figure 2  Map of China showing the soil sampling sites. Black solid circles are the sampling sites in this study, with the larger-sized circles representing 
multiple samples (≥30 samples) collected at each site. Grey solid circles represent samples from Yang et al. (2014) and references therein. Purple solid 
circles represent samples from Ding et al. (2015). Yellow solid circles are samples from Wang et al. (2014) and Green ones are samples from Sun et al. 
(2016). 
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pH and dried at 45°C. Approximately 10 mg residues were 
used to measure TOC and TN by a Vario Cube Elemental 
Analyzer. Duplicate measurements were conducted for 
every 11 samples and the standard deviation was 0.08% for 
TOC and 0.006% for TN.  

2.2  Data collection for MAAT and MAP  

The Chinese climate dataset for MAAT and MAP was ob-
tained between 1981 and 2010 from the China Meteorolog-
ical Data Sharing Service System (http://cdc.cma.gov.cn/). 
Subsequently, the MAAT and MAP values from climate 
stations were interpolated to the whole land area of China 
using the Kriging method with the ArcGIS software (Ver-
sion 10.2). The MAAT and MAP values of each sampling 
site were then extracted using Spatial Analyst Tools in the 
ArcGIS software. Following Ding et al. (2015), we also 
extracted MAAT and MAP for sites from previous studies 
of Günther et al. (2014) and Yang et al. (2014). Overall, 127 
out of the total 131 sites had a strong correlation with the 
reported data (R2=0.94 for MAAT and R2=0.95 for MAP), 
suggesting that our method was reliable to obtain actual 
climate data for exploring the relationship between envi-
ronmental variables and distribution of brGDGTs in Chi-
nese soils.  

2.3  Analysis of GDGTs 

For lipid extraction, 5–25 g freeze-dried and powered soils 
were extracted (5×) using an accelerated solvent extractor 
(ASE350, Dionex) with a mixture solvent of dichloro-
methane (DCM): methanol (MeOH) (9:1, v/v) at 100°C for 
5 min. The total extracts were dried under a slow N2 gas 
flow and then separated into apolar and polar fractions over 
an activated SiO2 column by Hexane: DCM (9:1, v/v) and 
MeOH: DCM (1:1, v/v), respectively. A synthesized C46 

GDGT was added as an internal standard. The polar fraction 
containing GDGTs were re-dissolved in hexane/isopropanol 
(99:1, v/v) and filtered through 0.45 µm PTFE filters. Sam-
ples were dried again under N2 gas prior to analysis. 

Analysis and quantification of GDGTs were achieved 
using Agilent 1200 series High Performance liquid chro-
matograph, coupled to an atmospheric pressure chemical 
ionization/triple quadrupole mass spectrometer (HPLC/ 
APCI-QQQ-MS), equipped with an automatic injector and 
chemstation manager software. The analytical procedure 
followed Schouten et al. (2007) that was modified by Zhang 
et al. (2012). Briefly, 10-µL polar fractions were injected 
and peak separation was accomplished by using an Alltech 
Prevail Cyano column (150 mm×2.1 mm, 3 µm). The lipids 
were eluted isocratically with 90% A and 10% B (A for 
n-hexane, B for n-hexane/isopropanol 9:1, v/v) in the first 5 
min, followed by a linear gradient to 18% B in 45 min. The 

column was flushed with 100% B for 10 min and then 
re-equilibrated with 90% A and 10% B before the next run. 
The MS condition followed Schouten et al. (2007). A single 
ion monitoring mode was selected to detect [M+H] + 
(m/z=1050, 1048, 1046, 1036, 1034, 1032, 1022, 1020, 
1018) corresponding to brGDGT structure in Figure 1. 
Quantification was achieved by comparing peak area of 
[M+H]+ and internal standard.  

The methylation and cyclization degrees of brGDGTs are 
defined following Weijers et al. (2007a): 

 MBT=(I+Ib+Ic)/(I+Ib+Ic+II+IIb+IIc+III+IIIb+IIIc), (1) 

 CBT=−Log(Ib+IIb/(I+II)). (2) 

A revised methylation index (MBT’) is from Peterse et 
al. (2012), which includes only seven brGDGTs: 

 MBT’=(I+Ib+Ic)/(I+Ib+Ic+II+IIb+IIc+III). (3) 

Roman numbers refer to the structure of brGDGTs (Fig-
ure 1). 

2.4  Statistical analysis 

Redundancy analysis (RDA) was performed to determine 
the relationship between the fractional abundance of 
brGDGTs and environmental variables. Partial RDA was 
performed to assess the contribution of unique and inde-
pendent explanatory power of these environmental variables 
to the distribution of brGDGTs at a single site. The RDA 
and partial RDA were performed using CANOCO software 
(windows version 4.5) following Tierney et al. (2010) and 
Yang et al. (2014). Correlation coefficients and P-values of 
brGDGTs and environmental variables were obtained by 
analysis of bivariate correlation using SPSS software (Ver-
sion 21). The linear and multiple regressions of brGDGT 
indices and fractional abundance of brGDGTs were also 
calibrated using SPSS software. 

3.  Results 

3.1  Physicochemical properties of Chinese soils 

A total of 311 soil samples were collected from six regions 
in China, with each region having 30–64 individual samples 
collected at different locations (Table 1, Figure 2). Based on 
the range of MAP (Guo et al., 2007), Tibetan Plateau and 
Lanzhou were grouped as semi-arid (200–500 mm/yr) or 
arid (MAP<200 mm/yr) regions, Dongying as semi-arid 
region and the other places as humid regions (MAP>800 
mm/yr) (Table 1).  

The MAAT was above 20°C in Xishuangbanan 
(20.2–21.9°C) and Guangzhou (21.0–22.1°C) in the humid 
regions; in the semi-arid or arid regions, MAAT ranged 
from 15.4 to 15.5°C in Shanghai, 13.1 to 13.3°C in Dongy- 
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Table 1  Summary of sample information that divides the regions into semi-humid (MAP>800 mm/yr), semi-arid (200-800 mm/yr), and arid (<200 mm/yr) 
regions according to Guo et al. (2007)a) 

Site #Sa MAP (mm/yr) MAAT (°C) pH ranges SWC (%) Conductivity (ms/cm) TOC (%) TN (%)

Humid sites 
Xishuangbanna 30 1178.10–1362.35 20.17–21.90 4.58–8.23 − − 0.18–10.38 0.04–0.50

Guangzhou 64 1496.03–1588.95 21.02–22.07 4.63–7.81 1.58–31.45 0.02–0.24 0.05–2.40 0.04–0.23
Shanghai 63 920.39–935.5 15.43–15.50 7.12–8.52 4.49–69.46 0.07–0.58 0.50–10.24 0.07–0.44

Semi-arid sites Dongying 48 426.14–435.59 13.07–13.29 7.45–9.39 3.15–50.16 0.11–17.00 0.09–2.89 0.04–0.26

Semi-arid/arid sites 
Lanzhou 40 167.27–301.65 8.77–9.56 7.66–9.13 1.80–30.82 0.05–3.46 0.09–2.82 0.03–0.18

Tibetan Plateau 66 112.14–384.34 -4.87–6.62 6.15–9.03 1.18–47.68 0.02–3.34 0.22–4.97 0.05–0.56

a) “Sa” = samples. “-” = not available. 

ing, 8.8 to 9.6°C in Lanzhou (the Chinese Loess Plateau) 
and −4.9 to 6.6°C on the Tibetan Plateau (Table 1). 

Soil pH varied from below 5.0 to above 7.0 in 
Xishuangbanan (4.6–8.2) and Guangzhou (4.6–7.8). The 
other regions were characterized by circumneutral (6.2–7.5) 
to strongly alkaline (reaching 9.4) soil pH (Table 1). SWC 
ranged from less than 5% to nearly 70%, with no clear dis-
tinction between the semi-arid/arid and the humid/semi- 
humid regions. The soil conductivity varied widely; the 
highest value (17.0 ms/cm) occurred in Dongying that was 
characterized by saline soils, which was followed by Tibet-
an Plateau and Lanzhou with the higher end values around 
3.5 ms/cm. The highest soil conductivity in Shanghai and 
Guangzhou was less than 0.6 ms/cm. Conductivity meas-
urement was not performed for Xishuangbanna samples 
because they were not properly preserved.  

Total organic carbon varied between 0.05% and 10.38% 
with samples from Shanghai and Xishuangbanna having the 
highest values. Total nitrogen values were all less than 1.0% 
(Table 1).  

3.2  Abundance and distribution of brGDGTs in Chi-
nese soils  

brGDGTs were detected in all soil samples ranging from 
less than 1.0 ng/g dwt soil to >2000.0 ng/g dwt soil (Ap-
pendix Table 2). The higher concentrations occurred at the 
pH range from 5.0 to 8.5 and relatively lower concentra-
tions at pH>8.5 and pH<5.0 (Figure 3a). When specified to 
individual sites, samples from the humid regions 
(Xishuangbanna, Guangzhou, Shanghai) had the same range 
of variation between the 5 and 95 percentiles. However, 
Xishuangbanna had a relatively lower median value (44.1 
ng/g dwt soil) of brGDGTs than that of Guangzhou (74.6 
ng/g dwt soil) or Shanghai (72.1 ng/g dwt soil) (Figure 3b). 
The 5 and 95 percentile range of brGDGT concentrations 
was narrow and similar among the semi-arid and arid re-
gions (Dongying, Lanzhou, Tibetan Plateau) with the me-
dian value below 11.0 ng/g dwt soil in all three regions 
(Figure 3b). These results demonstrate that brGDGT pro-
duction is generally lower in semi-arid and arid regions than 
in relatively humid regions in China.  

The nine brGDGT compounds (Figure 1) were present in 
the majority of the Chinese soils; however, brGDGTs-IIIb 
and -IIIc were below detection limit in some samples (Ap-
pendix Table 2), which mostly occurred in humid soils. In 
general, the relative abundance of brGDGT-I decreased 
from close to 70% of total brGDGTs in humid region 
(Xishuangbanan) to less than 10% in the arid region (Ti-
betan Plateau); in the opposite, brGDGT-II (12–38%) and 
brGDGT-III (1–32%) increased from humid to arid regions 
(Figure 4). The sum of brGDGT-Ib and brGDGT-Ic 
(5–27%) also increased from Xishuangbanna to Shanghai in 
the humid regions, but decreased from Dongying to Lan-
zhou and Tibetan Plateau in the semi-arid or arid regions; 
the sum of brGDGT-IIb and brGDGT-IIc varied similarly in 
the humid regions (5–20%), but remained relatively con-
stant (15–20%) in the semi-arid and arid regions (Figure 4). 
In all regions, the sum of brGDGT-IIIb and brGDGT- IIIc 
did not exceed 3% (Figure 4). 

Redundancy analysis (RDA) using relative abundance of 
brGDGTs also separated the samples according to regions 
with samples from Xishuangbanna and Guangzhou group-
ing together; whereas, samples from other regions had a 
distinct pattern for each region (Figure 5a). Furthermore, 
RDA identified three major variables controlling the rela-
tive abundances of brGDGTs among all samples. brGDGT-I 
had significant positive correlations with MAP (R2=0.71, 
P=0.000) and MAAT (R2 = 0.59, P=0.000) and significant 
negative correlation with soil pH (absolute value of R2 = 
0.71, P=0.000). Each of brGDGT-II, -III and -IIIb showed 
significant negative correlation with MAP (R2>0.43, P< 
0.001) and MAAT (R2>0.31, P<0.001) and significant posi-
tive correlation with soil pH (R2>0.25, P<0.001). On the 
other hand, less significant correlations existed between 
relative abundances of cyclic brGDGTs and the environ-
mental variables (Table 2).  

The relative abundances of brGDGTs-I, -Ib, and -Ic 
aligned in the same direction as MAP and MAAT and the 
relative abundances of other compounds aligned in the same 
direction as pH on the RDA plot (Figure 5a). Similarly, 
Pearson correlation analysis revealed significant positive 
correlations between these compounds (excluding 
brGDGT-IIc and brGDGT-IIIc) and soil pH and negative 
correlations with MAP and MAAT (Table 2). The axis 1 in 
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Figure 3   Variation of brGDGT concentration with increasing soil pH (a). “Box and whiskers plot” of brGDGT concentrations with each box representing 
the interquartile range (IQR) of the sample (b). Lines extending from below and above the box represent 5 and 95 percentiles of the data, respectively. Data 
not included within these percentiles are plotted as outliers. Samples SH-19 and SH-62 had exceptionally high concentration of brGDGTs (1991.20 and 
2449.95 ng/g dwt, respectively) and was not shown in the “Box and whiskers plot” diagram. 

 

 

Figure 4  Distribution of fractional abundance of brGDGTs (averaged from all samples from each region) in Chinese soils. 

the RDA biplot (Figure 5a and b) primarily captured the 
gradient in MAAT and MAP. Therefore, we concluded that 
the difference in brGDGTs among different regions was 
primarily related to MAAT and MAP, whereas the differ-
ence in brGDGTs in a given region was to some extent 
caused by soil pH.  

When restricted to individual regions, samples in 

Xishuangbannan, Guangzhou, Shanghai and Dongying had 
invariant MAAT and MAP (Appendix Table 1), which thus 
exerted no impact on the relative abundances of brGDGTs 
on the RDA plot (Appendix Figure 1a–d). Among these 
regions, soil pH was the single variable that showed signifi- 
cant negative impact on brGDGT distribution in Xishuang-
banna and Guangzhou, but not in Shanghai or Dongying 
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Table 2  Correlation coefficients (R) and P values for fractional abundances and proxies of brGDGTs and environmental variables, Pearson correlation >0.5 
and P<0.05 were shown in bolda) 

 
Correlations brGDGTs 

(ng/g dwt)I Ib Ic II IIb IIc III IIIb IIIc MBT CBT 

MAAT 
Pearson correla-

tion 
0.767 0.447 0.46 −0.721 −0.424 0.047 −0.862 −0.562 0.006 0.883 0.236 0.182 

P-value 0.000 0.000 0.000 0.000 0.000 0.412 0.000 0.000 0.919 0.000 0.000 0.001 

MAP 
Pearson Corre-

lation 0.841 0.295 0.317 −0.78 −0.564 −0.144 −0.724 −0.657 -0.169 0.892 0.355 0.210 

P-value 0.000 0.000 0.000 0.000 0.000 0.012 0.000 0.000 0.003 0.000 0.000 0.000 

Soil pH 
Pearson Corre-

lation 
-0.841 0.12 −0.013 0.625 0.668 0.172 0.508 0.647 0.105 −0.74 −0.688 −0.139 

P-value 0.000 0.039 0.820 0.000 0.000 0.003 0.000 0.000 0.071 0.000 0.000 0.016 

SWC 
Pearson Corre-

lation 
0.161 0.157 0.081 −0.187 −0.064 0.007 −0.178 −0.026 0.040 0.195 −0.018 0.495 

P-value 0.009 0.010 0.188 0.002 0.299 0.906 0.003 0.678 0.517 0.001 0.773 0.000 

Conductivity 
Pearson Corre-

lation −0.094 0.031 0.147 0.119 0.009 0.099 −0.002 −0.061 −0.015 −0.055 −0.055 −0.084 

P-value 0.134 0.617 0.018 0.057 0.882 0.113 0.970 0.327 0.816 0.377 0.378 0.178 

TN 
Pearson Corre-

lation 
0.030 0.075 −0.072 −0.084 −0.017 −0.234 0.023 −0.007 −0.206 0.045 0.010 0.413 

P-value 0.604 0.195 0.215 0.145 0.763 0.000 0.691 0.902 0.000 0.434 0.864 0.000 

TOC 
Pearson Corre-

lation 
0.074 0.083 −0.068 −0.086 −0.052 −0.214 −0.040 −0.081 −0.175 0.088 0.036 0.263 

P-value 0.202 0.151 0.242 0.134 0.370 0.000 0.488 0.159 0.002 0.126 0.537 0.000 

a) Pearson correlation >0.5 and P<0.05 are shown in bold. 

 

Figure 5  Redundancy analysis (RDA) showing the distribution of brGDGTs from different regions of China and their relationships with the three major 
environmental variables (MAP, MAAT and soil pH) in this study (a) and the combination of this study and others (b). 

(Tables 3 and 4). In Dongying, conductivity had significant 
positive correlation with brGDGT-I (R2=0.30, P<0.001) 
whereas TOC and TN had significant positive correlation 
with brGDGT-II (R2=0.64 and 0.51, respectively and P< 
0.001) (Appendix Figure 1d). The relationship between en-
vironmental variables and brGDGTs was weak (R2<0.25) in 

Shanghai and in Lanzhou (Table 3). Despite the large land 
space range in Tibetan Plateau, fractions of brGDGTs and 
environmental variables only had poor correlations (Appen-
dix Figure 1f and Table 3). 

The impact of soil pH on the distribution of brGDGTs 
was further analyzed based on the division of humid vs.  
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Table 3  Results of RDA showing the relationship between environmental variables and fractional abundances of brGDGTs in all sites and individual sitesa) 

Environmental variables 
All sites XSBN GZ SH DY LZ TP 

Axis1 Axis2 Axis1 Axis2 Axis1 Axis2 Axis1 Axis2 Axis1 Axis2 Axis1 Axis2 Axis1 Axis2

MAAT 0.84 −0.29 − − − − − − − − 0.46 −0.14 −0.06 0.39
MAP 0.88 −0.07 − − − − − − − − 0.30 0.05 0.17 −0.08

Soil pH −0.81 −0.31 0.81 0.13 −0.82 −0.03 0.07 −0.11 −0.02 −0.19 0.31 0.06 −0.46 −0.20
SWC −0.12 −0.09 − − −0.25 0.14 0.41 −0.08 −0.07 −0.33 0.05 0.47 −0.29 −0.08

Conductivity −0.12 −0.07 − − −0.2 0.3 0.35 −0.09 −0.12 0.58 0.15 −0.16 −0.37 0.20
TN 0.08 −0.04 −0.21 0.45 −0.11 0.12 0.39 0.01 0.79 0.01 −0.10 −0.13 −0.11 −0.10

TOC 0.11 −0.03 −0.14 0.32 −0.05 0.05 0.4 0.16 0.71 0.03 −0.03 −0.09 −0.14 −0.03
Cum.% variance, brGDGTs 70.4 76.4 59.8 60.9 62.9 63.8 22.8 24.3 29 42.5 28.3 32.3 25.1 32.2

Cum.% variance, brGDGTs-env 90.9 99.1 97.7 99.5 98.5 99.8 88.7 94.6 64.8 95.1 79.9 94.7 75.1 96.3

a) “−”, data not available. XSBN, Xishuangbannal; GZ, Guangzhou; SH, Shanghai; DY, Dongying; LZ, Lanzhou; TP, Tibetan Plateau. P-value<0.05 are 
shown in bold. 

Table 4  Results of partial RDA test of samples from Xishuangbanna (XSBN), Guangzhou (GZ), Shanghai (SH) and Dongying (DY) a) 

Environmental variables Covariable(s)
XSBN GZ SH DY 

% Variance p-value % Variance p-value % Variance p-value % Variance p-value 

Conductivity None − − 4.30% 0.098 9.10% 0.008 11.70% 0.006 
Others − − 0.70% 0.292 5.20% 0.029 9.80% 0.004 

TN None 4.50% 0.242 1.20% 0.368 11.50% 0.002 28.60% 0.002 
Others 2.60% 0.206 1.80% 0.09 1.70% 0.264 6.40% 0.008 

TOC None 2.30% 0.404 0.30% 0.71 12.10% 0.004 23.10% 0.002 
Others 1.50% 0.34 0.10% 0.798 2.70% 0.131 0.50% 0.841 

Soil pH None 57.30% 0.002 60.70% 0.002 0.60% 0.73 1.90% 0.41 
Others 53.30% 0.002 55% 0.002 1.60% 0.258 1.10% 0.428 

SWC None − − 5.70% 0.06 12.80% 0.001 4.40% 0.11 
Others − − 0.10% 0.858 6.80% 0.018 2.80% 0.074 

a) ‘None’ represents RDA performed with given variable as the sole constraining variable and no co-variables included, and ‘others’ indicate RDA per-
formed with the given variable as the sole constraining variable and all other variables treated as co-variables. P-values<0.05 are shown in bold. “−”, data not 
available. 

non-humid regions. In the humid regions (e.g., Xishuang-
banna, Guangzhou, and Shanghai), brGDGT-I correlated 
significantly with soil pH; whereas, all other brGDGTs 
showed positive correlations (Appendix Figure 2). In 
non-humid regions (e.g., Dongying, Lanzhou, and Tibetan 
Plateau), no significant correlation was observed between 
soil pH and any of the brGDGTs (Appendix Figure 2).   

3.3  Regional and local variability in brGDGT proxies 

When samples from all regions were considered, MBT in-
dex displayed an increasing trend with MAAT when it 
was >5°C and with MAP, and decreased with soil pH. 
However, the range of MBT can be large at a given 
MAAT-, MAP- or soil pH value (Figure 6a–c). In fact, 
MBT spanned a large range for both MAAT and MAP in 
each region (Appendix Table 2; Figure 6a, b); it varied con-
tinuously with soil pH and became much more scattered 
when soil pH was >7.5, except for the samples from the 
Tibetan Plateau that seemed to have a different slope of 
variation between MBT and soil pH (Figure 6c). 

CBT, on the other hand, showed no consistent pattern 

with change in MAAT or MAP; in both cases, the peak 
values of CBT seemed to decrease with MAAT or MAP 
from Tibetan Plateau to Shanghai; whereas, a large range of 
CBT occurred in a narrow range of MAAT or MAP in 
Guangzhou or Xishuangbanna (Figure 6d, e). The CBT 
scattered much less at soil pH<7.0 than >7.0 (Figure 6(f)). 
The largest variability of CBT index occurred in soils from 
Xishuangbanna and Guangzhou, which had large ranges of 
soil pH (4.58–8.23 and 4.63–7.82, respectively; Appendix 
Table 2). Furthermore, CBT values from more alkaline soils 
(Tibetan Plateau, Lanzhou and Dongying) were higher than 
those in Shanghai (Appendix Table 2). 

4.  Discussions 

4.1  Factors controlling the abundance and distribution 
of brGDGTs 

Soil pH was observed to be an important factor controlling 
the abundance of brGDGTs in soils (Weijers et al., 2007a; 
Peterse et al., 2010). Because bacteria potentially producing 
brGDGTs are thought to be heterotrophs, the abundance of 
organic carbon is also considered to control the abundance 



 Zheng F F, et al.   Sci China Earth Sci   July (2016) Vol.59 No.7 1361 

of brGDGTs (Weijers et al., 2010). This is consistent with 
some of the observations in China; for example, total 
brGDGTs correlated significantly with soil pH in the Ti-
betan Plateau soils (Ding et al., 2015) and with organic 
carbon or water content in alkaline soils surrounding Lake 
Qinghai (Wang et al., 2013). In our own samples, no signif-
icant correlations (R2<0.25) were observed between total 
brGDGTs and environmental variables (soil pH, MAAT, 
MAP, soil water content, total organic carbon, etc.), sug-
gesting that the absolute concentration of brGDGTs is con-
trolled by multiple variables. In general, however, regional 
variation in brGDGT abundance appeared to be controlled 
by climate zones, with higher abundance occurring mostly 
in humid regions (Figure 3b). 

In terms of the relative abundance of brGDGTs, although 
all nine brGDGT compounds can be detected in our sam-
ples, two of them (brGDGTs-IIIb and -IIIc) are often miss-
ing or below 1% in some of the samples. This is consistent 
with previous findings as summarized in Peterse et al. 
(2012), Yang et al. (2014) and Ding et al. (2015). While our 
data agree with Peterse et al. (2012) that non-cyclic 
brGDGTs predominate in the soil, we also observe that rel-
ative abundance of brGDGTs-II and -III co-vary and in-
crease when brGDGT-I decreases from humid region to 
semiarid or arid regions (Figure 4a, b). 

4.2  Variables causing proxy uncertainties 

Variables potentially impacting proxies of brGDGTs have 
been examined and summarized in detail in Peterse et al. 
(2012) for global soils, which were further substantiated by 
Anderson et al. (2014) for the montane regions, and Yang et 
al. (2014) and Ding et al. (2015) for Chinese Loess Plateau 
and Tibetan Plateau, respectively. Collectively, a large 
number of variables have been identified, which can be 
broadly grouped as instrumental/analytical, environmental, 
and biological.  

Zech et al. (2012) highlighted that poor separation of the 
HPLC chromatograms resulted in clumping of the different 
compounds as one brGDGT structure and a cleaning up 
procedure improved the separation of the compounds that 
caused a 2.7°C difference from the uncleaned procedure. 
Recently, with the use of ultra-high performance liquid 
chromatography (UHPLC) or improved liquid chromatog-
raphy method, two isomers of brGDGTs with 6-methyl 
isomer were separated from 5-methyl brGDGTs in peat and 
soils (De Jonge et al., 2013, 2014; Yang et al., 2015), which 
may revise the MBT-MAAT or CBT-pH relationship. This 
effort, unfortunately, has not been practiced popularly in 
most labs and should be advocated in future studies.  

MAP was already observed to correlate with MBT in   

 

 

Figure 6  Change of MBT and CBT with MAAT, MAP and soil pH based on observation of all samples from this study. 
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Weijers et al. (2007a), which is substantiated by the compo- 
site dataset in this study (Figure 7b); The correlation be-
tween MAP and MBT has also been considered as 
co-variation between MAAT and MAP and Weijers et al. 
(2007a) argued that the impact of MAP on MBT lacks a 
physiological mechanism because increased precipitation is 
unlikely to cause changes in lipid membrane composition. 
Meanwhile, MAP or soil water content also has been ob-
served to show a good correlation with CBT in semi-arid 
regions (Wang et al., 2014), which can be explained by the 
mechanism that brGDGT-producing bacteria need to main-
tain denser packing of membrane lipids in order to keep 
intracellular water from over-evaporation. This can be ac-
complished by formation of cyclopentyl moieties (Weijers 
et al., 2007a; Wang et al., 2014). However, the correlation 
between MAP and CBT is not significant for the composite 
dataset, which shows large variation at MAP>1200 mm/yr 
or <500 mm/yr (Figure 7e). 

Seasonal response of brGDGTs to temperature has been 
considered as one variable causing MBT/CBT proxy varia-
tion (Shanahan et al., 2013, Peterse et al., 2014), which 
means that brGDGT producers grow in relatively warmer 
season and hibernating in extremely cold environments, like 
Tibetan Plateau or polar region where a long frost period 
lasts and only a short window of warm season exists for 

biological production. However, seasonal bias of brGDGT 
derived temperature is not observed in mid latitude soils 
(Weijers et al., 2011). 

Difference between MAAT and soil temperature also has 
been proposed as one of the source errors for MBT/CBT 
variation (Weijers et al., 2007a; Peterse et al., 2012). How-
ever, Anderson et al. (2014) observed that the difference of 
the RMSE between in situ temperature and the linearly in-
terpolated temperature is minor (only 0.29°C). Instead, the 
mismatch between in situ soil temperature and MAATs 
from nearby weather station records is probably the source 
of scatter in the regional and global calibrations. 

Other environmental variables such as change in redox, 
nutrients, or vegetation cover also have been suggested to 
affect the MBT/CBT proxies (Peterse et al., 2009b; Huguet 
et al., 2010, 2012; Loomis et al., 2011; Zech et al., 2012). In 
particular, human activities on agricultural soil management 
(e.g., flooding practices or fertilizer enrichment) could also 
have effect on MBT/CBT proxies. For example, Mueller- 
Niggemann et al. (2015) observed that paddy soils might 
have lower MBT values and calculated MAATs than adja- 
cent upland soils. This phenomenon also existed in our 
samples from Shanghai. The paddy and wetland soils typi-
cally had lower MBT values and higher CBT values; On the 
other hand, Farmland had the higher MBT values and lower   

 

 

Figure 7  Change of MBT and CBT with MAAT, MAP and soil pH based on observations from this and other studies in China. 
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CBT values. However, this was not the case in soils from 
Dongying, where saline wetland soils had the highest MBT 
values (Appendix Figure 3). This indicated that the impact 
of other environmental variables on MBT/CBT proxies 
could be complex and alternative controls might exist. 

Furthermore, Bacteria that produce brGDGTs as mem-
brane lipids in alkaline soils may be different from those in 
acidic soils because bacterial community structure can shift 
from acid soils to alkaline soils at the phylum and 
sub-phylum levels. For example，Acidobacteria (subgroup 
1) dominate in low pH soils, whereas Proteobacteria com-
monly dominate in more alkaline soils (Rousk et al., 2010). 
Sun et al.1) observed that nitrite-reducing bacteria belonging 
to the Proteobacteria may be responsible for the production 
of brGDGTs in the alkaline soils on the Tibetan Plateau. 
Other Proteobacteria and Bacteroidetes of thermophilic 
origin were also proposed to be the possible biological 
sources of brGDGTs in hot springs (Zhang et al., 2013; Li 
et al., 2014). 

Most studies, however, have focused on soil pH or 
MAAT and other environmental variables for the cause of 
variation in MBT/CBT proxies. The impact of MAAT and 
soil pH has been extensively discussed (Peterse et al., 2012; 
Yang et al., 2014; Ding et al., 2015, among others) and this 
study only summaries data from Chinese soils (Figure 7). 
Collectively, the new data from this study cover the whole 
range of variation in both MBT and CBT that have been 
previously reported (Wang et al., 2014; Yang et al., 2014; 
Ding et al., 2015; Sun et al.1)). For MBT, the composite 
dataset highlights the lack of change in MBT with tempera-
ture when it is less than 5°C (Figure 7a) and the variation in 
MBT is more significant when pH increases (Figure 7c). 
CBT shows large variation with temperature when it is 
above 15 °C; between −5 and 15°C, which shows a big 
hump with a peak value near 5°C (Figure 7d). The pattern 
of variation between CBT and soil pH did not change be-
tween the new dataset and the composite dataset (Figures 6f 
and 7f). 

Although the collective data from this study and previous 
ones (Yang et al., 2014; Ding et al., 2015) identify MAP, 
soil pH and MAAT as major controlling factors affecting 
the MBT/CBT proxy in Chinese soils (Figure 5b), MAP or 
soil pH could be the reason for causing the calculated 
MAAT to be deviated from measured or recorded MAAT 
over a particular region. For example, MBT/CBT-derived 
MAAT is considerably overestimated in the Tibetan Plat-
eau; whereas it tended to be underestimated in Guangzhou 
and Xishuangbanna as soil pH increased (Figure 8a). This 
apparently also corresponds to low MAP in the Tibetan 
Plateau and high MAP in Guangzhou and Xishuangbanna 
(Figure 8b). The intertwined effect of soil pH and MAP on 
MAAT estimates is difficult to delineate, which may be 
further impacted by other environmental variables such as 
SWC, TOC/TN, and conductivity (Appendix Figure 1).  

4.3  Approaches improving the fidelity of MBT/CBT 
proxies 

Great efforts were made to reduce the large errors in 
MBT/CBT-derived MAATs since Weijers et al. (2007a) 
(Table 5). Peterse et al. (2012) revised the MBT/CBT- 
MAAT calibration of Weijers et al. (2007a) using an ex-
tended data set of 278 globally distributed soils. These sam-
ples are from North-America, France, Chile, the Nether-
lands, Egypt and Uganda, as well as samples that have al-
ready been published (Bendle et al., 2010, the Amazon Fan; 
Peterse et al., 2009b, Gongga Mountain; Peterse et al., 
2009a, high latitude environments). However, their efforts 
do not improve the estimates of soil pH and MAAT based 
on the MBT’ and CBT indices (Table 5). They also tried the 
least squares multiple linear regression analysis, which as-
signs weighing factors to the fractional abundance of the 
individual brGDGTs to obtain the equation with the highest 
coefficient of determination (Peterse et al., 2012). Although 
the method improves the calibration in lake studies (Tierney 
et al., 2010; Pearson et al., 2011), it also only marginally 
improves the revised MBT’ and CBT indices in soils 
(Peterse et al., 2012). 

The regional calibration seems to be more effective in 
reducing the calibration error (Table 5). For example, Ben-
dle et al. (2010) better constrained their data in estimating 
the MAAT variation in the past 37 kyr BP in the Amazon 
Fan using a regional calibration (Table 5) instead of the 
global calibration of Weijers et al. (2007a). Anderson et al. 
(2014) reduced the RMSE from 5°C of the global calibra-
tion to 3°C in a local calibration in Eastern Cordillera of 
Colombia. Yang et al. (2014) further reduced the RMSE to 
less than 2°C in a local calibration of the Chinese Loess 
Plateau. Other studies also advocated local calibration in 
paleo-climate studies (Damste et al., 2008; Dirghangi et al., 
2013; Ding et al., 2015). Regional calibration also seemed 
to improve the RMSE for soil pH estimation on the Tibetan 
Plateau (Ding et al., 2015), which are 0.3 pH units rather 
than 0.7–0.9 pH units in the global calibration (Table 5) 
(Peterse et al., 2012).  

In this study, the low (<0.3) MBT values occur in soils 
from very cold and dry regions (MAAT ranges from −4.87 
to 6.62°C and MAP ranges from 112.14 to 384.34 mm/yr) 
and exhibits little variability with MAATs <5°C, similar to 
observation by Yang et al. (2014) who conclude that the 
MBT index cannot distinguish change in MAAT in arid and 
cold environment. The impact of precipitation on 
MBT/CBT proxy has also been observed in other studies 
(Dirghangi et al., 2013; Anderson et al., 2014; Wang et al., 
2014). This indicates that MAP may be an important varia-
ble that constrains the applicability of MBT index in global 
soils. We thus evaluate the global dataset of Peterse et al. 
(2012) according to the range of MAP that is largely repre- 
sentative of the semi-arid/arid (MAP 0–500 mm/yr), semi- 
humid (500–800 mm/yr) and humid (>800 mm/yr) regions;   
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Figure 8  Variations in MAAT and pH residuals (estimated–measured) plotted against soil pH and MAP using the Chinese calibration (Yang et al., 2014). 
The upmost and bottom dashed lines represent the RMSE of Chinese calibration from Yang et al. (2014). 

Table 5  Summary of global and regional calibrations of brGDGTs proxies and MAAT or soil pHa) 

Equations RMSE Locations References 

Global 
MBT=0.122+0.187×CBT+0.020×MAAT (n=114, R2=0.77) 4.8°C Global Weijers et al., 2007 

MAT=−0.64+22.9×MBT’ (n=176, R2=0.47) 5.7°C Global Peterse et al., 2012 
MAT=0.81−5.67×CBT+31.0×MBT’ (n=176, R2=0.59) 5.0°C Global Peterse et al., 2012 

Regional 

MBT=0.187+0.083×CBT+0.025+MAAT (R2=0.91) − Amazon Bendle et al., 2010 
MBT=0.093+0.21×CBT+0.025×MAAT (n=16, R2=0.82) − Mt. Kilimanjaro Damste et al., 2008 

MAAT=1.2+22.3×MBT’+1.5×CBT (n=31, R2=0.69) 3.1°C Colombia Anderson et al., 2014 
MAAT=29.1−0.017×I−0.61×Log(Ib)−3.34×Log(Ic)−0.34×II-0.11×Log(IIb)+

0.44×Log(IIc)−0.067×III (n=31, R2=0.77) 
2.9°C Colombia Anderson et al., 2014 

MAAT=10.7×MBT’+5.5 (n=67, R2=0.60) − USA Dirghangi et al., 2013
MBT=0.069 ×MAAT−0.5 (n=130, R2=0.85) 1.9°C Chinese Yang et al., 2014 

MAAT=7.5+16.1×MBT−1.2×CBT (n=126, R2=0.86) 1.8°C Chinese Yang et al., 2014 
MAAT=20.9−13.4×II−17.2×III−17.5×IIb+11.2×Ib (n=120, R2=0.87) 1.7°C Chinese Yang et al., 2014 

Global 

CBT=3.33−0.38×pH (n=114, R2=0.70） 0.7 pH units Global Weijers et al., 2007 
pH=7.90−1.97×CBT (n=176, R2=0.70) 0.8 pH units Global Peterse et al., 2012 

pH=8.49−0.043×I +0.013×Ib+0.019×Ic−0.037×II+0.045×IIb−0.18×IIc 
+0.02×III−1.97×CBT (n=176, R2=0.72) 

0.7 pH units Global Peterse et al., 2012 

pH=8.13−1.89×CBT (n=557, R2=0.64) 0.9 pH units Global Yang et al., 2014 

Regional 
CBT=4.23−0.58×pH (R2=0.75） − Amazon Bendle et al., 2010 

pH=8.68−2.21×CBT (n=124, R2=0.70) 0.9 pH units Chinese Yang et al., 2014 
pH=8.33–1.43×CBT (R2=0.80) 0.3 pH units QTP of China Ding et al., 2015 

a) “−”= not available. 



 Zheng F F, et al.   Sci China Earth Sci   July (2016) Vol.59 No.7 1365 

the results showed that the MBT-MAAT relationship is sig-
nificantly improved (R2=0.69 vs. 0.39) in the humid region 
(Figure 9a). We also proposed a linear regression model 
between MAAT and MBT/CBT indices for humid region: 

 MAAT=-4.07+28.94×MBT–0.42×CBT 
 (R2 = 0.70, n = 139, RMSE = 4.7°C). (4) 

This suggests that the global calibration is perhaps most 
reliable in regions where MAP is >800 mm/yr. Under other 
climate conditions, however, a local calibration may be 
necessary for estimating MAAT. 

The dataset of Chinese soils has shown that CBT index 
appears to be unable to distinguish pH variations in arid and 
alkaline soils in China and CBT values positively correlate 
or flatten off with soil pH (Xie et al., 2012; Wang et al., 
2014; Yang et al., 2014). As a result, this change in 
CBT-pH relationship will hamper the use of CBT as a 
paleo-pH proxy in alkaline and arid soils (Xie et al., 2012; 
Yang et al., 2014). The large scatters in arid and alkaline 
soils are ascribed to MAAT (Yang et al. 2014) or soil 
moisture/MAP (Wang et al., 2014), which serve as 
dominant environmental variables affecting CBT index 
instead of soil pH in these soils. However, we notice that 
the response of individual brGDGTs to soil pH can be 
different in humid and no-humid soils. Thus, the impact of 
individual brGDGT on the CBT index is examined by 
removing either of them from it. The results showed that the 
relationship is improved significantly when brGDGT-II is 
removed (Appendix Figure 4). Therefore, we define rCBT 
to describe the relationship of soil pH and brGDGT distri-
bution:  

 rCBT=-Log((Ib+IIb)/I). (5) 

Incorporated with previously published dataset of Chi-
nese soils (Günther et al., 2014; Wang et al., 2014; Sun et 
al.1); Yang et al., 2014 and references therein), the relation-
ship between rCBT and soil pH is summarized by the fol-
lowing equation:   

 pH=7.75-1.58×rCBT 
 (R2 = 0.67, n=539, P<0.001, RMSE=0.64). (6) 

The relationship of CBT-pH was significantly improved 
(R2=0.67 vs. 0.38) by removing brGDGT-II and the revised 
CBT index was linearly fitting with soil pH in all soil pH 
ranges. The coefficient determination can further improve if 
we use dataset of Yang et al. (2014):  

pH=7.74-1.82×rCBT 
 (R2=0.83, n=108, P<0.001, RMSE=0.70). (7) 

Overall, this revised CBT index can describe the pH 
change for all pH values, which confirms that soil pH af-
fects the degree of cyclisation of brGDGTs widely in soils.  

Another method to express the relationship of soil pH 
and distribution of brGDGTs is the multiple regressions of 
fractional abundance of brGDGTs and soil pH, which has 
been used to obtain more accurate estimation of MAAT or 
soil pH (Tierney et al., 2010; Pearson et al., 2011, 2012; 
Yang et al., 2014). We applied this method using the avail-
able Chinese dataset and obtained the following equation:  

pH=9.94-2.21×III-5.86×IIIb-20.33×IIIc-1.35×II-1.79×IIb-
4.25×IIc-5.54×I-0.13×Ib-3.54×Ic 

 (R2=0.77, n=404, P<0.001, RMSE=0.59). (8) 

The new fit shows similar determination coefficients 
(0.77 vs. 0.72) and RMSE (0.59 vs. 0.70) with global cali- 

 

 

Figure 9   The relationship between MBT and MAAT under different MAP ranges in global dataset of Peterse et al. (2012) (a) and recalibration of the 
MBT/CBT-MAAT correlation using dataset with MAP>800 mm/yr in Peterse et al. (2012) (b). 
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brations of Peterse et al. (2012), suggesting that multiple 
regressions are promising in obtaining the highest coeffi-
cient determination for the estimation of soil pH. On the 
other hand, for humid regions, we propose an improved 
fitting model including the relative abundances of 5 com-
pounds (III, II, IIb, I, Ib) of brGDGTs that are strongly cor-
related (R2 >0.5) with soil pH (IIIb was excluded because it 
was absent in >20% of humid soils) (Appendix Figure 2). 
They are log-transformed (except for brGDGT-I) so that 
they would vary linearly with soil pH. Compounds below 
detection limit are linearly interpolated before being 
log-transformed. 

pH=9.16−0.45×Log(III)+1.00×Log(II)+0.61×Log(IIb) 
−2.13×I+0.52×Log(Ib) (R2=0.88, n=189, P<0.001, 

 RMSE=0.45 pH units). (9) 

5.  Conclusions 

The MBT/CBT proxy based on the ubiquitous presence of 
branched glycerol dialkyl glycerol tetraethers is now widely 
used in estimating paleo-continental air temperature and soil 
pH; its application, however, has been hampered by the 
large errors in global calibrations. The extensive dataset 
from China allows us to draw the following conclusions 
regarding the distribution of brGDGTs and the fidelity of 
MBT/CBT proxy in Chinese soils. 

(1) The abundance and distribution of brGDGTs are 
characterized by climate zones in China with high total 
brGDGTs occurring in humid regions; brGDGTs-I, -Ib and 
-Ic also dominate in more humid regions; whereas, 
brGDGTs-II, -IIb, -IIc, and -III are predominant in semi- 
arid and arid regions.  

(2) While MAAT, soil pH and MAT are the controlling 
factors affecting the distribution of brGDGTs over all the 
regions studied, soil water content, conductivity, total or-
ganic carbon can play important roles in a particular region. 

(3) The composite Chinese dataset from this study and 
previous publications results in a best fit of revised CBT 
with soil pH in Chinese soils: pH=7.75-1.58×rCBT (R2 = 
0.67, n=539, P<0.001, RMSE=0.64). In addition, a fitting 
model of soil pH and fractional abundance of brGDGT was 
established for humid regions in China: 

pH=9.16-0.45×Log(III)+1.00×Log(II)+0.61×Log(IIb)-2.
13×I+0.52×Log(Ib) (R2=0.88, n=189, P<0.001, RMSE= 
0.45 pH units). 

(4) The global temperature calibration of Peterse et al. 
(2012) is best applicable in humid regions where MAP 
is >800 mm/yr:  

MAAT=-4.07+28.94×MBT–0.42×CBT (R2 = 0.70, n= 
139, RMSE=4.7°C).  

This study and others also demonstrate that regional cal-
ibrations of MAAT outperform global calibrations by about 
2.8°C reduction of the RMSE (from about 5.1°C to 2.3°C, 

in average; Table 5), which indicates that development or 
selection of a regional calibration may be necessary for 
paleoclimate studies in a particular environment.   
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