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Abstract
The branched glycerol dialkyl glycerol tetraethers (brGDGTs) are a series of bacterial membrane lipids commonly proposed 
as a proxy for estimating mean annual air temperature (MAAT) and pH. The biochemical response to moisture was also 
assumed to need to maintain the bacterial membrane integrity in arid and humid terrestrial environments. Here, we test the 
impact of soil chemical parameters, including pH, temperature, and moisture, on brGDGT distributions along altitudinal 
transect at Mount (Mt.) Dabie. The proxies (CBT, CBT′, IBT, and IR6ME) are significant correlated with measured soil pH 
values (R2 = 0.62, 0.60, 0.79, 0.64, respectively), implying the application of these proxies for pH reconstructions. Although 
the certain degree of scatter between brGDGT-derived temperature and altitude (R2 = 0.62) may be attributed to the soil 
water content, the MBT′5ME-derived temperature lapse rate (− 6.4 °C/1000 m) resembles the measured mean annual air 
temperature (MAAT) lapse rate (− 5.7 °C/1000 m), which suggest the MBT′5ME index is mainly controlled by the MAAT 
values. The MBT′5ME index is mainly controlled by the MAAT values in the north subtropical humid climate. The physi-
ological alteration rather than community change may be the main mechanism underlying the variation in the MBT′5ME 
paleothermometer along Mt. Dabie.
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Introduction

The branched glycerol dialkyl glycerol tetraethers (brG-
DGTs) are a type of bacterial membrane lipids that include 
multiple structural molecules, distributed ubiquitously in 
diverse environments. The brGDGTs can vary in the number 
of methyl branches, the position of the outer methyl branch, 
namely, 5-methyl and 6-methyl brGDGTs, and the num-
ber of cyclopentane structure (0–2) (Fig. 1). The degree of 
methylation (MBT) responds to mean annual air temperature 
(MAAT) and soil pH, and the degree of cyclization (CBT) 
mainly correlates with pH (Weijers et al. 2007). The modi-
fied MBT′/CBT as a temperature proxy was calibrated on the 
global soils (Peterse et al. 2012). New advance in chroma-
tography methodology can separate 5-methyl and 6-methyl 
brGDGTs (De Jonge et al. 2013). And the methylation index 
of 5-methyl brGDGTs (MBT′5ME) and 6-methyl brGDGTs 
(MBT′6ME) were proposed to correlate with temperature and 
soil pH, respectively (De Jonge et al. 2014).

After precluding 6-methyl brGDGTs, the new MBT′5ME 
indices can resolve the “cold temperature bias” of the MBT 
(MBT′)/CBT proxy in arid and semi-arid soils and produce 
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more accurate MAAT than MBT′/CBT (De Jonge et al. 
2014). Recently, the pH proxies were developed including 
CBT′, IR6ME, and IBT (De Jonge et al. 2014; Ding et al. 
2015; Yang et al. 2015). Since their development, these brG-
DGT-based indices have been widely used to reconstruct the 
histories of paleotemperature and paleo-pH in varieties of 
terrestrial sediments (Cao et al. 2017; Deng and Jia 2018; 
Inglis et al. 2017; Peterse et al. 2014; Schouten et al. 2013; 
Wang et al. 2020a; Zhuang et al. 2019).

The MBT′5ME as a temperature index has been also 
proven with modern soils along diverse altitudinal transects 
(e.g., Bai et al. 2018; Feng et al. 2019; Wang et al. 2020b; 
Yang et al. 2015) and was promising for reconstructing pale-
oaltimetry due to the temperature lapse rate with height (Bai 
et al. 2018; Chen et al. 2019, 2020).

However, studies also speculate that non-temperature 
factors (e.g., soil water content, soil pH value) cause the 
relatively wide scatter of the MBT′5ME derived MAAT 
versus temperature (Chen et al. 2021; Dang et al. 2016; 
De Jonge et al. 2021). Besides, vegetation types cover-
ing on soil (Jaeschke et al. 2018; Liang et al. 2018) affect 
the accuracy of MBT'5ME temperature reconstruction. 
Earlier, Weijers et al. (2007) found changes in brGDGT 
distributions in response to environmental factors includ-
ing temperature and pH, possibly reflecting homeovis-
cous adaptation (Chen et al. 2022; Halamka et al. 2023; 
Naafs et al. 2017; Weijers et al. 2007), or driven by a shift 

in the bacterial community (Chen et al. 2022; De Jonge 
et al. 2019). Furthermore, since the bacteria producing 
brGDGTs has not yet been identified (Oppermann et al. 
2010; Weijers et al. 2009, 2006, 2010), soil parameters 
may influence bacterial communities, which need more 
microbiological research.

The MBT′5ME index has been widely used for recon-
struction of mean annual temperature (Wang et al. 2020a, 
2018; Yang et al. 2015; Zhuang et al. 2019). However, 
the soil pH and moisture limit may change the response 
of MBT'5ME to environmental factors and produce the 
abnormal MBT′5ME-derived MAATs on a large spatial 
scale (Chen et al. 2021; De Jonge et al. 2021; Li et al. 
2018; Naafs et al. 2017). Recently, the large-scale changes 
of soil pH were found to impact the MBT′5ME values (De 
Jonge et al. 2021). Under arid conditions, the MBT′5ME 
values respond to the non-temperature parameter, such 
as precipitation and soil water content as the restricted 
factor (Chen et al. 2021; Dang et al. 2016). In contrast, 
the soil water content also impacted on the methyla-
tion index of brGDGTs in cold-humid climate (Li et al. 
2018). Due to the large heterogeneity of environmental 
variables, the MBT′5ME proxy showed the same respond 
to soil water content, but this remains to be tested in more 
terrestrial environments. Here, we collected soils from 
various heights at Mount (Mt.) Dabie (China), where tem-
perature and precipitation conditions gradually change, to 

Fig. 1   Molecular structures of 
brGDGTs
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investigate the biochemical response of brGDGTs in sur-
face soils to the soil pH, temperature, and moisture.

Study area and method

Study area and sampling

In the main peak area of Mt. Dabie at the junction of Hubei and 
Anhui provinces (115°45′28.6″—115°50′57.6″E, 31°02′56″—
31°14′01.7″N), a total of 12 surface soils were collected with 
a shovel with depth of less than 5 cm at various elevations, 
ranging from 338.9 to 1593.2 m (Fig. 2a–b; Table 1). They 
were collected after the removal of the litter layer and were 
combined to form a composite sample away from places with 

great influence of human activities. Altitude was obtained 
from a portable GPS (Garmin) with a precision of ± 10 m. 
Upon arrival at the laboratory, they were stored at − 20 °C 
until analysis. The measured mean annual air temperatures 
in the study area are from climate data of the various alti-
tude for weather stations nearby: Wujiashan monitoring site, 
Huanggang (114.54°, 30.26°), Huoshan (116.19°, 31.24°), 
Jinzhai (115.53°, 31.41°), Yingshan (115.4°, 30.44°), and 
Yuexi (116.22°, 30.52°). Samples were stored at − 20 °C and 
weighted (Wo). Samples were then freeze-dried and weighted 
again to obtain the dry weight (Wd). Soil water content (SWC) 
can be calculated from the equation:

(1)SWC = (Wo −Wd)∕Wo

Fig. 2   a The location of Mt. Dabie. b The location of sampling sites. c–e Black clunamon soil at DBS45 site, sandy clunamon soil at DBS209 
site, and yellow clunamon soil at DBS39 site, respectively
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Experimental method

The improved experiment extraction method referred to 
Wang et al. (2017). Frozen soil samples were freeze-dried 
and homogenized, and ultrasonically extracted for lipids 
(4 ×) with a mixture of the phosphate buffer-dichlorometh-
ane (DCM) -methanol (MeOH) mixture (0.8:1:2, v/v/v; 2 ×) 
and the trichloroacetic acid buffer-DCM-MeOH mixture 
(0.8:1:2, v/v/v; 2 ×) and all extractions were combined in 
a 500-ml separator funnel after centrifugation. The DCM-
MeOH-ultrapure water (H2O) was adjusted to 1:1:0.9 (v/v/v) 
after adding ultrapure water and dichloromethane to all 
extractions, and the DCM part was combined by 3 times. The 
apolar lipid fraction containing GDGTs was separated over 
an active silica column with ethyl acetate (EtOA) as the elu-
ent (Wang et al. 2017). The C46 GDGT standard was added 
to the extraction after through a 0.45-µm, 4-mm diameter 
PTFE filter. GDGTs were analyzed using an Agilent 1200 
series high-performance liquid chromatography–atmos-
pheric pressure chemical ionization-6460A triple quadru-
ple mass spectrometry (HPLC–APCI-MS2). GDGT separa-
tion was achieved using two BEH HILIC silica columns in 
tandem (150 mm × 2.1 mm, 1.7 μm, Waters) maintained at 
40 °C (Hopmans et al. 2016). Samples were dissolved by a 
mixture of n-hexane: isopropanol (v/v,99:1). Flow rate was 

0.3 ml/min, and the injection volume was 10 µl. Samples 
were eluted with n-hexane(A) and n-hexane: isopropanol 
(v/v, 9:1; B). The elution gradient was used: 82% A and 
18% B for 25 min, %B increased to 35% among 25–50 min, 
100% among 50–80 min, and decreased back to 18% among 
80–90 min, kept 18%B for the last 20 min.

Calculation of brGDGT‑based proxies

CBT, MBT′5ME and CBT′ (newly defined CBT) indices were calcu-
lated according to Weijers et al. (2007) and De Jonge et al. (2014).

The relative amount of C6‐ versus C5‐methylated brG-
DGTs (i.e., IR6ME index) was calculated according to De 
Jonge et al. (2014):

(2)CBT = log[(Ib + IIb + IIb’)∕(Ia + IIa + IIa’)]

(3)

MBT’ = (Ia + Ib + Ic)

∕(Ia + Ib + Ic + IIa + IIb + IIc + IIa’ + IIb’ + IIc’ + IIIa + IIIa’)

(4)
MBT’

5ME = (Ia + Ib + Ic)∕(Ia + Ib + Ic + IIa + IIb + IIc + IIIa)

(5)
CBT’ = log[(Ic + IIa’ + IIb’ + IIc’ + IIIa’ + IIIb’ + IIIc’)

∕(Ia + IIa + IIIa)]

(6)
IR6ME = (IIa’ + IIb’ + IIc’ + IIIa’ + IIIb’ + IIIc’)

∕(Ia + Ib + Ic + IIa + IIb + IIc + IIIa + IIIb + IIIc + IIa’ + IIb’ + IIc’ + IIIa’ + IIIb’ + IIIc’)

The IBT index (isomerization of branched tetraethers) 
was defined as the abundant ratio of noncyclopentyl 6‐
methyl to 5‐methyl brGDGTs and was calculated according 
to Ding et al. (2015).

The community index (CI) was used to evaluate the 
impact of bacterial community shift on the brGDGT 

(7)IBT = −log[(IIa’ + IIIa’)∕(IIa + IIIa)]

Table 1   Sample information of surface soils from Mt. Dabie

Number Altitude (m) Longitude Latitude Plant type Soil type SWC (%) PH

DBS39 338.9 115°49′25″ 31°04′24″ Mixed evergreen and deciduous 
broad-leaved forest

Yellow clunamon soil 5.9 6.16

DBS 37 420.7 115°49′02″ 31°04′48″ Broadleaved deciduous forest Sandy clunamon soil 5.5 6.33
DBS 75 453.0 115°49′30″ 31°13′15″ Broadleaved deciduous forest Sandy clunamon soil 14.2 5.78
DBS 213 533.7 115°48′30″ 31°06′01″ Broadleaved deciduous forest Yellow clunamon soil 20.0 5.66
DBS 209 626.1 115°48′16″ 31°06′04″ Broadleaved deciduous forest Sandy yellow clunamon soil 23.1 5.71
DBS 207 688.8 115°47′58″ 31°06′06″ Broadleaved deciduous forest Sandy yellow clunamon soil 15.1 5.97
DBS 202 828.7 115°47′27″ 31°05′50″ Broadleaved deciduous forest Sandy yellow clunamon soil 16.1 5.70
DBS 63 913.3 115°49′30″ 31°08′03″ Broadleaved deciduous forest Yellow clunamon soil 16.7 5.92
DBS 26 1068.8 115°47′05″ 31°06′05″ Deciduous forest Sandy yellow clunamon soil 13.8 4.60
DBS 18 1306.3 115°46′44″ 31°06′08″ Deciduous forest yellow clunamon soil 14.3 5.06
DBS 49 1483.9 115°46′10″ 31°06′41″ Needle deciduous shrub Brown soil 32.1 5.76
DBS 45 1593.2 115°46′02″ 31°06′29″ Deciduous coniferous forest Black clunamon soil 26.4 5.81
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signature and was calculated according to De Jonge et al. 
(2019).

Statistical analysis

The squared Pearson correlation coefficient (R2) and p-value 
of correlation test between paired samples are reported 
when performing linear regressions. The linear regressions 
between environmental variables and brGDGT-derived indi-
ces were performed using the Microsoft 365 excel software. 
A Pearson’s coefficient (p-value) < 0.05 means the corre-
lation is significant. Boxplot of the community index was 
performed using the Origin software.

Results and discussion

The distribution of brGDGTs

All 5- and 6-methyl brGDGTs were separated in all samples. 
At low altitude, brGDGT-I series is generally the most abun-
dant (Fig. 3a), and the proportion of brGDGT-II series obvi-
ously increases at high altitude (Fig. 3b). Among the fifteen 
brGDGTs, their relative abundances in average in Mt. Dabie 

(8)CI = Ia∕(Ia + IIa + IIIa)

are shown in Fig. 4. The abundances of 5-methyl brGDGTs 
(avg. 25.7%) were higher than that of 6-methyl brGDGTs 
(avg. 7.0%). The most dominant brGDGTs were Ia, Ib, and 
IIa compounds, with the total abundances of 80% in average, 
and the abundances of tetramethyl brGDGTs (Ia, Ib and Ic) 
were notably high compared to pentamethyl and hexamethyl 

Fig. 3   HPLC-APCI/MS base 
peak chromatograms showing 
the distribution of brGDGTs at 
(a) low and (b) high latitudes of 
Mt. Dabie

Fig. 4   The abundances of 15 brGDGTs in Mt. Dabie and global soils 
(De Jonge et al. 2014)
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brGDGTs. Meanwhile, acyclic brGDGT-I, II, and III (Ia, 
IIa, IIa′, IIIa, IIIa′) were most abundant, followed by cyclic 
brGDGTs and brGDGTs with two cyclopentyl rings succes-
sively. They are similar to the global soil brGDGT distribu-
tion (Fig. 4, De Jonge et al. 2014). According to the global 
soil dataset (De Jonge et al. 2014), the majority of global 
soil pH focused on the range of 4 ~ 7, and a large of MAP 
are above 500 mm. In the study, the scope of soil moisture 
and soil pH from Mt. Dabie correspond to that of global 
soils. So, the global temperature calibration may be valid to 
estimate temperature. In addition, there are also some differ-
ences between the distribution of soil brGDGT abundance 
at Mt. Dabie and the average abundance of brGDGTs in 
the global soil, which is due to the differences between the 
average levels of temperature and pH of the global and that 
of the regional.

BrGDGT‑based proxies

The CBT index ranged from 0.41 to 1.61, with an aver-
age of 1.01, and the newly CBT′ index varied from − 1.64 
to − 0.63, with an average of − 1.06. The CBT′-derived pH 
values ranged from 4.55 to 6.15, with an average of 5.46. 
The MBT′5ME indices varied from 0.47 to 0.85, with an aver-
age of 0.73 (Table 2).

The unidentified bacterial producing brGDGTs can 
respond to several environmental factors simultaneously, such 
as soil temperature, soil water content, and soil pH value. 
After precluding 6-methyl brGDGTs, the newly MBT′5ME 
index is only correlated with MAAT, no longer related to 
soil pH (De Jonge et al. 2014). Here, the CBT′ index and the 
measured pH showed no variation trend (Fig. 5a, c). With the 
increase of altitude, the rate of the measured annual mean 
temperature decrease at nearby weather station was 5.7 °C/
km and the soil water content exhibited a moderate increas-
ing trend. The CBT, CBT′, IBT, and IR6ME proxies were well 

correlated with pH, with their high coefficients (R2 = 0.62, 
0.60, 0.79, 0.64, respectively; Fig. 6a). The decrease of 
MBT′5ME with increasing elevation (Fig. 5a) is therefore very 
likely associated with the decrease of temperature and not 
affected by soil pH, which suggests that the MBT′5ME index 
may be valid for temperature estimation.

The relatively low soil water content in areas with the 
mean annual precipitation (MAP) > 1000 mm may be related 
to the soil containing sand from granite weathering. The 
physiological response of brGDGT-producing microorgan-
isms was not affected by limiting environmental factors in 
warm and humid climate regimes, and the MBT′5ME index 
was primarily controlled by temperature. Nevertheless, the 
MBT′5ME has a rather weakly linear correlation with SWC 
(R2 = 0.34; p < 0.001; Fig. 6b), for one reason of causing the 
wide scatter between the MBT′5ME-temperature and eleva-
tion. And it apparently is different the previous finding that 
the MBT′5ME showed correlation with soil water content but 
no relationship with MAAT in cold and humid Mt. Chang-
bai, where the freezing condition by the soil moisture content 
may restrict the growth of microorganisms (Li et al. 2018). 
Besides, the discrepancy between soil mean annual tempera-
ture and MAAT has been suggested to be one possible reason 
for the scatter in the calibrations of new brGDGT temperature 
proxies (De Jonge et al. 2014; Ding et al. 2015; Yang et al. 
2015), but no soil temperature data at Mount Dabie hampers a 
discussion of the relationship between the MBT′5ME and soil.

Based on the global calibration by De Jonge et  al. 
(2014), the MBT′5ME-derived temperature ranged from 6.1 
to 18.3 °C with increasing elevation, showing a lapse rate 
of − 6.4 °C/km (R2 = 0.62). Both the MBT′5ME tempera-
ture and its lapse rate were consistent with the measured 
temperature and lapse rate (− 5.7 °C/1000 m, R2 = 0.95; 
Fig. 6c). Moreover, compared to the classic MBT′ index, 
MBT′5ME indices appear well-correlated with MAAT/alti-
tude, and their temperature lapse rates are closer to the 

Table 2   The brGDGT climate 
ratios and reconstructions 
for soils along an altitudinal 
transect of Mt. Dabie

Sample no CBT CBT' MBT′ MBT′5ME MBT′5ME-
MAAT​

CBT′-pH

DBS39 0.42  − 0.64 0.68 0.76 15.3 6.13
DBS37 0.67  − 0.63 0.67 0.78 16.2 6.15
DBS75 1.21  − 1.18 0.79 0.84 17.8 5.28
DBS213 1.60  − 1.42 0.79 0.80 16.8 4.89
DBS209 1.53  − 1.25 0.82 0.85 18.3 5.16
DBS207 0.81  − 0.95 0.69 0.73 14.5 5.63
DBS202 1.10  − 1.38 0.78 0.80 16.8 4.95
DBS63 0.76  − 0.81 0.68 0.75 14.9 5.86
DBS26 1.61  − 1.38 0.65 0.67 12.5 4.96
DBS18 1.32  − 1.64 0.73 0.74 14.7 4.55
DBS49 0.65  − 0.78 0.43 0.47 6.1 5.91
DBS45 0.41  − 0.66 0.53 0.60 10.4 6.10



Arab J Geosci (2023) 16:553	

1 3

Page 7 of 10  553

measured (Fig. 6c). Similarly, the utility of the MBT′5ME 
paleothermometer in diverse altitudinal slope environments 
has been previously reported (Bai et al. 2018; Feng et al. 
2019; Yang et al. 2015). In addition, the variation of verti-
cal of plant type is evergreen-deciduous broadleaved mixed 
forest and deciduous broadleaved forest in Mt. Dabie. The 
different soil types and vegetation types along mountain-
ous slope may lead to the different composition of bacterial 
membrane lipids synthesized by microorganisms adapting 
to the growth environment (Fig. 2c–e). In humid subtropical 
climate, although different vegetation and soil type com-
position and vertical zone changes along altitudinal slopes, 

brGDGT-based temperature lapse rate is stable, indicating 
that vertical vegetation and soil type have little influence on 
brGDGT temperature proxy (Anderson et al. 2014; Coffinet 
et al. 2014; Damste et al. 2008; Ernst et al. 2013; Liu et al. 
2013; Peterse et al. 2009). Recently, the obviously differ-
ent MAAT lapse rates in subtropical China were observed, 
which be primarily caused by differences in latitudinal tem-
perature and/or moisture conditions (Wang et al. 2020b).

The scatter in the MBT′5ME value-altitude relationship 
here (R2 = 0.62, p < 0.01; Fig. 6a) accords with the previous 
reports showing R2 values varying from 0.55 to 0.9 (Wang 
et al. 2018; Yang et al. 2015). Several other factors, such as 
seasonality, oxygen content, and slope surface, have been 

Fig. 5   a Linear correlations between MBT′5ME, CBT′ for soils from 
Mt. Dabie, and altitude. b Linear correlations between the measured 
MAAT, SWC, and altitude. c Soil pH vs. altitude

Fig. 6   a Linear correlations between CBT, CBT, IBT, and IR6ME 
for soils from Mt. Dabie and altitude. b The linear relationship of 
MBT′5ME and SWC. c Comparison between the estimated MAAT 
using the MBT′5ME proxy and the measured MAAT at nearby weather 
stations
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suggested to contribute to the wide scatter (Chen et al. 2021; 
Crampton-Flood et al. 2020; Deng et al. 2016; Jaeschke et al. 
2018; Wang et al. 2018; Yang et al. 2015).

In a set of globally distributed soils, the MBT′5ME ratio 
reveals a strong temperature dependency, which is the basis of 
the temperature calibration developed by Naafs et al. (2017). 
However, at local scales, the bacterial community effect rather 
than physiological plasticity can dominate the distribution of 
brGDGTs (De Jonge et al. 2019). Moreover, it is noteworthy 
that the community index (CI) with a threshold of 0.64 was 
recently used to divide soils into cluster warm and cluster cold 
based on their lipid distribution, with greater CI values cor-
responding to warmer environments (De Jonge et al. 2019). 
Therefore, we evaluate the impact of microbial community on 
the variation in the MBT′5ME paleothermometer. Firstly, our 
CI values from Mt. Dabie surface soils are between 0.34 and 
0.86 (Fig. 7). Among them, only two CI values of the DBS49 
and DBS45 samples are under 0.64, corresponding to colder 
environments at the highest altitude of 1483.9 m and 1593.2 m. 
However, a more detailed discussion on soil bacterial commu-
nities is hampered due to lack of the genetic data for soils from 
Mt. Dabie. Secondly, in altitudinal or latitudinal transects with 
a large temperature or pH gradient, the effect of these envi-
ronmental factors on brGDGT distribution overwhelmingly 
exceeds the community effect, resulting in significant corre-
lations between brGDGT distribution and temperature or pH 
(Anderson et al. 2014; Bai et al. 2018; Feng et al. 2019; Yang 
et al. 2015). The MBT′5ME temperature lapse rate approxi-
mate to the measured temperature lapse rate suggests that the 
MBT′5ME index–derived MAAT, and its temperature lapse rates 
can be valid along the altitudinal slope (Fig. 6c). Finally, The 
MBT′5ME index in cultured strain Candidatus Solibacter usitatus 
Ellin6076 is primarily determined by temperature from a physi-
ological perspective, in agreement with the global soil-derived 

MBT′5ME proxy for temperature (Chen et al. 2022). Therefore, 
this implies that physiological alteration rather than community 
change can be the main mechanism underlying the variation in 
the MBT′5ME paleothermometer along Mt. Dabie.

Conclusion

1.	 The CBT, CBT′, IR6ME, and IBT proxies all showed the 
correlation with soil pH.

2.	 The MBT′5ME-derived temperatures are slightly higher 
than the measured values.

3.	 The MBT′5ME values were primarily dependent on the tem-
perature in the warm and humid climate. Although there is 
a wide scatter in the correlation between MBT′5ME-derived 
temperature and altitude, which may be caused by the soil 
water content, the MBT′5ME derived a temperature lapse 
rate resembles the measured lapse rate (− 6.4 °C/1000 m 
and − 5.7 °C/1000 m, respectively).
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