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Abstract 25 

Branched glycerol dialkyl glycerol tetraether (brGDGT) lipids are membrane-26 

spanning lipids of some bacteria that are sensitive to environmental gradients, which 27 

makes it possible to use brGDGT proxies to estimate changes in environmental 28 

temperatures in paleoenvironmental studies. However, it is currently unknown 29 

whether the observed correlations of temperature and brGDGT distribution in natural 30 

samples are driven by directly changing bacterial membrane fluidity and permeability, 31 

or by a shift in the bacterial community. Here we present brGDGT distributions along 32 

an elevation gradient (704–3760 m) in the southeastern Tibetan Plateau, spanning 33 

gradients in temperature and vegetation. Analysis of brGDGTs shows that their 34 

distributions are significantly influenced by vegetation-intermediated soil 35 

temperature, in addition to mean annual air temperature, soil pH, and other 36 

environmental variables. Different vegetation types contribute to soil temperature and 37 

bacterial community changes. Consequently, these different groups of bacteria result 38 

in changes in the relative abundance of brGDGTs. Our results show that temperature 39 

and pH indirectly influence cyclopentane-containing brGDGTs via changes in the 40 

bacterial community. Genetic analyses reveal that in addition to Acidobacteria, 41 

Proteobacteria, Nitrospira, Bacteroidetes, Actinobacteria, and Verrucomicrobia could 42 

be potential candidates as brGDGT producers. These results indicate that changes in 43 

the vegetation and bacterial community should be taken into consideration when 44 

applying brGDGT proxies to reconstruct past changes in climate. 45 
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1. Introduction 49 

Branched glycerol dialkyl glycerol tetraethers (brGDGTs) are membrane-50 

spanning lipids that are ubiquitous in the nature world (Raberg et al., 2022), including 51 

soils (Wang and Liu, 2021; Weijers et al., 2007; Yang et al., 2014a), lakes (Dang et al., 52 

2018; Russell et al., 2018; Zhao et al., 2021), as well as loess and peat bogs (Naafs et 53 

al., 2017b; Wang et al., 2020). BrGDGT distributions correlate with mean annual air 54 

temperatures (hereafter MAAT) or growing season temperatures and pH leading to the 55 

development of both local and global empirical calibrations for different 56 

environmental settings (Crampton-Flood et al., 2020; De Jonge et al., 2014; Naafs et 57 

al., 2017a; Peterse et al., 2012). This has led to the application of quantitative 58 

brGDGT reconstructions to continental paleoclimate records spanning the Holocene 59 

(Wang et al., 2021) and longer geologic timescales (Crampton-Flood et al., 2021; 60 

Inglis et al., 2017). 61 

Previously, the distributions of brGDGTs were analyzed by high-performance 62 

liquid chromatography–mass spectrometry (HPLC–MS) using one Prevail Cyano 63 

column (here termed the “old method”). Improved chromatographic techniques using 64 

four Alltima silica columns allowed for the separation and quantification of 5- and 6-65 

methyl brGDGTs (De Jonge et al., 2014; Hopmans et al., 2016; hearafter termed "new 66 

method"), a hybrid 5/6-methyl isomer (Weber et al., 2015) and H-shaped brGDGTs 67 

(Baxter et al., 2019; Naafs et al., 2018; Tang et al., 2021). Evaluation of the global soil 68 

dataset found that the relative abundance of 6-methyl brGDGTs was influenced 69 

predominantly by pH (De Jonge et al., 2014). Although the latest brGDGT-MAAT 70 

calibrations excluding 6-methyl brGDGT have improved the correlation coefficient 71 

(R2) and root mean square error (RMSE), there is still a large warm bias in the 72 



calibration when applied to specific regions (Chen et al., 2021; Wang and Liu, 2021). 73 

This suggests other natural (e.g., vegetation, soil type, and water content) and human 74 

factors (e.g., agriculture and management) may affect soil brGDGT abundances and 75 

therefore temperature calibrations. For example, Liang et al. (2019) found that 76 

brGDGT distributions in vegetated soil are sensitive to MAAT, whereas brGDGTs in 77 

bare soil are mainly controlled by water content. It is well known that vegetation 78 

change is critical component to modeling Holocene temperature evolution (Thompson 79 

et al., 2022), however, we have a limited understanding of how changes in vegetation 80 

may affect the brGDGT-paleothermometer.  81 

It is increasingly recognized that changes in the source organism community 82 

can directly influence these biomarker composition (De Jonge et al., 2021; De Jonge 83 

et al., 2019; Liao et al., 2021). However, most producers of brGDGTs have not been 84 

identified, hampering our understanding of how brGDGT production varies with 85 

environmental changes. Analyses of brGDGTs in Dutch peat bogs and subsequent 86 

culture experiments suggest that brGDGTs are synthesized by heterotrophic bacteria 87 

of the phylum Acidobacteria (Sinninghe Damsté et al., 2018; Sinninghe Damsté et al., 88 

2014; Sinninghe Damsté et al., 2011). Although these are the only known brGDGT-89 

producers, other studies suggest that a broader range of microorganisms are involved 90 

in brGDGT production (De Jonge et al., 2019; Sinninghe Damsté et al., 2018). 91 

The major challenges limiting the application of brGDGT proxies to 92 

paleorecords are (1) the complex and wide-range of environmental parameters 93 

influencing soil brGDGT distributions (e.g. seasonality, water availability and 94 

vegetation); (2) soil reconstructed temperature related to different environmental 95 

temperature (in situ soil temperature vs air temperature); (3) lack of knowledge of 96 



brGDGT-producing microbial community or a physiological response by certain 97 

bacteria. Here, we present investigations of surface soil samples with very distinct 98 

vegetation zones across fourteen elevational gradients ranging from 704 to 3760 m on 99 

the south Tibetan Plateau. We analyzed both brGDGT composition and bacterial 100 

community composition to examine the influence of vegetation, soil pH, and 101 

temperature on the distributions of bacterial communities and brGDGT compounds. 102 

Our main objectives are to evaluate the potential effects of vegetation on brGDGT 103 

distributions, how altitudinal differences impact the temperature bias recorded in our 104 

brGDGT proxy, and identifying potential brGDGT-producers.  105 

 106 

2. Materials and Methods 107 

2.1 Site description and sample collection 108 

Soil samples were collected on Galongla Mountain in Motuo County, Southeast 109 

Tibetan Plateau, China (27°36’–29°50’ N, 93°42’–96°36’ E; Fig. 1a). There are six 110 

vegetation zones along the mountain: tropical rainforest (TRF; 600–1100 m), 111 

evergreen broad-leaved forest (EBF; 1100–2000 m), evergreen/semi-evergreen broad-112 

leaved forest (SEBF; 2000–2500 m), temperate mixed coniferous broad-leaved forest 113 

(TCF; 2500–3000 m), frigid-temperate coniferous forest (FCF; 2500–3000 m), and 114 

frigid-temperate coniferous forest and frigid shrub meadow (FSM; 3700–4000 m) 115 

(Fig. 1b; Table 1). Soil samples were collected at 14 sites from 704 to 3760 m above 116 

sea level across the vegetation zones. At each site, 10 soil samples were randomly 117 

collected within a quadrant (10 m by 10 m in the forests and 5 m by 5 m in the 118 

shrublands and/or grasslands), for a total of 134 samples. Five hundred grams of soil 119 



was collected for each sample after the removal of plant fragments, from which a 50 g 120 

subsample was stored at -80 °C prior to DNA and lipid analysis. 121 

 122 

2.2 Environmental variables 123 

Monthly temperature and precipitation at each site were obtained from the 124 

Worldclim2 dataset (https://www.worldclim.org/data/). The Worldclim2 dataset 125 

interpolates monthly temperature data compiled from globally distributed weather 126 

stations to a 30 arc-second spatial resolution across a temporal range from 1970–2000 127 

(Fick and Hijmans, 2017). The mean annual soil temperatures were gained from 128 

global gridded soil temperature maps according to Lembrechts et al. (2022), which 129 

used over 8500 time series of soil temperatures measured in situ across the world and 130 

a machine learning approach to model predictor variables of the soil and air 131 

temperature offset, and finally interpolate soil temperatures (Lembrechts et al., 2022). 132 

We validated this soil temperature dataset in China by comparing the gridded soil 133 

temperature with mean annual soil temperatures that were monitored using 134 

temperature loggers (Thermochron iButton ®DS1922L-F5#) (Wang et al., 2020). We 135 

found that the gridded soil temperature and measured soil temperatures have a 136 

significant positive correlation (R = 0.98, p < 0.001; Fig. S1), suggesting that the 137 

global gridded soil temperature maps can be used in this study. Soil water content was 138 

determined by drying soil samples at 105 °C for 12 h. pH was determined after 139 

hydrating the soil to a soil to water ratio of 1:2.5 (v/v) according to Weijers et al. 140 

(2007). The soil conductivity was obtained by measuring the supernatants with a 141 

conductivity meter. Soil (clay/sand/silt percentage) was digested with H2O2, followed 142 

by the determination of the soil particle distribution with a Microtrac S3500 analyzer. 143 

https://www.worldclim.org/data/


Total nitrogen (TN) was determined using a modified Kjeldahl method (Bremner, 144 

1960). Total organic carbon (TOC) was measured with air-dried solid soil using a 145 

TOC analyzer (TOC-VCPH, Shimadzu, Japan). Total phosphorus (TP) was 146 

determined using the molybdenum blue method (Dick and Tabatabai, 1977). 147 

 148 

2.3 brGDGT analysis 149 

Freeze-dried samples (5–6 g) were extracted ultrasonically with 150 

dichloromethane/methanol (9:1, v/v) (15 min × 3, 30 °C) to extract soluble lipids. 151 

Activated alumina was used as a stationary phase for separating brGDGTs, and the 152 

non-polar and polar fractions (the latter containing brGDGTs) were eluted using n-153 

hexane/dichloromethane (9:1, v/v) and dichloromethane/methanol (1:1, v/v), 154 

respectively. After blowing down the polar fraction with N2, the sample was dissolved 155 

in n-hexane/isopropanol (99:1, v/v), and a 0.45 μm PTFE filter was used to remove 156 

particulate matter prior to HPLC–MS analysis. 157 

BrGDGT analysis was performed using an ultra high-performance liquid 158 

chromatograph (Waters ACQUITY UHPLC I-Class/Xevo TQD) with atmospheric 159 

pressure chemical ionization coupled to a triple quadrupole mass spectrometer 160 

(UHPLC–APCI–MS). BrGDGTs were separated over an Alltech Prevail Cyano 161 

column (150 mm × 2.1 mm, 3 μm). The instrumental setup for the UHPLC was as 162 

follows: column temperature 40 °C, injection volume 5 μL, and flow rate 0.3 mL/min. 163 

For the mobile phase n-hexane and n-hexane/isopropanol (9:1, v/v) were used, and the 164 

elution procedure followed Yang et al. (2014b). The analysis was performed in Single 165 

Ion Monitoring (SIM) mode via [M+H]+ of brGDGTs (1050, 1048, 1046, 1036, 1034, 166 

1032, 1022, 1020, 1018). The definition of the structure and number of brGDGTs 167 



follows Peterse et al. (2012). All brGDGTs were displayed as fractional abundances. 168 

The cyclization index of branched tetraethers (CBT), methylation index of 169 

branched tetraethers (MBT´) and reconstructed mean annual air temperature 170 

(MAATre) were calculated as previously defined (Peterse et al., 2012). 171 

𝐶𝐵𝑇 = −𝑙𝑜𝑔 (
𝐼𝑏+𝐼𝐼𝑏

𝐼𝑎+𝐼𝐼𝑎
)                                                  (1) 172 

𝑀𝐵𝑇´ =
𝐼𝑎+𝐼𝑏+𝐼𝑐

𝐼𝑎+𝐼𝑏+𝐼𝑐+𝐼𝐼𝑎+𝐼𝐼𝑏+𝐼𝐼𝑐+𝐼𝐼𝐼𝑎
                                       (2) 173 

𝑀𝐴𝐴𝑇𝑟𝑒 = 0.81 − 5.67 × 𝐶𝐵𝑇 + 31.00 × 𝑀𝐵𝑇´                      (3) 174 

 175 

2.4 Bacterial community analysis 176 

DNA was extracted from all samples (0.5 g of fresh soil samples) following the 177 

method described by Hu et al. (2020). DNA quality was assessed using a Nanodrop 178 

ND-2000c UV–Vis spectrophotometer. PCR amplification of the 16S rRNA gene 179 

hypervariable region V4 was performed with the primers 515F and 806R (515F: 5’-180 

GTGCCAGCMGCCGCGGTAA-3’); 806R: 5’-GGACTACHVGGGTWTCTAAT-3’). 181 

The 2×250 bp paired-end sequencing of PCR amplicons targeting V4 hypervariable 182 

regions of the 16S rRNA gene was conducted on a MiSeq platform (Illumina, San 183 

Diego, CA) at the Institute for Environmental Genomics, University of Oklahoma. 184 

The preprocessing of the Illumina sequencing data and the downstream analysis, 185 

including taxonomic assignment and diversity analysis, were performed using QIIME 186 

(v. 1.8.0; Caporaso et al., 2010) and an in-house Galaxy software platform (IEG 187 

sequence analysis pipeline, http://zhoulab5.rccc.ou.edu). All raw sequences were first 188 

separated into samples via sample-specific barcodes. In the Galaxy analysis pipeline, 189 

chimeras were removed using UCHIME (Edgar et al., 2011), chimera-free sequences 190 

http://zhoulab5.rccc.ou.edu/


were clustered to generate operational taxonomic units (OTUs) with a cutoff value of 191 

97% sequence identity using UPARSE (version usearchV7.0.1001_i86linux64) 192 

(Edgar, 2013), and the final OTU table was further rarefied with an even-sequencing 193 

depth of 13,000. Taxonomic classification was performed in Galaxy with the RDP 194 

Classifier (Cole et al., 2009). 195 

 196 

2.5 Statistics analysis 197 

All statistical analyses were performed using R statistical software (version 198 

4.0.5; R Core Team, 2021). To assess the relationship between vegetation types and 199 

brGDGT fractional abundances, we performed indirect principal component analysis 200 

(PCA) using the FactoMineR package (Husson et al., 2016) and a heatmap with the 201 

clustering method performed by the ComplexHeatmap package (Gu et al., 2016). A 202 

heatmap cluster was generated using z score transformation of brGDGT relative 203 

abundance. PCA analyses of the fractional abundance of brGDGTs were performed on 204 

centered and standardized abundances. We performed redundancy analysis (RDA) by 205 

vegan package (Oksanen et al., 2020) to assess the relationship between 206 

environmental variables (MAAT, MAF, Tsoil, pH, conductivity, water content, 207 

bacterial community, relative content of sand, clay and sand, TOC, TN and TP). 208 

Analysis of similarity (ANOSIM) using Bray–Curtis distance with 999 209 

permutations in the vegan package under R software (Oksanen et al., 2020) was used 210 

to test for differences in bacterial community among vegetation sites. The Bray–Curtis 211 

distance quantifies the compositional dissimilarity of the bacterial community. The R 212 

(version 4.0.5) vegan package was used to create a Bray–Curtis dissimilarity matrix 213 

(based on OTU reads) for statistical analyses (Oksanen et al., 2020). To simplify 214 



further analyses, OTU data counts for each sample were selected based on the 215 

relationship with appropriate sample brGDGT compounds (R > 0.7) using a custom R 216 

script. The selected OTUs were classified to the phylum level (the Acidobacteria 217 

phylum was divided into the class level). The null hypothesis of ANOSIM is “no 218 

difference” in community composition between sites and plots. The similarity 219 

coefficient R = 1 indicates complete separation, and R = 0 represents no separation. 220 

Strong differences between groups were indicated by R > 0.51. P values, also 221 

generated by ANOSIM, indicate significance levels. To infer changes in the bacterial 222 

community, nonmetric multidimensional scaling (NMDS) analysis was performed 223 

using the metaMDS function of the R package vegan (Oksanen et al., 2020). The 224 

selected OTUs were converted to a Bray–Curtis distance matrix to make the data 225 

accessible for statistical analysis. NMDS has proven to be a useful tool to indicate 226 

bacterial community changes (De Jonge et al., 2019). 227 

Structural equation models (SEMs) are frequently used to resolve complex 228 

multivariate relationships among interrelated variables using a form of path analysis. 229 

We undertook piecewise SEMs of our brGDGT proxies with environmental and 230 

bacterial data to characterize the statistical relationships and to deduce causal 231 

relationships between these variables using a piecewise SEM library (Lefcheck et al., 232 

2016). The factor was correlated with proxies that were selected from the correlation 233 

plot to explore the links in the SEMs using forward selected explanatory variables. We 234 

use absolute Akaike information criterion (AIC) indices to evaluate the performance 235 

of the SEMs, where the lowest AIC value among the sets indicate the optimal model. 236 

We also used chi-square and Fisher’s C statistics and associated p values to evaluate 237 

model fit. If p > 0.5 in the selected SEM, the model fit the complex relationships 238 



among the data well (Lefcheck et al., 2016).  239 

 240 

3. Results 241 

3.1 BrGDGT analysis of samples 242 

The fractional abundance of hexamethylated brGDGTs (IIIa, IIIb and IIIc) was 243 

low in all samples (Fig. 2). Rainforest soils (TRF) were characterized by high 244 

abundances of tetramethylated brGDGTs (accounting for 82% of brGDGTs), whereas 245 

brGDGT IIa and IIIa were the predominant brGDGTs in cold regions with shrub 246 

meadows (FSM; 45% and 21%, respectively). The different vegetation zones are 247 

spread along an altitudinal gradient where MAAT ranges from -2.38 °C at the highest 248 

elevation site, FSM to 18.51°C at the lowest elevation site, TRF. In addition, we 249 

observe various ranges in soil pH (4.51 at TCF to 6.27 at EBF), soil water content 250 

(5.68% at FCF to 25.60% at FSM), conductivity (26.68 µs/cm at FSM to 83.05 µs/cm 251 

at SEBF), among other environmental parameters (see Table 1), all of which could 252 

influence the distribution of brGDGTs. In the heat map (Fig. 3a) and PCA (Fig. 3b), 253 

samples from different vegetation groups tend to cluster together although there is 254 

some overlap between samples from adjacent sites, such as the high elevation sites, 255 

FSM and FCF, and the mid-elevation sites, SEBF and TCF. TRF appears to be the 256 

only site where the samples cluster separately both in the heatmap and PCA. In the 257 

RDA plot, MAAT, mean temperature of months above freezing (MAF) and mean 258 

annual soil temperature (Tsoil) are positively correlated with brGDGT Ia, but 259 

negatively correlated with IIa and IIIa (Fig. 3c). The pH is positively correlated with 260 

cyclopentane-containing pentamethylated and hexamethylated brGDGTs, including 261 



IIb, IIc, IIIb and IIIc. 262 

 263 

3.2 Genetic data 264 

We selected a strong correlation (R > 0.7) between the relative abundance of 265 

brGDGTs and OTU-specific DNA concentration (Figs. 4a–4f). There were more than 266 

264 OTUs correlated with IIb, 46 OTUs from Acidobacteria, and 2 and 27 OTUs with 267 

Ia and Ib, respectively. The bacterial community composition in our samples was 268 

dominated by 12 phyla, of which Proteobacteria (53.30%), Acidobacteria (19.91%), 269 

Nitrospirae (2.88%), Bacteroidetes (2.12%), Actinobacteria (2.04%), and 270 

Verrucomicrobia (1.59%) are the most abundant phyla. More than half of the OTUs 271 

displayed a strong relationship with brGDGTs belonging to Proteobacteria and 272 

Acidobacteria (Figs. 4a-f). Among the Acidobacteria, subdivision 6 and subdivision 7 273 

were relatively abundant in our samples (Fig. 4h). The analysis of bacterial 274 

community similarities (ANOSIM-R = 0.381; p < 0.001) confirms that the bacterial 275 

community composition differs between vegetation types (Fig. 4i). 276 

 277 

3.3 Relationships among environmental variables and brGDGTs at different 278 

vegetation sites 279 

Our dataset contains soil samples from fourteen sample sites with six vegetation 280 

types that range from -2.38 to 18.92 °C in MAAT, from 5.14 to 18.92 °C in MAF, and 281 

from 704 to 3760 m in elevation. Both MAAT and MAF at each site were negatively 282 

correlated with elevation (R = -0.99 and -0.98, respectively). The pH for our samples 283 

ranged from 3.85 to 7.08, with an average value of 5.31, suggesting that most of our 284 

samples were acidic (Table 1). The MBT´ values in our samples varied from 0.26 to 285 



0.85 (0.51 on average), and CBT varied from 0.44 to 2.69 (1.07 on average). 286 

Generally, the reconstructed MAAT (MAATre) was positively correlated with the 287 

observed MAAT (R = 0.73) and MAF (R = 0.77). The brGDGT-derived MAAT 288 

overestimates temperature at sites above 2000 m, i.e., SEBF, TCF, FCF, and FSM 289 

(Fig. 5c). BrGDGT-derived MAF temperatures, however, do not show this warm bias 290 

and fall closer to observed temperature estimates (Fig. 5d). At sites below 2000 m 291 

(EBF and TRF), mean annual soil temperatures are colder than MAAT and MAF, 292 

whereas at sites above 2000 m (SEBF, TCF, FCF and FSM) soil temperatures are 293 

warmer than MAAT and a little colder than MAF (Fig. 5e). 294 

 295 

4. Discussion 296 

4.1 Soil bacterial community composition and brGDGT changes 297 

So far the precursors of brGDGTs, ether- and ester-linked iso-diabolic acid 298 

(IDA), have only been identified in Acidobacteria cultures (Sinninghe Damsté et al., 299 

2018). Previous studies based on brGDGT distributions, stereochemistry and 300 

subsequent culture experiments have so far only identified subdivisions 1, 3, 4 and 6 301 

of the Acidobacteria phylum as brGDGT producers (Sinninghe Damsté et al., 2018; 302 

Sinninghe Damsté et al., 2014; Sinninghe Damsté et al., 2011). We compared 303 

brGDGT distributions with bacterial community compositions at our study sites to 304 

identify potential brGDGT producers (Fig. 4), following the approaches of Weber et 305 

al. (2018) and Wu et al. (2021). Similar to previous studies, we observed the strongest 306 

correlation between brGDGTs (Ib, Ic, IIb and IIIb) and OTUs belonging to the 307 

Acidobacteria phylum in our samples (R is 0.72, 0.57, 0.77 and 0.66 respectively; Fig. 308 



S2). In our samples, GP 6 from the Acidobacteria phylum was the most abundant 309 

(49.93% of Acidobacteria), followed by GP 7 (16.00%), 5 (14.60%), 17 (12.71%) and 310 

4 (1.72%). A previous study found that subdivisions 4 and 6 Acidobacteria are 311 

potential producers of cyclopentane-containing 5-methyl and 6-methyl brGDGTs, 312 

respectively (De Jonge et al., 2021). Cyclopentane-containing brGDGTs (Ib, IIb, IIIb, 313 

Ic, IIc, IIIc) were significantly and positively correlated with GP 4 (unicyclic 314 

including Ib, IIb, IIIb: R = 0.76, p < 0.01; bicyclic including Ic, IIc and IIIc: R = 0.59, 315 

p < 0.01) but not GP 6. In our study we failed to separate 5-methyl and 6-methyl 316 

brGDGTs, and therefore we cannot correlate GP 6 with 6-methyl brGDGTs, especially 317 

if they are present in low abundance. 318 

We found the relative abundance of brGDGT-related GP 4 Acidobacteria was 319 

less abundant than GP 6 Acidobacteria in our samples. The soil pH effect on the 320 

Acidobacteria community is well documented; for example, subdivisions 4, 6, 7 and 321 

17 increase in soils with an increase in soil pH (Kielak et al., 2016; Sinninghe Damsté 322 

et al., 2018). Among the Acidobacteria in our samples, GP 4 increased with increased 323 

soil pH, while GP 5 decreased with high pH-levels (Fig. 6). GP 6, however, showed 324 

no response to soil temperature or pH. The second dominant strain, GP 7, was 325 

negatively correlated with soil temperature and positively correlated with pH. 326 

Subdivision 4 is the only subdivision, so far, that was shown to produce 5-methyl iso-327 

diabolic acid (Sinninghe Damsté et al., 2018). The relative abundance of GP 4 was 328 

significantly related to soil pH (R = 0.70, p < 0.01; Fig. 6).  329 

The other five main phyla present in our samples also covary with temperature 330 

and pH changes (Fig. 6). Of these phyla, we found that cyclic (Ib, IIb and IIIb) and 331 

bicyclic compounds (Ic, IIc and IIIc) are positively correlated with the Proteobacteria 332 



phylum in our samples (R is 0.55, 0.71 and 0.59; 0.46, 0.31 and 0.40 respectively, p < 333 

0.01), while noncyclic compounds (Ia, IIa and IIIa) show negative or no relationship 334 

with the OTU data (R is -0.23, -0.04 and -0.11, Fig. S2). The subclass of 335 

Proteobacteria (α-Proteobacteria and β-Proteobacteria) show the strongest negative 336 

relationship with soil temperature (R = 0.60 and 0.59, p < 0.01, respectively), while γ-337 

Proteobacteria are positively correlated with soil temperature (R = 0.47, p < 0.01). 338 

The relationship between γ-Proteobacteria and soil temperature is opposite to that 339 

observed in the inner Mongolia transect (Guo et al., 2022). This dissimilarity may 340 

stem from γ-Proteobacteria at high pH and low pH show an opposite response to 341 

temperature. In the low pH values (pH < 7.5) and high humidity from our study sites, 342 

the relative abundance of γ-Proteobacteria increased with increasing temperature. In 343 

contrast, in the high pH values (pH > 7.5) and more arid conditions from inner 344 

Mongolia, the relative abundance of γ-Proteobacteria increased with decreasing 345 

temperature (Guo et al., 2022). Certain δ-Proteobacteria were shown to transfer the 346 

formation of the ether bond gene (Sinninghe Damsté et al. (2018), which are 347 

precursors to brGDGTs. Along with Acidobacteria, our results suggest that members 348 

of the Proteobacteria phylum likely contribute to brGDGT production. 349 

Actinobacteria was present at all of our study sites (Fig. 4g), and is correlated 350 

with brGDGT Ib, IIb, and IIIb (Figs. 4a – 4f). A previous study identified intact polar 351 

lipids (IPLs) of brGDGTs in the membrane of Actinobacteria (Liu et al., 2010), 352 

making this a likely candidate for brGDGT production at our study sites. In our 353 

samples, the relative abundance of Actinobacteria is positively correlated with soil pH 354 

(R = 0.52, p < 0.01), which contrasts with previous reports from Mongolian soils 355 

where the relative abundance of the Actinobacteria phylum was negatively correlated 356 



with pH (Guo et al., 2022). The contrast may result from the different pH ranges at 357 

these two sample sites (pH of 7.7 to 9.9 in Mongolia and pH 3.85 to 7.08 in our 358 

samples) and a difference in the dominant suborders (samples in Mongolia were 359 

dominated by Thermoleophilia, Actinomycetales and Nitriliruptoria; in our samples 360 

Acidimicrobiales, Actinomycetales and Solirubrobacterales were dominant). The shift 361 

in the bacterial community due to pH changes responds differently to temperature 362 

changes. Thus, we propose that soil pH needs to be considered when performing 363 

brGDGT-based climate reconstructions. 364 

Both Bacteriodetes and Nitrospira are positively correlated with pH (R = 0.41 and 365 

0.54, respectively; p < 0.01; Fig. 6). The relative abundance of Nitrospira is also 366 

positively correlated with brGDGTs IIb and IIIb (R = 0.49 and 0.36, respectively; p < 367 

0.01;  Fig S2), and negatively correlated with brGDGT Ic (R = 0.41; p < 0.01). De 368 

Jonge et al. (2021) found the highest concentrations of brGDGT Ic in soils with high 369 

autotrophic nitrification rates. However, we do not observe any correlations between 370 

Nitrospira and TN in Tibetan soils. The relative abundance of Bacteroidetes is 371 

positively correlated with brGDGTs Ib and Ic (R = 0.44 and 0.37; p < 0.01). Although 372 

the relationship between brGDGTs and the Bacteroidetes phylum has not yet been 373 

reported, members of Bacteroidetes are widely distributed in marine and terrestrial 374 

environments (Buckley and Schmidt, 2003; Cottrell and Kirchman, 2000), and thus 375 

could be another potential source for the ubiquitous brGDGTs. 376 

Though Verrucomicrobia has not been reported to synthesize brGDGTs, 377 

previous work found a strong correlation between Verrucomicrobia and 5-methyl 378 

brGDGTs in Mongolian soils (Guo et al., 2022). In our study, the Verrucomicrobia 379 

phylum at our sites, is significantly and positively correlated to soil temperature (R = 380 



0.65, p < 0.01) , and positively related to pH (R = 0.33, p < 0.01) which differs from 381 

previous studies on soils (Guo et al., 2022). The relative abundance of 382 

Verrucomicrobia in our samples was positively correlated with Ia (R = 0.58, p < 0.01) 383 

and negatively correlated to IIa and IIc (R = 0.64, p < 0.01; R = 0.36, p < 0.01). 384 

Verrucomicrobia have the same aerobic heterotrophic lifestyles as known brGDGT 385 

producers belonging to the phylum Acidobacteria. Isolates of Verrucomicrobia were 386 

shown to produce iso-C15:0 fatty acids, which are considered potential precursors for 387 

iso-diabolic acid and therefore brGDGTs (Sinninghe Damsté et al., 2011). Although 388 

we cannot verify that these bacterial phyla are brGDGT-producers, our results indicate 389 

Proteobacteria, Verrucomicrobia, Actinobacteria, Nitrospira and Bacteroidetes may be 390 

as potential candidates for brGDGT-producers. This information of specific 391 

taxonomic groups provides a sight for future laboratory cultivation of bacteria to 392 

identify the source of brGDGT producers. 393 

 394 

4.2 Effect of biotic and abiotic variables on brGDGT distributions 395 

BrGDGT distributions could be a result of sets of specific bacterial communities 396 

that inhabit certain temperature and soil conditions (e.g. pH). Alternatively, brGDGT 397 

distributions could be a result of specific bacterial communities that adapt to 398 

environmental changes by adjusting the molecular structure of their membrane lipids. 399 

De Jonge et al. (2021) demonstrated how a shift in pH resulted in a change in both 400 

brGDGT distributions and the bacterial community. Thus, we compared biotic 401 

(bacterial community) and abiotic (soil temperatures, TP, pH and conductivity) 402 

variables with changes in brGDGT distributions. Our results show that the variation in 403 

bacterial communities is strongly related to changes in brGDGT distributions (Fig. 404 



7a). However, the correlation and SEM analyses revealed that noncyclic brGDGTs 405 

(Ia, IIa and IIIa) were not directly related to the changes in the bacterial community 406 

(Fig. 7b). This effect may stem from the strong positive correlation of Ia with 407 

temperatures (i.e., Tsoil, MAF, and MAAT) and the strong negative correlations of IIa 408 

and IIIa with temperature (Fig. 7a). Unicyclic and bicyclic brGDGTs (Ib, IIb, IIIb and 409 

Ic, IIc, IIIc), in contrast, show a strong negative relationship with bacterial community 410 

changes (Fig. 7b &7c). Environmental variables, including temperatures, pH, TP and 411 

conductivity, could influence unicyclic and bicyclic brGDGTs (Figs. 7c and 7d). 412 

Although cyclic brGDGTs are positively correlated with pH, as observed in previous 413 

studies of global soil datasets (Peterse et al., 2012; Weijers et al., 2007), our study 414 

confirms the relationship between cyclopentane-containing brGDGTs and pH is 415 

controlled by bacterial community changes. In this case, increasing levels in pH levels 416 

result in changes in the bacterial community of specific phyla (Proteobacteria, 417 

Acidobacteria, Nitrospirae, Bacteroidetes and Actinobacteria) and corresponding 418 

increase in the relative abundance of cyclic brGDGTs (Ib, IIb, IIIb, Ic, IIc and IIIc). 419 

These findings suggest that calibrations including cyclic brGDGTs should consider 420 

the effects of bacterial community shifts on brGDGTs distributions. 421 

 422 

4.3 Vegetation effects on brGDGT distributions and bacterial communities: 423 

implications for paleoclimate reconstructions 424 

In general, the distribution of brGDGTs at our individual sites follow the 425 

established relationships between environmental gradients, where noncyclic 426 

tetramethylated brGDGTs (Ia) are abundant at a low elevation with high MAAT (Fig. 427 

2). In contrast, high elevation sites with colder MAATs, such as FCF and FSM, are 428 



characterized by a higher relative abundance of noncyclic pentamethylated brGDGTs 429 

(IIa, Fig. 3b). Similarly, noncyclic pentamethylated brGDGT IIa were also found in 430 

higher abundance in southern Tibetan soils (Bai et al., 2018), inner Mongolia (Guo et 431 

al., 2022), and the Chinese Tianshan Mountains (Duan et al., 2020). This suggests that 432 

the spatial variation in the relative abundance of brGDGTs is not only linked to 433 

temperature or pH, but could result from changes in the bacterial community that are 434 

responding to other environmental factors or niche partitioning due to differences in 435 

vegetation, for example, pH, oxygen limitation, and cation exchange capacity 436 

(Halamka et al., 2021; Halffman et al., 2022). The low relative abundance of IIIa in 437 

our samples (Fig. 2a) may respond to redox condition result from water content. 438 

Previous environmental observations found that the relative abundance of IIIa is 439 

related to changes in oxygen content (Pei et al., 2021; Weber et al., 2018; Yao et al., 440 

2020). Alternatively, brGDGT production likely increases during the summer months, 441 

particularly at sites with large seasonal variations (Crampton-Flood et al., 2020). All 442 

these factors could contribute to the residual scatter observed in global soil brGDGT 443 

calibrations with temperature. 444 

At sites above 2500 m in our study sites, there is a warm-bias in brGDGT-based 445 

reconstructed temperatures, predicting temperatures up to 5 °C warmer than observed 446 

temperatures (Fig. 5c). In contrast, the brGDGT-based temperature reconstructions at 447 

the low elevation sites are in line with observed MAAT (Fig. 5c). However, the 448 

reconstructed temperature offset with MAF greatly decreased at high altitude sites 449 

(Fig. 5d). At the lower elevation sites and warmer regions (TRF and EBF), the mean 450 

value of MAAT in these regions was about ~2 °C warmer than Tsoil (Fig. 5e). At 451 

these sites, the densely vegetated areas would block radiation inputs to the soil, 452 



leading to on average cooler soil temperatures than air temperatures (De Frenne et al., 453 

2021). A similar phenomenon was observed in tropical regions where densely 454 

vegetated sites contribute to cooler soil temperatures, and therefore colder brGDGT-455 

based reconstructions relative to the MAAT (Figs. 8a & 8b). At high altitudes (SEBF, 456 

TCF and FCF), however, Tsoil was about 1-5 °C higher than MAAT year-round, with 457 

the warmest Tsoil values recorded at the shrub meadow site (Tsoil ~5 °C warmer than 458 

MAAT). Our results are in agreement with the previous study which compared both 459 

Worldclim-derived air temperature and in-situ soil temperature with brGDGT-derived 460 

temperatures in the northeastern Tibetan Plateau, China and found that soil brGDGTs 461 

directly respond to soil temperature variations (Wang and Liu, 2021). 462 

To test whether the global brGDGT-derived temperature that was developed 463 

using the new method confirms our local observation of vegetation-effects on 464 

brGDGT-derived temperatures, we use previously published global soil datasets 465 

compiled by Crampton-Flood et al. (2020) and global soil brGDGT calibrations (De 466 

Jonge et al., 2014; Naafs et al., 2017a) to reconstruct local temperatures. The results 467 

show that the residual value between Tsoil and MAAT match the pattern of bias 468 

between reconstructed temperature and MAAT from low latitude to high latitude (Fig. 469 

8), and that the residual temperature between soil and air temperature may partly 470 

result from vegetation. Vegetation-induced changes in brGDGT distributions have 471 

been widely observed in previous studies (Liang et al., 2019; Wang et al., 2020). In 472 

addition, we found that there is a significant difference in bacterial communities with 473 

vegetation type (ANOSIM, R = 0.381, P < 0.001), suggesting vegetation-induced 474 

changes in brGDGT distribution in soils in response to microbial communities. 475 

Changes in plants over time could cause a large shift in soil pH and nutrients (Weijers 476 



et al., 2011; Wu et al., 2020). For instance, in wet meadows degradation rates are high, 477 

leading to a decrease in aboveground biomass and soil nutrient content (Wu et al., 478 

2020). Peaple et al. (2022) found in situ measurements of soil temperatures are 479 

warmer than interpolated mean annual temperatures in most grassland plains in 480 

eastern Africa. Similarly, the vegetation change from Carex to Sphagnum in Swiss 481 

peat contributed to the variations in brGDGTs, consistent with a decrease in pH from 482 

8 to 4 (Weijers et al., 2011). Thus, the implication for a paleoclimate proxy is that 483 

reconstructed soil temperature using brGDGTs should be interpreted with caution, as 484 

changes in vegetation could lead to a bacterial community shift and therefore a change 485 

in the cyclopentane brGDGT distribution.  486 

Soil pH impacts the bacterial community, which in turn influences brGDGT 487 

distributions at experimental sites (De Jonge et al., 2021). We further found that pH 488 

and nutrients significantly impacted both the bacterial community and cyclized 489 

brGDGTs. Due to the significant correlation of pH and nutrients with the bacterial 490 

community in our soil samples (Fig. 7c), changes in pH and nutrient records may be 491 

related to bacterial community changes in paleoclimate reconstructions and changes 492 

in pH has a stronger influence. Although molecular dynamics simulations of pure 493 

monolayer membranes demonstrate that the brGDGT paleothermometer is based on a 494 

homeoviscous adaption, it should be noted that in reality the bacterial membrane 495 

consists brGDGT lipid bilayer (Naafs et al., 2021). The effect of shift in the bacterial 496 

community on brGDGT distribution should not be ignored. Therefore, to develop a 497 

robust reconstructed temperature based on brGDGTs, future efforts on brGDGTs 498 

should focus on the relationship between the bacterial communities and other 499 

environmental variables. 500 



 501 

Conclusion 502 

We test the suitability of brGDGTs as a temperature proxy in soils along a 503 

vegetation and altitudinal gradient on the southeastern Tibetan Plateau. A comparison 504 

of the bacterial community composition with brGDGTs revealed that Acidobacteria 505 

may not be the only producers of brGDGTs in our samples. Instead, Proteobacteria, 506 

Nitrospira, Bacteroidetes, Actinobacteria, and Verrucomicrobia could be potential 507 

candidates as brGDGT producers. Using the Peterse et al. (2012) soil calibration, we 508 

find that reconstructed temperatures are correlated with observed MAAT below 2500 509 

m; however, at sites above 2500 m we observe a warm bias. The temperature offsets 510 

at our study sites could either be explained by differences in seasonality or vegetation, 511 

which could influence the soil chemistry and the amount of radiation reaching the 512 

soil. However, at the same study sites, we observe distinct changes in the bacterial 513 

communities and shifts in brGDGT distributions across the vegetation zones. Changes 514 

in temperature, pH, conductivity and TP directly influence the bacterial community 515 

and, therefore, the distribution of cyclopentane-containing brGDGTs. We found that 516 

noncyclic brGDGTs may have a strong positive relationship with temperature but are 517 

likely not related to specific changes in the lipid membrane independent of the 518 

bacteria that produce these brGDGTs in our samples. Finally, we found that the 519 

residual value from previously published brGDGT datasets between Tsoil and MAAT 520 

match the pattern of bias between brGDGT-derived temperature and MAAT from low 521 

latitude to high latitude, suggesting that brGDGT temperature reconstructions directly 522 

respond to soil temperatures rather than air temperatures. 523 

 524 
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 534 

Figure Captions 535 

Figure 1. Sampling sites: (a) Location of the 14 sampling sites at different 536 

altitudes. (b) Characterization of plant communities at different altitudes. 537 

 538 

Figure 2. Bar plot of the relative abundance of brGDGTs in soils (a). The 539 

fractional abundance of summed tetramethylated, pentamethylated, and 540 

hexamethylated brGDGTs in our soils (b). 541 

 542 

Figure 3. Heatmap with the clustering method (Euclidean distance) of the relative 543 

abundance of brGDGTs in soils with different vegetation types (a). Principal 544 

component analysis (PCA) of the standardized fractional abundance of brGDGTs (b) 545 

and redundancy analysis (RDA) for environmental variables and the relative 546 

abundance of brGDGTs (c). 547 



 548 

Figure 4. Diversity of OTUs that have a strong correlation with one of the major 549 

brGDGTs in our samples. Correlation analysis was performed between the 550 

concentration of each OTU and the relative abundance of individual brGDGT 551 

compounds. Highly correlated OTUs are displayed at the phylum level (large pie 552 

charts; a–f) and as subdivisions of Acidobacteria (small pie charts; a-f). “n” refers to 553 

the number of OTUs in each chart. Each pie piece was estimated based on OTU-554 

specific DNA concentration of phylum (or subdivisions of Acidobacteria) account for 555 

total OTU-specific DNA concentration. The relative abundance of OTU-specific DNA 556 

concentration at the phylum level (g) and at the subdivisions of Acidobacteria level 557 

(h). ANOSIM with R values and their associated significance (P) between sites and 558 

between plot differences in six different vegetation sites in this study based on the 559 

selected most correlated OTU concentrations (i). p levels <1.0 indicate significant 560 

differences in species composition. 561 

 562 

Figure 5. Violin plots of MAAT and reconstructed temperature among six 563 

different vegetation sites, including (a) MAAT, (b) reconstructed mean annual air 564 

temperatures based on brGDGTs (MAATre) based on brGDGTs [Eq. 3], (c) the offset 565 

between MAATre and MAAT and (d) the offset between MAATre and MAF. Dashed 566 

line is the 0 °C for the bias of temperatures. (e) The standard deviations of MAF (dark 567 

grey), MAAT (light grey) and Tsoil (red) in our study sites. The plots are ordered 568 

according to the altitude and vegetation from the lowest altitude (TRF, ~900 m) to the 569 

highest altitude (FSM, ~3700 m). 570 

 571 



Figure 6. Scatter plot of the relative abundance of bacterial phyla with mean 572 

annual soil temperature and pH. The linear regression lines of correlations with p < 573 

0.05, the 95% confidence intervals are displayed by the gray shaded area. Values 574 

below the limit of quantification are not included in linear regression.  575 

 576 

Figure 7. Stepwise forward selection regression explained the variation between 577 

brGDGT fractional abundance and environmental variables (a; top). Spearman 578 

correlation matrix for brGDGT fractional abundance with environmental variables (a; 579 

bottom). The significant value *** significant at the 0.1% level, and ** significant at 580 

the 1% level. Key driver of brGDGT fractional abundance. Structural equation models 581 

showing the potential drivers of noncyclic brGDGTs (Ia, IIa and IIIa; b), unicyclic 582 

brGDGTs (Ib, IIb and IIIb; c) and bicyclic brGDGTs (Ic, IIc and IIIc; d). Arrow color 583 

corresponds to positive (red) or negative (blue) of the path coefficient. BC initial for 584 

bacterial community change from NMDS1 scores, Tsoil initial for mean annual soil 585 

temperature and Cond initial for conductivity. 586 

 587 

Figure 8. The offset of reconstructed temperatures, MAF and mean annual soil 588 

temperatures with MAAT from previous published global datasets compiled by 589 

Crampton-Flood et al. (2020). (a) the offset of brGDGT-reconstructed temperatures 590 

based on a calibration developed by (Naafs et al., 2017a) and MAAT; (b) the offset of 591 

brGDGT-reconstructed temperatures based on calibration from (De Jonge et al., 2014) 592 

and MAAT; (c) the offset of MAF and MAAT; (d) the offset of mean annual soil 593 

temperatures and MAAT. The black dots mean no temperature data. 594 

  595 



Table 596 

Table 1. Descriptive statistics of environmental variables in our study sites, 597 

including tropical rainforest zone (TRF), evergreen broad-leaved forest zone (EBF), 598 

semi-evergreen broad-leaved forest zone (SEBF); temperate mixed coniferous broad-599 

leaved forest zone (TCF), frigid-temperate coniferous forest zones (FCF); and frigid 600 

shrubs and meadow zone (FSM). 601 

 602 



  TRF EBF SEBF TCF FCF FSM 

Elevation 892.33±163.14 1626.25±183.96 2299±113.02 2781.67±138.19 3359±186.71 3760 

Dominant 

vegetation 

type 

Altingiaexcelsa 

and Terminalia 

myriocarpa  

Castanopsishystrix, 

Altingiaexcelsa, 

Castanopsisechidnocarpa, 

Cyclobalanopsisgambleana, 

Lithocarpusxizangensis, 

Quercuslodicosa and 

Cyclobalanopsisoxyodonare  

Quercuslanata and 

Cyclobalanopsislamellosa  
Tsugadumosa 

Larixspeciosa 

and 

Abiesdelavayi 

scattered 

shrubs 

MAAT (°C) 18.51±0.38 12.31±0.4 9.24±1.04 5.56±0.33 1.61±1.78 -2.38 

MAF T (°C) 18.51±0.38 12.31±0.4 10.15±0.08 9.03±0.12 6.95±0.96 5.14 

Tsoil (°C) 17.38±0.55 9.93±0.05 8.89±0.1 7.9±1.1 5.46±1.13 2.9 

Water 

content (%) 
68.31±6.52 83.54±28.06 76.98±51.24 96.72±73.75 64.95±63.08 28.8 

pH 5.07±0 6.28±0.57 5.63±0.45 4.98±1.13 4.79±0.59 5 

Conductivity 

(μS/cm) 
60.28±20.32 62.47±9.9 35.76±10.59 57.5±32.9 40.09±30.07 22.7 

TOC (%) 0.02±0 0.02±0 0.02±0 0.02±0 0.02±0 0.02 

TN 6.1±1.69 5.3±3.19 3.82±2.62 4.51±1.67 4.53±3.17 1.91±2.19 

TP 1.99±0.26 3.24±0.76 2.29±0.64 1.38±0.45 2.41±0.71 1.9±0.66 

603 
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Highlights 

1. Bacterial community and brGDGTs are compared along altitudinal vegetational soils 

2. Bacterial community would directly influence cyclopentane-containing brGDGTs 

3. Noncyclic brGDGTs have a strong positive relationship with temperature 

4. Vegetation influence on brGDGTs reconstruction though changing bacterial community 

and in situ temperature 

5. Soil brGDGT-derived temperatures directly respond to soil temperatures rather than air 

temperatures 
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Figure S1 

 

 
 

Figure S1. Linear regression of mean annual soil temperature (Wang et al., 2020) vs. SBIO global 

mean annual soil temperature (Lembrechts et al., 2022). The red dots in the map indicate the 

locations of the in situ soil temperature measurements (Wang et al. 2020).  

  



Figure S2 

 

 

Figure S2. Violin plots of Pearson correlation coefficients between bacteria and brGDGTs 

compounds. 



Dataset S1 Geographical and environmental data for our study sites, including elevation, latitude, longitude, vegetation type, mean annual air temperature (MAAT), 

mean temperature of months above freezing (MAF), mean annual soil temperature (Tsoil), water content (WC), conductivity, pH, TOC, TN, TP, sand, silt, and 

clay.   

 

SampleID 
Elevation 

(m) 

Lat 

(°) 

Long 

(°) 
Vegetation 

MAAT 

(°) 

MAF 

(°) 

Tsoil 

 (°) 

WC 

(%) 

Conductivity 

 (us cm-1) 
pH 

TOC 

(%) 

TN

（mg/kg) 

TP

（mg/kg) 

Sand 

(%) 

Silt 

 (%) 

Clay 

(%) 

MT02_01 704  29.28  95.26  TRF 18.92  18.92  16.80  5.93  29.40  6  1.60  2.80  2.05  74.68  25.32  0.00  

MT02_02 704  29.28  95.26  TRF 18.92  18.92  16.80  6.13  24.20  6  1.60  3.29  2.10  76.99  23.01  0.00  

MT02_03 704  29.28  95.26  TRF 18.92  18.92  16.80  7.90  37.40  5  1.70  4.91  2.03  76.66  22.01  1.33  

MT02_05 704  29.28  95.26  TRF 18.92  18.92  16.80  6.37  30.70  6  1.50  3.95  1.45  78.05  21.23  0.72  

MT02_06 704  29.28  95.26  TRF 18.92  18.92  16.80  6.11  31.80  6  1.70  6.82  2.29  74.20  24.50  1.30  

MT02_07 704  29.28  95.26  TRF 18.92  18.92  16.80  5.13  35.30  6  2.00  5.06  2.16  77.50  21.80  0.70  

MT02_08 704  29.28  95.26  TRF 18.92  18.92  16.80  10.79  44.50  6  1.70  5.60  2.38  71.83  28.17  0.00  

MT02_09 704  29.28  95.26  TRF 18.92  18.92  16.80  8.49  59.50  6  1.50  7.31  2.24  59.26  39.95  0.79  

MT02_10 704  29.28  95.26  TRF 18.92  18.92  16.80  7.20  30.40  6  1.50  4.74  1.93  67.34  31.85  0.82  

MT04_01 877  29.32  95.29  TRF 18.15  18.15  17.90  15.45  65.70  5  1.40  10.48  4.00  53.42  44.53  2.05  

MT04_02 877  29.32  95.29  TRF 18.15  18.15  17.90  16.19  59.00  5  1.60  9.78  3.76  47.34  50.22  2.44  

MT04_03 877  29.32  95.29  TRF 18.15  18.15  17.90  14.69  54.40  5  1.50  9.86  3.81  54.09  43.74  2.17  

MT04_04 877  29.32  95.29  TRF 18.15  18.15  17.90  13.62  49.70  5  1.50  9.82  3.69  40.28  55.39  4.33  

MT04_05 877  29.32  95.29  TRF 18.15  18.15  17.90  14.92  52.90  5  1.50  9.86  3.43  53.05  46.10  0.85  

MT04_06 877  29.32  95.29  TRF 18.15  18.15  17.90  15.32  55.10  5  1.80  10.00  3.62  39.72  57.77  2.51  

MT04_07 877  29.32  95.29  TRF 18.15  18.15  17.90  19.73  62.00  5  1.40  10.80  4.04  49.50  48.61  1.89  

MT04_08 877  29.32  95.29  TRF 18.15  18.15  17.90  14.95  43.80  5  1.40  9.43  3.28  56.51  41.96  1.53  

MT04_09 877  29.32  95.29  TRF 18.15  18.15  17.90  13.08  39.40  5  1.30  9.20  3.35  46.58  50.85  2.57  

MT04_10 877  29.32  95.29  TRF 18.15  18.15  17.90  12.50  31.60  5  1.60  8.23  3.06  56.11  41.95  1.95  

MT05_01 1893  29.64  95.49  EBF 11.80  11.80  9.90  12.44  54.30  6  1.40  5.26  4.33  63.82  36.18  0.00  

MT05_02 1893  29.64  95.49  EBF 11.80  11.80  9.90  17.72  57.90  6  1.50  6.67  4.04  73.93  26.07  0.00  

MT05_03 1893  29.64  95.49  EBF 11.80  11.80  9.90  22.56  49.30  6  1.70  8.34  4.53  73.94  25.63  0.43  

MT05_04 1893  29.64  95.49  EBF 11.80  11.80  9.90  10.24  29.60  6  1.80  4.69  4.50  61.09  38.17  0.74  

MT05_05 1893  29.64  95.49  EBF 11.80  11.80  9.90  7.04  28.10  6  1.70  2.69  3.63  71.19  28.43  0.38  

MT05_06 1893  29.64  95.49  EBF 11.80  11.80  9.90  32.53  65.40  5  1.40  8.36  3.53  75.31  24.24  0.45  

MT05_07 1893  29.64  95.49  EBF 11.80  11.80  9.90  11.74  39.30  6  1.80  3.77  4.86  57.27  42.73  0.00  



SampleID 
Elevation 

(m) 

Lat 

(°) 

Long 

(°) 
Vegetation 

MAAT 

(°) 

MAF 

(°) 

Tsoil 

 (°) 

WC 

(%) 

Conductivity 

 (us cm-1) 
pH 

TOC 

(%) 

TN

（mg/kg) 

TP

（mg/kg) 

Sand 

(%) 

Silt 

 (%) 

Clay 

(%) 

MT05_08 1893  29.64  95.49  EBF 11.80  11.80  9.90  11.72  29.60  6  1.30  4.20  4.80  67.85  30.69  1.46  

MT05_09 1893  29.64  95.49  EBF 11.80  11.80  9.90  19.59  71.10  6  1.40  6.59  4.38  70.88  28.43  0.69  

MT05_10 1893  29.64  95.49  EBF 11.80  11.80  9.90  11.92  49.50  6  1.80  5.98  3.76  68.69  30.34  0.97  

MT06_01 1669  29.63  95.49  EBF 12.39  12.39  10.00  13.49  73.30  7  2.10  4.18  3.00  70.14  28.62  1.24  

MT06_02 1669  29.63  95.49  EBF 12.39  12.39  10.00  7.71  27.50  7  1.80  1.45  3.20  71.04  27.52  1.44  

MT06_03 1669  29.63  95.49  EBF 12.39  12.39  10.00  8.51  27.80  7  1.80  2.42  2.68  70.49  27.96  1.56  

MT06_05 1669  29.63  95.49  EBF 12.39  12.39  10.00  7.69  33.10  7  1.90  2.26  2.81  67.06  30.70  2.24  

MT06_06 1669  29.63  95.49  EBF 12.39  12.39  10.00  9.32  39.60  7  1.70  2.82  2.79  68.91  29.65  1.44  

MT06_07 1669  29.63  95.49  EBF 12.39  12.39  10.00  16.77  71.50  7  2.10  3.68  2.68  61.51  36.97  1.51  

MT06_08 1669  29.63  95.49  EBF 12.39  12.39  10.00  10.26  36.30  7  1.80  3.59  2.72  63.84  34.15  2.01  

MT06_09 1669  29.63  95.49  EBF 12.39  12.39  10.00  15.20  73.00  7  1.50  3.71  2.96  54.29  43.65  2.06  

MT06_10 1669  29.63  95.49  EBF 12.39  12.39  10.00  10.22  28.90  7  1.40  2.30  3.37  69.96  28.62  1.41  

MT07_01 1546  29.61  95.49  EBF 12.76  12.76  9.90  24.39  65.70  6  1.40  8.97  2.67  58.55  38.76  2.69  

MT07_02 1546  29.61  95.49  EBF 12.76  12.76  9.90  37.38  98.10  6  1.50  12.07  2.86  57.49  40.43  2.08  

MT07_03 1546  29.61  95.49  EBF 12.76  12.76  9.90  22.40  88.20  6  1.60  8.19  2.70  59.31  39.13  1.55  

MT07_04 1546  29.61  95.49  EBF 12.76  12.76  9.90  20.55  77.80  6  1.40  5.37  2.91  35.00  59.61  5.39  

MT07_05 1546  29.61  95.49  EBF 12.76  12.76  9.90  40.52  115.50  6  1.60  12.18  3.16  66.89  31.63  1.49  

MT07_06 1546  29.61  95.49  EBF 12.76  12.76  9.90  14.81  48.90  6  2.10  4.06  3.00  60.85  36.01  3.13  

MT07_07 1546  29.61  95.49  EBF 12.76  12.76  9.90  19.25  57.50  6  1.40  6.12  2.89  56.45  41.27  2.28  

MT07_08 1546  29.61  95.49  EBF 12.76  12.76  9.90  6.51  28.50  6  1.90  3.72  2.73  74.88  23.72  1.40  

MT07_09 1546  29.61  95.49  EBF 12.76  12.76  9.90  76.61  167.30  6  1.50  14.05  2.62  52.28  45.46  2.25  

MT07_10 1546  29.61  95.49  EBF 12.76  12.76  9.90  11.11  42.80  6  1.50  4.46  3.17  56.65  40.59  2.76  

MT08_01 2166  29.67  95.50  SEBF 10.23  10.23  8.80  13.15  35.30  5  1.50  4.25  1.84  64.48  33.94  1.58  

MT08_02 2166  29.67  95.50  SEBF 10.23  10.23  8.80  13.16  33.30  5  1.60  5.83  2.09  70.15  29.53  0.32  

MT08_03 2166  29.67  95.50  SEBF 10.23  10.23  8.80  28.47  49.60  5  1.30  7.32  2.52  64.70  33.09  2.21  

MT08_04 2166  29.67  95.50  SEBF 10.23  10.23  8.80  14.35  23.90  6  1.90  5.48  2.28  51.21  45.15  3.64  

MT08_05 2166  29.67  95.50  SEBF 10.23  10.23  8.80  23.78  53.30  5  1.60  6.34  1.91  61.95  35.70  2.35  

MT08_06 2166  29.67  95.50  SEBF 10.23  10.23  8.80  21.15  38.10  5  1.30  6.80  2.32  42.00  53.75  4.25  

MT08_07 2166  29.67  95.50  SEBF 10.23  10.23  8.80  15.03  22.50  6  1.50  3.41  1.64  43.95  51.75  4.30  

MT08_08 2166  29.67  95.50  SEBF 10.23  10.23  8.80  24.08  29.80  5  1.30  6.86  2.96  48.19  48.27  3.54  



SampleID 
Elevation 

(m) 

Lat 

(°) 

Long 

(°) 
Vegetation 

MAAT 

(°) 

MAF 

(°) 

Tsoil 

 (°) 

WC 

(%) 

Conductivity 

 (us cm-1) 
pH 

TOC 

(%) 

TN

（mg/kg) 

TP

（mg/kg) 

Sand 

(%) 

Silt 

 (%) 

Clay 

(%) 

MT08_09 2166  29.67  95.50  SEBF 10.23  10.23  8.80  22.17  26.90  5  1.50  5.98  2.33  53.30  43.14  3.56  

MT08_10 2166  29.67  95.50  SEBF 10.23  10.23  8.80  25.12  45.80  5  1.50  6.47  2.12  48.08  48.27  3.65  

MT09_01 2438  29.70  95.52  SEBF 8.15  10.07  9.00  6.31  48.70  6  1.60  7.21  1.24  71.61  27.90  0.50  

MT09_02 2438  29.70  95.52  SEBF 8.15  10.07  9.00  9.15  27.00  5  1.80  8.05  1.12  73.41  25.97  0.62  

MT09_04 2438  29.70  95.52  SEBF 8.15  10.07  9.00  28.20  101.80  4  1.60  11.51  1.49  74.17  24.82  1.01  

MT09_05 2438  29.70  95.52  SEBF 8.15  10.07  9.00  37.67  176.50  4  1.30  14.01  1.98  64.56  34.16  1.28  

MT09_06 2438  29.70  95.52  SEBF 8.15  10.07  9.00  26.30  146.10  4  1.60  12.84  1.77  80.90  18.68  0.42  

MT09_07 2438  29.70  95.52  SEBF 8.15  10.07  9.00  46.67  179.50  4  1.40  15.18  2.67  71.86  27.05  1.09  

MT09_08 2438  29.70  95.52  SEBF 8.15  10.07  9.00  35.79  209.00  4  1.30  15.26  2.20  67.61  32.06  0.33  

MT09_09 2438  29.70  95.52  SEBF 8.15  10.07  9.00  29.69  166.30  4  1.60  14.06  2.13  65.66  33.20  1.14  

MT09_10 2438  29.70  95.52  SEBF 8.15  10.07  9.00  35.02  164.50  4  1.40  14.49  2.22  58.62  40.67  0.70  

MT12_01 2743  29.70  95.56  TCF 5.88  8.91  9.00  11.88  25.00  5  1.70  2.88  1.42  71.70  28.30  0.00  

MT12_02 2743  29.70  95.56  TCF 5.88  8.91  9.00  13.63  36.10  5  1.50  6.02  2.05  73.59  25.75  0.66  

MT12_03 2743  29.70  95.56  TCF 5.88  8.91  9.00  13.62  28.40  5  1.80  4.63  1.79  65.11  33.77  1.12  

MT12_04 2743  29.70  95.56  TCF 5.88  8.91  9.00  16.38  36.80  5  1.50  5.08  1.72  64.03  34.49  1.47  

MT12_05 2743  29.70  95.56  TCF 5.88  8.91  9.00  18.04  54.20  5  2.00  7.07  2.06  65.82  32.65  1.54  

MT12_06 2743  29.70  95.56  TCF 5.88  8.91  9.00  17.72  41.80  5  1.30  4.89  1.61  60.52  37.62  1.86  

MT12_07 2743  29.70  95.56  TCF 5.88  8.91  9.00  17.51  52.90  4  1.40  6.92  1.93  68.94  29.60  1.46  

MT12_08 2743  29.70  95.56  TCF 5.88  8.91  9.00  17.48  51.20  4  1.40  7.54  1.84  70.94  27.84  1.22  

MT12_09 2743  29.70  95.56  TCF 5.88  8.91  9.00  14.11  34.10  5  1.40  4.27  1.80  58.89  38.97  2.14  

MT12_10 2743  29.70  95.56  TCF 5.88  8.91  9.00  14.67  37.10  5  1.70  5.60  1.73  69.03  29.90  1.07  

MT13_01 2964  29.72  95.61  TCF 5.23  9.14  6.80  64.74  115.00  6  1.60  8.97  2.34  66.06  31.45  2.49  

MT13_02 2964  29.72  95.61  TCF 5.23  9.14  6.80  17.92  46.00  4  1.40  3.09  0.96  72.07  25.92  2.00  

MT13_03 2964  29.72  95.61  TCF 5.23  9.14  6.80  27.88  72.50  4  1.50  4.33  0.86  50.47  46.72  2.81  

MT13_04 2964  29.72  95.61  TCF 5.23  9.14  6.80  21.00  55.10  4  1.40  2.67  0.87  78.14  21.86  0.00  

MT13_05 2964  29.72  95.61  TCF 5.23  9.14  6.80  22.11  59.20  4  1.60  4.19  0.97  46.02  50.70  3.28  

MT13_06 2964  29.72  95.61  TCF 5.23  9.14  6.80  23.37  52.40  4  1.50  2.61  0.83  47.63  49.18  3.19  

MT13_07 2964  29.72  95.61  TCF 5.23  9.14  6.80  16.41  39.20  4  1.60  2.76  0.79  43.59  53.16  3.25  

MT13_08 2964  29.72  95.61  TCF 5.23  9.14  6.80  20.06  47.80  4  1.40  3.60  1.01  53.23  44.13  2.64  

MT13_09 2964  29.72  95.61  TCF 5.23  9.14  6.80  28.66  70.10  4  1.50  6.47  1.23  61.07  36.79  2.14  



SampleID 
Elevation 

(m) 

Lat 

(°) 

Long 

(°) 
Vegetation 

MAAT 

(°) 

MAF 

(°) 

Tsoil 

 (°) 

WC 

(%) 

Conductivity 

 (us cm-1) 
pH 

TOC 

(%) 

TN

（mg/kg) 

TP

（mg/kg) 

Sand 

(%) 

Silt 

 (%) 

Clay 

(%) 

MT13_10 2964  29.72  95.61  TCF 5.23  9.14  6.80  34.09  90.40  4  1.70  4.30  0.87  59.92  38.00  2.07  

MT14_01 3144  29.72  95.64  FCF 3.78  7.89  7.10  43.33  68.60  5  1.50  7.95  2.30  86.74  12.86  0.40  

MT14_02 3144  29.72  95.64  FCF 3.78  7.89  7.10  29.00  65.50  5  1.70  6.59  1.96  33.76  62.82  3.41  

MT14_03 3144  29.72  95.64  FCF 3.78  7.89  7.10  20.50  58.60  5  1.50  4.81  1.68  68.80  30.39  0.81  

MT14_04 3144  29.72  95.64  FCF 3.78  7.89  7.10  16.74  40.30  5  1.90  2.23  1.09  44.80  52.73  2.47  

MT14_05 3144  29.72  95.64  FCF 3.78  7.89  7.10  29.48  59.00  5  1.40  8.96  2.42  45.35  52.29  2.35  

MT14_06 3144  29.72  95.64  FCF 3.78  7.89  7.10  27.87  45.80  5  1.50  5.96  1.95  58.25  40.02  1.74  

MT14_07 3144  29.72  95.64  FCF 3.78  7.89  7.10  24.57  54.40  5  1.70  4.59  1.62  58.28  39.95  1.77  

MT14_08 3144  29.72  95.64  FCF 3.78  7.89  7.10  22.16  45.10  5  1.70  3.27  1.36  40.19  56.35  3.46  

MT14_09 3144  29.72  95.64  FCF 3.78  7.89  7.10  39.58  65.70  5  1.50  8.98  2.40  57.77  40.33  1.89  

MT14_10 3144  29.72  95.64  FCF 3.78  7.89  7.10  20.87  87.40  4  1.50  4.68  1.32  64.96  32.76  2.28  

MT15_01 3244  29.73  95.66  FCF 2.33  7.70  5.60  7.01  31.10  5  2.00  0.73  2.68  54.83  45.17  0.00  

MT15_02 3244  29.73  95.66  FCF 2.33  7.70  5.60  4.06  20.30  5  1.90  0.58  2.79  65.10  34.90  0.00  

MT15_03 3244  29.73  95.66  FCF 2.33  7.70  5.60  4.33  19.77  5  1.50  0.59  3.00  69.81  29.69  0.51  

MT15_04 3244  29.73  95.66  FCF 2.33  7.70  5.60  12.13  37.50  5  1.30  2.64  1.28  44.64  52.85  2.52  

MT15_05 3244  29.73  95.66  FCF 2.33  7.70  5.60  4.87  26.10  5  1.80  1.01  2.60  57.96  42.05  0.00  

MT15_06 3244  29.73  95.66  FCF 2.33  7.70  5.60  5.01  27.40  5  2.00  0.65  2.88  66.05  33.95  0.00  

MT15_07 3244  29.73  95.66  FCF 2.33  7.70  5.60  3.63  26.00  5  1.70  0.45  2.74  69.63  30.37  0.00  

MT15_09 3244  29.73  95.66  FCF 2.33  7.70  5.60  4.81  20.90  5  2.00  0.57  2.85  71.58  28.42  0.00  

MT15_10 3244  29.73  95.66  FCF 2.33  7.70  5.60  5.65  23.00  5  1.60  0.71  2.89  67.18  32.82  0.00  

MT16_01 3419  29.74  95.68  FCF 1.24  6.70  5.00  37.82  67.40  5  1.70  6.29  2.45  36.00  60.54  3.45  

MT16_02 3419  29.74  95.68  FCF 1.24  6.70  5.00  86.77  91.70  5  1.70  10.78  2.76  28.19  66.86  4.96  

MT16_03 3419  29.74  95.68  FCF 1.24  6.70  5.00  40.76  59.80  5  1.80  8.30  2.10  58.84  39.34  1.82  

MT16_04 3419  29.74  95.68  FCF 1.24  6.70  5.00  41.88  49.70  5  1.40  6.74  1.91  40.77  55.77  3.46  

MT16_05 3419  29.74  95.68  FCF 1.24  6.70  5.00  38.93  51.60  5  1.40  7.61  2.14  44.72  52.84  2.44  

MT16_06 3419  29.74  95.68  FCF 1.24  6.70  5.00  32.47  45.40  5  2.00  4.30  1.57  51.06  46.77  2.16  

MT16_07 3419  29.74  95.68  FCF 1.24  6.70  5.00  67.05  75.60  5  1.30  10.35  2.26  50.43  47.15  2.42  

MT16_08 3419  29.74  95.68  FCF 1.24  6.70  5.00  34.81  61.30  5  1.60  5.14  1.67  59.94  37.47  2.59  

MT16_09 3419  29.74  95.68  FCF 1.24  6.70  5.00  26.61  48.30  5  1.80  4.63  1.51  61.32  38.68  0.00  

MT16_10 3419  29.74  95.68  FCF 1.24  6.70  5.00  91.10  92.20  5  1.40  12.41  2.65  26.96  69.22  3.82  



SampleID 
Elevation 

(m) 

Lat 

(°) 

Long 

(°) 
Vegetation 

MAAT 

(°) 

MAF 

(°) 

Tsoil 

 (°) 

WC 

(%) 

Conductivity 

 (us cm-1) 
pH 

TOC 

(%) 

TN

（mg/kg) 

TP

（mg/kg) 

Sand 

(%) 

Silt 

 (%) 

Clay 

(%) 

MT17_01 3629  29.74  95.69  FCF -1.13  5.45  2.90  8.80  18.58  5  1.80  2.52  3.23  53.24  46.76  0.00  

MT17_03 3629  29.74  95.69  FCF -1.13  5.45  2.90  9.23  24.70  5  1.90  2.08  3.23  57.22  42.78  0.00  

MT17_04 3629  29.74  95.69  FCF -1.13  5.45  2.90  12.55  27.50  5  1.30  3.36  3.21  55.01  44.99  0.00  

MT17_05 3629  29.74  95.69  FCF -1.13  5.45  2.90  16.26  16.66  5  1.70  4.03  3.24  56.36  43.64  0.00  

MT17_06 3629  29.74  95.69  FCF -1.13  5.45  2.90  10.48  18.86  5  1.30  2.64  3.10  54.87  45.13  0.00  

MT17_07 3629  29.74  95.69  FCF -1.13  5.45  2.90  19.85  22.00  5  1.40  3.24  2.99  49.13  49.00  1.87  

MT17_08 3629  29.74  95.69  FCF -1.13  5.45  2.90  26.89  114.20  5  1.60  9.88  3.86  51.65  47.29  1.06  

MT17_09 3629  29.74  95.69  FCF -1.13  5.45  2.90  18.98  54.00  5  1.40  8.10  3.70  53.47  46.53  0.00  

MT17_10 3629  29.74  95.69  FCF -1.13  5.45  2.90  25.79  62.80  5  1.40  8.73  3.97  39.42  59.47  1.11  

MT18_01 3760  29.74  95.71  FSM -2.38  5.14  4.00  4.53  29.40  5  2.10  1.10  1.39  78.65  20.94  0.40  

MT18_02 3760  29.74  95.71  FSM -2.38  5.14  4.00  5.21  28.80  5  1.70  1.09  2.15  74.68  24.80  0.51  

MT18_03 3760  29.74  95.71  FSM -2.38  5.14  4.00  7.69  24.70  5  1.70  1.10  1.52  62.36  36.59  1.05  

MT18_04 3760  29.74  95.71  FSM -2.38  5.14  4.00  2.97  24.90  5  1.90  0.94  1.71  76.74  22.22  1.04  

MT18_05 3760  29.74  95.71  FSM -2.38  5.14  4.00  6.22  29.50  5  2.20  1.48  1.59  52.23  45.69  2.09  

MT18_06 3760  29.74  95.71  FSM -2.38  5.14  4.00  7.31  26.60  5  1.30  0.92  1.70  59.10  39.34  1.55  

MT18_07 3760  29.74  95.71  FSM -2.38  5.14  4.00  5.42  27.80  5  2.00  1.15  1.70  70.69  28.21  1.10  

MT18_08 3760  29.74  95.71  FSM -2.38  5.14  4.00  6.03  25.70  5  1.60  1.33  1.66  78.93  20.60  0.47  

MT18_09 3760  29.74  95.71  FSM -2.38  5.14  4.00  5.76  22.70  5  2.10  1.01  1.53  76.81  22.67  0.51  

 

  



Dataset S2 Relative abundance of brGDGTs from this study. 

 

Sample ID IIIa IIIb IIIc IIa IIb IIc Ia Ib Ic 

MT02_01 0.99  0.09  0.04  15.19  1.91  0.13  67.67  11.76  2.22  

MT02_02 2.28  0.04  0.05  17.40  2.18  0.28  64.32  10.81  2.64  

MT02_03 1.04  0.07  0.04  12.24  1.83  0.17  71.80  10.68  2.13  

MT02_05 1.55  0.21  0.03  12.90  1.63  0.28  72.64  8.88  1.87  

MT02_06 1.20  0.19  0.05  13.44  1.12  0.15  73.30  7.93  2.61  

MT02_07 1.62  0.19  0.03  14.59  2.66  0.35  63.92  13.22  3.41  

MT02_08 1.11  0.21  0.03  16.90  1.93  0.20  66.22  10.53  2.88  

MT02_09 1.72  0.50  0.04  15.96  2.03  0.43  64.14  11.98  3.20  

MT02_10 1.13  0.13  0.00  14.08  1.37  0.42  70.54  10.28  2.04  

MT04_01 0.69  0.09  0.01  13.99  0.38  0.13  80.61  3.18  0.91  

MT04_02 0.72  0.16  0.02  14.13  0.75  0.04  79.27  3.91  1.00  

MT04_03 0.82  0.18  0.02  13.51  0.64  0.04  80.87  3.05  0.88  

MT04_04 0.76  0.09  0.02  13.13  0.42  0.10  81.63  2.95  0.92  

MT04_05 0.76  0.35  0.07  12.06  0.78  0.11  80.89  3.83  1.15  

MT04_06 1.42  0.09  0.04  16.36  1.57  0.12  72.97  5.88  1.55  

MT04_07 1.41  0.12  0.05  19.24  1.76  0.24  67.26  7.92  2.00  

MT04_08 0.82  0.04  0.03  15.26  1.06  0.15  75.38  5.51  1.76  

MT04_09 0.85  0.04  0.02  15.14  0.52  0.12  78.07  4.12  1.12  

MT04_10 0.95  0.08  0.06  17.35  0.85  0.16  75.46  4.08  1.02  

MT05_01 9.00  0.71  0.16  39.99  5.28  0.83  34.44  7.64  1.95  

MT05_02 12.55  1.67  0.38  37.06  10.19  1.90  24.15  9.21  2.87  

MT05_03 10.63  0.62  0.11  40.11  7.44  1.28  27.25  9.58  2.98  

MT05_04 9.38  0.66  0.21  39.64  6.41  1.14  29.17  7.04  6.36  

MT05_05 6.98  0.80  0.46  38.31  5.91  1.10  36.39  8.37  1.68  

MT05_06 9.67  0.71  0.09  44.52  4.36  0.42  32.76  4.61  2.85  

MT05_07 10.22  0.75  0.01  37.23  6.27  0.74  33.89  8.52  2.36  

MT05_08 6.66  0.51  0.14  40.06  6.18  0.94  33.63  8.51  3.36  

MT05_09 9.20  0.71  0.28  38.28  7.53  0.69  34.19  7.32  1.79  

MT05_10 7.63  0.59  0.05  39.72  4.58  0.66  38.02  7.14  1.61  

MT06_01 12.11  1.55  0.49  39.64  11.45  1.09  23.39  8.44  1.84  

MT06_02 4.39  0.26  0.12  28.03  3.58  0.50  52.29  9.10  1.72  

MT06_03 6.69  0.61  0.25  31.51  5.74  0.88  41.21  10.53  2.57  

MT06_05 5.91  0.96  0.63  25.73  11.24  1.90  40.30  10.34  2.99  

MT06_06 8.02  0.86  0.32  32.95  10.41  1.40  32.70  10.79  2.55  

MT06_07 13.08  1.39  0.22  52.45  6.69  0.89  18.26  5.86  1.17  

MT06_08 10.04  1.48  0.54  33.33  11.15  1.53  28.99  10.33  2.61  

MT06_09 8.27  1.16  0.24  36.33  7.96  1.20  31.56  10.85  2.43  

MT06_10 8.24  1.02  0.23  35.15  7.47  1.11  34.28  9.03  3.45  

MT07_01 7.62  1.48  0.29  34.97  9.92  1.03  32.45  9.16  3.08  

MT07_02 8.75  1.55  0.52  32.12  11.44  1.38  30.33  11.15  2.76  

MT07_03 8.64  1.42  0.23  35.97  9.14  1.73  26.78  12.29  3.81  

MT07_04 8.29  1.40  0.04  31.19  9.26  1.32  33.69  10.97  3.84  

MT07_05 14.65  1.10  0.66  23.41  15.19  0.66  37.71  5.38  1.23  

MT07_06 3.27  0.18  0.04  27.70  1.82  0.34  57.51  8.30  0.85  

MT07_07 7.17  1.07  0.20  39.69  7.42  1.09  26.97  13.72  2.67  

MT07_08 7.87  0.76  0.36  34.86  9.17  1.13  34.08  8.88  2.89  



Sample ID IIIa IIIb IIIc IIa IIb IIc Ia Ib Ic 

MT07_09 6.34  1.25  0.20  36.96  8.23  0.95  33.91  9.52  2.62  

MT07_10 8.93  1.23  0.17  37.81  9.09  1.58  26.82  10.05  4.31  

MT08_01 3.36  0.18  0.07  28.89  0.24  0.38  62.95  3.23  0.69  

MT08_02 3.82  0.32  0.04  29.39  1.10  0.23  59.59  4.65  0.85  

MT08_03 6.30  0.10  0.04  30.63  1.81  0.48  53.23  6.59  0.81  

MT08_04 5.39  0.11  0.19  32.86  1.36  0.35  50.91  8.02  0.82  

MT08_05 5.73  0.18  0.08  35.86  1.42  0.39  49.30  6.27  0.78  

MT08_06 4.30  0.10  0.09  27.29  1.78  0.27  58.45  6.94  0.78  

MT08_07 3.86  0.21  0.04  29.61  1.63  0.40  55.84  7.49  0.92  

MT08_08 6.29  0.72  0.37  33.89  4.84  1.08  43.48  6.25  3.08  

MT08_09 8.33  1.16  0.31  34.02  10.04  1.20  30.49  11.89  2.55  

MT08_10 4.91  0.19  0.08  32.35  1.70  0.45  53.63  5.74  0.95  

MT09_01 6.11  0.15  0.94  39.92  1.25  1.13  45.60  3.89  1.02  

MT09_02 6.12  0.27  0.09  36.50  1.37  0.76  49.27  4.34  1.28  

MT09_04 2.29  0.06  0.02  25.31  1.61  0.57  65.14  3.54  1.45  

MT09_05 2.94  0.18  0.05  30.45  1.35  0.61  60.27  2.79  1.35  

MT09_06 2.73  0.18  0.03  28.60  1.34  0.74  61.04  3.64  1.69  

MT09_07 3.59  0.15  0.01  33.04  1.64  0.83  55.58  3.54  1.62  

MT09_08 2.86  0.12  0.02  31.82  1.35  0.87  56.76  4.41  1.79  

MT09_09 2.75  0.12  0.02  29.67  1.54  0.64  60.18  3.56  1.52  

MT09_10 3.12  0.11  0.05  28.48  1.13  0.75  60.88  3.89  1.59  

MT12_01 6.41  0.13  0.17  31.50  2.22  0.63  55.67  2.45  0.82  

MT12_02 10.23  0.11  0.14  40.77  2.10  0.63  40.62  4.44  0.95  

MT12_03 9.84  0.16  0.07  43.67  1.74  0.80  37.93  4.99  0.81  

MT12_04 5.88  0.04  0.06  34.93  1.45  0.72  52.77  2.90  1.24  

MT12_05 6.36  0.08  0.09  25.62  2.34  0.46  61.59  2.59  0.86  

MT12_06 6.59  0.11  0.09  36.55  1.90  1.10  47.63  3.82  2.21  

MT12_07 6.93  0.08  0.10  38.29  1.40  0.76  46.37  4.76  1.31  

MT12_08 6.09  0.06  0.14  33.35  1.28  0.81  53.25  4.12  0.90  

MT12_09 9.29  0.17  0.07  40.09  1.69  1.22  41.99  3.97  1.51  

MT12_10 8.29  0.21  0.08  36.52  1.44  0.51  47.75  3.89  1.30  

MT13_01 21.05  1.00  0.33  40.64  4.55  1.12  26.32  3.77  1.22  

MT13_02 7.57  0.66  0.09  34.71  1.55  0.65  49.99  2.75  2.03  

MT13_03 7.93  0.56  0.12  35.55  3.18  0.90  48.12  2.22  1.43  

MT13_04 6.29  0.14  0.08  26.54  0.15  0.57  61.28  2.53  2.42  

MT13_05 5.25  0.35  0.11  32.02  2.06  0.64  54.32  3.75  1.49  

MT13_06 6.53  0.30  0.19  36.07  2.10  0.93  48.70  3.52  1.67  

MT13_07 8.24  0.17  0.04  37.75  1.55  0.67  46.99  2.22  2.38  

MT13_08 9.50  0.15  0.07  38.15  1.49  0.73  45.55  2.93  1.45  

MT13_09 5.87  0.40  0.07  30.64  2.28  0.83  55.75  2.78  1.39  

MT13_10 5.23  0.12  0.03  34.66  1.56  1.69  51.56  3.58  1.57  

MT14_01 9.97  0.04  0.05  42.30  1.37  0.48  41.62  3.27  0.90  

MT14_02 11.86  0.15  0.06  39.91  1.52  0.60  42.71  2.61  0.58  

MT14_03 21.43  0.15  0.01  45.87  2.16  0.49  27.45  2.04  0.39  

MT14_04 18.81  2.12  0.21  45.17  7.82  0.85  20.57  3.88  0.58  

MT14_05 15.87  0.08  0.03  44.47  1.22  0.96  34.34  2.52  0.52  

MT14_06 14.04  0.47  0.09  42.62  2.18  0.79  35.84  3.25  0.70  

MT14_07 15.81  0.23  0.25  31.34  1.89  0.78  46.87  2.17  0.67  



Sample ID IIIa IIIb IIIc IIa IIb IIc Ia Ib Ic 

MT14_08 11.10  0.19  0.01  42.49  1.71  0.55  39.21  3.99  0.74  

MT14_09 18.72  0.49  0.07  42.14  1.12  0.07  35.54  1.47  0.39  

MT14_10 5.57  0.17  0.04  34.63  1.89  0.71  54.20  1.89  0.91  

MT15_01 17.90  0.28  0.12  49.25  2.97  0.60  26.82  1.73  0.33  

MT15_02 21.75  0.25  0.25  44.59  2.23  0.55  25.66  3.76  0.98  

MT15_03 22.14  0.22  0.13  40.05  2.01  0.71  31.29  3.17  0.27  

MT15_04 23.62  0.24  0.26  43.59  2.38  3.49  24.74  1.52  0.15  

MT15_05 22.13  0.08  0.02  45.11  1.74  0.58  28.03  1.90  0.42  

MT15_06 20.16  0.35  0.09  47.60  0.11  0.07  31.49  0.05  0.07  

MT15_07 24.36  0.25  0.28  45.46  1.83  0.42  26.57  0.51  0.31  

MT15_09 23.45  0.38  0.02  42.91  2.19  2.67  26.65  1.47  0.26  

MT15_10 21.20  0.28  0.05  49.60  2.38  0.52  24.48  1.20  0.29  

MT16_01 21.06  0.19  0.27  38.97  1.52  0.97  34.58  2.05  0.39  

MT16_02 17.04  0.15  0.14  34.95  1.66  1.16  42.21  2.28  0.43  

MT16_03 8.81  0.40  0.04  40.18  1.27  0.69  45.64  2.38  0.59  

MT16_04 22.08  0.21  0.03  42.44  1.00  0.70  31.89  1.28  0.37  

MT16_05 20.86  0.32  0.14  37.28  1.33  1.15  35.37  2.88  0.67  

MT16_06 26.76  0.24  0.22  38.47  1.50  0.86  29.84  1.70  0.40  

MT16_07 26.43  0.40  0.11  42.06  1.09  0.63  28.05  0.98  0.25  

MT16_08 14.84  0.17  0.04  43.49  1.56  1.09  37.96  0.17  0.69  

MT16_09 16.97  0.23  0.12  43.10  1.28  0.82  34.48  2.57  0.45  

MT16_10 25.26  0.42  0.13  39.18  1.29  0.71  31.80  0.99  0.21  

MT17_01 10.29  0.17  0.12  35.09  1.51  0.48  47.23  4.49  0.62  

MT17_03 8.56  0.58  0.21  36.92  1.79  0.43  46.76  4.21  0.54  

MT17_04 16.31  0.41  0.26  42.01  2.01  0.47  33.80  4.28  0.45  

MT17_05 8.61  0.32  0.09  36.72  2.09  0.06  46.74  4.42  0.94  

MT17_06 7.95  0.39  0.06  34.90  2.48  0.44  47.61  5.62  0.56  

MT17_07 11.79  0.89  0.88  35.97  2.65  1.06  40.86  5.05  0.85  

MT17_08 24.78  0.30  0.03  46.81  2.18  0.46  21.77  3.24  0.43  

MT17_09 19.04  0.42  0.07  46.28  2.92  0.61  26.98  3.28  0.39  

MT17_10 26.15  0.33  0.05  43.71  1.88  0.56  23.97  2.84  0.51  

MT18_01 21.25  0.07  0.10  47.76  1.03  0.38  27.60  1.37  0.44  

MT18_02 22.63  0.35  0.07  43.89  1.86  0.52  27.03  3.08  0.56  

MT18_03 18.85  0.39  0.09  45.05  2.19  0.39  30.55  1.87  0.61  

MT18_04 25.73  0.07  0.03  45.64  1.29  0.29  24.63  1.87  0.46  

MT18_05 21.92  0.27  0.03  45.90  1.76  0.33  27.83  1.70  0.27  

MT18_06 17.22  0.21  0.05  44.70  2.01  0.50  32.02  2.75  0.55  

MT18_07 23.33  0.16  0.06  45.44  1.56  0.46  26.68  1.85  0.46  

MT18_08 18.56  0.38  0.10  43.65  2.27  0.56  31.08  2.59  0.80  

MT18_09 18.11  0.22  0.01  47.26  1.55  0.53  29.87  2.12  0.34  
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