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A B S T R A C T   

Branched glycerol dialkyl glycerol tetraethers (brGDGTs) have shown great promise in lacustrine temperature 
reconstructions across different continents. While brGDGTs have been reported from many different regions and 
global brGDGT-temperature calibrations have been developed with various methods, southern North America 
remains an understudied area with little available data. In this study, we analyzed 101 lake surface sediment 
samples across Mexico and Central America and compared their distributions with those in other lacustrine 
systems. Nine major brGDGTs were found in all samples. We investigated the relationships between the distri
bution of the fractional abundances of the nine major brGDGTs and temperature and developed regional cali
brations for Mean Annual Temperature using three different approaches, including a novel machine learning 
method – Ridge Regression. All the regional calibrations provide similar results with very close error ranges 
(RMSE = 3.1 ◦C). The majority of global brGDGT-temperature calibrations tend to reconstruct lower tempera
tures when it is below 15 ◦C. Interestingly, regional brGDGT calibrations appear to reduce the “cold bias”, but the 
various global and regional calibrations tested here are not significantly different in their predictive capability.   

1. Introduction 

The tropics play a significant role in the global climate system and 
understanding mechanistic linkages between the low and mid-high 
latitudes is crucial for evaluating the cause(s) of abrupt climate 
change. In the tropics, temperature is among the most important climate 
parameters to be reconstructed quantitatively and robustly. Firstly, 
temperature is closely linked to atmosphere–ocean circulation and thus 
has a major influence on continental precipitation. Moreover, temper
ature variation in low latitudes is generally smaller than in high-latitude 
regions. Reconstructing paleoclimate change is an extensively applied 
method to study climate mechanisms. However, this work is particularly 
challenging in the Southern North American (sub)tropics due in part to a 

lack of rigorous paleotemperature proxies and long natural archives. 
Therefore, developing a robust calibration for emerging paleotemper
ature proxies will significantly contribute to our understanding of the 
amplitudes of paleoclimate change in this area. 

In recent decades, a suite of membrane lipids produced by yet un
known heterotrophic bacteria, branched glycerol dialkyl glycerol tet
raethers (brGDGTs), has received increasing interest as a biomarker for 
temperature reconstruction (Martínez-Sosa et al., 2021; De Jonge et al., 
2014a; Weijers et al., 2007). BrGDGTs generally contain straight alkyl 
chains with various numbers of methyl groups (ranging from 4 to 6) and 
cyclopentane moieties (ranging from 0 to 2), with methyl groups posi
tioned on the 5th (5-methyl) or 6th (6-methyl) carbon of the alkyl chains 
(Fig. S1, Weijers et al., 2006; De Jonge et al., 2014). The microbial 
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producers of brGDGTs are not fully identified, though there is evidence 
for Acidobacteria as source organisms (Sinninghe Damsté et al., 2011; 
Chen et al., 2022; Halamka et al., 2023). These microbes adjust the 
composition and structure of the lipids through internal cyclization and 
varying degrees of methylation to modify membrane permeability and 
rigidity, therefore helping them adapt to ambient environmental con
ditions (Naafs et al., 2021; Schouten et al., 2013). Indeed, a relationship 
between temperature and the degree of methylation has been confirmed 
in recent culture studies (Chen et al., 2022; Halamka et al., 2023). 

BrGDGTs were first found in peatland and soils, and in the subse
quent decade, they have been discovered in a variety of aquatic envi
ronments, including marine, lacustrine, and riverine (Naafs et al., 2017; 
Sinninghe Damsté, 2016; Weber et al., 2015; De Jonge et al., 2014a; De 
Jonge et al., 2014b; Schouten et al., 2013; Blaga et al., 2010; Liu et al., 
2010; Peterse et al., 2009; Tierney and Russell, 2009; Weijers et al., 
2007; Weijers et al., 2006; Sinninghe Damsté et al., 2000). A series of 
empirical studies focused on soil environments revealed that the dis
tribution of brGDGTs has a systematic relationship to one or more 
environmental factors, such as mean annual air temperature (MAAT) 
and/or pH. Specifically, two indices were proposed to describe the dis
tribution of brGDGTs: 1) the degree of methylation of brGDGTs (denoted 
by the MBT index and various redefined versions) and 2) the degree of 
cyclization of brGDGTs (denoted by the CBT index and various redefined 
versions). They were shown to change in response to ambient temper
ature and pH in soils (Dearing Crampton-Flood et al., 2020; Naafs et al., 
2017; Dang et al., 2016; Xiao et al., 2015; Weijers et al., 2007). Similar 
correlations between brGDGTs and these environmental factors were 
also observed when brGDGTs were discovered in the lacustrine envi
ronment (Blaga et al., 2010; Tierney et al., 2010). 

As more and more empirical studies have been done, three major 
turning points have appeared. First, the distribution of brGDGTs is 
seemingly different between lacustrine and soil/peat environments, 
implying different source organisms (Martínez-Sosa et al., 2021; Russell 
et al., 2018; Naafs et al., 2017; Tierney et al., 2010). It is shown that in 
lacustrine environments, temperature is the dominant control on the 
distributions of brGDGTs and pH has a weak correlation with brGDGTs 
(Martínez-Sosa et al., 2021; Raberg et al., 2021; Russell et al., 2018; 
Loomis et al., 2014a). 

Second, with the separation of 5- and 6-methyl brGDGT isomers (De 
Jonge et al., 2014a), it is demonstrated that the 5-methyl brGDGTs are 
the main groups responding to temperature change, and 6-methyl 
brGDGTs are likely to introduce scatter in the calibrations for temper
ature reconstruction (Martínez-Sosa et al., 2021; Raberg et al., 2021; 
Zhao et al., 2021; Russell et al., 2018; Yang et al., 2015; De Jonge et al., 
2014a). Therefore, by excluding 6-methyl brGDGTs, several studies 
focused on the lacustrine environment have successfully applied 5- 
methyl brGDGT-based proxies using lake sediment samples to recon
struct temperature with less scatter, achieving RMSE < 2.5 ◦C (Zhao 
et al., 2021; Russell et al., 2018). 

Finally, statistical analyses have had an increasing influence on 
calibration developments, introducing more rigorous models for most 
lacustrine temperature reconstructions at various scales (Martínez-Sosa 
et al., 2021; Raberg et al., 2021; Loomis et al., 2012). For example, 
rather than using brGDGT indices to develop temperature calibration, 
another approach that shows promising results in temperature re
constructions with lower statistical errors (RMSE as low as 2.14 ◦C) 
applies statistical associations of the fractional abundance of brGDGTs 
(Russell et al., 2018; Sun et al., 2016; Loomis et al., 2012). In the past 
decade, brGDGTs have been applied to develop multiple regional 
lacustrine calibrations using distinct statistical models and applied in 
paleoclimate downcore reconstructions (Zhao et al., 2021; Ning et al., 
2019; Russell et al., 2018; Wang et al., 2016; Peterse et al., 2014; 
Fawcett et al., 2011; Sun et al., 2011; Tierney et al., 2010). 

These regional calibrations are limited in universal applications (e. 
g., they rarely predict temperature well in other regions), though they 
appear robust in their regional application. More research and data have 

been published over the past decade, eventually allowing the develop
ment of global lacustrine calibrations (Martínez-Sosa et al., 2021; 
Raberg et al., 2021). However, these global calibrations also often fail to 
predict reasonable temperatures downcore (Miller et al., 2018; Lindberg 
et al., 2022; Parish et al., 2023). 

Water temperature in lakes is driven by a complex heat budget. It is 
often difficult to isolate a single flux because of the availability of most 
of the hydro-meteorological variables. Therefore, air temperature is 
utilized for calibrations, and it is assumed these two temperatures (air 
temperature and lake surface water temperature) are approximately 
linearly related or can be converted (Piccolroaz et al., 2013; Crisp and 
Howson, 1982). In some calibration development studies, warm-season 
temperature or summer temperature was shown to outperform MAAT, 
especially in the global calibrations, with a mean temperature of months 
above freezing (MAF) yielding the highest performance by reducing the 
statistical errors (Zhao et al., 2021; Cao et al., 2020). There is not yet a 
well-acknowledged fundamental explanation for why this is so, though 
it is currently thought that brGDGT production is likely to be suppressed 
during freezing seasons, thereby producing a seasonal bias (Cao et al., 
2020; Pearson et al., 2011). 

The Neotropics in southern North America are undergoing signifi
cant climate change, and so far, there is no long climate record in this 
region. Fortunately, in recent decades, two long lacustrine sequences 
were successfully recovered from Lake Petén Itzá, Guatemala and Lake 
Chalco, Mexico (Valero-Garcés et al., 2021; Brown et al., 2019; Kutterolf 
et al., 2016; Hodell et al., 2006), which will begin to fill in the blanks. 
Quantitative temperature reconstructions from these systems will pro
vide important data for regional paleoclimate studies. Nevertheless, it 
should be noted that the existing brGDGT global calibrations for lacus
trine environment have only included 3 samples from Mexico and 
Central America. In this study, we aim to 1) provide 101 lake sediment 
samples from Mexico and Central America to fill the void of regional 
brGDGT samples in the calibrations; 2) discover the most robust cali
brations for future regional paleotemperature reconstructions utilizing 
lacustrine sediment in this region; and 3) introduce a machine learning 
method utilized in model development. 

2. Samples and methods 

2.1. Study area and sampling 

Surface sediment samples (n = 101) were collected from 83 lakes and 
4 cenotes (Perry et al., 1995) across Mexico and Central America, 
covering an area from 88◦53′21′’W to 104◦44′12′’W and 13◦16′59′’N to 
21◦22′10′’N (Fig. 1). The lacustrine varieties include crater lakes, sink
holes, and reservoirs spanning a range of elevations from 0 to 2852 m a. 
s.l.. Samples were collected over multiple field trips. Most samples were 
collected using an Ekman dredge during the wet season (from June to 
mid-Oct). After retrieving from the lakes, samples were stored in glass 
jars and transported back to the lab, where they were stored frozen until 
analysis. 

We divide the study area into two subregions: 1) the Mexican Plateau 
(denoted as MP) and 2) the Yucatán Peninsula and Central America 
(denoted as YCA; Fig. 1, Fig. S2, and S3). In the MP, the climate is 
characterized as warm and arid (Fig. S2), while in the YCA, it is warm 
and subhumid (Fig. S3). In both regions, the sample sites have near- 
freezing conditions for at most a few days a year, so all 12 months can 
be considered “Months Above Freezing”. Thus, in our region MAF and 
MAAT can be used interchangeably. 

On the MP, temperature exhibits a mild seasonal pattern with a 
MAAT of 18.5 ◦C. The plateau reaches its highest temperature in May. It 
is generally dry year-round and receives most of its precipitation in 
summer, starting from June and lasting until mid-October (Fig. S2). Six 
of the 26 samples from the MP were collected from sites with elevations 
<1000 m and MAAT (MAF) over 25 ◦C; for most sample sites, altitudes 
ranged from 1000 to 2644 m a.s.l. with relatively lower MAAT (MAF) 
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(Fig. S2, Table 1). 
MAAT (MAF) in the YCA area is warmer than the MP by ~ 5 ◦C, 

ranging from 17.1 ◦C to 27.7 ◦C with an average of 23.8 ◦C. Like the MP, 
May is the warmest month. It has a seasonal precipitation pattern, with 
the wet season lasting from May to October (Fig. S3, Table 1). Compared 
to the MP, the YCA has ~500 mm more annual average precipitation. 
Seventy-five samples were collected in the YCA. The topography in this 
study area changes from very flat in the Yucatán Peninsula in the 
northeast to mountainous in the Cordillera mountains in the southwest. 
Most of the samples were collected from low elevation areas, though a 
few were collected from lakes at 1000 to 2644 m a.s.l. in the Cordillera 
mountains with relatively lower MAAT (MAF) (Fig. S3). 

2.2. Sample preparation and analysis 

Samples were freeze-dried and homogenized using a mortar and 
pestle and rinsed with deionized water. Total Lipid Extracts (TLE) of 
sediment samples were obtained using an Accelerated Solvent Extractor 
(Dionex ASE 350) with 9:1 (v:v) methanol (MeOH):dichloromethane 
(DCM) at 100 ◦C and 7.6 × 106 Pa pressure. Activated copper beads were 
used to remove inorganic sulfur from each sample. A fraction of each 
TLE was transferred to a silica gel column and eluted using 9:1 (v:v) 
hexane(HEX):DCM, ethyl acetate, and MeOH to collect the apolar frac
tion, target polar fraction (which contains brGDGTs), and remaining 
polar fraction, respectively. The target polar fractions were re-dissolved 
using 99:1 (v:v) HEX:isopropanol (IPA) and filtered through 0.45 μm 
PTFE filters prior to instrumental analysis using atmospheric pressure 
chemical ionization/high-performance liquid chromatography-mass 
spectrometry (APCI/HPLC–MS). All polar fractions were analyzed at 
the University of Pittsburgh following the chromatographic and equip
ment configuration described by Hopmans et al. (2016). Analyses were 
performed using full scan mode. Peak areas were selected to target 
brGDGTs with m/z 1050, 1048, 1046, 1036, 1034, 1032, 1022, 1020, 
1018, and integrated manually. 

2.3. Environmental data collection 

Various environmental parameters have been proven to exert con
trols on both the abundance and distribution of brGDGTs. Yet in most 
lacustrine-focused studies, temperature remains the primary control 
(Martínez-Sosa et al., 2021; Zhao et al., 2021; Russell et al., 2018). We 
acknowledge that water conductivity, redox, salinity and pH are 
important environmental factors in lacustrine brGDGT studies and know 
these data will enhance our understanding of the potential bias in using 
brGDGTs to reconstruct temperatures in lakes (Martínez-Sosa et al., 
2021; Wang et al., 2021; Weber et al., 2018; Foster et al., 2016). Un
fortunately, there were not enough water chemistry data for all the lakes 
in the study area, so temperatures will be the primary environmental 
data on which we focus. For samples collected in Mexico, temperature 
data were collected from the climatological statistical information 
published on the Government of Mexico website (https://smn.conagua. 
gob.mx/es/climatologia/informacion-climatologica/informacio 
n-estadistica-climatologica). We used monthly average temperature 
data from the nearest station (all were within 5 km) to calculate mean 
annual air temperature (MAAT, which is considered equivalent to MAF 
for our samples). Depending on the stations’ operation status, monthly 
temperatures varied over multiple years based on the availability of the 
data (10–40 years). Due to a lack of weather station data or in situ 
measured temperature, data for Guatemala were collected from the In
ternational Research Institute for Climate and Society data library (htt 
ps://iridl.ldeo.columbia.edu/). Monthly average temperatures from 
1981 to 2010 were used to calculate MAAT (again, equivalent to MAF). 
In El Salvador, Belize, and Honduras, 10 m air temperatures were ob
tained from the Global Land Data Assimilation System (GLDAS) due to a 
lack of weather station data and were averaged over thirty years from 
1980 to 2010. 

Fig. 1. Map of sampling sites. Blue dots are lakes where sediment samples were collected. Red dashed rectangles numbered 1 and 2 indicate the two subregions 
termed the Mexican Plateau (MP) and the Yucatán Peninsula and Central America (YCA), respectively. The inset shows the region of the study area in orange 
rectangle box in relation to the North American Continent. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Table 1 
Environmental information and fractional abundance of brGDGTs. MAAT, MAP and PET are Mean Annual Air Temperature, Mean Annual Precipitation and Potential 
Evapotranspiration, respectively.   

Longitude Latitude Alt(m) MAAT (◦C) MAP (mm) PET (mm) Ia Ib Ic IIa IIa’ IIb IIb’ IIIa IIIa’ 

Apastepeque  −88.74  13.69 511  23.8 1841 NA  0.46  0.15  0.02  0.12  0.15  0.02  0.04  0.01  0.02 
Metapan  −89.47  14.31 450  23.8 1841 NA  0.45  0.13  0.01  0.09  0.19  0.02  0.08  0.01  0.03 
Ocotalito  −91.60  16.94 930  22.0 1940 1343  0.40  0.17  0.03  0.13  0.15  0.04  0.04  0.02  0.02 
Ocotalito  −91.60  16.94 930  22.0 1940 1343  0.51  0.19  0.03  0.09  0.10  0.03  0.04  0.01  0.01 
Caldera  −90.59  14.41 1790  25.8 1880 NA  0.34  0.10  0.04  0.20  0.15  0.05  0.03  0.05  0.04 
Cenote colac  −88.87  20.91 11  26.8 973 1710  0.31  0.21  0.06  0.09  0.14  0.03  0.12  0.01  0.03 
Negritos super  −87.94  13.28 102  23.8 1841 NA  0.68  0.11  0.01  0.09  0.07  0.01  0.01  0.00  0.01 
La Nopala  −99.66  20.25 2360  14.3 663 1615  0.18  0.02  0.00  0.19  0.33  0.02  0.02  0.06  0.18 
Yalahau  −89.22  20.66 2  26.5 887 1673  0.37  0.13  0.01  0.09  0.26  0.02  0.08  0.01  0.04 
Belize  −88.49  17.30 1  25.1 2041 NA  0.57  0.11  0.01  0.10  0.14  0.02  0.03  0.01  0.02 
El Pino  −90.39  14.34 1038  23.1 1604 NA  0.52  0.14  0.02  0.14  0.10  0.03  0.03  0.00  0.01 
Espino  −89.87  13.95 689  23.8 1841 NA  0.53  0.14  0.02  0.13  0.10  0.03  0.03  0.02  0.01 
Jucutuma  −87.90  15.51 27  23.5 1949 NA  0.53  0.12  0.02  0.12  0.14  0.01  0.04  0.00  0.01 
Ocom  −88.05  19.47 1  26.5 681 1480  0.55  0.17  0.05  0.07  0.10  0.02  0.01  0.01  0.02 
Laguna San José  −89.01  18.37 118  24.0 1456 1451  0.48  0.16  0.03  0.13  0.12  0.04  0.04  0.01  0.00 
La Avispa  −95.53  15.99 15  27.8 1095 1985  0.41  0.15  0.01  0.10  0.21  0.03  0.05  0.01  0.03 
Cuetzalan  −97.53  20.01 1045  20.2 4171 1001  0.48  0.06  0.01  0.20  0.13  0.02  0.01  0.04  0.03 
Laguna Grande  −97.27  18.61 2514  13.4 762 1286  0.17  0.04  0.01  0.18  0.21  0.04  0.05  0.12  0.17 
Laguna Kaná  −88.40  19.50 5  23.1 1407 1524  0.36  0.21  0.04  0.11  0.15  0.03  0.06  0.01  0.02 
Lequi  −91.46  16.08 1500  17.5 2487 1052  0.30  0.07  0.01  0.09  0.19  0.02  0.04  0.09  0.19 
Yojoa  −88.00  14.93 637  23.5 1949 NA  0.70  0.06  0.02  0.10  0.08  0.01  0.01  0.01  0.01 
Aramuaca  −88.10  13.43 96  23.8 1841 NA  0.72  0.08  0.01  0.08  0.08  0.01  0.01  0.01  0.01 
Magdalena  −91.40  15.54 2864  18.4 1721 NA  0.25  0.07  0.02  0.25  0.10  0.05  0.04  0.14  0.08 
Rosari  −90.16  16.53 126  26.4 2092 NA  0.36  0.28  0.05  0.09  0.11  0.04  0.05  0.01  0.01 
Laguna Yaxha  −89.39  17.06 164  25.5 1667 NA  0.40  0.14  0.02  0.13  0.16  0.05  0.05  0.02  0.03 
Lago Yaxha  −91.58  16.97 963  22.0 1940 1343  0.39  0.21  0.04  0.10  0.12  0.06  0.05  0.01  0.02 
Laguna Lourdes  −100.03  20.49 1891  17.7 401 2193  0.42  0.02  0.00  0.33  0.15  0.01  0.00  0.04  0.03 
San Jose Aguilar  −89.01  18.37 120  24.0 1456 1451  0.41  0.17  0.02  0.16  0.14  0.03  0.03  0.01  0.02 
Salpeten  −89.68  16.98 105  25.4 2012 NA  0.31  0.27  0.08  0.07  0.13  0.05  0.05  0.01  0.03 
Paiasquito  −91.75  16.13 1462  17.5 2487 1052  0.35  0.12  0.02  0.12  0.19  0.05  0.07  0.03  0.06 
Cenote Sabak Ha  −89.59  20.58 18  25.4 1100 1817  0.27  0.22  0.18  0.06  0.06  0.06  0.12  0.02  0.01 
Santa Elena  −99.60  19.91 2585  14.6 917 1623  0.23  0.06  0.01  0.25  0.19  0.07  0.02  0.10  0.06 
Yosocuta  −97.82  17.74 1511  20.7 741 2280  0.30  0.08  0.01  0.15  0.24  0.04  0.07  0.04  0.07 
Supitlan  −98.39  20.15 2135  15.2 546 1481  0.27  0.07  0.01  0.24  0.20  0.05  0.03  0.06  0.07 
Laguna verde  −89.79  13.89 1609  23.8 1841 NA  0.66  0.02  0.00  0.22  0.06  0.01  0.00  0.04  0.00 
La Huaracha  −99.69  19.96 2644  15.6 761 1712  0.27  0.04  0.01  0.29  0.17  0.05  0.01  0.09  0.06 
Olomega  −88.06  13.29 96  23.8 1841 NA  0.60  0.12  0.01  0.12  0.10  0.01  0.02  0.01  0.01 
Las Pozas  −90.17  16.35 146  26.3 2231 NA  0.34  0.22  0.02  0.14  0.14  0.07  0.04  0.00  0.02 
Comandador  −90.25  13.96 20  27.7 1552 NA  0.51  0.17  0.02  0.10  0.10  0.02  0.05  0.01  0.02 
Ipala  −89.64  14.56 1495  23.2 1300 NA  0.41  0.08  0.01  0.21  0.14  0.04  0.04  0.04  0.04 
Magdalena  −91.39  15.54 2852  18.4 1721 NA  0.30  0.04  0.01  0.26  0.11  0.03  0.02  0.13  0.10 
Presa Benito Juarez  −95.44  16.46 139  27.5 671 2600  0.33  0.15  0.01  0.08  0.22  0.02  0.12  0.01  0.04 
Petexbatún super  −90.19  16.42 120  26.3 2231 NA  0.47  0.19  0.03  0.11  0.11  0.04  0.04  0.00  0.00 
Las pozas  −90.17  16.34 152  26.3 2231 NA  0.50  0.18  0.02  0.08  0.11  0.04  0.04  0.00  0.01 
Amarillo  −91.60  16.98 850  22.0 1940 1343  0.41  0.17  0.02  0.12  0.13  0.05  0.05  0.02  0.02 
Esmeralda  −91.73  16.12 1473  17.5 2487 1052  0.28  0.14  0.03  0.18  0.16  0.07  0.07  0.04  0.04 
Tejocotal  −98.14  20.14 2143  14.6 1677 1019  0.34  0.06  0.01  0.27  0.13  0.05  0.02  0.08  0.04 
Atitlán  −91.22  14.68 1556  22.7 2181 NA  0.25  0.11  0.02  0.15  0.22  0.06  0.06  0.05  0.08 
Emiliano Zapata  −88.47  19.20 23  26.6 1102 1296  0.55  0.14  0.01  0.13  0.09  0.02  0.03  0.00  0.01 
Miguel Hidalgo  −88.37  18.79 31  23.5 1078 1676  0.44  0.21  0.03  0.10  0.13  0.03  0.03  0.01  0.01 
Teremendo  −101.45  19.81 2058  17.2 718 1467  0.21  0.05  0.00  0.05  0.28  0.05  0.28  0.01  0.07 
Yojoa Punto  −87.98  14.86 639  23.5 1949 NA  0.44  0.19  0.04  0.10  0.12  0.04  0.06  0.00  0.01 
Yala  −91.65  16.09 1460  17.5 2487 1052  0.30  0.12  0.02  0.16  0.16  0.07  0.08  0.04  0.05 
Chicabal  −91.66  14.79 2726  17.5 1732 NA  0.31  0.14  0.04  0.29  0.07  0.02  0.01  0.10  0.02 
Laguna la Perdida  −90.58  18.03 49  26.5 1488 1616  0.55  0.17  0.03  0.09  0.09  0.03  0.03  0.01  0.01 
Sabanita  −88.57  18.40 38  25.7 1068 1606  0.67  0.08  0.00  0.12  0.09  0.02  0.01  0.01  0.00 
Chan Laguna  −90.21  18.48 67  26.4 1254 1580  0.47  0.19  0.02  0.11  0.12  0.03  0.04  0.00  0.01 
Chanmico  −89.35  13.78 477  23.8 1841 NA  0.47  0.16  0.01  0.08  0.17  0.04  0.06  0.00  0.01 
Crooked Tree Lagoon  −88.53  17.78 2  25.1 2041 NA  0.54  0.16  0.02  0.10  0.11  0.02  0.03  0.00  0.01 
Miguel Aleman  −96.42  18.24 78  25.7 2557 1388  0.39  0.12  0.01  0.10  0.19  0.03  0.08  0.02  0.04 
Ticamaya  −87.89  15.55 17  23.5 1949 NA  0.44  0.17  0.03  0.12  0.15  0.03  0.05  0.01  0.01 
El Estudiante  −96.66  17.09 1640  21.3 765 1945  0.39  0.20  0.02  0.11  0.17  0.02  0.06  0.01  0.02 
Jocotal  −88.25  13.34 26  23.8 1841 NA  0.55  0.14  0.01  0.11  0.14  0.02  0.03  0.01  0.00 
Tenango  −97.99  20.20 1306  17.1 2033 1050  0.44  0.06  0.00  0.31  0.06  0.02  0.02  0.05  0.02 
Xi-bana  −91.67  17.12 630  22.0 1940 1343  0.34  0.16  0.03  0.13  0.17  0.04  0.07  0.03  0.04 
Yegüey  −97.72  16.12 24  27.0 1104 1965  0.43  0.15  0.02  0.15  0.14  0.03  0.04  0.02  0.02 
Balam  −91.78  16.13 1457  17.1 1227 1297  0.55  0.08  0.01  0.12  0.14  0.02  0.04  0.02  0.04 
Belize  −88.97  17.24 78  25.1 2041 NA  0.69  0.07  0.00  0.06  0.14  0.01  0.02  0.00  0.00 
Finca de Escamilla  −90.53  14.45 1200  25.8 1880 NA  0.37  0.06  0.01  0.08  0.35  0.03  0.03  0.01  0.06 
Naha  −91.60  16.98 830  22.0 1940 1343  0.37  0.13  0.02  0.14  0.16  0.07  0.05  0.03  0.03 
San Juanico  −99.79  19.93 2630  13.4 739 1644  0.21  0.05  0.01  0.22  0.25  0.05  0.03  0.09  0.10 
Cenote Yumku  −89.61  20.58 16  25.4 1100 1817  0.27  0.09  0.01  0.05  0.05  0.19  0.22  0.04  0.08 
Apastepeque  −88.74  13.69 509  23.8 1841 NA  0.50  0.17  0.02  0.11  0.12  0.03  0.03  0.01  0.00 

(continued on next page) 
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2.4. BrGDGT-based proxy calculations 

BrGDGTs can be categorized into three different compound groups 
based on structural characteristics: tetramethylated (Ia, Ib, and Ic), 
pentamethylated (IIa, IIb, and IIc, and hexamethylated (IIIa, IIIb, and 
IIIc), which can be separated based on the number of methyl branches 
on the alkyl chains (Fig. S1). Similarly, comparing the cyclization of 
brGDGTs, they can be categorized into three different groups, com
pounds with 0 (Ia, IIa, and IIIa), 1 (Ib, IIb, and IIIb), and 2 (Ic, IIc, and 
IIIc) cyclopentane moieties. 

Two modified proxies are used herein: 1) MBT’5ME, defined as the 
degree of methylation of 5-methyl brGDGTs: 

MBT′5ME =
Ia + Ib + Ic

Ia + Ib + Ic + IIa + IIb + IIc + IIIa  

which shows the relative abundance of tetramethylated groups in all 
compounds (De Jonge et al., 2014a) and 2) the isomer ratio (IR): 

IR =
IIa′ + IIb′ + IIc′ + IIIa′

IIa + IIa′ + IIb + IIb′ + IIc + IIc′ + IIIa + IIIa′  

which expresses the fractional abundance of the penta- and hexame
thylated 6-methyl brGDGT isomers compared to the total of penta- and 
hexamethylated brGDGTs (De Jonge et al., 2015). 

2.5. Statistical analysis 

BrGDGTs are all shown as standardized fractional abundances for all 
calculations. Statistical analyses were performed using MATLAB Version 
9.8 (R2020a) to develop suitable calibrations for the regional datasets. 
We performed a series of statistical models for calibration developments, 
including stepwise regression, ridge regression, and ordinary least 
squares regression. In all models, p-values of 0.05 were specified as the 
threshold for model validation. In addition, correlation coefficients (r 
values) and Root Mean Squared Error (RMSE) were calculated. Principal 
component analysis (PCA) and Redundancy Analysis (RDA) were per
formed using Canoco 5 for better visualization and summary of the 
distribution of brGDGTs (expressed in fractional abundance) and the 
explanatory environmental variables. For all statistical analyses, 

compounds that were below the detection limit (mainly IIIb and IIIb’) in 
most of the samples were excluded to avoid bias. To assess significant 
differences in predicted temperatures among the previously published 
temperature calibration models and those in the current study, we 
performed a heteroscedastic one-way ANOVA for trimmed means. 

3. Results 

3.1. Distributions of brGDGTs and environmental controls 

Most of the brGDGTs were found in all sediment samples analyzed in 
the present study. The structures and fractional abundance of the 9 
major brGDGTs (Ia, Ib, Ic, IIa, IIa’, IIb, IIb’, IIIa, IIIa’) can be found in 
Supplemental Material and Table 1. In most samples, one pentamethyl 
brGDGT and its isomer (IIc and IIc’) are significantly less abundant than 
the other major brGDGTs; integrating and quantifying them would likely 
introduce bias in calculating the fractional abundance. In addition, the 
abundances of some hexamethyl brGDGTs with cyclopentane moieties, 
including IIIb, IIIb’ and IIIc and IIIc’ are frequently below the instru
mental detection limit and, even if detected, comprise <1 % of total 
abundance. Thus, these six compounds were excluded from calculating 
the total abundance of brGDGTs. 

A principal components analysis (PCA) with the remaining nine 
major brGDGTs as the response variables shows a total variation of 799. 
The first two axes explain 77 % of the variance, with the first axis 
explaining 44 % and the second axis explaining 33 % (Fig. 2a). BrGDGT 
Ia has significant positive loading while IIIa’ has a negative loading on 
axis 1, whereas most of the cyclic and 6-methyl compounds showed a 
significant negative loading on axis 2 (Fig. 2a). 

A redundancy analysis (RDA) summarizes the part of the variation in 
brGDGT distribution explained by environmental variables, including 
Mean Annual Temperature (MAT, analogous to MAAT/MAF), Mean 
Annual Precipitation (MAP), and Evapotranspiration (Fig. 2b). The 
result shows a total variation of 321, and explanatory variables account 
for 78.3 % (Fig. 2b). The first two axes cumulatively explain 68 % of the 
variation. MAT is significantly correlated with the first axis and shows a 
strong negative correlation with IIIa, while other environmental factors 
did not contribute significantly to the variation of brGDGT distribution. 

Table 1 (continued )  

Longitude Latitude Alt(m) MAAT (◦C) MAP (mm) PET (mm) Ia Ib Ic IIa IIa’ IIb IIb’ IIIa IIIa’ 

Miguel Aleman  −96.44  18.23 78  25.7 2557 1388  0.36  0.12  0.02  0.14  0.17  0.04  0.08  0.03  0.04 
Cenote Oxolá  −89.24  20.68 18  26.5 887 1673  0.23  0.30  0.12  0.04  0.08  0.05  0.14  0.01  0.01 
Quexil  −89.81  16.92 120  25.4 2012 NA  0.62  0.14  0.01  0.08  0.10  0.01  0.01  0.01  0.01 
Laguna Señor  −88.08  19.88 3  26.3 1185 1546  0.58  0.11  0.02  0.15  0.06  0.04  0.01  0.01  0.01 
San Juan Bautista  −90.08  14.04 1285  22.8 1664 NA  0.73  0.01  0.00  0.19  0.05  0.00  0.00  0.01  0.01 
Santa Ana  −98.21  20.21 2200  15.0 641 1487  0.43  0.03  0.00  0.27  0.12  0.03  0.01  0.07  0.03 
Yojoa  −87.95  14.88 640  23.5 1949 NA  0.68  0.06  0.01  0.12  0.09  0.01  0.01  0.01  0.01 
Alfajayucan  −99.36  20.44 1877  17.0 451 2021  0.22  0.03  0.00  0.10  0.39  0.03  0.04  0.04  0.15 
Chacchoben  −88.18  19.04 6  25.8 1505 1561  0.65  0.13  0.01  0.09  0.08  0.01  0.02  0.01  0.01 
Centro Colorada  −103.99  20.77 1366  19.2 997 1669  0.35  0.06  0.00  0.25  0.17  0.03  0.03  0.05  0.06 
Calderas  −90.59  14.41 1800  25.8 1880 NA  0.26  0.26  0.02  0.15  0.16  0.03  0.04  0.03  0.05 
Chiligatoro  −88.18  14.38 1925  23.5 1949 NA  0.86  0.04  0.00  0.01  0.01  0.01  0.01  0.04  0.01 
Chichancanab  −88.77  19.88 1  25.5 1194 1561  0.38  0.20  0.04  0.11  0.14  0.04  0.06  0.01  0.02 
Caballo  −98.11  18.89 2158  16.4 754 1873  0.20  0.03  0.00  0.20  0.32  0.02  0.02  0.07  0.14 
Lacaudon  −91.59  17.02 812  22.0 1940 1343  0.44  0.14  0.02  0.14  0.13  0.04  0.05  0.01  0.02 
Las pozas  −90.17  16.34 152  26.3 2231 NA  0.52  0.25  0.02  0.04  0.10  0.02  0.05  0.00  0.01 
Quexil  −89.81  16.92 120  25.4 2012 NA  0.57  0.17  0.02  0.07  0.10  0.03  0.03  0.01  0.01 
Waha  −91.60  16.98 850  22.0 1940 1343  0.40  0.20  0.04  0.12  0.11  0.07  0.04  0.02  0.01 
Chicabal  −91.66  14.79 2742  17.5 1732 NA  0.44  0.01  0.00  0.42  0.03  0.01  0.00  0.10  0.00 
Este centro Amatitlán  −90.55  14.45 1204  25.8 1880 NA  0.33  0.06  0.00  0.05  0.40  0.02  0.05  0.01  0.08 
Gruta San Miguel  −89.00  19.93 32  26.0 1100 1899  0.34  0.23  0.09  0.07  0.10  0.05  0.08  0.01  0.01 
Olomega  −88.06  13.31 66  23.8 1841 NA  0.51  0.14  0.02  0.08  0.16  0.02  0.05  0.00  0.02 
Teometitla  −97.99  19.45 2550  14.5 647 1730  0.23  0.04  0.00  0.38  0.16  0.02  0.02  0.09  0.06 
Grande litoral  −90.17  13.89 5  27.7 1552 NA  0.75  0.02  0.00  0.15  0.06  0.00  0.00  0.01  0.01 
Laguna Chica  −97.27  18.60 2459  13.4 762 1286  0.15  0.07  0.03  0.20  0.17  0.12  0.04  0.12  0.12 
Requena  −99.34  19.93 2132  16.1 540 1766  0.32  0.04  0.04  0.24  0.20  0.03  0.02  0.06  0.05 
La Soledad  −97.45  19.97 732  20.2 4171 1001  0.32  0.06  0.01  0.23  0.16  0.03  0.03  0.08  0.07 
Salpeten  −89.68  16.98 105  25.4 2012 NA  0.46  0.16  0.04  0.11  0.12  0.03  0.04  0.01  0.03  
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3.2. Mexican Plateau (MP) 

BrGDGT Ia is the most abundant in over half of the samples, and IIa 
or IIa’ is the second most abundant compound (Fig. S2). Overall, Ia 
comprises 31 % of total brGDGT abundance, though it spans a wide 
range from 15 to 48 % (Fig. S2). In general, cyclic (Ib, Ib’, IIb, and IIb’) 
and bicyclic (Ic) brGDGTs are less abundant compared to the noncyclic 
ones (Ia, IIa, IIa’, IIIa, and IIIa’). IR of brGDGTs ranged from 0.22 to 
0.84, with an average of 0.51. The total fractional abundance of all 6- 
methyl brGDGTs (IIa’+IIIb’+IIIa’) is ~ 31 %. 

3.3. Yucatán Peninsula and Central America (YCA) 

BrGDGT Ia has the greatest fractional abundance, accounting for 47 
% of the total abundance. The proportion of IIa, IIa’, and Ib are very 
close, about 12–14 % of the total brGDGT abundance (Fig. S3). The rest 
of the brGDGTs comprise <15 % of the total abundance combined 
(Fig. S3). Overall, the distribution of brGDGTs in the YCA is different 
from that in the MP, with Ia showing higher dominance in the YCA. IR of 
brGDGTs ranged from 0.6 to 0.87, with an average of 0.52. The frac
tional abundance of total 6-methyl brGDGTs is around 19 %. 

3.4. Comparison of global and regional calibrations 

The heteroscedastic one-way ANOVA for trimmed means revealed no 
significant difference (Ftrimmed-means(4, 657.56) = 0.15, p = 0.96, 
CI95%[0.02, 0.09], n = 2,197) in the predicted temperatures among the 
four global temperature calibration models (i.e., Raberg et al.., 2021 Full 
set, Martinez-Sosa et al., 2021, global ridge regression (this study), 
global stepwise forward selection (this study)). We also observed no 
significant difference in the predicted temperatures for the sample set 
spanning Mexico and Central America (MCA; Ftrimmed-means(5, 164.98) 
= 1.75, p = 0.13, CI95%[0.10, 0.30], n = 603) or the sample set from the 
Mexican Plateau (MP; Ftrimmed-means(7, 51.21) = 2.19, p = 0.05, 
CI95%[0.22, 0.48], n = 208). However, the heteroscedastic one-way 
ANOVA for trimmed means revealed there was a significant difference 
(Ftrimmed-means(7, 152.29) = 3.49, p = 1.70e-03, 95 % [0.20, 0.46], n =
592) in the predicted temperatures for the Yucatan and Central America 
samples between at least two of the seven (three global, three regional, 
and two subregional) temperature calibration models (Fig. S4). A sub
sequent Yuen’s trimmed means test showed there were significant dif
ferences in the predicted temperatures between the global ridge 
regression (this study) and each of the following, MCA SFS (this study), 
Raberg et al., 2021 (Full set), YCA MBT’5ME (this study), and YCA SFS 

(this study) (Fig. S4). No significant differences were found among the 
other temperature calibration models. 

4. Discussion 

4.1. Lacustrine brGDGT Distributions 

The difference in the distribution of brGDGTs between lacustrine and 
soil environments has been well recognized since the last decade 
(Martínez-Sosa et al., 2021; Russell et al., 2018; Weber et al., 2015; 
Buckles et al., 2014; Blaga et al., 2010; Tierney and Russell, 2009). 
Initially, brGDGTs were identified in terrestrial environments, including 
peats and soils, and brGDGTs in lake sediments were thought to be 
derived from catchment soils (Weijers et al., 2006; Hopmans et al., 
2004). However, studies focused on lacustrine environments have 
increasingly shown that brGDGTs in lake sediments and water columns 
have distinct distributions (Martínez-Sosa et al., 2021; Zhao et al., 2021; 
Dang et al., 2018; Russell et al., 2018; Buckles et al., 2014; Loomis et al., 
2011; Tierney and Russell, 2009). Furthermore, a novel 5/6-methyl 
brGDGT, which elutes between the known 5- and 6-methyl com
pounds IIIa and IIIa’ during HPLC–MS analysis, was found in lakes but 
not soils from the catchment (Weber et al., 2015). These studies provide 
circumstantial evidence for in situ brGDGT production in lacustrine en
vironments, in the sediment and/or water column (Martínez-Sosa et al., 
2021; van Bree et al., 2020). This study primarily compares our results 
with lake sediment samples from other regions. In the study area, 9 
major brGDGTs were detected with a relative abundance distribution 
pattern similar to those reported in other studies of lacustrine surface 
sediments (Zhao et al., 2021; Russell et al., 2018). 

The isomer ratios (IR) in the two subregions are similar, with MP 
0.51 and the YCA 0.52. These are both higher than the average IR value 
of 0.24 in the global soil dataset (De Jonge et al., 2014a), 0.24 in Lake 
578 in Greenland (Zhao et al., 2021), 0.43 in Central European lakes 
(Weber et al., 2018), 0.22 in Canadian and Icelandic Lakes (Raberg 
et al., 2021) and 0.42 in African Lakes (Russell et al., 2018). The only 
similar IR value was from a suite of Chinese lakes (with a broad range, 
0.35–0.88, mean = 0.52 (Dang et al., 2018)). In contrast to the generally 
agreed assumption that temperature is mainly reflected by 5-methyl 
brGDGTs, in Chinese lakes, the 6-methyl brGDGTs also appear sensi
tive to temperature (Dang et al., 2018), and in Lake Garba Guracha 
(Ethiopia) the inclusion of the 6-methyl isomers improved temperature 
reconstruction (Bittner et al., 2022). Despite having higher IR values, the 
total fractional abundance of 6-methyl brGDGTs is still low in our 
sample set (0.30–0.63 with an average of 0.22). Only 4 lakes are 

Fig. 2. Biplots of (a) the principal component analysis (PCA) and (b) Redundancy Analysis (RDA) based on the fractional abundance of brGDGTs. Environmental 
variables included in the constrained ordination are Mean Air Temperature (MAT; considered to be Mean Annual Air temperature and Months Above Freezing 
Temperature for out study sites), Mean Annual Precipitation (MAP) and evapotranspiration (Evapo). 
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dominated by 6-methyl brGDGTs. In addition, there is no apparent 
spatial pattern or strong relationship between IR and temperature 
(Fig. S5). 

It has been shown that IR in saline lakes is systematically higher than 
in freshwater lakes, and salinity affects the relative abundance of 5- 
methyl brGDGTs (Wang et al., 2021). Some of the lakes in our study 
are saline (Sigala et al., 2017; Pérez et al., 2011); for example, Laguna 
Grande (IR = 0.55) and Laguna Chichancanab (IR = 0.57). We 
acknowledge that salinity can affect the relative abundance of 5-methyl 
brGDGTs versus their isomers. However, due to the lack of detected 
isomers, salinity effect correction was not performed (Wang et al., 
2021). Novel brGDGTs discovered in other lakes, such as the 5/6-methyl 
isomer of hexamethylated brGDGT (denoted as IIIa“) (Weber et al., 
2015) and 7-methyl brGDGTs which are typically found in saline lakes 
(Ding et al., 2016) were not consistently detected either. Another 
possible reason for the relatively high IR values could be pH since the 
relative amount of 6- to 5-methyl brGDGTs appears to be highly corre
lated with pH in the global soils dataset (De Jonge et al., 2014a). 
However, this possibility remains unclear as controlled lacustrine mi
crocosms had an inconclusive result for pH influence in IR (Martínez- 
Sosa and Tierney, 2019). 

A significant difference was observed when comparing the distri
bution of brGDGTs (categorized as tetra-, penta-, and hexamethylated) 
in Mexico and Central America with other regions worldwide (Fig. 3). In 
our study area, tetramethylated brGDGTs have a noticeable dominance 
in most samples, and most hexamethylated brGDGT abundances are 
<10 %. Previous studies have reported an increase of hexamethylated 
brGDGTs in the sediment of high-elevation lakes (Loomis et al., 2011, 
2014), indicating that hexamethylated brGDGTs were favored by lower 
average temperatures. Maintenance of the fluidity and permeability of 
the membrane during changing environments relies on the microbes’ 
ability to rapidly adjust the membrane lipid composition, so it is 

reasonable to see changes in methylation with changing MAAT. Thus, it 
seems likely that the lower fractional abundance in our samples is 
mainly due to the higher temperatures of our study sites relative to the 
global dataset. 

Indeed, a study investigating adaptations of bacterial membranes to 
variations in temperature, pH, and pressure demonstrated that the 
presence of membrane-spanning ether-lipids and methyl branches has a 
striking relationship with growth conditions (e.g., temperature) (Silia
kus et al., 2017). Moreover, in molecular dynamics simulation experi
ments, specifically in archaeal-like membranes, the presence of methyl 
groups was shown to confer greater fluidity (Chugunov et al., 2014). It is 
suggested that the methyl group disturbs the packing order of the hy
drocarbon chains of the membrane lipid. Thus, at low temperatures, 
bacteria could potentially maintain fluidity partially by adjusting the 
methyl groups (Vinçon-Laugier et al., 2017), which is consistent with 
the observations in global lacustrine brGDGT distributions (Fig. 3). Two 
recent experiments on molecular dynamics simulations of membranes 
consisting of brGDGTs and cultured strain Ellin6076 have confirmed the 
temperature sensitivity of the degree of methylation in brGDGTs (Chen 
et al., 2022; Naafs et al., 2021). More studies aimed at identifying and 
culturing the brGDGT-specific bacterial producer(s) will greatly benefit 
the explanation of the brGDGT distribution patterns across temperature 
gradients. 

In the RDA plot (Fig. 2b), MAT has a large negative loading on axis 1, 
which explains ~ 68 % of the variance, implying that MAT is a major 
controlling factor but also that there are contributions from other 
environmental factors in the brGDGT distribution. We acknowledge that 
pH, one of other environmental factors widely recognized to influence 
brGDGT distribution (Martínez-Sosa et al., 2021; Duan et al., 2020; 
Naafs et al., 2017; Xiao et al., 2015), could contribute to the distribution. 
However, in most lacustrine-focused studies, pH is not the primary 
control (Martínez-Sosa et al., 2021; Zhao et al., 2021; Russell et al., 

Fig. 3. Ternary plot of brGDGT distributions 
(categorized in three groups: tetramethy
lated, pentamethylated, and hexamethy
lated) across different regions including 
Mexico and Central America (blue dots, this 
study), East Africa (pink asterisks) (Russell 
et al., 2018), China (yellow triangles) (Dang 
et al., 2018; De Jonge et al., 2014a), Central 
Europe (cyan diamonds) (Martínez-Sosa 
et al., 2021; Weber et al., 2018), and high 
latitude areas including Canada and Iceland 
(black squares) (Raberg et al., 2021). (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the web version of this article.)   
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2018; Loomis et al., 2014a). Future studies on other environmental 
factors such as pH and water conductivity and their influences on 
brGDGT distributions in Mexico and Central American lake sediments 
will enhance our understanding of environmental controls and potential 
bias in the brGDGT-MAT relationship. 

4.2. Development of Lacustrine brGDGT-Temperature Calibrations 

4.2.1. Global lacustrine calibrations 
Two recent studies have developed global lacustrine calibrations 

with different statistical approaches: a Bayesian calibration, which has 
an R2 = 0.82 and RMSE = 2.9 ◦C (Martínez-Sosa et al., 2021), and a 
revised fractional abundance calibration, which has an R2 = 0.91 and 
RMSE = 1.97 ◦C (Raberg et al., 2021). Both of these calibrations were 
developed using Months Above Freezing (MAF) temperature instead of 
MAAT (though we note that in our samples MAAT and MAF are equiv
alent). Because these calibrations generally included lakes at high lati
tudes, using MAF will help to reduce the offset from tropical lakes to cold 
higher latitude lakes. Indeed, brGDGT distributions predicted MAF 
better than MAAT in both statistical models. When applying these cal
ibrations to the sample set in this study, both of the calibrations yield 
consistent results close to each other (within each other’s RMSE; Fig. 4). 
However, they appeared to have a better prediction at temperatures >
20 ◦C while underestimating the temperature at sites with MAF < 15 ◦C 
(Fig. 4). Indeed, when the temperature is below 15 ◦C, the MAF is not 
within the error range of both temperature calibrations, implying a cold 
bias starting at ~ 15–20 ◦C and potentially increasing towards colder 
regions (Fig. 4). 

This cold bias could be related to samples from high latitude regions 
used in the development of global calibrations. As discussed previously, 

samples from colder areas are likely to have significantly more hexam
ethylated brGDGTs, and this relationship is nonlinear. Indeed, there is a 
logarithmic correlation between 5-methyl hexamethylated brGDGTs 
(IIIa, IIIb, and IIIc) and temperature (Fig. S6). Therefore, this non-linear 
increase in the relative amount of hexamethylated brGDGTs will result 
in lower MBT values, reflecting colder reconstructed temperatures. 
Thus, it is not surprising to see the global calibrations introduce bias in 
the lower range of temperature reconstructions (Fig. 4). 

Both of the newly developed global calibrations show that using MAF 
instead of MAAT can yield better model fitting (Martínez-Sosa et al., 
2021; Raberg et al., 2021), ideally helping to address potential problems 
from seasonality bias at higher latitudes and elevations. It is suggested 
that during winter, microbial activity will likely be reduced, leading to 
lower production of brGDGTs during this time (Dearing Crampton-Flood 
et al., 2020; Miller et al., 2018; Loomis et al., 2014b). A recent study 
revealed that brGDGTs did not record temperatures below freezing due 
to ice coverage on lake surfaces in winter (Cao et al., 2020). However, 
previous studies have suggested that no seasonality is observed in soils 
(Lei et al., 2016; Weijers et al., 2011). If there were seasonality in
fluences, the reason some previous studies did not show the effect could 
possibly be that the microbial activity will be reduced only when 
reaching a threshold. Furthermore, because the turnover time of 
brGDGTs in soils is long (Huguet et al., 2014; Peterse et al., 2010; 
Weijers et al., 2010), any change that is not significant enough will likely 
be obscured by the build-up of brGDGTs in the soil over decades. 

4.2.2. Reevaluation of global lacustrine calibrations 
Previously developed global calibrations included very few samples 

from the North American tropics, where temperature reconstructions 
are really needed. To fill in the blanks and improve the global 

Fig. 4. Reconstructed temperature in the study area 
from the two newly developed global calibrations 
(Martinez-Sosa et al., 2021; Raberg et al., 2021) 
against instrumental Months Above Freezing temper
ature (MAF). The X axis indicates the reconstructed 
temperatures, the Y axis is the instrumental MAF. The 
dotted line is the reference line for regression between 
MAF and reconstructed temperature using the Raberg 
et al. (2021) revised fractional abundance calibration 
and the solid grey line is the regression line using the 
Martinez-Sosa et al. (2021) Bayesian calibration. The 
residual plot indicates that both calibrations tend to 
reconstruct slightly lower temperatures compared to 
the instrumental temperatures, particularly at lower 
temperatures.   
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calibrations, as well as to evaluate the cause of the cold bias at lower 
temperatures in the previous global calibrations, we summarized the 
published data of lacustrine brGDGT surface sediment samples and 
combined these with our sample set to investigate their distribution 
pattern along temperature gradients at a global scale (Fig. 5). For sam
ples from mid-high latitude areas including Central Europe (Weber 
et al., 2018), Canada and Iceland (Raberg et al., 2021), and China (Cao 
et al., 2020; Ning et al., 2019; Dang et al., 2018; Qian et al., 2019), we 
used MAF rather than MAAT following the better statistical results from 
the global calibration. The ternary plot (Fig. 5) characterizes the 
brGDGT distribution pattern of the global sample set. Along the tetra
methylated brGDGT fractional abundance axis, the brGDGTs fall into a 
wide distribution range (Fig. 5). On the pentamethylated fractional 
abundance axis, a relatively linear distribution for sample groups with 
higher temperatures (red - yellow dots) was observed (highlighted with 
a red circle). The linear pattern disappeared along the pentamethylated 
axis for samples with colder temperatures but appeared along another 
axis, the hexamethylated fractional abundance axis (blue-green dots). 

In this study, we performed a new machine learning parsimonious 
model – ridge regression (Hoerl and Kennard, 1970) - to evaluate how 
the distribution of brGDGTs reflects the temperature (grouped by methyl 
number, e.g. tetramethylated, pentamethylated and hexamethylated 

brGDGTs are denoted as ‘Tetra’, ‘Penta’, and ‘Hexa’). Ridge regression is 
a model tuning method performing L2 regularization (Schreiber-Greg
ory, 2018). When the issue of multicollinearity occurs in predictor 
variables (in this case, fractional abundance of brGDGTs, Fig. S5), and 
variances are large, the result is predicted values that are far away from 
the actual values. Ridge regression can avoid overfitting by adding an L2 
penalty, which equals the square of the magnitude of coefficients. 
Because all coefficients are reduced by the same factor, it will not 
perform feature selections; thus, none of the predictor variables will be 
eliminated (unlike L1 regularization which might result in sparse 
models). In the ridge regression model, 5-methyl brGDGTs categorized 
by their number of methyl groups were used because they have been 
shown to have the strongest response to temperature (Martínez-Sosa 
et al., 2021; Raberg et al., 2021; Russell et al., 2018). Additionally, to 
better compare with the previous global calibrations in which MBT’5ME 
is used, keeping the predictor brGDGTs consistent will help with parallel 
evaluations. 

The resulting calibration is: 

MAF = 15.2 + 16.6 × Tetra − 18.7 × Penta − 18.8 × Hexa  

R2 = 0.83, RMSE = 3.1◦ C, n = 440 

Fig. 5. Ternary plot showing the global lacustrine sample distribution of tetra-, penta-, and hexamethylated brGDGTs with temperature gradient (◦C; temperature 
increases from blue to red). For colder regions, MAF instead of MAAT were used. Plot includes data from this study and previously published studies and references 
therein (Martínez-Sosa et al., 2021; Raberg et al., 2021; Dang et al., 2018; Russell et al., 2018; Weber et al., 2018). Dashed circles indicated the warm group (red) and 
cold group (blue) of samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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As mentioned above, ridge regression did not involve feature selec
tion. Therefore, we performed a stepwise selection with the same set of 
predictor variables: 

MAF = 15.3 + 16.6 × Tetra − 18.7 × Penta − 19.5 × Hexa  

R2 = 0.83, RMSE = 3.1◦ C, n = 440 

These two calibrations are almost identical in terms of coefficients 
and statistical parameters. Results of this analysis support the assertion 
that the methyl branches play important roles in the membrane struc
ture modification in response to temperature change (Fig. 6). We also 
perform the same ridge regression model with 6-methyl isomers 
included (R2 = 0.71 and RMSE = 4.0), and the model with only 5-methyl 
brGDGTs performs better. Our results further confirm that 5-methyl 
isomers are more sensitive to temperature change (Chen et al., 2022; 
Naafs et al., 2021). 

With more data from Mexico and Central America added to the 
global sample set, we also performed an ordinary least squares model on 
MBT’5ME and MAF: 

MAF = 0.3 + 28.2 × MBT′
5ME  

R2 = 0.83, RMSE = 3.1 ◦ C, n = 440 

This calibration is comparable with the two previous global cali
brations developed (Table 2, Martínez-Sosa et al., 2021; Raberg et al., 
2021). The new calibration exhibits a similar higher relative fit (R2) yet 
lower absolute fit (RMSE). It is notable that with our NA (sub)tropics 
regional data included, the global calibration RMSE increased to 3.1 ◦C 
(Table 2). The temperatures of our study sample sites are predominantly 
at the upper end of the temperature range in the global sample set. Thus, 
the differences in these calibrations is likely related at least in part to the 
increase in the number of warm sites added, as well as the extension of 
the temperature range to warmer temperatures. 

We further investigate the potential difference in the relationship 
between brGDGT distributions and temperature between cold and warm 
regions by dividing the global dataset into a higher temperature group 
and a lower temperature group, based on the distributions observed in 
Fig. 5 which shows distinct relationships between the relative abun
dance of tetra-, penta- and hexa-methylated brGDGTs at higher vs lower 
temperatures. The higher temperature group (Fig. 5, red circle) exhibits 
a general distribution pattern with low relative abundance of hexame
thylated brGDGTs. There is a moderate reciprocal relationship between 
the relative abundance of tetramethylated and pentamethylated 
brGDGTs. The lower temperature group, in contrast, has low fractional 
abundance of tetramethylated brGDGTs (Fig. 5). The cold temperature 
subset displayed a homogenous distribution pattern along the hexame
thylated fractional abundance axis, meaning that hexamethylated 
brGDGTs are the major group explaining the distribution, followed by 
the pentamethylated group. Thus, our data support the hypothesis that 
the methylation of brGDGTs is different at lower vs higher temperatures, 
consistent with the findings of De Jonge et al. (2019) in soils. Though 
our study does not identify any mechanisms that may be driving the 
observation, such as a change in microbial community or other (e.g. 
environmental) factors, it suggests an avenue for future research. 

4.2.3. Developing region-specific calibrations for Mexico and Central 
America 

To explore whether regional calibration could improve on the global 
models, we developed calibrations using region-specific sample sets. In 
our study site, the distribution of brGDGTs is relatively homogenous 
(Fig. 3). Therefore, we applied the widely accepted method of using 
MBT’5ME to develop a regional temperature calibration (Fig. 7a), 
resulting in the following calibration: 

MAF = 6.2 + 22.3 × MBT′
5ME 

Fig. 6. Global calibrations incorporating new data from Mexico and Central 
America. A) Ridge regression on 5-methyl tetra-, penta- and hexamethylated 
brGDGTs. B) Stepwise forward selection regression. C. MBT’5ME based regres
sion. In all plots, individual samples are grey dots, darker-appearing dots 
indicate higher data density (i.e., the dots overlap and are darker). 
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R2 = 0.68, RMSE = 2.3 ◦ C, n = 101 

This calibration looks slightly different compared to the most recent 
global and African lakes calibrations (Table 2, Martínez-Sosa et al., 
2021; Raberg et al., 2021; Russell et al., 2018). Those calibrations have 
coefficients ranging from 30.4 to 32.42, higher than the new regional 
one with 22.32. This does not necessarily mean that our MBT’5ME cali
bration explains less of the variance in temperature. It could be because 
in the study area, the temperature range is narrower compared to that in 
the African lakes calibration (and of course global scale as well). Thus 
the explanatory ability of MBT’5ME is constrained when utilizing a 
regional dataset. Despite having a lower R2 compared to other calibra
tions, the new model successfully enhanced its prediction ability at 
lower temperatures; however, a robust anova indicates that the regional 
calibration is not significantly different from the global calibrations 
(Fig. S4). 

In addition to the linear regression, we also applied a multivariate 
linear regression model with stepwise forward selection (SFS) to find the 
best subset of the predictor variables that improve the calibration most 
significantly (Fig. 7b). This method has been used to significantly 
improve the statistical errors of lacustrine brGDGT calibrations in other 
regions (Russell et al., 2018; Loomis et al., 2012; Pearson et al., 2011). 
The SFS model result for our regional study is: 

MAF = 19.34 + 7.55 × Ia + 19.08 × Ib − 9.19 × IIa − 39.58 × IIIa  

R2 = 0.69, RMSE = 2.3 ◦ C, n = 101  

The result from our MBT’5ME calibration had a very similar statistical 
error to our SFS model, unlike in other studies where SFS models 
generally exhibited a better fit with lower RMSE (Russell et al., 2018; 
Loomis et al., 2012). All the variables in our SFS calibration are 5-methyl 
brGDGTs, further confirming that in our study area, 5-methyl brGDGTs 
are more responsive to changes in MAF. F-statistics revealed that the 
coefficients of all the brGDGTs in this model were significant (p < 0.05), 
indicating that none of the above variables are overfitted. 

Ridge regression performed with 5-methyl brGDGTs categorized in 
different methyl groups (Fig. 7c) shows a similar result compared to the 
SFS model: 

MAF = 20.6 + 7.6 × Tetra − 10.9 × Penta − 35.2 × Hexa  

R2 = 0.66, RMSE = 2.3 ◦ C, n = 101 

The performance of these two models is similar, comparing the co
efficients of the explanatory variables in the ridge regression model and 
SFS model. However, R2 does not necessarily show the predictive ability 
of the model. Even though the ridge regression model is similar to the 
SFS model, the regression of reconstructed temperature appears to be 
slightly off intercept with the reference line. 

4.2.4. Reducing scatter in the calibration 
We observe a large scatter in both the SFS and MBT’5ME calibrations, 

Table 2 
Comparison among MBT’5me based temperature calibrations from this study, 
East African Lakes and the previous published global sample sets.   

Slope Intersept RMSE (◦C) R2 

Global 
(This study)  

28.2  0.3  3.1  0.83 

Regional 
(This study)  

22.3  6.2  2.3  0.68 

East African Lake 
(Russell et al., 2018)  

32.42  −1.21  2.44  0.92 

Global 
(Martínez-Sosa et al., 2021)  

33.3  −2.5  2.9  0.82 

Global 
(Raberg et al., 2021;)  

30.4  −0.5  2.14  0.89  

Fig. 7. Regional (Mexico & Central America) temperature calibration based on 
a) MBT’5ME, b) Stepwise Forward Selection (SFS), and c) ridge regression. In all 
plots, individual samples are grey dots, darker-appearing dots indicate higher 
data density. 
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yet RDA shows that air temperature is the primary environmental factor 
influencing MBT’5ME (Fig. 2b). This observation, in conjunction with the 
difference in brGDGT distribution between the MP and the YCA sub
regions (Fig. S2 and S3), suggests that the scatter in the MBT’5ME cali
brations may be due to the internal diversity within our study region. 
Here we perform the same statistical analyses for these two subsets of 
samples separately. 

Surprisingly, MBT’5ME did not have a reasonable correlation with 
MAF in the YCA area (R2 0.39, Fig. 8b). Previous analyses showed that 
brGDGT IIIa and/or IIIa’ were more strongly correlated with tempera
ture than any other brGDGT (Martínez-Sosa et al., 2021; Raberg et al., 
2021; Loomis et al., 2012; Tierney et al., 2010). In studies where 
MBT’5ME-based calibrations are robust, the fractional abundance of IIIa 
has shown a significant correlation with MAF (Dang et al., 2018; Russell 
et al., 2018; Loomis et al., 2012). In the YCA area, no individual 
brGDGTs exhibit a significant correlation with MAF, and the relative 
abundance of IIIa only accounts for 2 %, making it one of the least 
abundant brGDGTs (the other is IIIa’, 2 %, Fig. S3). This might 
contribute to a lack of correlation between brGDGTs and MAAT in this 

region. While brGDGT-based calibration appears unfavored in this 
subregion, it implies that brGDGTs might not necessarily respond to 
temperature change primarily, and other environmental factors, such as 
pH, lake water alkalinity, redox, or water depth, could significantly in
fluence the distribution of brGDGTs in lakes in this region (Schoon et al., 
2013). More study is needed to address this specific problem. 

A mixed source of brGDGTs could also be another reason why 
brGDGTs in the YCA area do not capture a temperature gradient. A few 
of the samples (n = 4) were collected from sinkholes, known as cenotes 
(Perry et al., 1995), throughout the Yucatán Peninsula and southern 
Campeche area. These cenotes are connected to the groundwater sys
tems, in which it is highly likely that in situ brGDGT production exists 
that is distinct from the other lacustrine environments. Indeed, many of 
these cenotes are connected to ocean waters, which could be influencing 
the brGDGT composition in unanticipated ways. For example, cenotes 
are often stratified, with marine-connected saline waters underlying 
fresh waters, with stratification leading to anoxia in the saline deep 
waters. Recent studies have documented that redox conditions exert 
influence on brGDGT distributions, and thereby temperature 

Fig. 8. Temperature calibrations for the Mexican Plateau and YCA regions based on MBT’5ME (a and b, respectively) and Stepwise Forward Selection (SFS; c and 
d respectively). In all plots, individual samples are grey dots, darker-appearing dots indicate higher data density. 
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reconstructions (Wu et al., 2021; van Bree et al., 2020; Yao et al., 2020; 
Weber et al., 2018). 

In contrast, in samples from the Mexican Plateau, brGDGTs are pri
marily controlled by MAF, and by excluding samples from the YCA, the 
MTB’5ME -based calibration is improved to an R2 = 0.78 with a low 
RMSE = 2.2 ◦C.: 

MAF = 2.1 + 28.9 × MBT′
5ME (n = 26)

Despite the similarity in all the above reported RMSEs (all < 2.30 ◦C), 
this model focused only on the Mexican Plateau subregion has the best 
relative fit with an R2 = 0.78 (Fig. 8a). 

We also performed an SFS analysis for a fractional-abundance-based 
calibration using only samples from the MP (Fig. 8c). The two selected 
brGDGTs are Ib and IIIa, showing significant coefficients (p < 0.05) 
tested by F-statistics. The calibration is: 

MAF = 18.9 + 49.5 × Ib − 68.5 × IIIa  

R2 = 0.77, RMSE = 2.33 ◦ C, n = 26 

Like other SFS models in this study, only 5-methyl brGDGTs were 
selected in the calibration. However, in the SFS models, only two 
brGDGTs were selected. Both calibrations developed using samples from 
only the MP provide better results compared to previous calibrations 
that included samples from the YCA. 

4.3. Implications for Continental Paleotemperature Reconstructions in 
Southern North America 

All RMSE values from the different models/calibrations developed 
herein are similar. Indeed, other than the regional calibration focused on 
the MP, there is no statistically significant difference among the various 
calibrations. Therefore, when reconstructing temperature downcore, we 
recommend performing validation experiments to select the best 
models. For example, as discussed above, it is highly possible that 
brGDGTs may not be suitable for paleotemperature reconstructions 
using sediment cores from at least some lakes in the Yucatán Peninsula 
area, where groundwater influences can be prominent. In addition, for 
areas that are likely to have a mixture of brGDGT sources, we urge 
caution in applying any of these calibrations because the brGDGTs in 
sediments can represent a combination of different environmental sig
nals from a large catchment area (De Jonge et al., 2015; Zell et al., 
2014), thereby introducing significant bias into the reconstructed 
temperatures. 

We suggest that for temperature construction in the Mexican Plateau 
region, the new regional calibrations based on the MBT’5ME proxy and 
fractional abundance of brGDGTs can be applied to cross-compare 
(RMSE of 2.2–2.3 ◦C). While the global calibrations may have better 
R2, they are likely to introduce bias when reconstructing lower tem
peratures (<15 ◦C) in the study area. In a broader regional scale, the 
distribution pattern of brGDGTs could vary; therefore, the fractional 
abundance-based model could introduce bias in another region where 
brGDGT distribution is different. The MBT’5ME proxy expresses a sum of 
the brGDGT distribution pattern and is shown to correspond to tem
perature globally. Therefore, within the MP region, MBT’5ME calibra
tions are recommended for paleotemperature reconstruction. 

5. Conclusions 

In this work, we reevaluated the global lacustrine surface sediment 
sample set with 101 new lacustrine surface sediment samples from 
Mexico and Central America. With the new subset of samples introduced 
to the global dataset, the statistical parameters in the new calibrations 
altered slightly, but variation among the different calibrations was not 
significant. This highlighted the regional difference in brGDGT distri
bution and therefore temperature calibration in the study area. A new 

machine learning model was introduced for developing brGDGT- 
temperature calibrations. The result from the new ridge regression 
model is similar to other global calibrations developed using SFS and 
linear regression models, implying that the methyl group distribution 
accounts significantly for temperature variation. We also provided a 
series of new regional calibrations that address the cold bias observed in 
samples from Mexico and Central America when applying global cali
brations. While all calibrations yield similar results, the MBT’5ME -MAF 
model using samples from MP provides the best relative fit for temper
ature reconstructions in this region. 
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Schouten, S., 2013. Influence of lake water pH and alkalinity on the distribution of 
core and intact polar branched glycerol dialkyl glycerol tetraethers (GDGTs) in lakes. 
Organic Geochemistry 60. https://doi.org/10.1016/j.orggeochem.2013.04.015. 

Schouten, S., Hopmans, E.C., Sinninghe Damsté, J.S., 2013. The organic geochemistry of 
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