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A B S T R A C T

Branched and isoprenoid glycerol dialkyl glycerol tetraethers (brGDGTs, and isoGDGTs) are two families of
membrane lipids commonly used to reconstruct paleo-environmental parameters. Their use as a quantitative
proxy for past temperatures has been hindered by the discovery of other environmental controls on their dis-
tribution in soils, such as changes in bacterial community composition, chemistry and aridity. To test for the
impact of aridity-driven soil chemistry changes, GDGT concentrations and derived proxies were measured in 43
soils along a chemical gradient in the Okavango Delta. All brGDGT concentrations increase with decreasing pH.
Alkalinity-promoted (6-methyl and cyclopentane-containing) brGDGTs show a secondary concentration increase
in arid soils, characterized by a high pH>8 and cation exchange capacity (CEC>30 cmolc kg− 1). The concen-
tration of 5-methyl brGDGTs increases faster that of 6-methyl brGDGTs in arid compared with non-arid soils.
Although limited variability in temperature is present (~2 ◦C), significant variation in MBT′5ME values is
observed (0.63–0.96) likely driven by the variation in CEC. IsoGDGTs are present in lower concentrations than
brGDGTs, and Ri/b values, a potential proxy for paleohydrological reconstruction, correlating with soil water
content (r = 0.45, p < 0.01). TEX86 values (0.57–0.97) correlate with pH across the aridity transect. In this
region, where accurate proxies and quantitative paleostudies are scarce, the impact of aridity-driven chemistry
changes on GDGT-proxies is shown, i.e., MBT′5ME is overall controlled by CEC, but correlates negatively with pH
in non-arid soils and with IR6ME in arid alkaline soils. Furthermore, we propose GDGT-based proxies for con-
centration in exchangeable calcium, past hydrological changes and soil pH.

1. Introduction

Understanding how temperature varied in the past in response to
climate and environmental changes is essential to refine climate models
and better forecast Earth’s future. There is a wide range of lipid bio-
markers, i.e., lipid molecules that contain information on the environ-
mental conditions of the biological producer. An example of a well-
studied lipid biomarker group is the glycerol dialkyl glycerol tet-
raethers (GDGTs), which are widely present in marine and freshwater
water columns and sediments, as well as soils (e.g., Schouten et al.,
2013). Two types of GDGTs exist: isoprenoid (iso) and branched (br)
GDGTs. Branched GDGTs (Supplementary Fig. S1 shows chemical

structures), are commonly used in the terrestrial realm to reconstruct
paleoenvironmental parameters such as temperature or pH. The com-
pounds can be tetra- (brGDGT-I), penta- (brGDGT-II) or hexamethylated
(brGDGT-III), with the location of the additional outer methyl branches
on the α-5 (5-methyl) or α-6 (6-methyl) position (De Jonge et al., 2014a).
Furthermore, brGDGTs can have different numbers of internal cycliza-
tions (0–2, respective structures annotated with a, b, and c, respec-
tively). Based on correlations between brGDGTs and bacterial DNA
counts in soils the phylum Acidobacteria contains probable brGDGT
producers (Weijers et al., 2009), although not all acidobacterial cultures
can produce brGDGTs (e.g., Sinninghe Damsté et al., 2011; 2018). While
5-methyl brGDGTs have been recently found in to be produced by the
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cultured acidobacterial strain Solibacter usitatus (Halamka et al., 2021,
2023; Chen et al., 2022), 6-methyl isomers have not been found in
culture yet. A restricted bacterial source is surmised, as Halffman et al.
(2022) found a link between an increase in contribution of Acid-
obacteria subgroup 6, the production of 6-methyl brGDGTs, and the
concentration of exchangeable calcium.

The relative abundance of tetramethylated brGDGTs (Ia, Ib, Ic) and
brGDGT-IIa and IIIa varies with temperature, both in the environment
along gradients in temperature and in cultures exposed to different
growth conditions (e.g., De Jonge et al., 2014a; Chen et al., 2022;
Halamka et al., 2023). In addition to temperature, a variety of other
environmental parameters, e.g. vegetation (Davtian et al., 2016, Liang
et al., 2019), bacterial community composition (De Jonge et al., 2019;
Halffman et al., 2022), the soil water content (Loomis et al., 2011;
Menges et al., 2014; Dang et al., 2016a; Dang et al., 2016b; Duan et al.,
2022; Guo et al., 2022), oxygen level (Pei et al., 2021), pH (e.g., Duan
et al., 2020; Chen et al., 2021; Guo et al., 2022; Häggi et al., 2023) and
soil chemistry (De Jonge et al., 2021, 2024; Véquaud et al., 2021;
Halffman et al., 2022) have been shown to impact the distribution of
brGDGTs in soils and potentially bias the application of brGDGT-based
paleoclimate proxies. In this respect, arid and non-arid soils have
shown striking differences in term of brGDGT-proxy relation to envi-
ronmental parameters (e.g., Xie et al., 2012; Yang et al., 2014; Dugerdil
et al., 2021; Guo et al., 2021; 2022; Wang et al., 2024). In arid soils in
Mongolia, CBTʹ has been shown to correlate with pH in low pH (<7) soils
but not in the arid ones where it correlates with soil moisture content
(Wang et al., 2014). Similarly, at pH<3.5, MBTʹ5ME correlated with free
acidity (De Jonge et al., 2021). In these studies, soil moisture usually
refers to aridity caused by climate (precipitation below 500 mm y-1) or
altitudinal differences and not the moisture present intrinsically in the
soils. Arid and non-arid soils have a fundamentally different soil
chemistry (Zhang and Wienhold, 2002; Slessarev et al., 2016). As
changes in soil chemistry can have a large impact on environmental
brGDGT distribution (De Jonge et al., 2019, 2021, 2024; Guo et al.,
2022; Halffman et al., 2022), the proposed impact of soil moisture and
aridity can be targeted by taking a diverse suite of soil chemical pa-
rameters into account.

IsoGDGTs are membrane-spanning lipids produced by a wide range
of archaea (e.g., Schouten et al., 2013). They can have a different
number of cyclopentane rings (ranging from 0 to 8 rings) and can
contain a cyclohexane ring in the case of the compound crenarchaeol
(Sinninghe Damsté et al., 2002). Crenarchaeol is a biomarker specific for
Thaumarchaeota, while isoGDGT-0 can be produced by a large range of
archaea (e.g., Schouten et al., 2013). As different Thaumarchaeotal
groups produce isoGDGT-0 to -3, crenarchaeol and crenarchaeol isomer
in different proportions (e.g., Schouten et al., 2013), the distribution of
isoGDGTs can be used as a taxonomic fingerprint. As Thaumarchaeota
group 1.Ib is more present in dry alkaline and aerated soils (Auguet
et al., 2010; Bates et al., 2011), whereas groups 1.Ia, 1.Ia-associated and
I.1c prefer acidic soils (Tripathi et al., 2013; Weber et al., 2015), specific
isoGDGT ratios (Fcrenʹ; Baxter et al., 2021) are expected to vary across
large pH gradients in soils. Aside from Thaumarchaeota, Bathyarchaeota
and Methanobacteria also produce isoGDGTs (dominantly isoGDGT-0,
Zheng et al., 2019). These archaea are more abundant in moist soils
(Vaksmaa et al., 2016), and the isoGDGT-0/cren ratio will thus vary
across soil moisture gradients. When Thaumarchaeota are the dominant
producers, TEX86, the ratio of isoGDGT-2, isoGDGT-3 and crenarchaeol
isomer against isoGDGT-1 can be used to reconstruct air temperature in
soils (Schouten et al., 2002; Coffinet et al., 2014; Yang et al., 2016).
However, most studies report only a weak correlation with temperature
which is explained by the effect of shifts in the composition of the
isoGDGT-producing archaeal community (e.g., Xie et al., 2015; Li et al.,
2018; Zheng et al., 2019; De Jonge et al., 2024). As archaeal isoGDGT
lipids become relatively more abundant, compared with bacterial
brGDGTs in arid soils, the BIT index and Ri/b indices correlate with soil
moisture in arid and non-arid soils (e.g., Xie et al., 2012; Dirghangi et al.,

2013; Wang et al., 2014; Dang et al., 2016a; Dang et al., 2016b). To
study the impact of changes in aridity-driven soil chemistry along a soil
transect in semi-arid south Africa, we studied 43 soil samples in the
Okavango Delta, covering seasonal and annual variation in aridity and
associated soil chemistry changes (2018–2020). These soils experience
the same temperature (variation within the transect is less than 2 ◦C)
and have a similar vegetation cover, but they include examples of arid
and non-arid soils, where the non-arid soils experience varying degrees
of seasonal inundation. The relationships between brGDGTs, isoGDGTs
and selected soil chemistry parameters (exchangeable cations, pH, water
content, conductivity) were investigated to assess their effect on GDGT-
derived proxies. Specifically, the study aims to deconvolute the effect of
soil chemistry changes associated with arid and non-arid soils on
brGDGT proxies MBT′5ME and CBT′, and isoGDGT distributions in the
context of future regional paleo-reconstructions.

2. Material and methods

2.1. Study sites

Chiefs Island is one of the Okavango Delta’s permanent islands,
located in a seasonal swamp area with a semi-arid center (Fig. 1).
Flooding in the Delta typically peaks in August, nearly four months after
the summer rain in Angola (Ellery et al., 1993; Gumbricht et al., 2004a,
2004b). During the austral winter months (June to September), the
water level in the Boro channel (nearby Chiefs Island) is at its peak. This
is followed by the warm rainy season that lasts from November to March
(averaging 490 mm yr− 1, Gumbricht et al., 2004a; Gondwe et al., 2021).

43 soil samples were collected were collected in the Okavango Delta
between 2018 and 2021 as part of the NERC funded MOYA “Closing the
global methane budget” project, implemented by the UK Centre for
Ecology and Hydrology (UKCEH) and the Okavango Research Institute
of the University of Botswana (Fig. 1). The sampling sites are defined by
their respective distance from site 1 whose location was fixed
throughout the sampling period (Table 1). As the transect was partly
located in the floodplain, and only non-submerged soils were sampled,
the transect varied in length. As such, it had a maximum length of 260 m
and 7 sites during the low-flood season (February, March), while during
the high-flood season (August, September) the transect only had 5 sites
(~55 m). C4 grasses (Imperata cylindrica, Eragrostis inamoena, Miscanthus
junceus) were dominant around site 1 to 3 across the seasons, whereas
for site 4 to 7 (seasonally flooded sites), C4 plants were dominant during
the low-flood season while macrophytes (C3 plants) were present during
the high-flood season. These soils are arenosols which consist predom-
inantly of sands (up to 85%) with an increase in peat and other organic
material closer to the river (site 4 to 7), thus creating an ‘O’ horizon in
the lower seasonal floodplains (Gondwe et al., 2021).

In summary, the soil samples were taken in triplicate at 0–10 cm
depth, oven-dried (at 105 ◦C), with electrical conductivity, soil tem-
perature, pH, soil organic carbon (TOC) and soil water content previ-
ously reported in Gondwe et al. (2021). Soil water content (in %) was
defined as the ratio of the mass of water present to the dry weight of the
soil sample (Gondwe et al., 2021).

2.2. Lipid extraction and quantification

Freeze-dried soils (2–3 g) were ground and extracted with an EDGE
system (CEM) as described in Lattaud et al. (2021). Following extrac-
tion, the total lipid extract was saponified with 0.5 M potassium hy-
droxide (KOH) in methanol (MeOH) to remove the fatty acids, and the
neutral fraction was liquid–liquid extracted three times with hexane.
The remaining saponified products were acidified (pH ~2) and the
neutral fraction was liquid–liquid extracted with Hex:DCM (4:1, v/v)
three times. The neutral fraction was further separated over a silica gel
column (deactivated 1%) into two fractions with Hex:DCM (9:1, v/v),
and DCM:MeOH (1:1, v/v). The second fraction contains the GDGTs. An
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internal standard (C46 GDGT, Huguet et al., 2006) was added to the
GDGT fraction which was subsequently filtered on a polytetrafluoro-
ethylene filter (0.45 µm pore-size).

Branched and isoGDGTs were analysed with high performance liquid
chromatography (LC)/atmospheric pressure chemical ionization–mass
spectrometry (MS) on an Agilent 1260 Infinity series LC-MS (Hopmans
et al., 2016) using two Waters Acquity UHPLC BEH hydrophilic liquid
interaction chromatography (HILIC) columns (1.7 µm; 2.1 × 150 mm).
The columns were heated to 45 ◦C and the flow rate was set to 0.2
mL min− 1. The UHPLC was coupled to an Agilent 6130 single quadru-
pole mass spectrometer. Selective ion monitoring of the [M+H]+ was
used to detect and quantify the different GDGTs (Huguet et al., 2006),
and a similar response factor was assumed for the GDGTs and the in-
ternal standard. Concentrations are based on the peak areas of each
GDGT’s specific ion and the internal standard, normalized per g of soil
extracted. Based on a long-term laboratory standard the analytical un-
certainty is 0.02 for MBT′5ME and 0.03 for IR values. Several ratios were
calculated and calibrated to calculate pH (De Jonge et al., 2014b, 2021):

MBT́ 5ME =
(Ia+ Ib+ Ic)

(Ia+ Ib+ Ic+ IIa+ IIb+ IIc+ IIIa)
(1)

CBT́ = log10[
(Ic+ IIaʹ + IIbʹ

+ IIIaʹ + IIIbʹ
+ IIIcʹ)

(Ia+ IIa+ IIIa)
] (2)

IR6ME =
IIaʹ + IIIaʹ + IIbʹ

+ IIcʹ

IIa+ IIaʹ + IIb+ IIbʹ
+ IIc+ IIcʹ + IIIa+ IIIaʹ (3)

pH = 7.15+ 1.59 × CBT́ (4)

As soil chemistry is the main target of this paper, we tested the proposed
ratio to reconstruct exchangeable Ca2+ ([Eq 11] from De Jonge et al.,
2024).

Ib+ IIaʹ + IIb́
∑

all brGDGT
(5)

For isoGDGTs, the TEX86 was calculated as follows (Schouten et al.,
2002):

TEX86 =
GDGT − 2+ GDGT − 3+ cren isomer

GDGT − 1+ GDGT − 2+ GDGT − 3+ cren isomer
(6)

The ratio of isoGDGT and brGDGT from Xie et al. (2012) was calculated
(i.e., Ri/b).

Ri/b =

∑
isoGDGT

∑
brGDGT

(7)

2.3. Exchangeable cation measurements

2.5 g of freeze-dried milled soils (each being a combination of three
sample replicates) were shaken for 2 h with 25 mL of ammonium acetate
(NH4Ac, 1 M, pH=7.0) to extract the cations. After settling, the pH was
measured with a 713 pH meter (Metrohm). This pH was used to calcu-
late back the amount of free hydrogen ions (H+) based on a NH4Ac

Fig. 1. (a) Sampling location at the Nxaraga transect, Okavango Delta (Botswana), scale bar indicates 0–30 km, and (b) aerial photo of the transect, adapted from
Gondwe et al. (2021), (c) sampling sites and their distance from site 1. Symbols are colored according to their soil water content (SWC in %).
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titration curve (Brown, 1943). If the pH measured was > 7, no H+ ions
were available and free acidity was not calculated. Hence, free acidity is
not calculated for the very alkaline soils (as the NH4A-pH was above 7),
and free acidity in these alkaline soils is assumed to be 0. The super-
natant was filtered over a 0.45 µm filter and the filtered-extract was
analysed for sodium (Na+), calcium (Ca2+), potassium (K+), magnesium
(Mg2+), aluminum (Al3+), iron (Fe3+) and manganese (Mn2+) cations by
inductively coupled plasma − optical emission spectrometry (ICP-OES,
5100 ICP-OES, Agilent Technologies). The cation exchange capacity
(CEC) is calculated as 2 × [Ca] + 2 × [Mg] + [Na] + [K] + 3 × [Al] +
[H+] (all in cmolc × kg soil− 1), the sum of all metals is 2 × [Mn] + 3 ×

[Fe] + 3× [Al] and the sum of bases [Na]+ [K]+ 2 × [Ca]+ 2× [Mg].

2.4. Statistics and global calibration

All statistical analyses were performed using Rstudio (version 4.2.1,
R Core Team, 2023), using the FactoMineR (Lê et al., 2008) and corrplot
(Wei and Simko, 2021) packages. All correlations are considered sig-
nificant if p < 0.01. Plots were realized using ggplot2 (version 3.3.5;
Wickham, 2009) and factoextra (Kassambara and Mundt, 2023).

MBT′5ME and CBT′ were compared to a global dataset (Hopmans
et al., 2016). The data compilation encompassed datasets from Weijers
et al. (2007); De Jonge et al. (2014a); Dang et al. (2016a, 2016b); Ding

et al. (2016); Wang et al. (2016); Xiao et al. (2016); Naafs et al. (2017);
Jaeschke et al. (2018); Dearing Crampton-Flood et al. (2020); Dugerdil
et al. (2021); Pérez-Angel et al. (2020); Duan et al. (2020, 2022); Chen
et al. (2021); Guo et al. (2022); Peaple et al. (2022).

3. Results

3.1. Soil properties

Data from Gondwe et al. (2021) used as background information for
this study include measured soil temperature, pH (Fig. 2a), soil water
content (SWC, Fig. 1c), and total carbon content (TOC, Fig. 2d). SWC
and TOC decrease with distance from the river channel (r = 0.69, r =
0.53, and r = 0.41, p < 0.01, respectively). pH values (4.7–10.5) in-
crease with distance from the river channel (r = 0.69, p < 0.01), from
acidic to alkaline values (Fig. 2a). Summarizing the dependency be-
tween chemical parameters, SWC is negatively correlated with pH (r =
–0.67, p < 0.01), and positively with exchangeable Ca2+, free acidity,
metal cations and TOC (0.65 < r < 0.79, p < 0.01, Fig. 2g). TOC cor-
relates strongly with CEC and the main cations (r > 0.8, p < 0.01).
Exchangeable Ca2+ is the most abundant cation in the soils, with con-
centration up to 20 cmolc kg− 1, and as low as 1.9 cmolc kg− 1 (Fig. 2b).
Highest Ca2+ concentrations are encountered both close to the river bed

Table 1
Soil sampling locations and date sampled, as well as their distance from site 1, soil water content* (SWC in %), and soil temperature* (◦C) (Gondwe et al., 2021).

Date sampled Site # Latitude (◦S) Longitude (◦E) Distance from site 1 (m) SWC (%) Soil temp at the time of sampling (◦C)

Feb-18 1 19.547883 23.179050 0.00 8.840 31.13
Feb-18 2 19.548250 23.179117 42.4 17.304 29.03
Feb-18 3 19.548417 23.179217 62.5 24.449 29.47
Feb-18 4 19.549000 23.179400 127.0 50.993 27.37
Feb-18 5 19.549267 23.179300 158.6 94.611 27.30
Feb-18 6 19.549383 23.179200 165.4 120.993 27.10
Feb-18 7 19.549400 23.179083 172.4 190.285 25.67
Apr-18 1 19.547883 23.179033 0.0 9.660 27.67
Apr-18 2 19.548233 23.179150 40.7 8.550 24.30
Apr-18 3 19.548483 23.179267 71.0 54.670 24.97
Apr-18 4 19.548867 23.179350 114.2 62.581 25.27
Apr-18 5 19.549133 23.179400 144.2 139.830 26.83
Apr-18 6 19.549383 23.179483 173.3 97.181 25.13
Apr-18 7 19.549600 23.179467 196.2 97.194 26.33
Aug-18 1 19.547910 23.179060 0.0 17.249 18.43
Aug-18 2 19.548180 23.179100 30.3 25.070 17.73
Aug-18 3 19.548250 23.179160 39.2 35.859 18.13
Aug-18 4 19.548290 23.179070 42.2 39.159 19.40
Aug-18 5 19.548410 23.179110 55.8 53.751 22.70
Sep-18 1 19.547930 23.179080 0.0 20.562 19.33
Sep-18 2 19.548220 23.179070 32.2 34.645 18.60
Sep-18 3 19.548320 23.179070 43.3 26.150 20.00
Sep-18 4 19.548400 23.179080 52.2 28.271 22.33
Sep-18 5 19.548400 23.179090 52.2 47.209 23.17
Feb-19 1 19.547910 23.179100 0.0 12.026 27.98
Feb-19 2 19.548250 23.179140 34.5 7.234 28.67
Feb-19 3 19.548580 23.179280 72.6 21.244 28.63
Feb-19 4 19.549000 23.179350 111.1 41.899 28.28
Feb-19 5 19.549420 23.179470 147.0 44.433 28.50
Feb-19 6 19.549690 23.179600 197.5 90.589 28.22
Feb-19 7 19.549900 23.179540 246.4 121.379 28.93
May-19 1 19.547930 23.179130 0.0 6.716 25.60
May-19 2 19.548240 23.179150 34.5 4.310 25.20
May-19 3 19.548580 23.179200 72.6 5.018 27.17
May-19 4 19.548910 23.179340 111.1 28.110 26.10
May-19 5 19.549220 23.179440 147.0 9.771 25.50
May-19 6 19.549660 23.179560 197.5 69.351 26.37
May-19 7 19.550080 23.179700 246.4 24.389 26.17
Aug-20 1 19.547917 23.179111 0.0 12.767 18.20
Aug-20 2 19.548222 23.179167 36.1 14.664 18.27
Aug-20 3 19.548333 23.179167 46.6 22.550 17.00
Aug-20 4 19.548417 23.179194 54.2 23.078 17.53
Aug-20 5 19.548528 23.179222 68.0 20.959 17.67
Aug-20 6 19.548583 23.179250 75.4 83.156 20.00

*FromGondwe et al., 2021.
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and further away from it. Exchangeable Mg2+, K+ and Na+ are also
abundant in the soils but at a tenfold lower concentration (on average
1.5 ± 0.7, 0.7 ± 0.6 and 0.5 ± 0.5 cmolc kg− 1, respectively, Table 2).
The concentrations of exchangeable Fe3+, Al3+ and Mn2+ are very low
and the sum of these metal cations is always below 0.2 cmolc kg− 1

(Table 2), increasing with increasing SWC (r = 0.72, p < 0.01, Fig. 2f).
The sum of base cations varies between 5.3 and 46.5 cmolc kg− 1 and is
independent from SWC, but correlates positively with TOC (r = 0.8, p <

0.01, Fig. 2f). Free acidity was highest at intermediate distance from the
river channel (10.0 to 11.8 cmolc kg− 1, Fig. 2c). Soils with the highest
CEC (7.7 ± 2.9 cmolc kg− 1) are found at intermediate distance (>150 m
from site 1, Fig. 2d). CEC in the soils is driven by exchangeable Ca2+,
Mg2+, free acidity and Na+ (r = 0.99, r = 0.97, r = 0.83, and r = 0.81, p
< 0.01, respectively, Fig. 2f).

In summary there are three types of soils. Firstly, the arid soils that
remain dry and are very alkaline with low TOC content, high electrical
conductivity, high CEC. Secondly, the seasonally inundated soils closer
to the river, characterized by lower pH, generally high CEC, medium to
low electrical conductivity and higher TOC, metal cations concentration
and soil water content. In these two types of soils Mg2+ and Ca2+ can be
abundant and CEC values can be increased. The third type of soils is
located in the middle of the transects and is neither semi-arid nor often

inundated, and has low CEC values as well as neutral pH. There is no
correlation between soil temperature at the time of sampling and any of
the chemical soil parameters under study (Fig. 2f). To avoid the influ-
ence of seasonality, which is inherent to directly using the in-situ
measured soil temperature at time of sampling, mean annual soil tem-
perature (MAST) is calculated in three spatial ranges. Here, a first range
captures the arid soils (0 m, n = 18, MAST=23.8 ± 9.0 ◦C±std.), a
second range captures the non-arid soils (1 to 100 m from site 1, n = 26,
MAST=22.3 ± 8.1 ◦C) and a third range captures the seasonally inun-
dated sites (>100 m, n = 50, MAST=25.5 ± 5.3 ◦C), where the standard
error mainly reflects seasonal variability.

3.2. BrGDGTs

15 brGDGTs were targeted during the analysis and all compounds
were detected in all samples, with brGDGT-IIIb and -IIIbʹ, brGDGT-IIIc,
brGDGT-IIcʹ and -IIIcʹ detected only in trace amounts. The summed
concentrations of all brGDGTs varied from 35.6 to 3195 ng gsoil-1 (highest
concentration at lowest pH values, Fig. 3a). BrGDGT-Ia is always
dominant, with concentration between 9.4 and 2237 ng gsoil-1 (Fig. 3B),
representing up to 84% of all brGDGTs. BrGDGT-Ia concentration varies
with TOC (r = 0.75, p < 0.01, Supplementary Table S3) and pH (r =

Fig. 2. Selected soil chemistry parameter values along the sampling transect (distance from Site 1 in m), (a) pH, (b) exchangeable Ca2+, (c) free acidity (H+), (d)
cation exchange capacity (CEC), (e) soil carbon content (%) and (f) correlation matrix of the main soil chemistry parameters. Coefficients are provided in Sup-
plementary Table S6.
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–0.62, p < 0.01, Fig. 3b, Supplementary Table S3). To assess if TOC in
the soils is controlling the relation between brGDGT-Ia and pH, brGDGT-
Ia concentrations were normalized by TOC, and they show higher con-
centration in the acidic soils. This confirms that pH is one of the main
factors influencing brGDGT-Ia concentrations. TOC and pH are strongly
correlated with SWC (Fig. 2g), creating correlations between SWC,
metal cations and free acidity and brGDGT-Ia (Supplementary Table S3).

Concentrations of brGDGT-IIa and -IIIa are also correlated with free
acidity and pH, albeit less strongly than brGDGT-Ia (Fig. 3c,f, Supple-
mentary Table S3). Concentrations of alkaline-promoted cyclopentane-
containing tetramethylated brGDGT-Ib and -Ic, as well as brGDGT-IIb,
are increased both at low and high pH values, resulting in a signifi-
cant correlation (0.41 < r < 0.54, p < 0.01) with the concentration of
exchangeable calcium and magnesium (Supplementary Table S3). A
correlation with CEC (r = 0.54 for both, p < 0.01) is observed for the
other 5-methyl brGDGTs with cyclopentane moieties (IIb, IIc, Supple-
mentary Table S3). 6-methyl brGDGTs IIaʹ and IIIaʹ correlate with TOC
like their 5-methyl counterparts. Their concentration increased at low
pH, but also with exchangeable cations, resulting in a secondary con-
centration optimum at high pH (Fig. 3e,g). All 6-methyl brGDGT con-
centrations increase faster than their 5-methyl counterparts at high pH

(Supplementary Fig. S2c). In summary, although chemical (pH, CEC)
parameters control brGDGT concentrations, linear correlations do not
always reflect the dependencies, as two maxima are often observed.

To describe variation in brGDGT fractional abundance, a Principal
Component Analysis (PCA) is performed, calculating the loadings of
brGDGTs (Fig. 4a) on two principal components. The first principal
component (PC1, variation explained 60.2%) indicates the different
behaviour of brGDGT-Ia and -IIa, loading oppositely to all other
brGDGTs (brGDGT IIIa, Ib, Ic, IIb, IIaʹ, IIbʹ, IIIaʹ). As samples with
different pH form distinct clusters (representing the three type of soils)
with different PC1 scores, PC1 likely captures the influence of pH
(Fig. 4a). On PC2 (explains 14.6% of the variation), soil samples with
low CEC and Ca2+ concentrations as well as neutral pH have an
increased loading. The negative loading of brGDGT-IIIa reflects an in-
crease in the non-arid soils (Fig. 4b).

MBT′5ME values, which capture variability in tetramethylated versus
5-methyl penta- and hexamethylated brGDGTs, are highly variable in
the arid and non-arid soils (0.63 to 0.96) and more in the seasonally
inundated soils (0.80 ± 0.05) (Supplementary Fig. S2a). MBT′5ME plots
positively on PC2, indicating that CEC could drive the changes in
MBT′5ME (Fig. 4B). CBT′ varies from –1.22 to 0.02 (increasing further

Table 2
Soil bulk characteristics: pH*, total Organic Carbon* (TOC in %), exchangeable cations, cation exchange capacity, sum of all base cations and sum of metals. ND
indicates not determined.

% cmolc kg¡1

Date sampled Site # pH TOC Al Fe Ca K Mg Mn Na Hþ CEC Σbase Σmetal

Feb-18 1 10.5 2.0 0.000 0.000 12.2 2.0 2.5 1.2 27.6 32.7 0.000
Feb-18 2 6.5 7.0 0.000 0.001 3.9 0.4 1.0 0.2 3.1 11.5 10.4 0.002
Feb-18 3 6.0 13.5 0.008 0.003 9.7 0.4 1.6 0.3 4.5 24.6 23.3 0.033
Feb-18 4 5.4 20.0 ND ND ND ND ND ND ND ND ND ND ND
Feb-18 5 5.1 28.5 0.010 0.005 12.8 0.4 1.9 0.3 6.7 33.0 30.2 0.044
Feb-18 6 5.2 21.6 0.010 0.004 13.9 0.3 2.0 0.3 8.4 36.8 32.5 0.042
Feb-18 7 5.4 23.5 ND ND ND ND ND ND ND ND ND ND ND
Apr-18 1 9.86 2.0 15.9 1.9 2.3 1.3 35.0 39.6 0.000
Apr-18 2 6.4 6.0 5.1 0.6 1.2 0.3 2.8 13.8 13.4 0.000
Apr-18 3 5.5 17.8 14.7 0.3 2.2 0.1 0.4 9.6 39.7 34.4 0.124
Apr-18 4 5.4 21.2 0.026 0.010 14.0 0.3 2.2 0.5 10.0 38.8 33.2 0.106
Apr-18 5 5.2 32.3 0.030 0.010 20.0 0.6 2.6 0.5 11.8 53.0 46.4 0.119
Apr-18 6 5.5 22.5 0.021 0.007 19.0 1.2 2.4 0.6 10.9 50.7 44.7 0.085
Apr-18 7 5.7 27.0 0.021 0.008 16.1 0.2 2.2 0.1 0.3 8.8 41.5 37.0 0.225
Aug-18 1 10.2 1.9 0.000 0.000 12.0 2.0 0.9 1.8 27.8 29.6 0.000
Aug-18 2 9.1 3.3 0.000 0.000 13.0 0.8 1.3 0.5 27.4 29.9 0.000
Aug-18 3 6.47 5.3 0.000 0.000 3.8 0.3 1.0 0.2 3.4 11.5 10.0 0.001
Aug-18 4 6.5 5.1 0.000 0.000 3.6 0.2 0.7 0.2 4.2 11.8 8.9 0.000
Aug-18 5 6.1 7.2 0.000 0.002 3.9 0.2 0.9 0.2 2.8 11.1 10.1 0.005
Sep-18 1 9.9 9.0 0.000 0.000 16.8 1.2 2.3 1.6 36.4 40.9 0.000
Sep-18 2 8.8 35.7 0.001 0.000 19.2 1.2 3.0 0.9 40.5 46.5 0.003
Sep-18 3 6.9 16.5 0.000 0.001 5.1 0.4 1.1 0.3 10.9 13.0 0.002
Sep-18 4 6.4 3.6 0.000 0.001 2.9 0.1 0.7 0.2 3.8 10.0 7.6 0.002
Sep-18 5 6.0 22.8 0.000 0.001 3.8 0.3 0.9 0.2 3.0 11.0 9.9 0.004
Feb-19 1 9.8 2.9 0.001 0.000 16.4 1.7 1.9 1.9 36.4 40.1 0.003
Feb-19 2 5.9 7.4 0.000 0.000 2.6 0.3 0.6 0.2 3.2 8.9 7.0 0.001
Feb-19 3 5.4 6.8 0.002 0.001 3.3 0.1 0.7 0.2 2.8 9.7 8.4 0.011
Feb-19 4 5.3 15.7 0.004 0.002 11.6 0.2 1.7 0.5 3.4 27.4 27.3 0.020
Feb-19 5 5.3 12.3 0.002 0.002 7.7 0.6 1.2 0.5 3.3 19.8 19.0 0.013
Feb-19 6 4.7 34.9 ND ND ND ND ND ND ND ND ND ND ND
Feb-19 7 4.8 8.2 0.001 0.002 12.6 0.6 1.5 0.1 0.4 4.1 30.5 29.2 0.130
May-19 1 8.7 2.9 0.000 0.000 17.1 1.7 2.0 1.3 37.1 41.1 0.000
May-19 2 7.3 2.7 0.000 0.000 5.1 0.2 0.9 0.3 9.2 19.9 12.3 0.000
May-19 3 6.2 4.3 0.002 0.001 3.3 0.3 0.8 0.2 2.8 9.9 8.7 0.011
May-19 4 6.3 11.3 0.006 0.003 17.0 1.0 2.4 0.6 3.5 39.1 40.4 0.025
May-19 5 6.3 4.0 0.001 0.001 3.7 0.1 0.8 0.3 2.8 10.6 9.5 0.007
May-19 6 5.6 24.5 ND ND ND ND ND ND ND ND ND ND ND
May-19 7 6.1 3.2 0.000 0.001 1.9 0.4 0.5 0.1 3.1 7.5 5.3 0.002
Aug-20 1 9.0 3.2 0.001 0.000 17.5 1.2 2.2 1.2 37.3 41.7 0.003
Aug-20 2 6.6 4.51 0.002 0.000 3.6 1.4 0.7 0.2 3.8 12.7 10.2 0.008
Aug-20 3 6.2 5.0 0.000 0.001 2.9 0.2 0.6 0.2 3.3 9.5 7.5 0.002
Aug-20 4 5.5 5.4 0.000 0.001 4.5 0.2 1.0 0.2 2.9 12.2 11.4 0.003
Aug-20 5 5.5 4.2 0.000 0.001 2.9 0.1 0.7 0.2 3.0 9.2 7.5 0.003
Aug-20 6 5.4 10.1 0.006 0.006 11.2 0.5 1.5 0.3 4.0 27.2 26.2 0.034

*Data from Gondwe et al. (2021).
ND: Not determined.
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away from site 1; Fig. 4d). The isomer ratio (IR6ME) varies from 0.1 to
0.9; values were always highest for the arid soils (site 1, 0.5 to 0.9,
Fig. 4e).

3.3. isoGDGTs

IsoGDGT concentrations are in general lower (the sum of isoGDGTs is
between 1.6 to 774 ng gsoil-1 , Supplementary Table S1) than brGDGT (Ri/
b < 0.25). IsoGDGT-0 is the dominant isoGDGT and its concentration is
lowest in the arid soils (0.6–9.8 ng gsoil-1 ), increasing with distance along
the transect (>150 m, 8.3–71.7 ng gsoil-1 ) (Fig. 5a). IsoGDGT-0 correlates
negatively with pH (r = –0.49, p < 0.01) and positively with soil water
content (r = 0.59, p < 0.01) (Fig. 5b, Supplementary Table S5). Cren-
archaeol and its isomer are also detected but in much lower concen-
tration (0–81.9 ng gsoil-1 , Supplementary Table S1). The concentration of
crenarchaeol correlates positively with isoGDGT-2 and -3 (r = 0.46, r =
0.40, respectively, p < 0.01), but not with isoGDGT-0 and -1. Cren-
archaeol isomer correlates with all other isoGDGTs. The concentrations
of isoGDGT-0 and isoGDGT-1, -2, -3 correlate positively (r = 0.90, r =
0.84, r = 0.83, p< 0.01, respectively, Fig. 5b, Supplementary Table S5).
TEX86 values ranged from 0.55 to 0.97, with on average higher values
for the arid soils compared with the seasonally inundated soils (sites 6
and 7; Supplementary Fig. S2g). Ri/b correlates with SWC and metal
cations (r = 0.67 and r = 0.54, p < 0.01 respectively, Fig. 5c).

4. Discussion

4.1. Influence of aridity-driven changes in soil chemistry on brGDGTs

The succession of semi-arid, non-arid and seasonally inundated soils
causes a large heterogeneity in soil chemistry. For example, the pH
range of the soil covers almost the full range of the soil calibration of
Dearing Crampton-Flood et al. (2020) (i.e., 3.5–8). In this context, SWC
and TOC increase, whereas pH decreases with increased distance from
site 1 (Fig. 1c, 2a, d), reflecting increased soil development.

4.1.1. Temperature-sensitive brGDGTs (Ia, Ib, Ic, IIa, IIb, IIc, IIIa)
In the Okavango Delta soils studied here, MAST temperature values

fall within a narrow 2 ◦C range. Therefore, the large variations seen in
brGDGTs and brGDGT proxies cannot be driven by temperature changes.
BrGDGT-Ia, -IIa and -IIIa concentrations correlate negatively with pH
(Fig. 3b,c,f), indicating that in absence of temperature variation these
temperature-dependent brGDGTs are controlled by pH changes. The
concentrations of other proposed temperature-dependent brGDGTs:
brGDGT-Ib, and -IIb correlate with exchangeable cations and CEC
(Supplementary Table S3), as observed by Halffman et al. (2022) in
Swedish soils, and De Jonge et al. (2024) in soils from six globally
distributed elevation transects.

These parameters have a clear impact on MBTʹ5ME, which shows a
large range of values (0.63 to 0.96) which equates to almost 10 ◦C of
reconstructed MAAT using [Eq. (6)] (19–29 ◦C, Fig. 4c). However, this

Fig. 3. Concentrations of brGDGT depending on soil pH (a) all brGDGTs, (b) brGDGT-Ia, (c) brGDGT-IIa, (d) brGDGT-IIa’, (e) brGDGT-Ib, (f) brGDGT-IIIa, and (g)
brGDGT-IIIa’. Color scale indicates either soil pH (panel a) or cation exchangeable capacity (panels b–g). For (a–g) average concentration of each ratio depending on
soil type (I Seasonally inundated, II Non-arid, III Arid).
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does not result in a correlation between MBTʹ5ME and pH (Supplemen-
tary Fig. S2b), contrary to what is reported by Halffman et al. (2022).
Previous studies have shown that arid (alkaline) and non-arid (acidic)
soils have MBT′5ME with different relationships to environmental pa-
rameters (Guo et al., 2022). Indeed, when arid (alkaline, pH>8) soils are
separated from the non-arid and seasonally inundated soils (acidic,
pH<6), the latter (n= 33) show a negative relationship between pH and
MBTʹ5ME (r = –0.59, p < 0.01, Supplementary Fig. S2b), similar to
Halffman et al. (2022). On the other hand, in the arid soils (n = 10) no
dependency between MBTʹ5ME and pH is observed, instead MBTʹ5ME
correlates with IR6ME (r = 0.98, p < 0.01, Supplementary Table S4b). A
first difference between these types of soils is the faster increase in the
fractional abundance in brGDGT-IIaʹ, in parallel with higher amount of
brGDGT-Ib in arid soils compared with seasonally inundated soils,
maybe due to the presence of a different community of producers
(Supplementary Fig. S2c, d). A second source of variation in the MBT′5ME
values in non-arid soils, is caused by the increased fractional abundance
of brGDGT IIIa in soils with neutral pH (i.e., the non-arid soils, Fig. 4b,
Supplementary Fig. S2e). Here, variations in MBTʹ5ME could be
explained by: (i) an allochthonous source of brGDGT-IIIa, brought by the
river, especially in the seasonally flooded soils (hypothesis I), or (ii) an
additional control by CEC (hypothesis II) (Fig. 4b). In support of hy-
pothesis I, the concentration of brGDGT-IIIa increases in water-logged
soils, but its fractional abundance is only slightly different (Supple-
mentary Fig. S2e). The concentration increases seen in brGDGT-IIIa thus
likely reflect the increase observed for all brGDGTs and not an influence
of the nearby river (Fig. 3a). In addition, the ratio of brGDGT-IIIa over
-IIa (Xiao et al., 2016) is below the reported threshold for lacustrine
production (0.9, Martin et al., 2019) in all but two soil samples that have
SWC<25 %. However, due to the lack of end-member data for the

riverine brGDGTs, the use of the IIIa over IIa ratio is uncertain (O’Beirne
et al., 2024). Indeed, here, higher IIIa versus IIa ratios are found at lower
SWC (<25 %) and higher MBTʹ5ME (Supplementary Fig. S2f). In
conclusion, as no strong support is present for hypothesis I, MBTʹ5ME
variations are likely due to variation in CEC that impacts the production
of brGDGT-IIIa in neutral pH soils (hypothesis II), a hitherto unknown
and poorly constrained confounding factor for MBT′5ME in the non-
inundated, non-arid soils.

4.1.2. Alkalinity-promoted brGDGTs (6-methyl and cyclopentane-
containing brGDGTs)

In the seasonally inundated soils, high CEC, driven by Ca2+ and low
pH, are likely caused by plant evapotranspiration precipitating Ca2+

(Ellery et al., 1993; Milzow et al., 2009). In the semi-arid alkaline soils,
Ca2+concentrations are also increased, likely caused by the extreme
evaporation in these soils. Hence, there is no correlation between pH
and CEC (or Ca2+), as such this is the ideal dataset to test the effect of
CEC independently of pH.

The summed brGDGTs concentration is higher in low pH (<6) than
in higher pH soils (>9, Fig. 3a), which is driven by an increase in
brGDGT-Ia, -IIa, -IIIa (Fig. 3b,c,f) and in agreement with previous
studies (e.g., Peterse et al., 2010; De Jonge et al., 2019). This increase is
likely due to the increased abundance of potential brGDGT producers
such as Acidobacteria in low pH soils (Jones et al., 2009). All other
brGDGTs show two optima, with higher concentration in both low pH
and high pH soils (Fig. 3d,e,g), indicating additional production or
different brGDGT producers at higher pH, potentially Actinobacteria
and Verrucomicrobia (e.g, Guo et al., 2022).

The concentrations of the 6-methyl brGDGTs (IIaʹ, IIIaʹ) and
cyclopentane-containing brGDGTs (Ib, IIb, IIc, IIIb) correlate positively

Fig. 4. (a, b) PCA of standardized fractional brGDGT abundances, with brGDGT fractional abundances (a) and MBTʹ5ME ratio values and environmental parameters
(b) plotted a posteriori. Symbol colors refer to either (a) pH and (b) or CEC (in cmolc kg− 1). (c) MBTʹ5ME values of globally distributed soils and peats, plotted against
annual mean air temperature, (d) CBTʹ values of globally distributed soils and peats plotted against soil pH. For (c,d) Botswana soils analysed in this study are plotted
with orange symbols. In panel (c) the calibration line between MBTʹ5ME and MAAT of De Jonge et al (2014a) is plotted, panel d) includes both the calibrations of
Russell et al. (2018) and De Jonge et al. (2014a). (e) Isomer ratio (IR) and soil pH and (f) brGDGT-based ratio [Eq. 11] from De Jonge et al. (2024) plotted against the
measured concentration in exchangeable calcium. Data from the Okavango Delta (this study), De Jonge et al. (2024) and Halffman et al. (2022). For (c–f) average
values of each ratio depending on soil type (I Seasonally inundated, II Non arid, III Arid).
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with CEC and exchangeable Ca2+ (0.54<r<0.58, Fig. 3d,g, Supple-
mentary Table S3), which is similar to what was reported by Halffman
et al. (2022) and De Jonge et al. (2021, 2024) in very different settings
(temperate, arid, and tropical sites). This confirms the impact of CEC on
alkalinity-promoted brGDGTs, even in the absence of a temperature
change. For the arid alkaline soils there is a higher abundance of the 6-
methyl brGDGTs (IIaʹ, IIIaʹ) compared with their 5-methyl counterpart
(IIa, IIIa), which results in high IR6ME values (0.5–0.9, Fig. 4e). In
contrast, 5-methyl brGDGTs dominate their 6-methyl counterparts at
wetter sites. This is in agreement with previous studies of alkaline soils
(pH>8) in several regions of the globe where 97% of IR6ME values are >
0.5 (De Jonge et al., 2014a, 2014b; Dang et al., 2016a; Dang et al.,
2016b; Ding et al., 2016;Wang et al., 2016; Xiao et al., 2016; Duan et al.,
2020, 2022; Dearing Crampton-Flood et al., 2020; Pérez-Angel et al.,
2020; Chen et al., 2021; Guo et al., 2022; Peaple et al., 2022). IR6ME is
positively correlated with pH (Fig. 4e), the main exchangeable cations
(Ca2+, Mg2+, K+, Na+) and conductivity, albeit with a low correlation
factor (r < 0.19 for EC, p < 0.01, Supplementary Table S4). CBTʹ only
responds to pH (r = 0.63, p < 0.01, Fig. 4D), and only weakly to Na+ (r
= –0.18, p < 0.01), confirming its use as a pH proxy.

Alkalinity-promoted brGDGTs (Ib, IIaʹ, IIbʹ) increase with increasing
exchangeable Ca2+ (Supplementary Table S3). As such [Eq. 11] from De
Jonge et al. (2024) was calculated and compared with the concentration
in exchangeable Ca2+. The ratio reconstructs Ca2+ concentration accu-
rately for some soils but performed badly for others (Fig. 4f). The only
parameter that can predict the efficiency of Eq. 11 to reconstruct the
concentration in Ca2+ is TOC content. Soil samples with TOC < 15%

accurately reflected the concentration in Ca2+ (Fig. 4f). Hence, at this
location, reconstructing Ca2+ using brGDGTs is possible but should be
limited to soil with TOC < 15%. Even with this limitation, this makes
this new ratio a potential proxy to reconstruct past concentration in
exchangeable calcium, potentially accessing past soil conductivity.

4.2. Environmental drivers of isoGDGT distribution

The correlation between CEC, free acidity and the concentration of
isoGDGT-1, -2, -3 (Fig. 5b, Supplementary Table S5) can be linked to the
increased membrane impermeability to protons thanks to the presence
of cyclopentane rings (Dannenmuller et al., 2000; Caforio and Driessen,
2017).

Archaeal community change is likely at the base of these correlation
differences, i.e., there likely is a common Thaumarchaeota producer(s)
for isoGDGT-1, -2, -3, and crenarchaeol (and crenarchaeol isomer), and
an additional one for isoGDGT-0 (which can have multiple sources, e.g.,
Schouten et al., 2013). The pH has been reported to be the main control
on archaeal diversity in tropical soils (Tripathi et al., 2013). For cren-
archaeol, a marker for the ammonia oxidizing Thaumarchaeota (Pester
et al., 2011), Blewett et al. (2020) reported an increased concentration
of crenarchaeol in dry wetlands with neutral pore water pH (pH=6.8),
compared to more humid and acid wetlands. However, in our dataset,
crenarchaeol concentration does not correlate with pH but with CEC and
free acidity, and it is more abundant in wetter soil with neutral to acidic
pH (5<pH<7). This might come from the increased abundance of
ammonia oxidizing Thaumarchaeota in the water-logged soils during

Fig. 5. (a) Concentration of GDGT-0 (ng gsoil-1 ) along the sampling transect (distance from Site 1 in m); the color scheme indicates soil water content (SWC). (b)
Correlation matrix between the concentration of isoGDGTs and isoGDGT-based ratios and environmental parameters (only significant correlations, i.e. with p < 0.01
are indicated with coloured circles which size is proportional to their Pearson r). Coefficients are provided in Supplementary Table S5. (c) The ratio of isoprenoid
versus branched GDGT depending on soil type.
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the high flood season, while during the low flood season crenarchaeol is
more abundant in the driest soil. In the alkaline soils from Botswana, it is
likely that Thaumarchaeota group 1.1b dominates the archaeal assem-
blages (as the soils show an increase in the proportion of crenarchaeol
isomer, Supplementary Fig. S2h, Dirghangi et al., 2013; Baxter et al.,
2021), while the more acidic soils could show a larger diversity of
thaumarchaeotal groups (Tripathi et al., 2013). However, 16S DNA
sequencing would be needed to confirm this hypothesis. There is no
increased concentration in isoGDGTs in the dry soils, to the contrary of
what Pei et al. (2021) showed, likely coming from difference in miner-
alogy in both sets of soils, i.e. the dry Botswana soils are arenosols and
do not contains a lot of clay (85% sand, Gondwe et al., 2021). Clays are
minerals that can easily bind organic matter (Blair and Aller, 2012), and
isoGDGTs, and preserve them over long periods of time (Freymond et al.,
2018; Gies et al., 2021, 2023).

For isoGDGT-0, a dominant methanogenic Euryarchaeota source is
plausible in the seasonally inundated soils, as these soils are high in
organic matter and seasonally anoxic. In addition, relatively high
methane fluxes have been reported from this part of the transect
(Gondwe et al., 2021). When testing the ratio of isoGDGT-0 over cren-
archaeol (Supplementary Table S2), potentially indicative of metha-
nogens in lacustrine systems (Blaga et al., 2009), the ratio is above 2 for
all except the arid soils, reflecting the confirmed presence of metha-
nogens throughout the transect (Gondwe et al., 2021). The concentra-
tion of isoGDGT-0 in the arid soils is lower than in the other types of
soils, which is linked to higher pH and low SWC (Fig. 5a). This is in
agreement with an observed decrease of archaeal abundance in tropical
soils with higher pH (Tripathi et al., 2013).

The ratio of isoprenoid versus branched GDGTs correlates with soil
water content (r = 0.45, p < 0.01, Fig. 5c), indicating that this proxy
developed by Xie et al. (2012) can track moisture changes along a
transect of seasonally inundated to arid soils, with the distinction that
here it tracks river moisture, and not precipitation. There is no mean
annual soil temperature variation, hence the variations in TEX86 are
explained by other environmental parameters. TEX86 correlate posi-
tively with pH (r = 0.63, p < 0.01, Supplementary Fig. S2g), which can
be driver of archaeal community change. Hence, the use of TEX86 to
reconstruct temperature can be biased by pH-driven archaeal commu-
nity change and should be used with caution.

5. Conclusions

Branched and isoprenoid GDGT concentration and distribution
changes were studied in 43 soil samples in a seasonal floodplain in the
Okavango Delta (Botswana). This allowed for a clear study of the effect
of aridity-driven soil chemistry on branched and isoGDGT distributions,
independent of temperature variations. When correlating alkalinity-
promoted brGDGT concentrations with soil pH, linear correlations
were not suited as the concentration (normalized per g soil) of the
brGDGTs (i.e., IIaʹ, IIIaʹ, Ib, Ic, IIb, IIbʹ) increased both at low and high
pH, correlating linearly with exchangeable Mg2+, Ca2+ and CEC instead.
Overall MBTʹ5ME is driven by changes in CEC; in addition, in non-arid
soils, MBTʹ5ME correlates with pH. In arid soils, MBTʹ5ME correlates
with IR6ME. Hence, a change from arid to non-arid soil can potentially
impact temperature reconstruction using the MBTʹ5ME. CBT′ correlates
only with pH and remains a valuable proxy for soil pH reconstructions.
Reconstructing the concentration of exchangeable Ca2+ can be attemp-
ted successfully in low TOC soils, using Eq. 11 developed by De Jonge
et al. (2024). The concentration of isoGDGT-0 responded to changes in
pH, free acidity and soil water content, in agreement with a likely pro-
duction by methanogenic Euryarchaeota in seasonally inundated soils.
TEX86 is positively correlated with increasing pH and reflects the impact
of pH on archaeal diversity. The Ri/b ratio correlates with soil water
content across the whole soil moisture gradient, as shown in previous
studies, and highlights the potential for this ratio to be used in geological
setting to reconstruct soil moisture content, even when it is controlled by

seasonal river flooding. In similar settings to the Okavango Delta such as
loess deposits, these confounding factors on the MBTʹ5ME should be
considered. BrGDGTs could be reliable tracers of exchangeable cation
capacity. In addition, with some more calibration work, they could also
be used to trace exchangeable Ca2+.
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Sinninghe Damsté, J.S., Rijpstra, W.I.C., Hopmans, E.C., Weijers, J.W.H., Foesel, B.U.,
Overmann, J., Dedysh, S.N., 2011. 13,16-Dimethyl Octacosanedioic Acid (iso-
Diabolic Acid), a Common Membrane-Spanning Lipid of Acidobacteria Subdivisions
1 and 3. Applied and Environmental Microbiology 77, 4147–4154.

Slessarev, E.W., Lin, Y., Bingham, N.L., Johnson, J.E., Dai, Y., Schimel, J.P., Chadwick, O.
A., 2016. Water balance creates a threshold in soil pH at the global scale. Nature
540, 567–569.

Tripathi, B.M., Kim, M., Lai-Hoe, A., Shukor, N.A.A., Rahim, R.A., Go, R., Adams, J.M.,
2013. pH dominates variation in tropical soil archaeal diversity and community
structure. FEMS Microbiology Ecology 86, 303–311.

Vaksmaa, A., Lüke, C., Van Alen, T., Valè, G., Lupotto, E., Ettwig, K.F., 2016. Distribution
and activity of the anaerobic methanotrophic community in a nitrogen-fertilized
Italian paddy soil. FEMS Microbiology Ecology 92. https://doi.org/10.1093/femsec/
fiw181.

Véquaud, P., Derenne, S., Anquetil, C., Collin, S., Poulenard, J., Sabatier, P., Huguet, A.,
2021. Influence of environmental parameters on the distribution of bacterial lipids in
soils from the French Alps: Implications for paleo-reconstructions. Organic
Geochemistry 153, 104194.

Wang, H., Liu, W., Zhang, C.L., 2014. Dependence of the cyclization of branched
tetraethers on soil moisture in alkaline soils from arid–subhumid China: implications
for palaeorainfall reconstructions on the Chinese Loess Plateau. Biogeosciences 11,
6755–6768.

Wang, H., Liu, W., Lu, H., 2016. Appraisal of branched glycerol dialkyl glycerol
tetraether-based indices for North China. Organic Geochemistry 98, 118–130.

Wang, H., Liu, Z., Zhao, H., Cao, Y., Hu, J., Lu, H., Zhao, Z., Cai, Z., Liu, X., Liu, W., 2024.
New calibration of terrestrial brGDGT paleothermometer deconvolves distinct
temperature responses of two isomer sets. Earth and Planetary Science Letters 626,
118497.

Weber, E.B., Lehtovirta-Morley, L.E., Prosser, J.I., Gubry-Rangin, C., 2015. Ammonia
oxidation is not required for growth of Group 1.1c soil Thaumarchaeota. FEMS
Microbiology Ecology 91. https://doi.org/10.1093/femsec/fiv001.

Wei, T., Simko, V., 2021. An Introduction to corrplot Package. https://cran.r-project.org
/web/packages/corrplot/vignettes/corrplot-intro.html#change-color-spectra-col
or-legend-and-text-legend.

Weijers, J.W.H., Schouten, S., van den Donker, J.C., Hopmans, E.C., Damsté, J.S.S., 2007.
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