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br a n e  li pi d s  c o m p o s e d  of  a  br a n c h e d  al k yl  c h ai n  wit h  4  t o  6  m et h yl 

gr o u p s ( D e J o n g e et al., 2 0 1 4 a ) w hi c h ar e pr o d u c e d b y b a ct eri a a n d ar e 

f o u n d  i n  a  v ari et y  of  e n vir o n m e nt s  i n cl u di n g  s oil s,  p e at s,  l a k e s,  a n d 

c o a st al  m ari n e  e n vir o n m e nt s.  H o w e v er,  t h e  i d e ntit y  of  t h e  b a ct eri a 

w hi c h pr o d u c e br G D G T s i s still m o stl y u n k n o w n ( W eij er s et al., 2 0 0 6, 

2 0 0 9; Si n ni n g h e D a m st é et al., 2 0 1 1, 2 0 1 4, 2 0 1 8 ). 

Br a n c h e d gl y c er ol di al k yl gl y c er ol t etr a et h er ( br G D G T s) li pi d s h a v e 

b e e n s h o w n t o b e r eli a bl e r e c or d er s of t e m p er at ur e i n m o d er n s urf a c e 

s oil s a n d p e at s ( W eij er s et al., 2 0 0 7; D e J o n g e et al., 2 0 1 4 b; N a af s et al., 

2 0 1 7;  D e ari n g  Cr a m pt o n- Fl o o d  et  al.,  2 0 2 0 ).  T hi s  i s  li k el y  d u e  t o 

b a ct eri a c h a n gi n g t h e d e gr e e of m et h yl ati o n of m e m br a n e li pi d s u n d er 

diff er e nt t e m p er at ur e c o n diti o n s i n or d er t o a dj u st t h e ri gi dit y of t h eir 

m e m br a n e s  ( W eij er s  et  al.,  2 0 0 7;  N a af s  et  al.,  2 0 2 1 ).  W hil st  m u c h 

pr o gr e s s h a s b e e n m a d e o n h o w diff er e nt e n vir o n m e nt al v ari a bl e s ( e. g., 

t e m p er at ur e s, p H a n d s oil m oi st ur e c o nt e nt) aff e ct t h e di stri b uti o n s of 

br G D G T s i n s urf a c e s oil s ( e. g., P et er s e et al., 2 0 0 9; H u g u et et al., 2 0 1 0; 

Dir g h a n gi  et  al.,  2 0 1 3;  M e n g e s  et  al.,  2 0 1 4;  D a n g  et  al.,  2 0 1 6 ),  o ur 

k n o wl e d g e  of  br G D G T s  i n  d e e p er  s oil s  ( > 0. 1  m)  i s  li mit e d  ( D a vti a n 

et al., 2 0 1 6 ). I nt er pr et ati o n s of c o ntr olli n g f a ct or s c a n b e di vi d e d i nt o 

t w o  cl a s s e s:  t e m p or al  (i. e.,  t o  w h at  e xt e nt  d o e s  m o d er n  pr o d u cti o n 

c o ntri b ut e  t o  d e e p  s oil  br G D G T s)  a n d  e n vir o n m e nt al  ( h o w  w o ul d 

c h e mi c al c o n diti o n s d e e p er i n a s oil aff e ct br G D G T s). I n s urf a c e s oil s, 
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of decades (Weijers et al., 2010; Huguet et al., 2017). In deeper soil 
horizons, compound specific radiocarbon analyses of brGDGTs have 
yielded mean turnover times of 1400 5900 years in mid-latitude soils 
which is a slower turnover rate compared to most other particulate 
organic carbon components (Gies et al., 2021). 

Although surface soils have been the focus of most brGDGT cali
bration efforts (De Jonge et al., 2014b; Naafs et al., 2017; Dearing 
Crampton-Flood et al., 2020), understanding the processes that control 
brGDGT distributions at depth, including the transfer of extractable 
GDGTs to a non-extractable pool, organo-metallic complexations in 
Podzols, growth depth and post-depositional effects on GDGT distribu
tions (Huguet et al., 2010; Zech et al., 2012; Yamamoto et al., 2016) is 
important when applying brGDGT proxies in paleosols and loess- 
paleosol sequences (Peterse et al., 2014) for both paleoclimate and 
paleoaltimetry studies (Coffinet et al., 2017; Bai et al., 2018; Li et al., 
2018; Feng et al., 2019) where the deeper soils are often all that are 
preserved (Cleveland et al., 2007; Tabor and Myers, 2015; Beverly et al., 
2018). 

In addition to the brGDGTs that have been relatively well-studied in 
global surface soils, isoprenoidal GDGTs (isoGDGTs) produced by 
archaea are abundant in dryland alkali surface soils (Yang et al., 2014; 
H. Wang et al., 2017), and thus might be useful for diagnosing paleo soil 
moisture content (Xie et al., 2012; Yang et al., 2014). IsoGDGTs are 
composed of two C40 isoprenoid chain with a number of cyclopentane 
and cyclohexane rings connected by ether bonds to two terminal glyc
erol groups (Li et al., 2016). Here, we measure the distribution of both 
brGDGTs and isoGDGTs at multiple soil sites and depths across a pre
cipitation gradient in the Serengeti grassland. The 5-methyl brGDGT 
index (MBT 5Me) correlates with MAAT of soils on both global (De Jonge 
et al., 2014b) and local scales (Yang et al., 2015). MBT 5Me is similar to 
the methylation (MBT ) index, except that MBT 5Me excludes 6-methyl 
brGDGTs and consequently shows a stronger relationship with MAAT 
(De Jonge et al., 2014b). We derived brGDGT temperature estimates 
using a global soil calibration of the MBT 5Me index to MAAT (Dearing 
Crampton-Flood et al., 2020). We then compared the known MAAT 
(Fick and Hijmans, 2017) between surface samples ( 0.1 m) and deeper 
samples (0.1 1.6 m), to determine if deeper soil samples are dominated 
by: (1) modern brGDGT production reflective of surface environmental 
conditions, (2) modern production reflecting deep soil environmental 
conditions or (3) by fossil brGDGTs reflecting past surface or deep soil 
conditions. In order to discriminate between these options, we evaluated 
changes in GDGT concentrations and compare to a suite of comple
mentary environmental and biomarker information including tempera
ture, pH, salinity and organic (biomarker) concentrations. We also 
calculated predicted soil pH based on CBT (De Jonge et al., 2014b) and 
compare this to measured soil pH in both surface and subsurface 
samples. 

Additionally, these soil profiles have already been studied for 
clumped isotopes (Beverly et al., 2021) allowing us to compare the 
carbonate and organic paleothermometers. Clumped isotope thermom
etry records the formation temperature of carbonate and is based on the 
abundance of the doubly substituted isotopologue 13C18O16O (reported 
as 47), which is proportional to the temperature-dependent ordering of 
13C and 18O in carbonate minerals (Ghosh et al., 2006; Schauble et al., 
2006). Both brGDGT and clumped isotope thermometry have been 
calibrated in modern environments (Kelson et al., 2017, 2020; Dearing 
Crampton-Flood et al., 2020) and are relatively stable over geological 
time (Finnegan et al., 2011; Kemp et al., 2014). However, to our 
knowledge, these proxies have not been directly compared at the same 
site. Comparison in the same soil profiles allows us to constrain how 
each proxy responds to the same environmental conditions. We use 
these modern soil profile observations to offer suggestions to guide 
future use of these proxies in paleoenvironmental studies. 

2. Study location and climate 

The Serengeti ecosystem spans 30,000 km2 in Tanzania and Kenya, 
in eastern Africa. A transect of 11 sites was used to study the soils in the 
region (34 36 E, 1 2 S, 1153 1667 m above sea level; Fig. 1). Mean 
annual air temperatures (MAAT) at these sites vary from 19.2 to 22.8 C 
and mean annual precipitation (MAP) ranges from 499 to 846 mm 
(Table 1; Fick and Hijmans, 2017). There are two rainy seasons: March 
to May and October to November (Norton-Griffiths et al., 1975). The 
vegetation is mostly grassland plains, dissected by riverine forest and 
woodlands based on Landsat remote sensing and ground-truthing in 
1998 2002 (Reed et al., 2009) and correspond to observed conditions in 
2018 when samples were collected. Most sites are grasslands ( 10% 
woody cover), except for three locations (Banagi, 80 100% shrubs; 
Kemarishe and Makoma; 20 50% tree canopy cover). 

With some exceptions (e.g., Anderson et al., 2014; Perez-Angel et al., 
2020), most global soil calibrations have been performed in the absence 
of detailed soil temperature logging, and thus soils are calibrated to 
MAAT obtained from global temperature products. Similarly, we obtain 
MAAT from WorldClim2 (Fick and Hijmans, 2017), which has a regional 
(eastern Africa) average temperature RMSE of 0.75 C and a spatial 
resolution of 1 km. In these Serengeti soils, we additionally have in situ 
measurements of temperatures in soil profiles at four sites (Ndabaka, 
Musabi, Kemarishe and Naabi Hill) using nine HOBO 64 K Pendant® 
temperature loggers (accuracy of 0.53 C) buried at depths ranging 
from 20 to 150 cm (Beverly et al., 2021) between 22/02/2018 to 26/01/ 
2019. 

3. Materials and methods 

3.1. Soil sampling 

Soil samples were collected during February 2018, as part of a prior 
study of soil carbonates (Beverly et al., 2021). Soil profiles (n 11) were 
studied by digging soil pits until refusal (up to 160 cm), often to indu
rated petrocalcic horizons. Soils were classified in the field according to 
USDA soil order descriptors and comprise of Inceptisols (n 4), Alfisol 
(n 1) and Mollisols (n 6). Carbonates were present below 40 cm at 
all but two sites and these nodules were sampled and studied for 
clumped isotopes as reported in Beverly et al. (2021). 

Samples for laboratory pH analyses were collected at all sites at 10 
cm resolution. Samples for biomarker analyses were collected from the 
top 10 cm of soil (below the litter layer), in the middle of the profiles at 
~ 60 cm, and in the deepest sector of the profiles at around 100 160 cm. 
Each sample averages three sub-samples from the 1.5 m width of the soil 
pit. The soil samples designated for organic analyses were previously 
studied for total organic carbon concentration (TOC), bulk carbon iso
topic composition, as well as plant wax n-alkane and n-alkanoic acid 
concentrations and isotopes (Zhang et al., 2021). Here we use the 
neutral polar fraction, purified from the total lipid extracts in the same 
soil samples, to study the GDGTs. 

3.2. Soil properties 

Soil pH, electrical conductivity (EC), and total dissolved solids (TDS) 
were measured at the University of Houston using a Hanna Instruments 
HI 9813 6 m. Prior to measurements the meter was equilibrated to 
ambient temperature, pH was calibrated using Hanna Instruments buffer 
solution HI7007 (pH 7.01) and EC/TDS were calibrated using EC cali
bration solution HI 70,442 (1.41 mS/cm). TDS was determined by 
conversion from EC within the instrument and thus TDS range is 
dependent upon the calibration of EC. A slurry of each soil with distilled 
water (1:2, v/v) was stirred vigorously to break up any soil particle 
aggregates. The pH, EC, and TDS were measured after 15 min to allow 
the solution to equilibrate and particulate matter to settle. The meth
odology is similar to that of Weijers et al. (2007). 
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Fi g.  1. ( A)  L o c ati o n  of  t h e  S er e n g eti  e c o s y st e m 

wit hi n  Afri c a.  ( B)  M a p  of  st u d y  r e gi o n  s h o wi n g 

t h e  S er e n g eti  e c o s y st e m  s p a n ni n g  T a n z a ni a  a n d 

K e n y a, t h e s oil s a m pli n g l o c ati o n s ( y ell o w p oi nt s) 

al o n g  a  tr a n s e ct  wit hi n  t h e  N g or o n g or o  C o n s er -

v ati o n  Ar e a  a n d  S er e n g eti  N ati o n al  P ar k s  i n 

T a n z a ni a.  V e g et ati o n  m a p  si m pli fi e d  fr o m R e e d 

et al. ( 2 0 0 9) t o s h o w o nl y gr a s sl a n d, s hr u bl a n d, 

w o o dl a n d,  a n d  f or e st  v e g et ati o n.  Fi g ur e  fr o m 

Z h a n g  et  al.  ( 2 0 2 1) a n d  r e pri nt e d  wit h  p er mi s -

si o n.  ( F or  i nt er pr et ati o n  of  t h e  r ef er e n c e s  t o 

c ol o ur i n t hi s fi g ur e l e g e n d, t h e r e a d er i s r ef err e d 

t o t h e w e b v er si o n of t hi s arti cl e.)   

T a bl e 1 

Sit e l o c ati o n s a n d c h ar a ct eri sti c s.  

Sit e L atit u d e  L o n git u d e a El e v ati o n 

( m a sl ) b 

V e g et ati o n c S oil O r d e r d M A A T 

( ◦ C ) e 

M T W Q 

( ◦ C ) e 

M A P 

( m m / 

y r ) e 

P E T 

( m m / 

y r ) f 

AI f W D 

( m m / 

y r ) f 

M al a m b o 

R o a d  

− 2. 9 6 0 3   3 5. 4 3 6 4  1 3 5 4 D e n s e g r a s sl a n d  I n c e pti s ol   2 0. 9   2 2. 0  4 9 9  1 5 8 3   0. 3 3  1 0 8 4 

S hifti n g 

S a n d s  

− 2. 9 3 5 5   3 5. 2 4 7 3  1 5 4 9 D e n s e s h r u b b e d 

gr a s sl a n d 

I n c e pti s ol   1 9. 8   2 0. 9  5 5 8  1 5 2 1   0. 3 8  9 6 3 

N a a bi Hill  − 2. 8 3 9 6   3 5. 0 2 0 5  1 6 7 7 Cl o s e d s hr u b b e d 

gr a s sl a n d 

M olli s ol   1 9. 2   2 0. 1  7 3 4  1 4 8 6   0. 5 2  7 5 2 

Si m b a 

K o pj e s  

− 2. 6 1 6 9   3 4. 8 9 6 6  1 6 3 7 D e n s e t o cl o s e d 

gr a s sl a n d 

M olli s ol   1 9. 6   2 0. 5  8 0 5  1 5 2 1   0. 5 4  7 1 6 

M a k o m a  − 2. 4 9 3 0   3 4. 7 5 4 4  1 5 4 9 Cl o s e d t r e e d s hr u bl a n d  I n c e pti s ol   2 0. 2   2 1. 0  8 2 9  1 5 6 0   0. 5 5  7 3 1 

N y ar u s wi g a  − 2. 3 4 9 6   3 4. 8 2 6 3  1 4 5 1 O p e n t r e e d gr a s sl a n d t o 

cl o s e d g r a s sl a n d 

M olli s ol   2 0. 8   2 1. 6  8 3 2  1 6 1 3   0. 5 1  7 8 1 

B a n a gi  − 2. 3 2 9 0   3 4. 8 4 7 8  1 4 2 5 Mi x e d o p e n gr a s sl a n d 

t o w o o dl a n d 

I n c e pti s ol   2 0. 9   2 1. 8  8 1 9  1 6 2 2   0. 5 1  8 0 3 

K e m ari s h e  − 2. 2 4 9 8   3 4. 6 4 4 8  1 3 1 5 O p e n g r a s s e d w o o dl a n d  Al fl s ol   2 1. 6   2 2. 3  8 3 4  1 6 5 9   0. 5 1  8 2 5 

M u s a bi  − 2. 2 7 1 9   3 4. 5 3 3 9  1 2 7 8 Cl o s e d g r a s sl a n d  M olli s ol   2 1. 9   2 2. 5  8 3 0  1 6 5 9   0. 5 1  8 2 9 

Kir a wir a  − 2. 1 8 8 3   3 4. 2 3 2 2  1 2 1 5 D e n s e t o cl o s e d 

gr a s sl a n d 

M olli s ol   2 2. 4   2 2. 9  8 3 8  1 6 5 5   0. 5 3  8 1 7 

N d a b a k a  − 2. 1 6 5 4   3 3. 9 7 3 4  1 1 5 3 D e n s e t o cl o s e d 

gr a s sl a n d 

V erti c 

M olli s ol  

2 2. 8   2 3. 2  8 4 6  1 6 4 2   0. 5 5  7 9 6  

a d at u m W G S 1 9 8 4. 
b m et e r s a b o v e s e a l e v el. 
c v e g et ati o n f r o m R e e d et al. ( 2 0 0 9) . 
d S oil O r d e r i d e nti fi e d b a s e d o n fi el d o b s er v ati o n s a n d cli m at e, t o pr o vi d e a g e n er al u n d er st a n di n g of s oil t y p e, b ut i s n ot i nt e n d e d t o b e a n a b s ol ut e U S D A s oil 

cl a s si fi c ati o n. 
e M A A T = M e a n A n n u al Air T e m p er at ur e, M T W Q = M e a n T e m p er at ur e W ar m e st Q u art er, M A P = M e a n A n n u al Pr e ci pit ati o n fr o m Fi c k a n d Hij m a n s ( 2 0 1 7) . 
f P E T = P ot e nti al E v a p otr a n s pir ati o n u si n g t h e m et h o d s of H ar gr e a v e s a n d S a m a ni ( 1 9 8 5) , AI = Ari dit y I n d e x, a n d W D = W at er D e fl cit fr o m Z o m er et al. ( 2 0 0 7, 

2 0 0 8 ). M o di fi e d fr o m B e v erl y et al. ( 2 0 2 1) . 
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3.3. GDGT preparation and analyses 

Lipid extractions from these soils were previously described (Zhang 
et al., 2021). Briefly, in that study, soil samples were freeze dried and 
lipids were extracted from 26 g to 85 g of soil by Accelerated Solvent 
Extraction at the University of Southern California. The neutral polar 
fraction, containing GDGTs, was isolated by column chemistry and the 
purified fractions were stored at 20 C. For this study, the neutral polar 
fractions were dissolved in hexane:isopropanol (99:1, v/v) and filtered 
through a 0.45 m polytetrafluoroethylene filter. Samples were then 
injected into an Agilent 1260 high-performance liquid chromatograph 
(HPLC) coupled to an Agilent 6120 mass spectrometer at the University 
of Arizona. Separation of the GDGTs was accomplished using two 
Ethylene Bridged Hybrid (BEH) Hydrophilic Interaction (HILIC) silica 
columns (2.1 mm 150 mm, 1.7 m; Waters) following the method of 
Hopmans et al. (2016). Single ion monitoring (SIM) of the protonated 
molecules (M H ions) was used to detect and quantify GDGTs with 
abundances determined by comparison to a C46 internal standard at m/z 
744 (Huguet et al., 2006). As the relative response factor between the 
internal standard and brGDGTs was not monitored, these concentrations 
should be considered semi-quantitative. 

We report concentrations of summed branched ( brGDGT) and 
isoprenoidal ( isoGDGTs) GDGTs per unit mass of soil (ng/g) and 
normalized to OC in ng/g OC as summed branched ( brGDGT) and 
isoprenoidal ( isoGDGTs), as well as the concentrations of individual 
compounds that are further used in a range of index calculations as 
follows. In order to assess the temperature information in the brGDGT 
abundances, we calculated the MBTʹ5Me (De Jonge et al., 2014b; Hop
mans et al., 2016) where: 

(1) 

We also calculated the pH sensitive CBTʹ index (De Jonge et al., 
2014b) where. 

(2) 

CBTʹ has been globally calibrated to pH: 

(3) 

The IR6Me index expresses the relative amount of C6 vs C5 methyl
ated brGDGTs (De Jonge et al., 2014a) and is thought to be higher in 
soils with a lower moisture content (Dang et al., 2016) and has shown a 
significant correlation to soil pH (Naafs et al. 2017). 

  

 (4) 

We also quantified the isoprenoid GDGTs. In addition to the 
isoGDGTs, we calculated the Branched and Isoprenoidal Tetraether 

(BIT) index: 

(5)  

where Ia, IIa and IIIa represent the abundances of both the 5ʹ and 6ʹ 
methyl isomers of the non-cyclic terrestrial brGDGTs (from soil acid
obacteria) and Cren represents the abundance of crenarchaeol (Hop
mans et al., 2004). BIT is commonly used in aquatic depositional settings 
to detect terrestrial soil inputs assuming soils have a BIT 1; however, 
in arid soils values 1 have been reported (Dirghangi et al., 2013; Yang 
et al., 2014). The relative amount of isoGDGTs in soils has been pro
posed to be an index for aridity (Xie et al., 2012) where: 

(6) 

The archaeol caldarchaeol ecometric (ACE) was developed as a 

proxy for salinity in aquatic settings, and is based on the relative 
abundance of archaeol (considered to represent halophilic archaea) vs 
caldarchaeol (also referred to as isoGDGT-0) (Turich and Freeman, 
2011): 

 
(7)  

Here we assess the ACE response to soil salinity. 

4. Results 

4.1. Soil temperature and pH measurements 

In situ measurements of soil temperatures range from 16.7 C to 
30.2 C at depths ranging from 20 cm to 30 cm, as previously reported by 
Beverly et al. (2021). Soil temperatures are warmer than the interpo
lated mean annual temperatures which range from 19.2 C to 22.8 C 
(Fick and Hijmans, 2017; Beverly et al., 2021) and measured MAAT of 
21.0 C (Jager, 1982). These soil samples therefore contribute to our 
understanding of proxy performance and environmental interpretations 
at the warm end of global soil calibrations (Fig. 2A) and grassland or 
bare soil settings where soil temperatures can be hotter than air tem
peratures (Molnar, 2022). In addition, we measured soil pH and find 
surface soil pH values range from 6.6 to 9.0 with a median value of 8.7 
(Fig. 2B; Pangaea dataset; Peaple et al., 2021a). Deeper samples typi
cally have a higher pH than surface samples with a range of 7.4 10.3 and 
a median value of 9.1. Our data fills a gap in current GDGT compilations 
which contain few data from high pH soils. 

4.2. Depth profiles 

We report the GDGT compositions at 11 sites, and 26 samples across 
the Serengeti, including relative and absolute abundances (Pangaea 
dataset; Peaple et al., 2021a). Within soil profiles at individual sites, 

brGDGTs (Fig. 3A) and isoGDGTs (Fig. 3B) decrease with depth, 
mirroring the declines from surface downward in the TOC from 3% at 
the surface to 0.14% at depth (Fig. 3C) (Zhang et al., 2021). brGDGTs 
decline from 4 to 168 ng/g at the surface to 2 29 ng/g below the surface 
(Fig. 3A). Normalizing brGDGTs for TOC, we find brGDGTs (Fig. 3D) 
range from 427 to 9009 ng/g OC at the surface to 348 11561 ng/g OC at 
depth (deepest samples at 1 1.6 m). isoGDGTs decline from surface 
concentrations of 1 10 ng/g to 1 5 ng/g at depth (Fig. 3B). 

isoGDGTs range from 79 to 803 ng/g OC at the surface to 87 883 ng/g 
OC at depth (Fig. 3E, deepest samples at 1 1.6 m). The decline in 

isoGDGT concentration is proportional to that of TOC such that 
isoGDGTs are relatively invariant. The ratio between isoGDGTs and 

brGDGTs (Ri/b, Fig. 3F) is relatively invariant with depth, with all sites 
except Malambo Road having an Ri/b of 0.51 demonstrating the 
greater abundance of brGDGT molecules relative to isoGDGT. Malambo 
Road has an Ri/b of 0.89 at the surface and 1.1 at 0.8 m depth, indicating 
an almost equal abundance of brGDGT and isoGDGT compounds. BIT is 
also relatively low at the surface of Malambo Road (0.57), although it 
increases to 0.91 at 0.8 m depth. Apart from Shifting Sands which has a 
surface BIT of 0.67, all other sites have BIT values 0.8 (Fig. 3G). Plant 
wax concentrations measured from paired samples (Zhang et al., 2021) 
show decreases with depth (Fig. 3O, P) that are proportional to the 
decreases in TOC%. There is no consistent trend in changes in IR6Me with 
depth (Fig. 3K), with some sites showing large 0.2 increases (e.g., 
Banagi and Nyaruswiga), other sites showing little change ( 0.1) with 
depth (e.g., Makoma and Kirawira) and other sites showing small de
creases (e.g., Musabi). 

The temperature-sensitive MBT 5Me proxy is observed to increase 
with depth in most profiles (Fig. 3I), with surface sample (mean 0.82, 
standard deviation 0.07) vs deeper samples (mean 0.89, standard 
deviation 0.07). These values predict BayMBT0 temperatures of 
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20.6 C (surface) and 23.2 C (deep), implying a warming trend with 
depth that is not expected from theory, nor represented by ambient 
measurements of soil temperature by soil-temperature dataloggers 
(Beverly et al., 2021). The community index (De Jonge et al., 2019) (not 
shown) correlates strongly with MBT 5Me (r 0.99, p 0.0001) and 
consequently shows similar trends with soil depth (Fig. 3I). Community 
index values are 0.6 throughout the dataset and are thereby consis
tently in the warm cluster. 

The pH sensitive CBTʹ shows an increase of 0.25 down profile in 
Ndabaka, Nyaruswiga and Kirawira with relative invariance with depth 
in the other sites (Fig. 3J). Measured pH increases with depth at all sites 
except Musabi where it is invariant (Fig. 3N). The ACE index (salinity 
proxy) (Fig. 3H) increases with depth at all sites, with surface samples 
having a mean value of 12 compared to deeper samples which have a 
mean value of 53. Similarly, TDS (a measure of salinity) (Fig. 3M) values 
also generally show large increases with depth (deepest samples 
1.7 29.5 times greater TDS than surface samples), except for Kirawira 
which sees a large increase followed by a decrease at the bottom of the 
profile. For comparison, we also show that TOC 13C increases with 
depth in most profiles (Fig. 3L), with Makoma, Banagi and Kemarishe 
showing especially large 3‰ increases in 13C with depth (Zhang 
et al., 2021). 

4.3. Surface soil GDGT concentrations 

Surface soil brGDGT concentrations fall in the range 4 168 ng/g, 
with a mean of 32 ng/g (Fig. 3A). Concentrations of isoGDGTs are in 
the range 1 10 ng/g with a mean of 3 ng/g (Fig. 3B). The Ri/b and BIT 
ranges from 0.01 to 0.89 and from 0.57 to 0.99 respectively (Fig. 3F,G). 
The BIT index shows a positive correlation with MAP (Fig. 4A) (r 0.87, 
p 0.01) and the Ri/b shows a negative correlation with MAP (Fig. 4B) 
(r 0.83, p 0.01). TOC%-normalized isoGDGTs correlate nega
tively with precipitation (r 0.85, p 0.01) (Fig. 4D) with the two 
lowest precipitation sites (Shifting Sands and Malambo) having on 
average 4 times the amount of isoGDGTs compared to the wetter sites, 
with the correlation driven by lower TOC values at the drier sites. 

brGDGTs show a weaker non-significant positive correlation with MAP 
(r 0.29, p 0.38) (Fig. 4C). 

4.4. Temperature 

Based on the relative abundances of the brGDGTs in each soil sample, 
we calculated MBTʹ5Me index and then predicted temperatures using 
BayMBT0, a Bayesian model calibrated to months above freezing (MAF), 
which is the average temperature of all months 0 C (Dearing 

Crampton-Flood et al., 2020), which is the same as MAAT in tropical 
Africa. BayMBT0 calculated surface air temperatures fall within the 
MAAT climatology for the region (Fig. 5A) but are cooler (2 4 C) than 
the corresponding measured soil temperature (Fig. 5C). Considering the 
Serengeti soils in isolation, the temperature span of the transect is 
limited, nevertheless BayMBT0 temperatures from surface soils (0 0.1 
m) show a strong correlation with site MAAT (r 0.73, p 0.01) and a 
low RMSE (1.8) (Fig. 5A). If added to the global compilation these new 
surface soil data would bolster observations for the under-sampled 
warm end of the global calibration (20 25 C). While the global 
compilation only considers surface soils, brGDGTs at depth are not yet 
well described. Here we find in deep soil ( 0.1 m) there is no corre
lation between MAAT and the BayMBT0-predicted temperatures 
(Fig. 5B). 

There is a weak correlation between the mean annual precipitation 
and the temperature regression residuals although the small number of 
low precipitation sites (n 2) precludes further comment on a causal 
relationship (Fig. 6A). The ratio of 6 vs 5 methyl groups in Serengeti soil 
samples (IR6Me) is relatively high (median 0.72) and is correlated with 
the MAAT absolute residuals (measured-predicted temperature) r 
0.69, p 0.01 (Fig. 6B). 

Across the longitudinal transect, the BayMBT0-predicted tempera
tures from surface soils show a similar pattern to the MAAT, with lower 
temperatures in the higher elevation eastern part of the transect and 
higher temperatures in the lower elevation west section (Supplementary 
Fig. S1). There are no clear trends in the residuals associated with 
longitude. 

4.5. pH 

The CBTʹ index yields inferred pH estimates that are lower than 
measured values, and CBTʹ values for these alkali soils (up to pH 9) are 
lower than those measured at pH 6 elsewhere in the world, demon
strating an issue with the application of the global calibration at our 
sites, and emphasizing the need for studies in alkali soils (Fig. 2B). 
Surface samples showed a weak non-statistically significant positive 
relationship between measured pH and predicted pH (r 0.45, p 0.17, 
Fig. 5E), with an RMSE of 1.4. Measured samples are uniformly more 
alkaline than CBTʹ based pH predictions. Samples collected at depth 
0.1 m had a weaker, non-significant relationship between measured pH 
and predicted pH (r 0.39, p 0.17) (Fig. 5F) and plotted outside of the 
global calibration range (Fig. 2B). 

The pH residual is greatest at both the far eastern and western ends of 
the transect (Supplementary Fig. S1). This residual correlates with TOC 
in the surface soil (r 0.83, p 0.01), likely a consequence of the 

Fig. 2. Serengeti soil data compared to prior global surface soil calibrations. (A) Mean annual air temperature (MAAT) plotted against MBTʹ5Me for the global 
compilation of surface soil samples (grey symbols) (Dearing Crampton-Flood et al., 2020) and the surface ( 0.1 m; solid blue symbols) and deep ( 0.1 m; open blue 
symbols) soil samples from this study. (B) Soil pH plotted against CBTʹ from a global compilation of surface soil samples (De Jonge et al., 2014a) and soils from this 
study. (C) Soil pH plotted against IR6Me in both a global compilation (Dearing Crampton-Flood et al., 2020) and soils from this study. (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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Fig. 3. Depth profiles showing: (A) brGDGT concentrations, (B) isoGDGT concentrations, (C) Total organic carbon (TOC) % (Zhang et al., 2021), (D) brGDGT 
concentrations, (E) isoGDGT concentrations, (F) Ri/b, (G) BIT, (H) ACE, (I) MBTʹ5Me, (J) CBTʹ, (K) IR6Me, (L) Total organic carbon 13C (TOC 13C) (Zhang et al., 
2021), (M) Total dissolved solids (TDS), (N) Measured pH, (O) C23-33 alkanes ( g/g) and (P) C22-32 alkanoic acids ( g/g). 
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strong correlation between TOC% and measured pH (r 0.78, p 
0.01). The two driest sites (Shifting Sands and Malambo) both have the 
highest measured pH in the soil surface (Fig. 3N), although high pH is 
not exclusive to low precipitation sites the mean pH for MAP 550 mm/ 
year 7.5 whilst the mean pH for sites with MAP 560 mm/year 9.7. 
A positive correlation (r 0.67, p 0.05) exists between IR6Me and pH 
in surface samples (Fig. 2C) although this is not present in deeper more 
alkaline samples (r 0.44, p 0.12). 

5. Discussion 

5.1. GDGT concentrations 

There is a relationship between the relative amounts of brGDGT 
and isoGDGT (Ri/b) and the mean annual precipitation at the soil sites 
(Fig. 4B). The Ri/b shows a negative correlation with MAP (r 0.73, p 

0.01 correlation driven by the two driest sites) and the BIT index 
shows a positive correlation with MAP (r 0.83, p 0.01). As MAP is 
loosely related to soil moisture content, we interpret that the soil 
moisture content is controlling Ri/b in the surface soils. The same rela
tionship between MAP and both Ri/b and BIT has been observed in some 
arid and semi-arid Chinese and North American soil sites (Yang et al., 
2014; H. Wang et al., 2017) where it was primarily driven by changes in 
the brGDGT concentration, with the absolute isoGDGT concentrations 
less responsive to changing moisture conditions. We observe the same 
relationship here (Fig. 4C,D), with the two lowest MAP soil sites 
(Shifting Sands and Malambo Road) having substantially lower mean 

brGDGT than the wetter sites (5 vs 39 ng/g respectively) (Fig. 3A). In 

down-profile samples the relationship of decreased BIT values in arid 
regions with a MAP 600 mm/yr does not persist as values converge to 
1 in the lower soil horizons (Fig. 3G). Likewise, the elevated Ri/b values 
in arid regions also decrease towards 0 in most profiles (Fig. 3F). This 
pattern can likely be explained by the disproportionate decrease in 

isoGDGTs resulting from a decrease in the activity of isoGDGT- 
producing aerobic archaea of the phylum Thaumarchaeota due to 
lower oxygen availability. This interpretation is in line with previous 
studies that have suggested that the low BIT and high Ri/b values in arid 
areas result from the favorable conditions for NH3 oxidation by Thau
marchaeota in these environments (Xie et al., 2012; Dirghangi et al., 
2013). 

As in most soil profiles, TOC declines with depth and so do the 
biomarker concentrations (Fig. 3A E, O, P) linked to the processes of 
surface inputs and downward mixing and decay. We find the concen
tration of isoGDGTs in the soil profiles is strongly correlated with the 
TOC% of the sample (r 0.75, p 0.01) although brGDGTs show a 
much weaker and non-significant correlation (r 0.35, p 0.09), 
suggesting that brGDGT production or preservation is only partly related 
to that of isoGDGTs and TOC. The magnitude of the decline with depth 
differs with GDGTs declining proportionally less than TOC (median 62% 
decline of isoGDGTs, 58% of brGDGTs vs 70% for TOC), suggesting 
that these molecules are relatively resistant to degradation compared to 
other components of organic matter, as also reported in previous studies 
on soils (Huguet et al., 2010) as well as in loess-paleosol sequences (H. 
Wang et al., 2017). An increase in the amount of brGDGTs with depth 
was recorded in 7 out of 15 samples, which we interpret as representing 
in situ production of brGDGTs in addition to a fossil brGDGT component. 

Fig. 4. Relationship between mean annual precipitation (MAP) and surface samples: (A) BIT, (B) Ri/b, (C) brGDGT concentrations (ng/g OC), (D) isoGDGT 
concentrations (ng/g OC). 

M.D. Peaple et al.                                                                                                                                                                                                                               



Organic Geochemistry 169 (2022) 104433

8

Whilst downward mixing could in theory result in the transfer of more 
organic rich surface soil deeper into a soil profile, we see declines in the 
TOC% with depth at every soil site indicting that this explanation is 

unlikely. 

5.2. ACE and soil salinity 

In these dryland soils, with salts and carbonate precipitating, we find 
an increase in total dissolved solids with depth (Fig. 3M) as well as 
variations between sites, with the more alkaline sites (e.g., Shifting 
Sands) showing higher salt concentrations. TDS variations between sites 
and with depths covary with organic concentrations (Fig. 7) with 
deeper, more saline sites samples having less TOC. We find an inverse 
power law relationship between total dissolved solids, a proxy for 
salinity, and bulk organics (Fig. 7C) and the concentration of 

isoGDGTs (Fig. 7A) but not with brGDGTs (Fig. 7B). Soil salinity 
can affect soil organic carbon content in two ways: (1) by decreasing the 
input of plant and microbially derived carbon into the soil or (2) by 
reducing the rate of decomposition and thus increasing organic carbon 
(Setia et al., 2013). However, TDS also increases with depth (Fig. 3H) so 
this relationship could be explained by deeper samples having under
gone more organic degradation (Fig. 7D F). However, we find a stronger 
relationship between TDS and isoGDGTs (Fig. 7A) than depth and 

isoGDGTs (Fig. 7D) (r2 0.64 vs 0.34) suggesting that TDS content is 
the controlling variable. Additionally, we calculated a partial correla
tion coefficient of r 0.67, p 0.01 between TDS and isoGDGTs 
whilst controlling for depth, showing that TDS and isoGDGTs are 
correlated even when accounting for depth. Whilst TOC has a stronger 
relationship with depth than TDS (r2 0.66 vs 0.52) when considering 
all the samples, if the surface samples are excluded there is no rela
tionship between depth and TOC, yet there is between TDS and TOC (r2 

0.01 vs 0.35) suggesting that again TDS is the controlling variable. We 
also calculated a partial correlation coefficient of r 0.40, p 0.05 
between TOC and TDS whilst controlling for depth. As such, it appears 
that increased salinity leads to increased organic carbon degradation 
and a power law relationship explains both the inverse relationship with 
depth as well as the variations between sites for TOC and isoGDGTs 
but to a lesser extent that of the brGDGTs. 

We also see a change in the ACE index with depth (proportion of 
halophilic-biomarker archaeol vs halophobic-biomarker caldarchaeol), 
with surface samples having notably lower ACE values than deeper 
samples (mean surface 12, 1 18, mean deep 53, 1 20; 
Fig. 3H). The ACE index has traditionally been applied to marine (Turich 
and Freeman, 2011) and lacustrine water samples (Wang et al., 2013; He 
et al., 2020; Peaple et al., 2021b) to track the relative proportion of 
halophilic archaea and Euryarchaeota which produce both archaeol and 
GDGT-0, caldarchaeol . As halophilic archaea are known to inhabit 
saline soils (e.g., Lizama et al., 2001), we assessed ACE in what we 
believe is the first such application to soils. Over all samples and sites, 
we see a moderate positive correlation of r 0.55, p 0.01 between 
ACE and total dissolved solids in our samples (Fig. 8), which suggests 
that the proportion of halophilic archaea in soils and thus the ACE index 

Fig. 5. Comparison of measured mean annual soil temperature (MAST) and 
predicted soil temperature, modeled air temperature and pH at both the surface 
(left column, filled blue symbols) and at depth (right column, open blue sym
bols). (A) and (B): Cross plots of mean annual air temperature (Fick and Hij
mans, 2017) against mean temperature from months above freezing (MAF) 
predicted by BayMBT0. (C) and (D): Cross plots of measured soil temperature at 
nearest depth to brGDGT sample (Beverly et al., 2021) against BayMBT0. (E) 
and (F): Cross plots of measured soil pH against CBTʹ predicted pH. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 6. Exploring possible factors influencing mean annual air temperature (MAAT) residuals (MAAT-predicted MAAT) in all soil samples (surface 0.1 m, solid 
symbols; deep 0.1 m, open symbols), including (A) mean annual precipitation (MAP), (B) IR6Me, (C) measured pH and (D) total dissolved solids (TDS). Gray dashed 
line represents 0 residual. 
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responds linearly to salinity, similar to the behavior of archaea and ACE 
in hypersaline, aquatic settings. 

5.3. Factors influencing BayBMT0 in Serengeti soils 

Low mean annual precipitation (MAP) has been reported to lead to 

higher MAAT residuals (Peterse et al., 2012; De Jonge et al., 2014b; 
Menges et al., 2014; Dang et al., 2016). The recent global soil compi
lation (Dearing Crampton-Flood et al., 2020) reported no correlation 
between MAP and MAAT residuals; however, there was a greater vari
ance in samples from MAP 500 mm/year. In this study, we see that 
both surface and deep soil samples from lower precipitation sites have 
positive temperature residuals (1.8 C vs 2.8 C respectively, Fig. 6A) 
and the mean absolute residual is slightly higher than from the higher 
precipitation samples although the low sample size for the 560 mm/yr 
(n 4) precludes firm conclusions. 

Additionally, the proportion of 5 to 6 methylated compounds (IR6Me) 
may affect the MBTʹ5Me temperature proxy skill, with samples with a 
greater proportion of 6 methylated compounds (IR 0.5) having 
brGDGT distributions that were less responsive to temperature (Dang 
et al., 2016; Naafs et al., 2017). However, recent global compilations 
show that the effect is limited to IR 0.8 (Dearing Crampton-Flood 
et al., 2020). Here we also find evidence for a threshold at IR6Me 0.8 
among the deep samples, with samples with an IR6Me 0.8 having a 
large negative MAAT residual (Fig. 6B) implying the BayMBT0 predicted 
temperatures have a warm bias (mean 5.2, n 4) vs small residuals in 
those with IR 0.8 (mean 1.7, n 21). 

pH can have a significant although not unidirectional effect upon 
MBTʹ5Me values (De Jonge et al., 2019, 2021; Halffman et al., 2022) due 
to the influence of changing bacterial community composition on 
brGDGT lipid relative abundance. Among the surface samples in our 
study, pH does not have a relationship with MAT residuals, but there are 
trends in the MAT residuals with regards to the deeper samples with less 
alkaline samples having more negative residuals, implying a bias toward 
warmer predicted temperatures (Fig. 6C). We tested the hypothesis that 
the mean temperature residuals were different between deep high pH 
samples (pH 9) and deep lower pH (pH 9) by performing a one-way 

Fig. 7. Comparison of total dissolved solids (TDS) vs (A) isoGDGTs, (B) brGDGTs and (C) TOC and sampling depth vs (E) isoGDGTs, (F) brGDGTs and (G) 
TOC. We show the amount of variance explained by a power law regression as well as the Spearman rank correlation coefficient and corresponding p value. Solid blue 
symbols represent surface samples and white filled symbols represent deep soil samples. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 

Fig. 8. Cross plot of measured total dissolved solids (TDS) and calculated ACE 
index in soil samples, showing surface samples (solid symbols) and deep 
(open symbols). 
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ANOVA test. We found that the mean residual for the deep low pH 
samples was greater than the high pH samples (4.0 vs 1.9 respectively) 
and that this difference was statistically meaningful (F value (5.2) F 
critical value (4.7) and p 0.05). 

Salinity has been demonstrated to impact MBTʹ5Me values in lakes 
(Wang et al., 2021), by controlling the isomerization of brGDGTs. 
Although some previous soil-based brGDGT studies found a negative 
correlation between MBTʹ5Me and soil salinity (Zang et al., 2018), other 
studies did not (Dang et al., 2016). In this study, we do not find salinity 
affects the MAAT residuals (Fig. 6D), suggesting it is not playing a sig
nificant role in determining brGDGT distributions in these Serengeti 
soils. 

5.4. Offsets between surface and deep brGDGT predicted temperatures 

Whilst brGDGTs samples from surface soils are reflective of modern 
MAAT, and to a lesser extent pH (Fig. 5A,C,E), there is no relationship 
between deeper samples and modern surface environmental conditions 
(Fig. 5B, D, F). Previous studies have also reported significant variability 
in soil MBT (Davtian et al., 2016) and MBT 5Me with depth (Pei et al., 
2021) with potential explanations focused on modern production under 
lower oxygen conditions in deeper soils (Pei et al., 2021), land use 
changes, degradation and varying chemical compositions down profile 
(Davtian et al., 2016). In a collection of Vietnamese soils (Davtian et al., 
2016), Podzols were identified as showing large decreases in MBTʹ with 
depth relative to the surface soils, although other soil types did not show 
this change. Changes in CBT (pH sensitive cyclization of branched tet
raethers index) with depth were variable and did not depend on soil type 
(Davtian et al., 2016). Lower oxygen conditions were linked to higher 
MBTʹ and lower CBT in soils sampled from Zhoukoudian and Mt. 
Changbai, China through a modulation of the bacterial community (Pei 
et al., 2021). 

The distributions of core brGDGTs (measured in this study) are 
thought to be resistant to degradation (Schouten et al., 2004) and stable 
over geological time scales (e.g., M. Wang et al., 2017; Lu et al., 2019). 
As such, whilst the overall concentration of GDGTs in our study 
decreased with depth (Fig. 3A,B) there is no reason to assume that this 
will impart a bias on the MBTʹ5Me index, given the structural similarity of 
the brGDGT molecules involved in its calculation. As such, degradation 
is unlikely to be a large factor in down profile changes in MBTʹ5Me. In 

addition, given that the soil temperature loggers show that there is no 
change in the mean soil temperature with depth (Beverly et al., 2021) it 
is unlikely that temperature differences between surface and deep soils 
would cause the offset in MBTʹ5Me. Whilst low oxygen levels have pre
viously been implicated in high MBTʹ5Me bias in deep soils (Pei et al., 
2021) we can also rule out the presence of anoxic conditions in our 
Serengeti soils due to the lack of gleyed colors and there being no evi
dence of Fe reduction. 

We examined a suite of environmental and biomarker information to 
attempt to determine if in situ production at depth could explain the 
predicted temperature offset from the surface. We find that in principal 
component space, MAP and TOC are positively correlated with MBTʹ5Me 
among deep soil samples (Fig. 9B). Whilst MAP is not correlated with 
MAT residuals in the global BayMBT model, previous studies have 
shown that MAP 600 mm/year can lead to a cold bias (De Jonge et al., 
2014b) in temperature reconstructions. Two dry sites with low TOC 
(Malambo Road and Shifting Sands) have deep samples with relatively 
low MBTʹ5Me (0.73), which could be explained by the low MAP. How
ever, most samples show an increase in MBTʹ5Me with depth (Fig. 9B). 
We note that MBTʹ5Me in the deep samples also has a negative correlation 
with total dissolved solids and pH in principal component space. This 
corresponds to more saline and alkali soils having lower MBT 5Me values 
and more acidic, less saline soils having higher MBTʹ5Me. Changes in pH 
have been demonstrated to influence the MBTʹ5Me of surface soils in the 
absence of a change in temperature, through altering the brGDGT- 
producing bacterial community (De Jonge et al., 2019, 2021; Halff
man et al., 2022). Additionally, out of the three soil profiles studied by 
Pei et al. (2021) the largest increase in MBTʹ5Me occurred in the highest 
pH soil (pH 8). As the soils in this study are all alkaline this possibly 
suggests that deep soil high pH conditions biases MBTʹ5Me higher rela
tive to the surface soil. Given that we find MBTʹ5Me is responsive to 
changes in pH only in deep samples, compared to surface samples which 
respond primarily to MAAT (Fig. 9A), this could suggest that we see 
modern production of brGDGTs throughout our soil profiles, with 
different bacterial communities at different depths responsive to 
different environmental stimuli. 

We do not see a large change in the CBTʹ with depth, with both 
shallow and deep samples having statistically insignificant correlations 
between CBTʹ and soil pH and CBTʹ-based pH models (De Jonge et al., 
2014b) underestimating soil pH. A systematic underestimation of pH 

Fig. 9. PCA biplots showing biomarker and environmental indices: Total organic carbon % (TOC), CBTʹ, ratio of isoGDGTs to brGDGTs (Ri/b), measured pH, 
total dissolved solids (TDS), mean annual air temperature (MAT; Fick and Hijmans, 2017), MBTʹ5Me, archaeol caldarchaeol ecometric (ACE), mean annual precip
itation (MAP; Fick and Hijmans, 2017) for (A) all surface samples ( 0.1 m), (B) all deep samples ( 0.1 m). 
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Or g a ni c G e o c h e mistr y 1 6 9 ( 2 0 2 2 ) 1 0 4 4 3 3

1 1

u si n g  a  C B T ʹ s oil  c ali br ati o n  ( D e  J o n g e  et  al.,  2 0 1 4 b )  c o m p ar e d  t o  a 

gl o b al c o m pil ati o n ( Fi g. 2 B) s u g g e st s t h at t h e r el ati v e a b u n d a n c e of 6- 

m et h yl  a n d / or  c y cli c  br G D G T  c o m p o u n d s  i s  c o ntr oll e d  i n  p art  b y 

s o m et hi n g  ot h er  t h a n  p H  i n  o ur  s a m pl e s.  W e  n ot e  t h at  a  si mil ar  p H 

u n d er e sti m ati o n  o c c ur s  i n  a  s uit e  of  dr y,  al k ali n e  s oil s  s a m pl e d  fr o m 

I n n er M o n g oli a (G u o et al., 2 0 2 2 ), alt h o u g h C B Tʹ d o e s c orr el at e wit h s oil 

p H i n t h e s e s a m pl e s. T h er e i s a m o d er at e c orr el ati o n (r = 0. 6 7, p < 0. 0 5) 

b et w e e n I R 6 M e a n d p H i n o u r s urf a c e s oil s a m pl e s a n d t h e s e v al u e s ar e 

br o a dl y c o n si st e nt wit h a gl o b al c o m pil ati o n ( D e ari n g Cr a m pt o n- Fl o o d 

et al., 2 0 2 0 ) (Fi g. 2 C) w hi c h s u g g e st s t h at t h e i s o m eri z ati o n i s r e s p o n -

si v e t o p H. H o w e v er, t h e l a c k of a si g ni fi c a nt c orr el ati o n b et w e e n I R 6 M e 

a n d p H i n t h e d e e p er s a m pl e s c o ul d b e c a u s e d b y t h e r el ati v e pr o p orti o n 

of  6- m et h yl  br G D G T s  b ei n g  c o ntr oll e d  b y  ot h er  f a ct or s  p o s si bl y 

i n cl u di n g c h a n gi n g b a ct eri al c o m m u nit y c o m p o siti o n. 

5. 5.  C o m p aris o n of or g a ni c a n d c ar b o n at e p al e ot h er m o m et ers 

5. 5. 1. Pr o x y c o m p aris o n i n t h e e ntir e S er e n g eti d at as et 

T h e p air e d s a m pli n g f or or g a ni c s a n d c ar b o n at e s wit hi n t h e s a m e s oil 

pr o fil e s f a cilit at e s a c o m p ari s o n of br G D G T t h er m o m etr y wit h c ar b o n at e 

cl u m p e d i s ot o p e t h er m o m etr y ( B e v erl y et al., 2 0 2 1 ). A cr o s s b ot h pr o xi e s 

w e  fl n d  all  t e m p er at ur e  e sti m at e s  f all  wit hi n  t h e  r a n g e  of  m o d er n 

S er e n g eti  s oil  t e m p er at ur e s  of  1 7 – 3 0 ◦ C  a n d  t h e  m e di a n  t e m p er at ur e 

( a cr o s s  all  s a m pl e s)  g e n er at e d  fr o m  e a c h  pr o x y  i s  i d e nti c al  ( 2 3 ◦ C, 

Fi g. 1 0 A). D e s pit e pr o x y a n al yti c al u n c ert ai nt y, p o s si bl e diff er e n c e s i n 

ti m e i nt e gr ati o n of e a c h pr o x y a n d i nt er- s a m pl e v ari a bilit y ( a s p e ct s t h at 

will  b e  di s c u s s e d  f urt h er  i n  S e cti o n  5. 5. 4),  b ot h  pr o xi e s  o n  a v er a g e 

g e n er at e  t e m p er at ur e s t h at  ar e  c o m p ar a bl e  a n d  c orr el at e  wit h  M A A T 

(Fi g.  1 0 B).  W e  n ot e  t h at  t h e  S er e n g eti  e x p eri e n c e s  s m all  s e a s o n al  air 

t e m p er at ur e c h a n g e s (Fi c k a n d Hij m a n s, 2 0 1 7 ) o n a c c o u nt of it s e q u a -

t ori al  p o siti o n,  w hi c h  li k el y  pr e cl u d e s  a n y  c o m pli c ati o n s  fr o m  pr o x y 

f or m ati o n s e a s o n al bi a s e s. F urt h er, t h e g e n er al st a bilit y of r e gi o n al air 

t e m p er at ur e s  o v er  t h e  p a st  f e w  t h o u s a n d  y e ar s  (Ti er n e y  et  al.,  2 0 0 8; 

B er k e  et  al., 2 0 1 2 )  w o ul d  n ot  s u g g e st  a  bi a s  if  t h e  ti m e- s p a n  of  e a c h 

r e c or d er diff er s. 

5. 5. 2. I nt er- a n d i ntr a-sit e pr o x y c o m p aris o n 

Wit hi n  t h e  S er e n g eti  tr a n s e ct  t h er e  i s  a p pr o xi m at el y  4 ◦ C  s p ati al 

v a ri ati o n i n M A A T a n d b ot h pr o xi e s c a pt ur e t h e t e m p er at ur e gr a di e nt 

a cr o s s  t h e  r e gi o n  ( Fi g.  1 0 B).  T h e  br G D G T-t e m p er at ur e s  fr o m  d e e p er 

s oil s pr e s e nt a c o m pli c ati o n i n t h e s e s ali n e s oil s, a n d w e fi n d e vi d e n c e 

f or i n sit u pr o d u cti o n. Wit hi n d e pt h pr o fil e s w e fi n d n o si g ni fl c a nt c or-

r el ati o n (r = 0. 1 6, p = 0. 6 0) b et w e e n pr e di ct e d br G D G T s a n d M A A T or 

c ar b o n at e-f or m ati o n  t e m p er at ur e s – i nt e nti o n all y  s a m pl e d  fr o m  t h e 

s a m e p o siti o n i n t h e s oil f or t hi s c o m p ari s o n ( B e v erl y et al., 2 0 2 1 ). W e 

al s o f o u n d n o c orr el ati o n (r = 0. 2 9, p = 0. 4 5) b et w e e n s urf a c e br G D G T 

s a m pl e s (i n t h e m or e or g a ni c-ri c h h ori z o n s) wit h t h e cl u m p e d i s ot o p e 

t e m p er at ur e s d eri v e d fr o m s oil c ar b o n at e s (t h at ar e f o u n d at d e pt h i n 

t h e pr o fil e) – w hi c h w o ul d r e fl e ct h o w e a c h pr o x y w o ul d b e t y pi c all y 

s a m pl e d i n a s oil b a s e d o n or g a ni c a n d c ar b o n at e s u b str at e di stri b uti o n. 

E v e n  t h o u g h  b ot h  pr o xi e s  s h o w  a  p o siti v e  c orr el ati o n  wit h  M A A T 

( cl u m p e d: r = 0. 6 0, p = 0. 0 9: br G D G T: r = 0. 7 3, p = 0. 0 1), t h e y d o n ot 

c orr el at e  wit h  e a c h  ot h er.  T hi s  l a c k  of  c orr el ati o n  i s  p er h a p s  u n s ur -

pri si n g gi v e n t h e si z e of t h e u n c ert ai nti e s (i n str u m e nt al a n d c ali br ati o n), 

t h e  s m all  t e m p er at ur e  r a n g e  wit hi n  t h e  S er e n g eti,  a n d  t h e  diff er e nt 

pr o c e s s e s of f or m ati o n f or e a c h pr o x y r e c or d er, w hi c h w e di s c u s s n e xt. 

5. 5. 3. Pr o c ess- b as e d diff er e n c es b et w e e n pr o x y r e c or d ers 

B ot h  pr o xi e s  ar e  k n o w n  t o  c a pt ur e  diff er e nt  t e m p er at ur e  si g n al s, 

wit h t h e br G D G T M B T ′
5 M e s h o wi n g a st r o n g p o siti v e r el ati o n s hi p wit h 

m o nt h s  a b o v e  fr e e zi n g  m e a n  a n n u al  air  t e m p er at ur e  ( D e ari n g 

Cr a m pt o n- Fl o o d  et  al.,  2 0 2 0 ),  wit h  s ali nit y  at  d e pt h  cr e ati n g  a  c o n -

f o u n di n g si g n al i n t h e s e s oil s. Δ 4 7 r e c o r d s t h e t e m p er at ur e of c ar b o n at e 

pr e ci pit ati o n w hi c h oft e n r e fl e ct s w ar m s e a s o n t e m p er at ur e s, a n d w hi c h 

c a n  b e  m o d ul at e d  b y  s oil  gr ai n  si z e,  v e g et ati o n  c o v er,  pr e ci pit ati o n 

s e a s o n alit y  a n d  d e pt h  i n  s oil  ( K el s o n  et  al.,  2 0 2 0 ).  Of  t h e s e  f a ct or s, 

e q u at ori al  cli m at e s  all o w  u s  t o  eli mi n at e  c o n c er n s  o v er  s e a s o n al  dif -

f er e n c e s b et w e e n pr o x y r e c or d er s i n t hi s s etti n g. W hil st B a y M B T0 t e m-

p e r at u r e s ar e si mil ar t o M A A T, Δ 4 7 t e m p e r at u r e s ar e t y pi c all y w ar m er 

(Fi g. 1 0 B) w hi c h i s i n a gr e e m e nt wit h pr e vi o u s Δ 4 7 (K el s o n et al., 2 0 2 0 ) 

a n d M B T ′
5 M e t e m p e r at u r e c o m pil ati o n s (D e ari n g Cr a m pt o n- Fl o o d et al., 

2 0 2 0 ). 

A cl e ar diff er e n c e b et w e e n t h e t w o a n al yt e s i s t h e diff er e n c e i n t h eir 

di stri b uti o n i n t h e pr o fil e s: t h e c ar b o n at e s ar e l o c at e d fr o m 0. 4 t o 1. 6 m 

a n d b el o w, w h er e a s t h e br G D G T s d e cli n e i n c o n c e ntr ati o n s wit h d e pt h 

fr o m 0 t o 1. 6 m (Fi g. 3 A). W e fi n d t h at t h e s urf a c e s oil br G D G T- b a s e d, 

B a y M B T 0 - c ali b r at e d  M A F  t e m p er at ur e s  r a n g e  fr o m  1 7 ◦ C  t o  2 5 ◦ C 

wit h a m e a n of 2 1 ◦ C ( S E M = 0. 8 ◦ C, n = 1 1), w h er e a s s a m pl e s at d e pt h 

> 0. 1 m r a n g e fr o m 1 7. 0 ◦ C t o 2 6. 8 ◦ C wit h a m e a n of 2 2. 8 ◦ C. Cl u m p e d 

i s ot o p e s yi el d a m e a n of 2 3. 3 ◦ C ( S E M = 5. 5 ◦ C, n = 2 7) t h at i s i n di s -

ti n g ui s h a bl e fr o m t h e or g a ni c pr o x y wit hi n err or, b ut t h e s a m pl e s h a v e a 

l ar g er t e m p er at ur e r a n g e ( 1 4– 3 1 ◦ C; B e v e rl y et al., 2 0 2 1 ). 

Fi g. 1 0. C o m p ari s o n of br G D G T (t hi s st u d y) a n d cl u m p e d ( B e v erl y et al., 2 0 2 1 ) t e m p er at ur e e sti m at e s. ( A) Vi oli n pl ot s h o wi n g di stri b uti o n s of all s a m pl e s: c e ntr al 

e sti m at e s ar e t h e s a m e wit hi n u n c ert ai nti e s h o w e v er t h e r a n g e diff er s. M A A T a n d mi ni m u m a n d m a xi m u m M A S T t e m p er at ur e s f or t h e S er e n g eti s h o w n f or c o m -

p ari s o n. ( B) Cr o s s- pl ot of sit e M A A T ( e q ui v al e nt t o M A F) fr o m s urf a c e s oil B a y M B T 0 ( e r r o r b a r s, c ali br ati o n 1 R M S E) a n d Δ 4 7 t e m p e r at u r e s wit hi n t h e s oil pr o fil e 

( err or b ar s, pr o p a g at e d a n al yti c al a n d c ali br ati o n u n c ert ai nt y, 1 S E M); 1: 1 li n e ( d a s h e d li n e). 
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The analytical and calibration uncertainties of each proxy differ. 
BrGDGTs have a trivial analytical uncertainty (ca. 0.2 C, Fleming and 
Tierney, 2016), and are thus measured singly and the uncertainty is 
dominated by the calibration uncertainty for BayMBT0 to MAF, reported 
as an RMSE of 3.8 C (Dearing Crampton-Flood et al., 2020). 47 records 
the assumed-thermodynamic formation temperature of carbonate and 
has been calibrated in laboratory settings (e.g., Ghosh et al., 2006; 
Bonifacie et al., 2017; Petersen et al., 2019) and in a range of environ
ments. For clumped isotope measurements, the combined instrumental 
and analytical uncertainties on samples and standard replicates indicate 
a 1 SEM typically on the order of ~ 4 C (5.5 C in these particular 
samples; Beverly et al., 2021). 

Soils are notoriously spatially heterogeneous, and we find that both 
pedogenic carbonate nodules and biomarkers in this study show a large 
variance within soil profiles and across the Serengeti transect which is 
notable given the relatively small variance in regional spatial and sea
sonal temperature (Fig. 10A). Meso- and macrofauna homogenize soil 
microbial communities over multiple meters (Vos et al., 2013), thus this 
may also be the scale over which molecular biomarkers may be mobile. 
Similarly soil carbonates form with waters and pore space atmospheres 
that likely mix over the scale of meters (Zamanian et al., 2016), but 
localized nodule conditions may differ on a finer scale. While soil car
bonate nodules are actively growing in deeper horizons (Beverly et al., 
2021), in stable soils such as these they have likely formed over 102 to 
103 years (Gallagher and Sheldon, 2016). Soil brGDGT ages are only 
recently receiving attention, but they are likely modern in surface ho
rizons, and initial compound specific radiocarbon studies in Switzerland 
indicates they may reach mean ages of 103 years at depth (Gies et al., 
2021). Microbial production is most active in the high TOC upper soils, 
with both older fossil biomarkers and living microbial communities 
present deeper in the profile. 

Thus, while the spatial and temporal scales of mixing may be similar, 
differences in the processes of formation of each proxy, soil heteroge
neity and proxy uncertainty likely limit the correspondence that can be 
achieved at fine scales. We encourage large sample sizes across multiple 
depths and locations as in this study n 5 was found to significantly 
reduce the standard deviation of the distribution of means from boot
strapped data (Supplementary Fig. S2). Such an approach is necessary to 
capture mean conditions with both proxies and helps to average out the 
observed heterogeneity caused by the inherent spatial heterogeneity of 
soils as well as the process of formation differences and analytical un
certainty in each. In modern soils the full profile can be studied, but in 
paleosols the surface soil horizon is sometimes missing in the strati
graphic record (Kraus, 1999) and thus the ability to fully characterize a 
paleosol profile and thus account for depth-dependent signals identified 
here (e.g., warm, saline bias at depth) may be curtailed. This emphasizes 
the importance of soil profile studies to fully characterize and study the 
processes affecting the spatial signatures of GDGT proxies in depth 
distributions as relevant to paleosol applications. 

6. Conclusions 

We analyzed the GDGT composition of a suite of soil samples 
collected across the Serengeti National Park, Tanzania. Surface soil 
BayMBT0-predicted temperatures correlated with MAAT (equivalent to 
MAF in the tropics). We found deep soil brGDGTs were more responsive 
to high soil pH and salinity than to mean annual temperature and 
represent in situ production. We also compared the organic temperature 
proxy to previously published clumped isotope thermometry on soil 
carbonates in the same soils. We find that both proxies predict tem
peratures in the range of modern recorded temperatures, and with large 
sample sizes their mean values agree. Both proxies detect the tempera
ture gradient across the transect in surface soils, but clumped temper
atures are warm-biased as expected in grasslands where soils are often 
warmer than air temperatures, and deep soil samples have warm-biases 
for the brGDGT proxy. Further comparison between the two proxies 

would be aided by studies in cool climate, carbonate-bearing soils to 
compare the recorders across a broader range of temperatures and 
pedogenic settings. These Serengeti soil comparisons show broad proxy 
agreement, however care should be taken when interpreting brGDGT- 
derived temperatures below the soil surface, as well as low numbers of 

47 samples. Based on our findings here, we encourage more dual proxy 
paleothermometry and emphasize the need for a large number of ana
lyses (n 5) across multiple soil locations to achieve robust comparison 
and to explore confounding factors. Notwithstanding the need for 
further calibration, the potential of dual proxy applications lies in their 
joint application to a range of modern and ancient soils. 
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