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a b s t r a c t

Isoprenoid glycerol dialkyl glycerol tetraethers (isoGDGTs) are membrane lipids of Archaea. Organic
biomarker proxies associated with these lipids, such as the TEX86 paleothermometer and Branched and
Isoprenoid Tetraether (BIT) index, are often used in paleoenvironmental reconstructions for the marine
environment, but their general applicability in lacustrine settings is hampered by limited understanding
of the biological sources and environmental drivers influencing isoGDGT production. To validate the use
of isoGDGT proxies in lakes, we studied the occurrence of isoGDGTs in Lake Chala, a permanently
stratified (meromictic) crater lake in equatorial East Africa. We analyzed the abundance and distribution
of isoGDGTs in 17 depth profiles of suspended particulate matter (SPM) collected monthly between
September 2013 and January 2015, and compared this with the abundance and composition of archaea
based on 16S rRNA gene and quantitative PCR analysis. Both isoGDGTs and archaeal abundance in the
SPM were exceptionally low throughout the study period. In the oxygenated part of the water column,
higher fractional abundances of crenarchaeol are matched by a predominance of the ammonia-oxidizing
Thaumarchaeota I.1b that are known to produce this GDGT, whereas deep anoxic water layers are
characterized by high fractional abundances of GDGT-0 as well as the anaerobic heterotrophic Group C3
MCG Bathyarchaea and specific euryarchaeotal methanogens. Analysis of intact polar lipid (IPL) isoGDGTs
using SPM depth profiles from three months representing distinct seasons during the study period
revealed the presence of several IPLs of GDGT-0 in the anoxic lower water column, which are rarely
found in natural settings. IPL GDGT-0 with a phosphatidylglycerol (PG-), monohexose-
phosphatidylglycerol (MH-PG-) and dihexose-phosphatidylglycerol (DH-PG-) head-group was typically
only present just above the lake bottom at 90 m depth and probably reflect specific communities of
anaerobic archaea. We also determined the flux and distribution of isoGDGTs in settling particles
collected monthly between November 2006 and January 2015 from a sediment trap suspended at 35 m
water depth to assess seasonal and inter-annual variability in surface-water isoGDGT production, and
compared this with the temporal distribution of isoGDGTs in the 25,000-year long sediment record from
Lake Chala. Monthly variation of isoGDGTs in the 98-month settling-particles record did not show a
strong annual pattern related to seasonal water-column mixing and stratification, likely because the
oxycline was regularly situated below sediment-trap depth. Episodes of high GDGT-0 concentrations
relative to crenarchaeol in the settling particles can therefore be linked to periods of exceptionally
shallow oxycline depth, which suppresses the thaumarchaeotal bloom. During such intervals, TEX86-
based paleotemperatures are not reliable because isoGDGT input from other archaeal sources dis-
proportionally influences TEX86 values and creates a cold-temperature bias. Additionally, the abundance
of the crenarchaeol isomer relative to crenarchaeol (f[CREN']) gradually increases during such episodes of
high GDGT-0/crenarchaeol ratio, suggesting increasing dominance of Group I.1b over Group I.1a Thau-
marchaeota, and might prove a good marker for prolonged shallow-oxycline conditions. Most
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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importantly, the associated near-absence of crenarchaeol during times of strong upper-water-column
stratification results in high BIT-index values. We propose that this suppression mechanism may be
the principal driver of BIT-index variation in the sediment record of Lake Chala, and the main source of
observed congruence between the BIT index and climate-driven lake-level variation on long time scales.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lipid biomarkers in lake sediments are increasingly used to
reconstruct past environmental changes such as temperature,
rainfall and vegetation dynamics in the lake's catchment (e.g.,
Casta~neda and Schouten, 2011; Schouten et al., 2013; Berke, 2018).
The sediment records of permanently stratified (meromictic) lakes
are especially suitable for such biomarker studies, because the
preservation of organic compounds is greatly improved by stable
anoxic conditions at the sediment-water interface. Isoprenoid and
branched glycerol dialkyl glycerol tetraethers (isoGDGTs and
brGDGTs, respectively) represent important groups of sedimentary
biomarkers. IsoGDGTs are membrane lipids of Archaea, which
biosynthesize varying proportions of isoGDGTs with 0e8 cyclo-
pentyl moieties (GDGT-0 to 8; De Rosa and Gambacorta, 1988), as
well as an isoGDGT with 4 cyclopentyl and 1 cyclohexyl moiety
called crenarchaeol (Sinninghe Damst�e et al., 2002; Holzheimer
et al., 2021; structures in Supplementary Fig. S1). GDGT-0 is the
most common isoGDGT in Archaea, and is found in chemo-
lithotrophic, ammonia-oxidizing Thaumarchaeota (e.g., Sinninghe
Damst�e et al., 2012b; Schouten et al., 2013; Elling et al., 2017;
Bale et al., 2019b), anaerobic methane-oxidizing archaea (e.g.,
Pancost et al., 2001; Schouten et al., 2001) and methanogenic
Euryarchaeota (Schouten et al., 2013, and references therein).
GDGT-1 to �3 are common lipids in eury-, cren- and thaumarch-
aeotal membranes (Schouten et al., 2013, and references therein),
whereas crenarchaeol and its isomer have only been found in
Thaumarchaeota cultures (e.g., Sinninghe Damst�e et al., 2002, 2018;
Schouten et al., 2013; Elling et al., 2017; Bale et al., 2019b).

Empirical correlation between the distribution of isoGDGTs in
marine surface sediments and local sea surface temperature (SST)
led to development of the TetraEther indeX of 86 carbon atoms
(TEX86; e.g., Schouten et al., 2002; Kim et al., 2010), although it was
shown to reflect subsurface temperature at specific locations (e.g.
Huguet et al., 2007). TEX86 is now widely used as SST proxy in
paleoclimate reconstructions. An exploratory study on lakes indi-
cated that the TEX86 of lacustrine sediments also reflected lake
surface temperature (LST; Powers et al., 2010), although this cali-
bration was based on a substantially smaller number of sites than
that for the marine environment. However, the applicability of this
paleotemperature proxy in lakes appeared complicated by various
confounding factors such as potential input from soil-derived
isoGDGTs, or contributions of isoGDGTs produced by methano-
trophs, methanogens and other archaea (Blaga et al., 2009, 2011;
Powers et al., 2010; Sinninghe Damst�e et al., 2012a).

The contribution of isoGDGTs from methanogens can be
assessed by the ratio between GDGT-0 and crenarchaeol. A ratio of
>2 indicates that methanogens, which also produce GDGT-0,
contribute substantially to the total sedimentary isoGDGT pool
(e.g., Blaga et al., 2009; Bechtel et al., 2010), inwhich case the TEX86
proxy cannot be used. Despite these uncertainties, the TEX86

paleothermometer has produced several important records of past
LST variation (e.g., Powers et al., 2005, 2011; Tierney et al., 2008;
Woltering et al., 2011; Blaga et al., 2013; Sun et al., 2020), mainly
from large lakes.
2

To assess the input of terrestrial material into aquatic environ-
ments the Branched and Isoprenoid Tetraether index (BIT index;
Hopmans et al., 2004) was developed, in which the relative abun-
dance of soil-derived brGDGTs compared to that of the aquatic
isoGDGT crenarchaeol represents the contribution of soil-derived
material delivered to the system by erosion and runoff. It was
also applied as such to a 25-kyr long sediment core from Lake Chala,
a permanently stratified crater lake in equatorial East Africa, where
intervals with high BIT-index values were inferred to represent
episodes of increased precipitation (Verschuren et al., 2009).
However, in following years several studies showed that brGDGTs
are also produced within lakes (e.g., Sinninghe Damst�e et al., 2009;
Tierney et al., 2010;Woltering et al., 2012;Weber et al., 2015, 2018),
challenging the initial interpretation of this proxy in lake settings.
Therefore, Sinninghe Damst�e et al. (2012a) proposed an alternative
explanation for the (indirect) relationship between the BIT index
and precipitation in Lake Chala, arguing that strong wind and low
rainfall promote deep water-columnmixing and thus stimulate the
internal nutrient cycling supporting primary production and sub-
sequent increase in ammonia. This would allow proliferation of the
nitrifying Thaumarchaeota that produce crenarchaeol. On long
time scales, conditions of low lake level under dry climate condi-
tions would therefore be associated with greater crenarchaeol
production and lower BIT-index values. Conversely, high BIT-index
values may be linked to episodic events of intense rainfall, during
which strong soil erosion enhances external nutrient input and
ammonia levels to the extent that nitrifying Thaumarchaeota are
outcompeted by a bloom of nitrifying bacteria (Buckles et al., 2016).

More recently, a detailed study of the water column of Lake
Chala confirmed that brGDGTs are produced in situ and are mainly
restricted to the lower water column, where their distribution is
strongly influenced by the depth of seasonal mixing (van Bree et al.,
2020). Namely, brGDGTs occur higher up in the water column
during periods of strong water-column stratification associated
with the rainy seasons, and are restricted to greater depths during
periods of deep water-columnmixing, suggesting that the bacterial
species producing these lipids (Weijers et al., 2006) prefer anoxic
conditions. This expansion of the brGDGT producers’ niche under
conditions of strong water-column stratification may partly explain
the positive relationship between the BIT index in Lake Chala and
past rainfall variation. On the other hand, it has been shown that
variation in the BIT index is more strongly driven by changes in the
abundance of crenarchaeol, and less by changes in brGDGT abun-
dance (Sinninghe Damst�e et al., 2012a; Buckles et al., 2014, 2016).

The occurrence and distribution of isoGDGTs in Lake Chala have
previously been analyzed in a one-year study of monthly-collected
settling particles (Sinninghe Damst�e et al., 2009). This indicated
that isoGDGTs were primarily produced in January and February,
i.e. just after the short rain season. The resulting TEX86 values failed
to capture seasonal temperature variation, but generally did reflect
mean annual LST (Sinninghe Damst�e et al., 2009). However, pro-
duction of isoGDGTs (especially GDGT-2) in deeper waters or in the
sediment appeared to alter the isoGDGT signature in such a way
that the TEX86 proxy did not yield reliable results for the Holocene
portion of the Lake Chala sediment sequence (Sinninghe Damst�e
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Fig. 1. Bathymetry of Lake Chala relative to its 2003 shoreline with depth contours at
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et al., 2009, 2012a). To identify the potential producers of isoGDGTs
in Lake Chala, the depth distribution of different isoGDGTs was
compared with those of archaeal 16S rRNA sequences in suspended
particulate matter (SPM) collected in two months with contrasting
water-column conditions, namely deep mixing in September 2006
(Sinninghe Damst�e et al., 2009) versus stratification in February
2010 (Buckles et al., 2013). During the deep-mixing season,
isoGDGTs were most abundant between 50 and 90 m depth,
whereas crenarchaeol also showed modestly increased concentra-
tions at 15 and 30 m depth (Sinninghe Damst�e et al., 2009).

Extractable isoGDGTs can be divided into core lipids (CL) and
intact polar lipids (IPL; membrane lipids which have retained their
head groups). As IPL GDGTs in lake sediments have presumably
been produced by ‘living’ microbes, they are often studied in
comparison to the corresponding ‘fossil’ core lipids. An increasingly
diverse group of IPL GDGTs are being discovered in natural settings,
providing important insights into both lipid preservation and po-
tential producers (e.g. Tierney et al., 2012; Buckles et al., 2014; Bale
et al., 2019a,b). Under stratified conditions in Lake Chala, the con-
centrations of IPL and CL crenarchaeol and all other isoGDGTs
peaked at 40 m depth (Buckles et al., 2013), except IPL GDGT-0 of
which the concentration peaked in deep anoxic water. Based on 16S
rRNA gene analysis this active production of crenarchaeol in the
oxygenated upper water column of Lake Chala was attributed to
Thaumarchaeota of Group I.1a and I.1b (the latter also known as the
Soil Crenarchaeotic Group; SCG; Pester et al., 2011 and references
therein). This was in good agreement with the composition of the
polar head groups of the IPL crenarchaeol, which is similar to that of
cultivated Thaumarchaeota (Buckles et al., 2013). The high con-
centration of GDGT-0 in the anoxic deep water was linked to non-
methanotrophic archaea of Group C3 (Sinninghe Damst�e et al.,
2009; Buckles et al., 2013), formerly known as Crenarchaeota
Group 1.2 but currently classified as ‘Miscellaneous Crenarchaeotic
Group’ (MCG), a subgroup of the phylum Bathyarchaeota (Kubo
et al., 2012; Lavergne et al., 2018). The presence of archaeal
groups other than Thaumarchaeota that can also synthesize
isoGDGTs has obvious consequences for the reliability of isoGDGT-
based paleoenvironmental proxies in Lake Chala, and possibly, all
lakes (Buckles et al., 2013).

The initial findings on isoGDGT depth distribution and sources
in Lake Chala summarized above were based on ‘snapshot’ views of
its water column. Considering that sediment-trap and high-
resolution sedimentary time series reveal large inter-annual vari-
ability in isoGDGT flux and distribution (Sinninghe Damst�e et al.,
2009; Buckles et al., 2014, 2016), this may also be the case for
their archaeal sources. Therefore, the present study aims to further
investigate spatio-temporal patterns in the production and distri-
bution of isoGDGTs and their producers in Lake Chala. This is
accomplished by analyzing the distribution and abundance of
CLþ IPL isoGDGTs and archaeal 16S rRNA gene copies in SPM depth
profiles collected at monthly intervals over a 17-month period.
Additionally, we analyzed the IPL GDGTs in the SPM profiles from
December 2013, April 2014 and September 2014, representing
distinct seasons. Finally, we looked for recurrent patterns in the 98-
month record of settling particles from the sediment trap sus-
pended in Lake Chala in order to link seasonal and multi-annual
trends in isoGDGT production within the upper water column to
potential environmental drivers. The principal and ultimate
objective of these combined analyses is to better constrain the
interpretation of isoGDGT-based paleoenvironmental proxies, such
as the BIT index and TE�86, in this and other lakes' sedimentary
records.
3

2. Material and methods

2.1. Study site

Lake Chala (locally known as ‘Challa’, after a nearby village) is a
small (4.2 km2), deep (~90 m) and permanently stratified (mer-
omictic) crater lake, situated at ~880 m above sea level on the
border between Kenya and Tanzania (3�190S, 37�420E) in the
southeastern foothills of Mt. Kilimanjaro. Mean monthly air tem-
perature (MMAT) is highest in JanuaryeFebruary (25e27 �C) during
the southern hemisphere (SH) summer, and lowest in JulyeAugust
(20e21 �C). Part of the lake's water budget is maintained by rainfall
on the lake surface and inside the steep-sloping crater basin; only
occasionally after high rainfall a small creek is activated, which
breaches the north-western crater rim (Buckles et al., 2014, Fig. 1).
As lake-surface evaporation (1700 mm yr�1) greatly exceeds mean
annual rainfall (600 mm yr�1), the lake's water budget must be
maintained by a substantial subsurface inflow (Payne, 1970) of
water originating from the percolation of rainfall on or above the
forest belt on Mt. Kilimanjaro (Hemp, 2006; Bod�e et al., 2020).

The tropical rain belt associatedwith latitudinal migration of the
Inter-Tropical Convergence Zone (ITCZ) passes over the region
twice yearly, resulting in two wet seasons and two dry seasons.
Short rains occur from late October to December, and long rains
from March to May. The main dry season occurs during the SH
winter from June until September and is characterized by lower air
temperature and higher wind speeds. Together these drive turbu-
lent and convective deep mixing of the lake's water column down
to 40e60 m depth, while the lower water column remains
permanently stratified and anoxic (Wolff et al., 2011; Buckles et al.,
2014). Periods of deep mixing (DM) generally start at the end of
May, and end in the first half of September (van Bree et al., 2018).
During DM, oxygen is injected into progressively deeper water, and
phytoplankton productivity increases as nutrient-rich deepwater is
mixed upwards into the normally unproductive epilimnion (Wolff
et al., 2014; van Bree et al., 2018). Conditions of water-column
stratification generally develop from September to May, and are
10-m intervals (modified after Moernaut et al., 2010) with sampling locations of sus-
pended particulate matter (SPM; black square), settling particles (sediment trap; grey
triangle) and the 25-kyr sediment record (open circle). The outer bold line is the crater
rim, confining the catchment area.
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strongest during the SH summer months (Wolff et al., 2014; van
Bree et al., 2018, 2020). Superimposed on this long period of
stratification, shallow mixing (SM) to ~20e25 m depth occurs
during the short dry season in between the two rain seasons, when
winds are also strong but high surface-water temperature hampers
deep mixing. The timing of this SM is variable, but generally starts
between the beginning of December and mid-January, and ends
between mid-February and mid-March.

2.2. Sample collection

2.2.1. Physical and chemical water-column monitoring
Physical-property profiles of the upper 50 m of the water col-

umn of Lake Chala were measured monthly from September 2013
until January 2015, by registering ambient temperature, dissolved
oxygen (DO), conductivity (K25) and pH at 1 m (0e24 m) and 2 m
(24e50m) depth intervals with a Hydrolab Quanta®multiprobe on
the same day as the collection of water samples for SPM analysis
(van Bree et al., 2018). Here we use these data only to trace the
depth of the oxycline over this 17-month period, defined as the
depth where DO concentration falls below 0.2 mg/L (van Bree et al.,
2020). Water samples for CH4 analysis were collected on 01-11-
2016 at the same mid-lake position, using a WildCo® water
sampler. From the same 13 water depths selected for SPM sampling
(van Bree et al., 2018), 5 L water was brought up as quickly as
possible to minimize outgassing. Due to circumstances the sample
from 90 m depth was brought up more slowly, consequently this
CH4 measurement had to be dismissed. Two replicate samples each
were taken at 50 and 60 m depth. The water was transferred
immediately to airtight 12 ml exetainer vials, and stored at room
temperature prior to CH4 analysis. Simultaneously with this water
sampling on 01-11-2016, profiles of temperature, conductivity and
pH were measured with a Hydrolab Quanta® down to 50 m depth,
and extended to 85 m depth using a Hydrolab HL4® multiprobe
with sensors calibrated against those of the Quanta instrument. The
associated DO profile presented here was measured with the
Quanta three weeks later, on 20-11-2016.

2.2.2. Suspended particulate matter
The collection of suspended particulate matter (SPM) for this

study was described in detail by van Bree et al. (2018). In short,
5e10 L of lake water was collected at 13 discrete depths between
the lake surface and 90m depth, monthly between September 2013
and January 2015 (n¼ 221). The date of collectionwas at or near the
start of each month as discussed here, with samples collected on,
for example, 07-09-2013 representing September 2013, and sam-
ples collected on 30-09-2013 representing October 2013 (see
Table S1). The samples were filtered on pre-combusted glass fiber
GF/F filters (142 mm diameter, Whatman), stored frozen and
freeze-dried prior to analysis. For this study we analyzed CL þ IPL
GDGTs (i.e., including acid-hydrolyzed IPL GDGTs; see section
2.3.2.) in the extracts of SPM from all depths for the months of
November 2013 and August 2014, and from 0, 10, 25, 35, 50, 60, 70
and 80 m depth for the 15 other months (total n ¼ 141). In addition
we analyzed IPL GDGTs in SPM from 20, 30, 45 and 90 m depth
collected in December 2013, April 2014 and September 2014
(Table S2).

2.2.3. Settling particles
The collection of settling particles in Lake Chala has been

described extensively before (Sinninghe Damst�e et al., 2009;
Buckles et al., 2014, 2016). In short, in November 2006 a UWITEC®
double-funneled sediment trap of 86 mm diameter was installed at
35 m water depth in a mid-lake position (Fig. 1), and emptied and
redeployed at approximately monthly intervals during the ensuing
4

8 years (Table S3). Collected material was allowed to settle for two
days, and stored frozen after decantation of excess water. Prior to
analysis, the samples were thawed, filtered over pre-weighed and
pre-combusted (400 �C, 5h) glass fiber GF/F filters (110 mm diam-
eter, Whatman), frozen and freeze-dried. This study combines new
analyses of GDGTs in settling particles representing the period
September 2010 to January 2015 (n ¼ 53; Table S3), with published
data for the period November 2006 to August 2010 (Sinninghe
Damst�e et al., 2009; Buckles et al., 2014, 2016), also sampled at
near-monthly intervals, to cover a total of >8 years (n ¼ 98 total
samples).

2.3. Sample preparation, extraction and analysis

2.3.1. Methane analysis
To measure CH4 concentration, a 1 ml high-purity nitrogen (N2)

headspace was generated in the exetainers, after which samples
were left to equilibrate for at least 48 h prior to measurement. They
were injected by hand on a gas chromatograph flame ionization
detector (GC-FID), and measured as technical triplicates. The re-
ported values are the average of these triplicates and their standard
deviation. The two pairs of replicate samples at 50 and 60myielded
similar results.

2.3.2. Analysis of CL GDGTs
Preparation of SPM samples for CL GDGT analysis has been

described in detail by van Bree et al. (2018, 2020). In short, the
freeze-dried SPM filters were cut in small pieces and extracted
using a modified Bligh-Dyer method (Bligh and Dyer, 1959). Each
Bligh-Dyer extract was acid-hydrolyzed with 1.5 N hydrochloric
acid (HCl) in methanol (MeOH) to release polar head groups from
extracted IPLs. Therefore, the GDGTs analyzed in this study repre-
sent the total extractable GDGTs (referred to as CL þ IPL in the
remainder of the text), which is advantageous since IPL GDGTs may
form an important fraction of the total GDGT pool (e.g. Buckles
et al., 2013; Weber et al., 2017). This hydrolyzed total lipid extract
(TLE) was separated on an activated Al2O3 column into a apolar,
neutral and polar fractions, using hexane:dichloromethane (DCM)
(9:1, v:v), DCM, and DCM: MeOH (2:1, v:v) as eluents, respectively.
Preparation of the settling-particle samples has also been described
elsewhere (Sinninghe Damst�e et al., 2009; Buckles et al., 2014; van
Bree et al., 2020). In short, the freeze-dried filters with sediment-
trap material were cut in small pieces and extracted directly by
acid hydrolysis, and the obtained TLE was processed in the same
way as the SPM. A known amount of internal standard (99 ng
GDGT46; Huguet et al., 2006) was added to the polar fractions of the
SPM and settling-particle extracts. These fractions were re-
dissolved in hexane:isopropanol (99:1, v:v) and passed over a
0.45 mm PTFE filter prior to analysis.

The CLþ IPL GDGTs present in the polar fractions were analyzed
by ultrahigh-performance liquid chromatography (UHPLC)
following the method of Hopmans et al. (2016), using an Agilent
1260 Infinity UHPLC system coupled to an Agilent 6130 single
quadrupole mass detector, either at Utrecht University (most SPM)
or at the Royal NIOZ (settling particles and SPM at 0 m, except SPM
from November 2013 and September 2014). Separation was ach-
ieved by two silica Waters Acquity UPLC HEB Hilic (1.7 mm,
2.1 mm � 150 mm) columns at 30 �C, preceded by a guard column
with similar packing. Initially isocratic elution was used for GDGT
separation, starting with 82% A (hexane) and 18% B (hex-
ane:isopropanol, 9:1, v:v) for 25 min at a flow rate of 0.2 mL min�1,
followed by a linear gradient to 70% A and 30% B for 25 min. In-
jection volume was 10 mL for settling particles, and 20 mL for SPM.
Ionization of the GDGTs was achieved by atmospheric-pressure
chemical ionization with as source conditions a gas temperature
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(N2) of 200 �C, vaporizer temperature of 400 �C, N2 flow of
6 L min�1, capillary voltage of 3500 V, nebulizer pressure of 25 psi
and corona current of 5.0 mA. GDGTs were identified by detecting
the [MþH]þ ions in selected ion monitoring (SIM) mode for m/z
1018.0, 1020.0, 1022.0, 1032.0, 1034.0, 1036.0, 1046.0, 1048.0 and
1050.0 (brGDGTs), m/z 1292.3, 1294.3, 1296.3, 1298.3, 1300.3 and
1302.3 (isoGDGTs), and m/z 743.8 (internal standard) with a mass
window of 1.0. Peak area integration of the GDGTs was done with
Chemstation (SPM) or Agilent Masshunter (settling particles, SPM
at 0 m) software. Individual GDGTs were quantified by comparing
their areas to that of the internal C46 GTGT (glycerol trialkyl glycerol
tetraether) standard, assuming a comparable response of the mass
spectrometer for all GDGTs. Selected sediment-trap samples were
measured twice in different concentrations (n ¼ 13), which yielded
comparable fluxes, fractional abundances and index values. For
example, the difference between duplicates was typically <8% for
total isoGDGT flux, typically <0.07 for TEX86, and always <0.013 for
the BIT index.

2.3.3. Analysis of IPL GDGTs
IPL GDGTs in SPM samples were extracted from the freeze-dried

filters using a modified Bligh Dyer extraction as described in detail
by Bale et al. (2021). In short, filters were first extracted twice with
a solution of MeOH: DCH: Phosphate-buffer (2:1:0.8, v:v:v)
adjusted to a pH of 7e8 with 1 N HCl and then twice using a so-
lution of MeOH: DCM: Trichloroacetic acid (2:1:0.8, v:v:v) adjusted
with 2 N KOH to a pH of 2e3. After phase separation, the organic
phases of both extracts were combined and dried. After addition of
24 ng of a deuterated betaine lipid (1,2-dipalmitoyl-sn-glycero-3-
O-40-[N,N,N-trimethyl(d9)]-homoserine; Avanti Polar Lipids Inc.,
Alabaster, AL, USA) as internal standard, each TLE was filtered with
a 0.45 mm regenerated cellulose syringe filter (4 mm diameter).
TLEs were dissolved in MeOH: DCM (9:1, v:v) prior to injection and
analyzed using Ultra High Pressure Liquid Chromatography-High
Resolution tandem Mass Spectrometry (UHPLC-HRMS2) according
to the method of W€ormer et al. (2013) with modifications as
described by Bale et al. (2019c). Lipids were analyzed within a mass
range of m/z 345e2000. We used an Agilent 1290 Infinity I UHPLC
equipped with thermostatted auto-injector and column oven,
coupled to a Q Exactive Orbitrap MS with Ion Max source with
heated electrospray ionization (HESI) probe (Thermo Fisher Sci-
entific, USA).

IPLs were identified based on the calculated exact masses of
their protonated, ammoniated and sodiated ions ([MþH]þ,
[M þ NH4]þ and [MþNa]þ, respectively) where present and char-
acteristic MS2 fragmentation patterns (Yoshinaga et al., 2011;
Besseling et al., 2018). Peak integrations were performed on sum-
medmass chromatograms (within 5 ppmmass accuracy and with a
5-point gaussian smoothing applied) of all relevant ions and
abundant isotopologues (see Table S4 for full list). In case of sig-
nificant in-source fragmentation, the resulting fragments were also
included during peak integration. Peak areas were normalized
based on the response of the internal standard to account for ion
suppression and variablemachine performance. The amount of IPLs
is expressed in area units per liter (AU L�1).

2.3.4. DNA extraction, 16S rRNA gene sequencing and analysis, and
quantitative PCR of gene sequences

DNA extraction, 16S rRNA gene sequencing and analysis, and
quantitative PCR of 16S rRNA gene sequences has been described in
detail by van Bree et al. (2020). In short, DNA was extracted from a
small section (1/32) of the SPM filters, using the PowerSoil DNA
extraction kit (Mo Bio Laboratories, Carlsbad, CA, USA). The 16S
rRNA gene amplicon sequencing and analysis was performed with
the general 16S rRNA archaeal and bacteria primer pair 515F and
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806RB, targeting the V4 region (Caporaso et al., 2012) as described
by Besseling et al. (2018). PCR products were gel-purified using the
QIAquick Gel-Purification kit (Qiagen), pooled and diluted.
Sequencing was performed at the Utrecht Sequencing Facility
(Utrecht, the Netherlands) using an Illumina MiSeq 2 � 300 bp
sequencing platform. The 16S rRNA gene amplicon sequences were
analyzed by the Cascabel pipeline (Abdala Asbun et al., 2020)
including quality assessment by FastQC (Andrews, 2010), assembly
of the paired-end reads with PEAR (Zhang et al., 2014), and taxo-
nomic assignment (including picking of a representative set of se-
quences with the ‘longest’ method; Caporaso et al., 2010) with
BLAST (Altschul et al., 1990) by using the Silva 128 release as
reference database (https://www.arb-silva.de/). 16S rRNA gene
copies were quantified using quantitative PCR (qPCR) with the
same primer pair as for amplicon sequencing (515F, 806RB). The
qPCR reaction mixture (25 ml) contained 1 U of Pico Maxx high fi-
delity DNA polymerase (Stratagene, Agilent Technologies, Santa
Clara, CA), 2.5 ml of 10x Pico Maxx PCR buffer, 2.5 ml 2.5 mM of each
dNTP, 0.5 ml BSA (20 mg ml�1), 0.02 pmol ml�1 of primers, 10,000-
fold diluted SYBR Green® (Invitrogen) (optimized concentration),
0.5 ml of MgCl2 (50 mM), and ultrapure sterile water. Cycling con-
ditions for the qPCR reaction were the following: initial denatur-
ation at 98 �C for 30s, 45 cycles of 98 �C for 10s, 56 �C for 20s,
followed by a plate read, 72 �C of 30s, 80 �C for 25s. Specificity of the
reaction was tested with a gradient melting temperature assay,
from 55 �C to 95 �C with a 0.5 �C increment each 5 s. The qPCR
reactions were performed in triplicate with standard curves from
100 to 107 molecules per microliter. qPCR efficiency for the 16S
rRNA quantification was on average 95% with R2 ¼ 0.998.
2.4. Proxy calculation

Molecular structures of all GDGTs discussed in this study are
shown in Figure S1. The BIT index (Hopmans et al., 2004) was
modified by De Jonge et al. (2014) to include 6-methyl brGDGT
isomers and was calculated as follows:

BIT ¼ ([Ia]þ[IIa]þ[IIa']þ[IIIa]þ[IIIa']) / ([Ia]þ[IIa]þ[IIa']þ[IIIa]þ
[IIIa']þ[crenarchaeol]) (1)

where [x] can represent either the absolute or fractional abundance
of GDGT-x. The crenarchaeol isomer (cren') to crenarchaeol ratio
was calculated as follows:

f[CREN'] ¼ [cren'] / ([cren']þ[crenarchaeol]) (2)

TEX86 was calculated as defined by Schouten et al. (2002):

TEX86 ¼ ([GDGT-2]þ[GDGT-3]þ[cren']) / ([GDGT-1]þ[GDGT-2]þ
[GDGT-3]þ [cren']) (3)
2.5. Statistical analysis

To assign (a) possible source(s) of individual isoGDGTs, isoGDGT
concentrations (ng L�1) were correlated with the absolute abun-
dance of archaeal groups as estimated from their number of 16S
rRNA gene copies L�1. The latter was calculated by multiplying the
relative abundance obtained through 16S rRNA gene amplicon
sequencing by the total 16S rRNA gene copies per liter based on
qPCR, under the simplifying assumption that all archaeal species
present in the lake contain a single 16S rRNA copy in their genome.

https://www.arb-silva.de/
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3. Results

3.1. Physical and chemical properties of the water column

Physical and chemical water-column properties measured on
November 1, 2016 indicate stratified conditions, including a
shallow oxycline (~20 m depth) and a strong methane gradient
(Fig. 2). Methane concentrations in the water column of Lake Chala
increased sharply with depth from 0.44 to 0.77 mmol L�1 in the
upper 30 m to between 1.8 and 49 mmol L�1 at 40e50 m, and reach
values of 2400e8800 mmol L�1 between 60 and 80 m depth
(Fig. 2E). This strong methane gradient is stabilized in time, due to
permanent temperature and chemical stratification of the lower
water column, here labeled zones 4e6 (Fig. 2AeD), following
Buckles et al. (2014). This is in contrast to zones 1e3, the relative
thicknesses of which are controlled by wind-driven turbulence, air
temperature, and productivity, that vary seasonally and between
successive years. We therefore consider this methane profile
representative for present-day Lake Chala, even though it was ob-
tained outside of the sampling period for SPM and settling
particles.
3.2. CL þ IPL isoGDGTs in SPM

All targeted extractable isoGDGTs (GDGT-0 to �3, crenarchaeol
and its isomer, cren') were detected in the SPM of Lake Chala
(Fig. 3). Again we note that analyzed CL þ IPL isoGDGTs represent
the sum of CL and hydrolyzed IPL-derived GDGTs. Generally, the
summed isoGDGT concentration increased with depth (Fig. 3A),
both when the oxycline was located at shallow depth (~15e25 m;
September 2013 to March 2014) and when it was located much
deeper (>35 m; August to November 2014). GDGT-0 was the only
isoGDGT present above detection limit in all SPM samples analyzed
(n ¼ 141) and often dominant, with a fractional abundance
exceeding 0.60 in 95% of the SPM samples. Particularly high
Fig. 2. Physical and chemical properties of the water column of Lake Chala on 01-11-2016
conductivity (D; K25 in mS cm�1 at 25 �C) as proxy for the concentration of dissolved solids, a
duplicate or triplicate methane concentration measurements at each depth are within the s
bottom in six zones, of which the boundaries are defined on the basis of changing physical an
are permanently stratified (i.e., they mix at frequencies distinctly less than annually); see t
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concentrations of GDGT-0 were measured in the lower water col-
umn at >50 m depth (up to 112 ng L�1 at 80 m in November 2014;
average concentration 12 ng L�1; Fig. 3C). IsoGDGTs-1, -2, -3 and
crenarchaeol occurred less frequently and in much lower concen-
trations than GDGT-0 (Fig. 3B; D). Crenarchaeol was present in ~70%
of all samples (average concentration 0.1 ng L�1 with amaximum of
3.2 ng L�1), followed by GDGT-1 (60%; max. 0.9 ng L�1), cren' (41%;
max. 0.2 ng L�1), GDGT-2 (38%, max. 0.4 ng L�1) and GDGT-3 (6%,
max. 0.05 ng L�1). The spatio-temporal distribution of crenarchaeol
and the sum of GDGT-1, -2 and -3 showed some similarity (Fig. 3B;
D), both reaching highest concentrations at 60 m depth in August
2014. GDGT-1 showed an additional maximum at 50 m depth be-
tween May and September 2014, i.e. during the period of deep
water-column mixing. Concentrations of GDGT-0 and crenarchaeol
are not correlated (r ¼ 0.02, p ¼ 0.84, n ¼ 103). Correlations among
the other isoGDGTs were not calculated due to the high number of
samples where these compounds were below detection limit.

Although crenarchaeol concentrations in Lake Chala SPM were
low overall, its fractional abundance was generally highest in the
upper water column (max. 0.53, at 25 m in December 2014;
Table S1), mostly due to the relatively low concentrations of GDGT-
0 there (Fig. 3C). Peaks in crenarchaeol abundance were few, and
restricted to narrow depth ranges that varied over the seasons. For
example, in the well-resolved SPM profile of November 2013 a
modest crenarchaeol peak occurs at 25 m depth (1.4 ng L�1), and
two smaller ones at 50 (0.5 ng L�1) and 80 m (0.4 ng L�1), whereas
in the profile from August 2014 (actually 31 July) the main peak in
crenarchaeol is located at 60 m (3.2 ng L�1), with smaller peaks at
20 (0.6 ng L�1) and 80 m (0.3 ng L�1) (Fig. 3D). In ~27% of the
measured SPM samples crenarchaeol was below detection limit,
consequently the BIT index of these samples is 1.00 and the GDGT-
0/crenarchaeol ratio limitless (Table S1). Overall, the BIT index in
this SPM dataset ranges from 0.56 to 1.00 (Fig. S2A). On average,
reliable GDGT-0/crenarchaeol values were lowest at the lake sur-
face (0 m: range 1.66e5.54; mean¼ 3.12) and increased with depth
: temperature (A; in �C); dissolved oxygen (DO) concentration (B; in mg L�1), pH (C),
nd methane concentration (E; in mmol L�1, note the logarithmic scale). Error bars of the
ize of each dot. Following Buckles et al. (2014) the water column is divided from top to
d chemical properties. Zone 1 mixes daily, zones 2e3 at least once annually, zones 4e6
ext for details.



Fig. 3. Interpolated concentrations of isoGDGTs (in ng L�1) in SPM from Lake Chala sampled at approximately monthly intervals between September 2013 and January 2015.
Concentrations of total isoGDGTs (A), sum of isoGDGTs-1, -2, and -3 (B), GDGT-0 (C), and sum of crenarchaeol and its isomer (D). The varying position of the oxic-anoxic boundary
(oxycline, or depth to anoxia; van Bree et al., 2020), the static position of the sediment trap (thin dashed line at 35 m depth), and the SPM sampling grid (black dots) are indicated.
Vertical dashed lines indicate the three months for which IPL GDGTs were also analyzed. The grey background shading shows the seasonal periods of upper water-column
stratification (S) relative to those of deep mixing (DM), and blue shading in the calendar bars shows the typical timing of local rain seasons. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of this article.)
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(e.g., 80 m: range 86e1495; mean ¼ 740). Only ca. 9% of the SPM
samples with detectable crenarchaeol had values of GDGT-0/
crenarchaeol between 0 and 2, while 53% had values > 15
(Fig. 2B; Table S1). Average f[CREN'] and TEX86 values are 0.05 and
0.28, respectively (Fig. S2C-D), but as cren' concentrations in the
SPM were often too low for quantification (below detection limit in
43% of the samples), these values represent a limited dataset.
3.3. IPL isoGDGTs in SPM

Only IPLs with an GDGT-0 core were detected in the SPM of Lake
Chala, but these were present at all analyzed depths (20, 30, 45 and
90 m) at the three selected dates (December 2013, April 2014 and
September 2014; n ¼ 12; Fig. 4). The absence of crenarchaeol and
the other IPL isoGDGT is not surprising, because, as reported above,
the CL þ IPL concentrations (including those of acid-hydrolyzed
IPL-derived GDGTs) of these GDGTs were generally low in the
SPM. IPL GDGT-0 with a monohexose (MH) head-group was
detected in 11 of the 12 samples, and is the dominant IPL in most of
them. Also two isomers of dihexose (DH-) GDGT-0 with distinct
retention times (here referred to as DH(1)- and DH(2)-) were
detected, in 5 and 7 SPM samples, respectively The existence of
distinct DH-GDGT-0 isomers may relate to an alternative configu-
ration of one hexose moiety at each end of the lipid, or to a singular
dihexose attached to one end (Besseling et al., 2018). In addition,
phosphatidylglycerol (PG-), monohexose-phosphatidylglycerol
(MH-PG-), and dihexose-phosphatidylglycerol (DH-PG-) GDGT-
0 were detected in respectively 5, 3 and 2 samples. In December
2013, when the oxycline was at a shallow depth of ~15 m and
therefore all analyzed depth intervals were situated in the anoxic
zone, CL, MH- and DH(1)- GDGT-0 were most abundant at 20 and
7

30 m, and slightly less abundant in deeper water (Fig. 4A). More-
over, in December 2013 the two DH-GDGT-0 isomers clearly have a
different distribution, with DH(1)- being relatively abundant at 20
and 30 m and lacking at 90 m, whereas DH(2)- is only present at 45
and 90 m. In April and September 2014, when the oxycline had
deepened to ~25 and ~43 m, respectively, IPL amounts are clearly
lowest in the oxygenated upper water column, and the abundance
of both DH(2)- and MH-GDGT-0 increases with depth (Fig. 4B and
C). IPLs with an additional phosphatidylglycerol (PG) head group,
i.e. MH-PG and DH-PG-GDGT-0, were recovered almost exclusively
at 90 m and only in April and September 2014 when the oxycline
was more depressed. Also, the relative proportions of IPL GDGT-
0 with the five different head groups recovered at 90 m are high-
ly comparable between these two months.

3.4. Abundance and composition of archaea in SPM

The archaeal abundance estimated as the number of archaeal
16S rRNA gene copies L�1 (Table S5) displayed maximum values up
to 105 archaeal cells L�1 (Fig. 5A). The anoxic water column, and
particularly the lowermost water layer at 60e90 m depth, con-
tained more archaeal cells than upper oxygenated waters (Fig. 5A).
Archaeal 16S rRNA gene reads from anoxic water were mostly
classified as Euryarchaeota (classes Methanomicrobia, Meth-
anobacteria and Thermoplasmata), Bathyarchaea (Group C3 of the
MCG) and Woesearchaea (DHVEG-6 Group). Thaumarchaeotal 16S
rRNA gene copies were only represented by Group I.1b and not by
Group I.1a, and were highest in the oxygenated part of the water
column (Fig. 5B). In contrast, those of Bathyarchaea (Fig. 5D) and
Euryarchaea (Fig. 5E) were highest in the anoxic zone. Although the
latter reach peak values substantially higher than those of the



Fig. 4. Concentrations of IPL GDGT-0 with various head groups (colored bars; in Area Units L�1) and concentrations of archaeal 16S rRNA (open symbols; in gene copies L�1) for
select groups of Euryarchaea in Lake Chala SPM collected in December 2013 (A), April 2014 (B) and September 2014 (C). The varying position of the oxic-anoxic boundary (oxycline)
is indicated with the horizontal dashed line.
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Thaumarchaeota, above the oxycline Thaumarchaeota often rep-
resented 60e100% of the total archaeal 16S rRNA gene reads
(Fig. 5C).
3.5. CL þ IPL isoGDGTs in settling particles

All CL þ IPL isoGDGTs analyzed were detected in the settling
particles captured at 35 m depth, both in periods with shallow
oxycline (September to March) and periods with deep oxycline
(August to November; Fig. 6 and Table S3). In contrast to the dis-
tribution of CL þ IPL isoGDGTs in SPM, crenarchaeol was the
dominant isoGDGT in about half of the samples (48 out of 98), and
displayed monthly fluxes ranging over three orders of magnitude
(from 0.002 to 9.2 mg m�2 day�1; Fig. 6E). GDGT-0 dominated in the
other half (50 out of 98), with a flux varying from 0.009 to
5.3 mgm�2 day�1 (Fig. 6D) and occasionally amounting to 99% of the
summed isoGDGT flux. Fluxes of GDGT-1, -2, -3 and cren' were
minor in comparison, with fractional abundances typically <0.1.
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Temporal variation in the fluxes of all isoGDGTs except GDGT-0 are
highly similar throughout the study period and strongly correlated
(R2 between 0.67 and 0.97, p < 0.001). The flux of GDGT-0 is weakly
correlated to that of crenarchaeol, and only between September
2010 and January 2015 (R2 ¼ 0.11, p ¼ 0.02, n ¼ 53); the correlation
disappears when data from November 2006 to August 2010
(Sinninghe Damst�e et al., 2009; Buckles et al., 2014, 2016) are
included (R2 ¼ 0.01, p ¼ 0.27, n ¼ 98). Short-lived peaks in cren-
archaeol flux occur fairly regularly through the eight-year study
period, but these are sometimes separated by periods of low
crenarchaeol flux lasting several years (e.g. 2008e2009 and
2013e2014; Fig. 6E). The GDGT-0/crenarchaeol ratio ranges widely
from 0.06 to 274 (on average 27 ± 52; Fig. 6G), but its maximum
value is still five times smaller than that found in SPM. The most
elevated GDGT-0/crenarchaeol values occur from July to November
2008, August to November 2009, in September 2010, and contin-
uously from September 2013 until September 2014 (Fig. 6G). These
high GDGT-0/crenarchaeol values are a result of both low



Fig. 5. Interpolated concentrations of archaeal 16S rRNA (in gene copies L�1) in SPM from Lake Chala collected at approximately monthly intervals between September 2013 and
January 2015. Concentrations of the sum of all archaea (A), Thaumarchaeota, here exclusively Thaumarchaeota Group I.1b (B), the relative abundance (%) of archaeal gene copies
which belong to Thaumarchaeota (C), Bathyarchaeota, predominantly comprised of Bathyarchaeota Group C3 (D), and Euryarchaeota, dominated by methanogenic Meth-
anomicrobia and Methanobacteria (E). The varying position of the oxic-anoxic boundary (oxycline, or depth to anoxia; van Bree et al., 2020), the static position of the sediment trap
(thin horizontal dashed line at 35 m depth) and the SPM sampling grid (black dots) are also indicated. Vertical dashed lines indicate the three months for which IPL GDGTs were also
analyzed. The grey background shading shows the seasonal periods of upper water-column stratification (S) relative to those of deep mixing (DM), and blue shading in the calendar
bars shows the typical timing of local rain seasons. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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crenarchaeol and high GDGT-0 fluxes. The f[CREN'] ranged between
0.01 and 0.33 (average 0.07 ± 0.06, n ¼ 92) and is highest when
both the GDGT-0/crenarchaeol ratio and BIT-index values are high
(Fig. 6H). TEX86 values range from 0.48 to 0.86 (0.69 ± 0.08 on
average, n¼ 94; Fig. S2D). The BIT index ranges from 0.09 to 1.0 and
is on average 0.73 ± 0.28 (Fig S2A). It is low (<0.50) during periods
of high crenarchaeol fluxes, and consistently high (>0.90) from
August 2008 to November 2009 and from September 2013 to
January 2015, when the crenarchaeol flux is virtually zero (Fig. 6E
and F). Prolonged periods of high BIT values also coincide with
periods with high GDGT-0/crenarchaeol ratios and high f[CREN']
values (Fig. 6).

4. Discussion

4.1. Spatiotemporal distribution of CL and IPL isoGDGTs in the water
column of Lake Chala

Overall, CL þ IPL isoGDGT concentrations were substantially
higher in the anoxic lower water column of Lake Chala (zones 3e6)
than in the oxygenated upper water column (zones 1e2; Fig. 3A).
IsoGDGTs were particularly abundant below 45e50 m depth,
typically the greatest depth of seasonal mixing (Buckles et al.,
2014). This pattern is especially strong in GDGT-0, which reaches
relatively high concentrations in the ~30-20 m depth range when
the oxycline was at a shallow position (Fig. 3C). Strikingly, within
the unmixing lower water column, where abiotic conditions are
stable throughout the year (i.e. 60-90 m, zones 4e6), the concen-
trations of CL þ IPL GDGT-0 varied over time, and were somewhat
higher during periods of stratification compared to the principal
mixing season (Fig. 3C). This variability likely relates to seasonal
variations in the amount of decaying algae sinking into these water
layers from the upper water column. The high CL þ IPL GDGT-
9

0 concentrations are also reflected in the exceedingly high values
of the GDGT-0/crenarchaeol ratio in this part of the water column
throughout our monitoring period (up to 1500 at 80 m in
November 2014; Table S2), substantially higher than in earlier
studies of the water column (maximally 38 at 90 m in September
2006 (Sinninghe Damst�e et al., 2009) and 32 at 80 m in January
2010 (Buckles et al., 2013), although this difference may partly
relate to the acid-hydrolysis step in our work-up procedure (see
section 2.3.2) which brings IPL GDGT-0 into our analytical window.
In any event, the oxycline depth clearly has an important influence
on the production of GDGT-0 as reflected in the IPL concentrations,
which are present in much higher amounts in the anoxic zone of
the water column compared to the oxygenated upper layer (Fig. 4).
Moreover, individual IPLs of GDGT-0 displayed different spatio-
temporal distributions below the oxycline. For example, the two
DH-isoGDGT isomers had different depth distributions from one
another, and the IPLs of PG-, MH-PG and DH-PG-GDGT-0 were
almost entirely restricted to the lowermost water column (90 m
depth) in April 2014 and September 2014. To date, the occurrence of
IPL isoGDGTs with PG-containing head groups had been rarely re-
ported in natural settings. They have been identified in the marine
environment (e.g. Schubotz et al., 2011; Yoshinaga et al., 2011;
Rossel et al., 2011; Sollai et al., 2019), and also in the anoxic sedi-
ment of the White Oak River estuary (Meador et al., 2015), but to
the best of our knowledge they have not previously been identified
in lakes.Whereas temperature is relatively constant throughout the
anoxic zone (between 22.3 �C at the bottom and typically ~23 �C at
the top; Fig. 2A), the amount of dissolved solids increases signifi-
cantly between ~55 and ~65 m depth (Barker et al., 2013; Wolff
et al., 2014; expressed as electrical conductance (conductivity) in
Fig. 2D), a steep pH gradient occurs between ~40 and 65e70 m
depth (Buckles et al., 2014; Wolff et al., 2014, Fig. 2C), and the
concentration of methane increases sharply between ~40 and



Fig. 6. Temporal variation in the daily flux (mg m�2 day�1) of isoGDGTs in settling particles in Lake Chala, trapped at 35 m depth and collected at approximately monthly intervals
between November 2006 and January 2015 (n ¼ 98), and resulting temporal variation in derived GDGT proxies. Shown are the fluxes of bulk dry matter (A; in mg m�2 day�1), all
isoGDGTs (B), all brGDGTs (C), GDGT-0 (D) and crenarchaeol (E), and temporal variation in BIT index (F), GDGT-0/crenarchaeol ratio (G), f[CREN'] (H) and TEX86 (I). Also indicated are
the TEX86-derived lake surface temperatures (LSTs), calculated with the Tierney et al. (2010) calibration (right axis in panel I). Horizontal dashed lines in panel (I) mark the range of
plausible TEX86 values for settling particles during this interval (0.63e0.87); see text. The thick red line in (I) represents the ‘mixed layer’ temperature (average of 2 and 10 m) time
series measured by automatic temperature loggers (Buckles et al., 2014; van Bree et al., 2020). Samples/months in which the crenarchaeol isomer abundance is below detection (and
thus f[CREN'] ¼ 0), and samples/months lacking the minor isoGDGTs (i.e. TEX86 ¼ NA) are represented as gaps in panels (H) and (I), respectively. Data from November 2006 to
August 2010 are from Sinninghe Damst�e et al. (2009) and Buckles et al. (2013), those from September 2010 onward are new to this study. The background shading shows the
seasonal periods of upper water-column stratification (S) and deep mixing (DM). Blue shading in the calendar bars shows the typical timing of local rain seasons. For reference, also
indicated are the 17-month period of SPM monitoring in this study, and the collection date of SPM analyzed by Sinninghe Damst�e et al. (2009; September 2006) and Buckles et al.
(2013; February 2010). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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~60 m (Fig. 2E). Therefore, observed differences in the variety and
distribution of IPLs of GDGT-0within the anoxic zonemay be due to
the influence of strong chemical and redox gradients in the lower
water column of Lake Chala (Wolff et al., 2014) on the niches
available to GDGT-0 producers.

The concentration of crenarchaeol in the water column of Lake
Chala was generally low during our 17-month monitoring period
(0.09 ng L�1 on average), but it was detected in most SPM samples
from water above the oxic-anoxic boundary, albeit always in low
concentrations (<0.3 ng L�1). The crenarchaeol concentrations
found in this study are of the same order of magnitude as those
recorded during the deep mixing season in September 2006, when
its concentration increased with depth from 0.06 to 0.2 ng L�1

within the upper oxygenated water, and subsequently from 0.4 to
1.8 ng L�1 in anoxic waters from below the oxycline to 80 m depth
(Sinninghe Damst�e et al., 2009). In strong contrast, under stratified
conditions in February 2010 the crenarchaeol profile showed a
distinct maximum (3.5 ng L�1) just above the oxycline at 39 m that
was mirrored by a clear peak in IPL-derived crenarchaeol
(1.0 ng L�1; Buckles et al., 2013). In our data (reflecting combined CL
and IPL crenarchaeol, see section 2.3.2), such peaks are of lower
magnitude and restricted to narrow depth ranges within the lower
water column that vary over time, but do not show a clear contrast
between stratified and mixing periods as could be expected based
on the two previous studies. The apparently narrow depth niche of
crenarchaeol production at any one time between September 2013
and January 2015 suggests that crenarchaeol production was low
throughout this period, further supported by our finding that IPLs
with a crenarchaeol core lipid could not be detected, implying no
substantial “live” production of crenarchaeol. Limited crenarchaeol
production is also suggested by the very low crenarchaeol con-
centration in settling particles during this period (Fig. 6E; see sec-
tion 4.4).

4.2. Spatiotemporal distribution of archaeal groups in the water
column of Lake Chala

In line with Buckles et al. (2013) and the isoGDGT data discussed
above, the composition of archaeal communities in Lake Chala
differed substantially between the oxic and anoxic parts of the
water column, and also displayed substantial temporal variation
(Fig. 5). Overall, however, archaeal gene abundances were very low
withmaximum abundances on the order of 104 cells L�1, i.e. close to
the limit of detection. Unexpectedly, this is much lower than in
February 2010 (Buckles et al., 2013), where total archaeal 16S rRNA
gene abundances ranged from 4 � 103 to 2 � 107 copies L�1 (using
the Parch519F-Arc915R primer pair; maximum at 24 m depth) and
from 7 � 104 to 8 � 107 copies L�1 (using the Arc344F-Arc915R
primer pair; maximum between 69 and 82 m). These major dif-
ferences suggest that the abundance of archaea in Lake Chala is
highly variable between years. Together with our data on isoGDGT
concentrations in SPM and settling particles, it appears that the 17-
month SPM-monitoring period of this study is characterized by an
exceptionally low amount of archaea and, consequently, archaeal
biomarkers.

Notwithstanding these low archaeal abundances, several inter-
esting patterns occur in the composition and distribution of
archaea in the water column of Lake Chala. Archaea of Group I.1b
Thaumarchaeota were mainly restricted to the upper water col-
umn, in agreement with the finding of Buckles et al. (2013) for
February 2010. The lower depth limit of Thaumarchaeota during
the SPM-monitoring period follows the oxycline (Fig. 5B), indi-
cating a close association of these ammonia-oxidizing archaea with
the abiotic conditions in this specific aquatic habitat. Notably, their
continuous presence between March and October 2014, and peak
11
depth-integrated concentrations during the principal dry season
from July to September 2014, appear to argue that deep mixing and
subsequent nutrient recycling is a greater driver of Thaumarch-
aeota production than rain-induced runoff from catchment soils as
suggested earlier (Buckles et al., 2016). Members of Thaumarch-
aeota Group I.1a were not detected in this study, although they
formed a substantial part of the thaumarchaeotal community in
February 2010 when they bloomed at ~40 m depth (Buckles et al.,
2013) and in September 2006 in waters above the oxycline
(Sinninghe Damst�e et al., 2009).

Group C3 archaea, a subgroup of MCG Bathyarchaeota (MCG-15;
Kubo et al., 2012; Lavergne et al., 2018; Zhou et al., 2018) are mainly
restricted to anoxic waters in Lake Chala (Fig. 5D). During the 17-
month SPM monitoring period they occurred most prominently
in the lowermost zone of the water column (60e90 m), similar to
their depth distribution in February 2010 (Buckles et al., 2013).
Although the elevated conductivity (i.e., the amount of dissolved
solids, and hencewater density, cf. above) of this depth zone (Fig. 2)
prevents seasonal mixing, and therefore abiotic conditions in this
permanently stratified part of the water column can be expected to
remain fairly constant through time, concentrations of these
Bathyarchaeota display large temporal variation (Fig. 5D). Bathy-
archaeota are a highly diverse group of archaea (Kubo et al., 2012),
but because they have not been cultured, their metabolism is at
present unclear. It has been suggested (e.g., Zhou et al., 2018) that
they are metabolic generalists, specialized in degrading recalcitrant
organic matter under anoxic conditions. It is therefore possible that
seasonal variation in their occurrencemay reflect the variable input
of complex organic matter settling into this depth zone from higher
up in the water column.

Methanobacteria and Methanomicrobia were relatively domi-
nant in the anoxic water column of Lake Chala (Fig. 5E). Although
they also occurred in comparatively low absolute abundances
throughout the 17-month SPM monitoring period, their concen-
trations peaked in the permanently stratified lowermost water
column between 60 and 90 m depth, where also the highest
methane concentrations occur (Fig. 2). It is therefore feasible that
these archaeal taxa are involved in methanogenesis in Lake Chala,
together with Methanosarcinales, the only methanogens detected
in February 2010 (Buckles et al., 2013) but not detected in this
study.

Taking into account the generally very low abundances of
archaeal 16S rRNA gene reads, the composition of the archaeal
community in Lake Chala and the depth distribution of the various
groups suggests that i) Thaumarchaeota I.1b mainly occur in
oxygenated waters, ii) anaerobic heterotrophs of (Group C3) MCG
Bathyarchaeota mainly occur in the lowermost water column, and
iii) specific euryarchaeotal taxa occurring at these depths may be
involved in methanogenesis.

4.3. Archaeal sources of Lake Chala isoGDGTs

To determine the source(s) of isoGDGTs in Lake Chala, isoGDGT
concentrations were correlated to the estimated abundance of
microbial groups inferred from 16S rRNA gene amplicon
sequencing using the same methods previously applied to the
brGDGTs (van Bree et al., 2020). Unfortunately, due to the excep-
tionally low abundances of archaea in the SPM during the 17-
month study period, the few resulting significant correlations
appeared to be driven by the absence or presence of archaeal genes
rather than their range of abundance, and hence considered un-
reliable. Therefore, we determined the possible producers and
environmental significance of isoGDGTs via qualitative comparison
of the spatial and temporal patterns of isoGDGTs and archaeal gene
copies in the SPM.
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Firstly, considering the relationship between different isoGDGTs
themselves, the similar temporal variation in the fluxes of all
isoGDGTs, excluding GDGT-0, in settling particles captured at 35 m
depth (Table S3; R2 ¼ 0.67e0.97, p < 0.001; n ¼ 98) suggests that
they are produced by the same group of microbes. The flux of
GDGT-0 is not correlated to any of these (R2 < 0.02), strongly
indicating that it may predominantly be produced by (a) different
group(s) of archaea. This contrast is also evident in the SPM:
although isoGDGT concentrations are generally low, GDGT-0 has a
clearly different distribution over time and with depth than other
isoGDGTs (Fig. 3). Overall, the spatiotemporal distribution of GDGT-
0 ismost similar to that of the Bathyarchaeota (dominated by Group
C3) and the Euryarchaea (dominated by Methanomicrobia and
Methanobacteria), of which the highest numbers of 16S rRNA gene
copies are all found in the lowermost part of the water column
(Figs. 3C and Fig. 5DeE). This agrees well with previous findings, as
GDGT-0 is the major GDGT in methanogenic archaea (see Schouten
et al., 2013) and has previously been linked to Bathyarchaeota
Group C3 in Lake Chala (Sinninghe Damst�e et al., 2009; Buckles
et al., 2013). Moreover, even qualitative comparison between
variation in the concentrations of different IPL GDGT-0 forms and
the numbers of archaeal gene copies in SPM profiles from the three
selected time windows provides some indication which archaea
may produce these lipids (Fig. 4). As was the case for the CL þ IPL
isoGDGTs, there appears to be some correspondence between IPL
isoGDGTs and the 16S rRNA gene sequences of Euryarchaeota
(Fig. 4). Specifically, in the two samples (i.e., depth/month combi-
nations) with elevated amounts of PG-, DH-PG- and MH-PG-GDGT-
0, gene counts of select Euryarchaeota (Methanomicrobia, Meth-
anobacteria and/or Thermoplasmata) are also high compared to
other depth intervals within the respective profiles. Previous
studies have shown that methanotrophic and methanogenic
archaea produce GDGTs with different head groups, with mixed
hexose and phosphate-based IPLs (e.g. PG-, DH-PG- and MH-PG-
GDGT) being abundant in methanogenic archaea (Koga et al.,
1993; Strapo�c et al., 2008; Schubotz et al., 2011), whereas DH-
GDGT was the dominant IPL of methanotrophic archaea (Rossel
et al., 2008, 2011). Thus, the spatiotemporal differences between
hexose and mixed hexose/phosphate-based IPL GDGTs, may indi-
cate different metabolic processes occurring in the water column of
the lake.

Thaumarchaeota are the only known producers of crenarchaeol
so far (Schouten et al., 2013 and references therein; Bale et al.,
2019b), and the general occurrence of thaumarchaeotal gene
copies in the oxygenated upper water column (Fig. 5B and C) is in
good agreement with the spatiotemporal distribution of cren-
archaeol in SPM (Fig. 3D). Previously, crenarchaeol in the upper
water column of Lake Chala has been attributed to production by
Thaumarchaeota of both Group 1.1a and 1.1b (Sinninghe Damst�e
et al., 2009; Buckles et al., 2013). In this study, Group I.1a Thau-
marchaeota were not detected, suggesting that Group I.1b was
primarily responsible for crenarchaeol production in 2013e2014.
Short-lived local peaks of crenarchaeol in the anoxic zone, for
example in the well-resolved depth profiles from November 2013
and August 2014 (Fig. 3C), do not fully match local maxima in 16S
rRNA gene copies of Group I.1b Thaumarchaeota (Fig. 5B), as was
also the case in the SPM profile from February 2010 (Buckles et al.,
2013). This mismatch, and the somewhat unexpectedly high
abundance of crenarchaeol in the lowermost water column
(60e80 m) can likely be explained by the different stage of
degradation that they represent: whereas the spatiotemporal dis-
tribution of Group I.1b Thaumarchaeota gene copies more closely
represents the ecological niche of the living archaea, the highly
stable CL isoGDGTs remain intact while sinking through the water
column into the permanently stratified deepest water where
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optimal conditions for preservation promote their accumulation
over time. A similar observation has been made for thaumarch-
aeotal DNA and isoGDGTs in the stratified Black Sea (Coolen et al.,
2007).

The remarkably low number of archaeal 16S rRNA gene copies
and low concentrations of crenarchaeol and total isoGDGTs in SPM
during the 17-month study period (the latter also in settling par-
ticles) indicate that no thaumarchaeotal, or archaeal bloom in
general, occurred in Lake Chala between September 2013 and
January 2015. This intermittent (near-) absence of Thaumarchaeota
was previously noted by Buckles et al. (2014, 2016), on the basis of
low or non-existent crenarchaeol flux in settling particles during
large parts of 2008 and 2009 (Fig. 6E).

Our detailed analysis of the Lake Chala water column shows that
Thaumarchaeota are mainly restricted to the upper oxygenated
zone such that low concentrations (or absence) of crenarchaeol
coincide with a persistently shallow (~15 m depth) oxycline during
episodes of strong stratification (Fig. 3D). Thus, due to their reliance
on oxygen to perform ammonia oxidation, the niche available for
Thaumarchaeota growth becomes more restricted during episodes
of strong and typically relatively shallow upper-water-column
stratification. Additionally, it has been shown that ammonia-
oxidizing archaea (AOA), i.e. Thaumarchaeota, exhibit greater
photoinhibition than ammonia-oxidizing bacteria (AOB; Merbt
et al., 2012). Photoinhibition may be a pertinent environmental
driver in the nutrient-starved Lake Chala, where excepting the
diatom-bloom months of JulyeSeptember (Wolff et al., 2011) the
water transparency measured as Secchi-disk depth (typically
5e8 m during stratified periods; van Bree et al., 2018) equals or
exceeds that of the most transparent among 60 crater lakes in
western Uganda (Nankabirwa et al., 2019). Therefore, during epi-
sodes of strong stratification when Thaumarchaeota are restricted
to the uppermost water layer where light is the most intense, they
may be outcompeted by less photo-sensitive AOB. Together, these
two factors (compression of the oxygenated zone and competition
with less photo-sensitive AOB) likely suppress blooms of
Thaumarchaeota.

4.4. Long-term isoGDGT trends in settling particles: implications for
application of the BIT index and TEX86

The unique eight-year sediment-trap record of Lake Chala
shows large variation in isoGDGT composition and fluxes over time
that cannot easily be related to the seasonal alternation of strong
water-column stratification and deep mixing (Fig. 6), even though
this was seen to exert primary control on the distribution of
archaeal species and GDGTs in the 17-month time series of SPM.
This prompts the question of what these longer-term trends in the
GDGT ratios of settling particles actually represent.

Strikingly, over the 98-month period of settling-particle data
crenarchaeol flux appears to drive variation in both the BIT index
and the GDGT-0/crenarchaeol ratio (Fig. 6EeG, 7), as was noted
before based on concentration profiles of brGDGTs and isoGDGTs in
SPM (Sinninghe Damst�e et al., 2012a; Buckles et al., 2014, 2016).
Our 17-month SPM dataset in combinationwith two single profiles
from earlier years (Sinninghe Damst�e et al., 2009; Buckles et al.,
2013) indicated that Thaumarchaeota live in the upper oxygen-
ated layer of the water column, whereas GDGT-0 is predominantly
produced below the oxycline. As the sediment trap was suspended
at 35m depth, a high relative abundance of GDGT-0 to crenarchaeol
in the settling particles implies that the oxycline must have been
located above this level. Similar to GDGT-0, also the brGDGTs in
Lake Chala were found to be produced mainly in the anoxic part of
the water column and most abundantly so during periods of strong
stratification (van Bree et al., 2020). Thus, periods with a



Fig. 7. Scatter plots of BIT index (A) and GDGT-0/crenarchaeol ratio (B) of settling
particles in Lake Chala versus the monthly flux of crenarchaeol (in mg m�2 day�1)
measured over the eight-year sampling period (n ¼ 98).
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predominantly shallow oxycline (<35m) are likely characterized by
both high GDGT-0/crenarchaeol ratio and high BIT index in the
settling particles. The two long periods of continuously high GDGT-
0/crenarchaeol ratio and BIT index values in the settling particles,
from June 2008 to November 2009, and from August 2013 to
January 2015 (Fig. 6F and G) are thus indicative of sustained periods
of exceptionally shallow oxycline conditions. Indeed, during the
concurrent interval of SPM collection (September 2013eJanuary
2015) the oxycline was most often located above 35 m (Fig. 3).

This result prompts re-evaluation of the mechanism by which
longer-term BIT-index variation in the sediment record of Lake
Chala may be related to climate variability. Rather than linking high
BIT index values to an increased input of soil-derived brGDGTs in
precipitation-induced runoff (cf. Weijers et al., 2007; Blaga et al.,
2009; Verschuren et al., 2009), nutrient-induced Thaumarchaeota
enhancement (Sinninghe Damst�e et al., 2012a) or thaumarchaeotal
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bloom suppression (Buckles et al., 2016), we here explain variation
in the BIT index by the influence of stratification, and thus oxycline
position, on the community composition of archaea in Lake Chala.
At the inter-annual time scale, the seasonal duration of water-
column stratification in Lake Chala is influenced by the strength
of the monsoon (Wolff et al., 2011). Higher monsoonal wind speeds
associated with dry conditions generate more extensive mixing of
the upper water column, cutting stratification short. Conversely,
lower wind speeds associated with rainy periods result in weaker
mixing and allow an increasingly strong temperature stratification
of the upper water column, further limiting oxygen renewal at
depths below the daily mixed uppermost water layer. This inef-
fective oxygen renewal combined with ongoing decomposition of
organic matter sinking out of the photic zone results in a progres-
sive shallowing of the oxycline (cf. Fig. 2: zone 3 expands at the
expense of zone 2), in turn expanding the anoxic habitat of GDGT-
0 and brGDGT producers relative to that of the crenarchaeol pro-
ducers. Hence, the shallower the oxycline, the further restricted
becomes the Thaumarchaeota habitat.

During prolonged periods of high GDGT-0/crenarchaeol ratio
and BIT index values and, hence, inferred strongly stratified con-
ditions, f[CREN'] in settling particles tends to increase gradually
over time (Fig. 6H). f[CREN'] reaches values up to 0.24 during the
two such periods in 2008e2009 and 2013e2014, substantially
higher than those attained in the 25-kyr sediment record of Lake
Chala (Fig. 8D; typically ~0.02, with intermittent peaks up to 0.15;
Sinninghe Damst�e et al., 2012a). Several studies have shown that
Group I.1a Thaumarchaeota typically produce 0e3% of the cren-
archaeol isomer (relative to all isoGDGTs), whereas Group I.1b
Thaumarchaeota produce 14e29% (e.g., Pitcher et al., 2010, 2011;
Kim et al., 2012; Sinninghe Damst�e et al., 2012b; Elling et al., 2017;
Bale et al., 2019b), and therefore periods of elevated f[CREN'] likely
relate to dominance of Group I.1b Thaumarchaeota. Indeed,
elevated values of f[CREN'] in settling particles during the SPM-
monitoring period in 2013e2015 (on average 0.16) are consistent
with absence of Group I.1a Thaumarchaeota gene copies in the SPM
during this time interval. As Group I.1b Thaumarchaeota were
thought to grow more abundantly in soils in contrast to the
aquatically produced Group I.1a Thaumarchaeaota, Sinninghe
Damst�e et al. (2012a) interpreted periods of high f[CREN'] in the
sediment record of Lake Chala as indicating increased input of soil-
derived Thaumarchaeota. However, it is unlikely that high f[CREN']
values between September 2013 and January 2015 are due to a
temporally elevated influx of soil-derived isoGDGTs, as there is
generally little input of terrestrial organic matter (van Bree et al.,
2018) and no evidence of a marked increase in anthropogenic
disturbance within Chala crater around that time. Whereas only
Group I.1b Thaumarchaeota gene copies were detected in SPM
collected between September 2013 and January 2015, gene copies
of both groups were detected in SPM obtained in September 2006
(Sinninghe Damst�e et al., 2009) and February 2010 (Buckles et al.,
2013). Notably, in the settling particles record these months also
showed low f[CREN'] values (Fig. 6H). Importantly, in both of these
earlier SPM profiles Group I.1a Thaumarchaeota occur abundantly
only just above the oxycline (located at 43e47 m at that time),
while Group I.1b Thaumarchaeota were relatively dominant in the
uppermost water layers (Sinninghe Damst�e et al., 2009; Buckles
et al., 2013), as they were during our 17-month SPM monitoring
period. It thus appears that the two groups occupy distinct depth
zones in Lake Chala, and, consequently, in addition to oxycline
depth controlling the general proliferation of Thaumarchaeota and
therefore crenarchaeol abundance and dependent proxies (BIT in-
dex and GDGT-0/crenarchaeol ratio), it also impacts the proportion
of Group I.1a versus I.1b Thaumarchaeota and thus f[CREN']. Based
on our current data, Group I.1a Thaumarchaeota may be more



Fig. 8. Temporal variation in BIT index (A; from Verschuren et al., 2009); (B) GDGT-0/crenarchaeol ratio (B); %GDGT-2 (C), f[CREN'] (D) and TEX86 (E; the latter all modified after
Sinninghe Damst�e et al., 2012a) in the 25-kyr sediment record of Lake Chala, compared with the succession of lake high- and low-stands based on seismic-reflection stratigraphy (F;
from Moernaut et al., 2010). In panels AeD, GDGT proxy values outside the boundaries proposed for reliable TEX86-based temperature reconstruction are indicated in red; see text.
In panel E, reliable TEX86 datapoints are plotted in black, while compromised values are plotted in light grey. The shaded areas represent the Last Glacial Maximum (LGM; 23e19 ka
BP), Heinrich event H1 (16.8e15.4 ka BP) and the Younger Dryas period (YD: 13e11.5 ka BP). (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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sensitive to light and hence proliferate in Lake Chala only when
oxygen is present at depths well below 35 or even 40 m. Due to
sporadic occurrence of the crenarchaeol isomer and generally low
archaeal gene counts in the Lake Chala SPM analyzed in this study,
the exact biological link between high proportions of cren' to
crenarchaeol and a shallow oxycline remains unresolved at this
time. Nonetheless, the direct relationship between f[CREN'] and the
14
proportion of Group I.1b versus I.1a Thaumarchaeota suggests that
it may be a valuable indicator of prolonged upper water-column
stratification.

The distribution of isoGDGTs in settling particles collected be-
tween November 2006 and December 2007 translated into TEX86
values that reflected mean-annual LST fairly well, although the
~5 �C seasonal variation in LSTwas not captured (Sinninghe Damst�e
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et al., 2009). Our eight-year sediment-trap record now indicates
that periods with low crenarchaeol concentrations, high BIT index,
high GDGT-0/crenarchaeol ratio and high f[CREN'] values (i.e.,
shallow oxycline conditions and relative suppression of thau-
marchaeota) tend to generate TEX86 values that underestimate LST
(Fig. 6I). This is likely because during episodes of reduced thau-
marchaeotal abundance a greater proportion of GDGT-1, -2 and -3
are produced by Euryarchaeota and/or Crenarchaeota, which do not
have the same temperature dependency of ring formation as
Thaumarchaeota (Schouten et al., 2013). In particular, the fractional
abundance of the crenarchaeol isomer, which is only known to be
produced by Thaumarchaeota, will be diluted compared to GDGT-1,
-2 and -3, generating a cold bias in TEX86. Notably, Group I.1b
Thaumarchaeota do not produce isoGDGTs with the same tem-
perature relationship as seen in Group I.1a (e.g. Elling et al., 2017).
Therefore, the TEX86 index may not reliably reflect LST when
environmental conditions create a prolonged shallow oxycline and
Group I.1a Thaumarchaeota fail to bloom.

On the upside, comparison of the TEX86 values generated by
settling particles with the tell-tale indicators of inadequate
isoGDGT production by Group I.1a Thaumarchaeota (BIT, GDGT-0/
crenarchaeol, f[CREN']) helps define precise limits for filtering out
biased TEX86 values in order to identify those time intervals when
Fig. 9. Scatter plots of BIT index (A), GDGT-0/crenarchaeol (B), f[CREN'] (C) and %GDGT-2 (D)
collected over an 98-month period in Lake Chala. Red open circles refer to samples with TE
interval (0.63e0.87); see text. Blue lines indicate proposed boundaries (BIT >0.8, GDGT-0/cr
may be cold-biasedGDGT-0. The grey line in (B) indicates the previously used boundary for
references to color in this figure legend, the reader is referred to the Web version of this a
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the isoGDGTs in Lake Chala truly recorded LST (Fig. 9). Considering
the 5.1 �C seasonal temperature range of the daily-mixed upper
water layer in Lake Chala between November 2006 and January
2015 (22.5e27.6 �C; Fig. 6I; van Bree et al., 2020), and estimated
calibration error of 2.1 �C for the TEX86-based LST inference model
(Tierney et al., 2010), we conservatively calculate plausible settling-
particle TEX86 values to range between 0.63 and 0.87. The TEX86
values actually recorded during the eight-year study period never
exceed this range, but 22 monthly samples fall below this range
(Figs. 6I and 9). In months when TEX86 values fall below 0.63, the
BIT index is always >0.8, f[CREN'] > 0.04, and GDGT-0/crenarchaeol
>0.7 (Fig. 9AeC). Filtering of the settling-particle data based on
these boundaries results in TEX86 values with quasi-normal dis-
tributions within the range considered realistic (Fig. 10). While
these boundaries are based on the temporal distribution of
isoGDGTs produced in the upper 35 m of the water column and
therefore do not take into account the deep-water production, the
BIT index and GDGT-0/crenarchaeol ratio increase with depth
(Fig. 3C-D; van Bree et al., 2020), implying that these proxies may
still be used to set a conservative upper limit for realistic TEX86
values in the sediment record. However, a much larger fraction of
the data will be filtered out. As deep-water isoGDGT production is
unlikely to change the f[CREN'] ratio, this proxymay be preferred as
values versus the TEX86 values, obtained from those same samples of settling particles
X86 values below the range of plausible TEX86 values for settling particles during this
enarchaeol >0.7 and f[CREN'] > 0.04) above which TEX86-based temperature estimate
GDGT-0/crenarchaeol (>2; Sinninghe Damst�e et al., 2012a). (For interpretation of the

rticle.)



Fig. 10. Frequency distributions of data points with TEX86 values above (left) and below (right) the boundaries indicated in Fig. 9 for BIT index (AeB), GDGT-0/crenarchaeol (CeD)
and f[CREN'] (EeF).
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filtering method in paleo-environmental applications. Of course,
the boundaries proposed here are specific to Lake Chala; similar
methods grounded in modern-system data should be used for
testing the robustness of TEX86 paleotemperature estimates in
other lake systems.
16
4.5. Influence of oxygen on GDGT distributions in diverse lake
systems

Similarly to Lake Chala, studies in both permanently stratified
and seasonally mixed lakes have suggested that oxygen availability
has a prominent role in determining the relative abundances and
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spatial distributions of GDGTs as well as the predictive capacity of
the TEX86 temperature proxy. In a shallow oligotrophic karst lake in
the Catalan pre-Pyrenees (Spain), whereas TEX86 estimated tem-
peratures from SPM in the upper water column were found to
accurately predict measured values, SPM sampled from below the
hypolimnion yielded TEX86-LST estimates with a large error, indi-
cating that isoGDGTs in the oxygen-depleted layer are likely pro-
duced by non-thaumarcheotal archaea and are not temperature
dependent (Cao et al., 2020). Also, in a stratified lake in Norway, it
was found that oxygen content greatly impacted the total con-
centration of isoGDGTs and that a high (low) isoGDGT-0/
crenarchaeol ratio corresponded to low (high) dissolved oxygen
(DO) concentrations (Zhang et al., 2016). The relative abundance of
isoGDGTs and their related indices in the surface sediments of a
Chinese lake showed significant differences along the sampled DO
gradient (Wu et al., 2021). In this lake, a high abundance of
isoGDGT-0 was found in the low DOwaters, which was matched by
a higher abundance of Bathyarchaeota and methanogenic archaea
(Wu et al., 2021). A study of CL and IPL isoGDGT distributions in the
water column of Lake Malawi also speculated that two spatially
distinct communities of Thaumarchaeota may exist in the lake,
with the most abundant community residing in the upper
oxygenation water column and a secondary community of deep-
dwelling Thaumaechaota (possibly Group I.1b) living at the oxic/
anoxic boundary (Kumar et al., 2019). Comparing Lake Chala to
other lake water column studies highlights the importance of ox-
ygen content and, hence, lake stratification in the functioning of
various isoGDGT based proxies, but large differences between these
studies suggests that the arrangement of distinct zones occupied by
GDGT producers in the water column is not universal amongst
lakes, even when considering only permanently stratified lakes.

4.6. Implications for the sedimentary GDGT biomarker record

The large seasonal and inter-annual variability in isoGDGT
content of settling particles in Lake Chala begs the question what
their longer-term variations in the lake's sediment record actually
represent. Overall, changes in the thickness of the oxygenated up-
per water layer appear to be key to understanding isoGDGT pro-
duction in Lake Chala. As it exerts a major influence on isoGDGT
signatures in the settling particles, it most probably also does on
isoGDGT signatures incorporated in the lake's bottom sediments.

Importantly, the new insights generated by the present study,
and in particular the finding that a shallow oxycline hampers
Thaumarchaeota growth, justifies use of the BIT index as indirect
rainfall proxy in this system over long time intervals, as was done
by Verschuren et al. (2009), Sinninghe Damst�e et al. (2012a) and
Buckles et al. (2016). On longer time scales, periods with enhanced
precipitation and reduced mean-annual wind speed will result in a
greater frequency of shallow-oxycline conditions which shrink the
Thaumarchaeota niche, meanwhile relatively expanding the anoxic
zone of the water column where brGDGT product is greatest (van
Bree et al., 2020). This reduces the proportion of crenarchaeol
deposited in the sediments, thereby generating higher BIT values.
In linewith this, the sedimentary BIT recordmatches the first-order
reconstruction of changes in lake depth over the past 25,000 years
based on seismic stratigraphy (Fig. 8A and F; Verschuren et al.,
2009; Moernaut et al., 2010). On the other hand, increased rain-
fall over long periods also increases lake depth itself, and thus the
height of the anoxic zone and niche for brGDGT production. Thus,
over long time periods, the two main controls on BIT variation, viz.
Thaumarchaeota niche availability and total brGDGT production,
can be envisioned as generally being both positively related to the
local climatic moisture balance, reinforcing the BIT index as
moisture-balance proxy. At the same time, the shallow-oxycline
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mechanism of BIT-index variation may also explain discrepancies
between the BIT record and other hydroclimate proxies from Lake
Chala. Namely, the permanently stratified (meromictic) status of
the lake is key to the functionality of the BIT index. If lake depth is
reduced to the point that also the lowermost water layer is mixed
and seasonally oxygenated, the BIT index may lose its sensitivity
because stronger water-column mixing will not likely further in-
crease the proportion of Thaumarchaeota to brGDGT producers. At
the other extreme, when BIT-index values of 1 (no crenarchaeol
present) are sustained over a long interval of time it cannot be
ascertained whether the inferred high rainfall was stable
throughout this interval or increased beyond a threshold which
created a stratification and light regime that essentially kept
Thaumarchaeota absent from thewater column. Again, we reiterate
that the response of the BIT index to local paleohydrology is likely
lake-specific. For example, in Lake Qinghai on the Qinghai-Tibet
Plateau, the BIT index was inversely related to lake level in both
surface sediments and a sediment sequence of the last 12,000 years
(Wang et al., 2012, 2016). Our mechanistic understanding of the BIT
index outlined above should not be applied to the sediment records
of other lake systems without thorough investigation into the
occurrence of GDGTs in the modern lake system at those sites.

There is general agreement between the variability of GDGT
indices in the 25-kyr sediment record and that observed in the
settling-particles record, in that high BIT index, high GDGT-0/
crenarchaeol and high f[CREN'] are likewise correlated with each
other and with lower-than-expected TEX86 temperature estimates
(Fig. 8). This indicates that the processes influencing TEX86 esti-
mates, as revealed by our studies of the modern lake system, also
apply downcore and that the tell-tale indicators of shallow oxycline
conditions identified here must be taken into account when
filtering sediment horizons for TEX86-based paleotemperature
reconstruction. Sinninghe Damst�e et al. (2012a) already noted that
sediment horizons with high (>0.8) BIT values generally produced
lower than expected LST estimates, but set no cut-off BIT value for
exclusion of erroneous TEX86-derived temperatures because evi-
dence for in situ production of brGDGTs in the lake (Sinninghe
Damst�e et al., 2009) negated the use of this proxy as indicator of
soil input (Sinninghe Damst�e et al., 2012a). Our eight-year settling-
particle record from Lake Chala linked to a time series of instru-
mental LST data reveals that BIT-index values > 0.8 do indeed
correlate with unreliable temperature estimates, not because of
soil-derived isoGDGT input but because of its relationship to
Thaumarcheota niche extent. Additionally, Sinninghe Damst�e et al.
(2012a) excluded sediments with GDGT-0/crenarchaeol ratios >2
on the basis that this ratio is always <2 in pure Thaumarchaeota
cultures (Blaga et al., 2009; Sinninghe Damst�e et al., 2012b),
thereby avoiding instances when methanogens and archaea other
than Thaumarchaeota must have contributed significantly to the
isoGDGT pool. Our settling-particle data (Fig. 9B) suggest that this
GDGT-0 threshold for Lake Chala must be shifted lower and exclude
horizons with GDGT-0/crenarchaeol values > 0.7. Although the
concentration and flux of GDGT-0 is not correlated to that of other
isoGDGTs in Lake Chala, implying that the principal archaeal source
of GDGT-0 contains no or limited amounts of other isoGDGTs and
therefore does not directly affect TEX86, a high GDGT-0/
crenarchaeol ratio is indirectly associated with reduced ecological
niche for Thaumarchaeota.

Elevated amounts of GDGT-2 have been linked to production by
non-thaumarchaeotal archaea (Pancost et al., 2001; Turich et al.,
2007; Taylor et al., 2013), prompting Sinninghe Damst�e et al.
(2012a) to filter TEX86 data using a cut-off %GDGT-2 value of 45
(the percent contribution of GDGT-2 to the sum of GDGT-1,-2,-3,
and cren'), as 45% is the proposed upper limit for marine sedi-
ments where the relationship between TEX86 and temperature was
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originally observed (Kim et al., 2008). Additionally, it was later
found that high relative abundances of GDGT-2 are related to deep-
water-dwelling Thaumarchaeota (Villanueva et al., 2015; Kim et al.,
2016; Besseling et al., 2019) and may also therefore alter the TEX86
signal produced in the surface waters. We found no relationship
between cold-biased TEX86 temperature estimates and %GDGT-2 in
our settling-particle data (Fig. 9D), probably because themajority of
GDGT-2 production in Lake Chala occurs in the anoxic waters below
the sediment trap depth or in the surface sediments (Sinninghe
Damst�e et al., 2012a). At the longer time scales considered in
sediment records, the GDGT-2 cut-off value of 45%may still provide
a useful indicator of deep water thaumarchaeotal isoGDGT pro-
duction. Finally, although not explicitly considered by Sinninghe
Damst�e et al. (2012a), sediment horizons in the 25-kyr Lake Chala
record with unrealistically low TEX86 values also had f[CREN']
values exceeding 0.05. Based on our settling-particle data (Fig. 9C)
we propose to slightly lower the upper limit for f[CREN'] to 0.04. As
discussed above, changes in Thaumarchaeotal communities have a
direct impact on f[CREN'].

We recommend that the four criteria discussed above (BIT in-
dex, GDGT-0/crenarchaeol ratio, f[CREN'], and %GDGT-2) be used to
filter out potentially unreliable TEX86 estimates. However, by
applying this filtering method to the 25-kyr sediment record, the
majority of the data points are excluded and only 38 out of 229
sediment horizons remain, all of them situated between ~14 and 24
ka (Fig. 8E). This method has clearly isolated several problematic
sediments from the record. For example, it has excluded data from
the early Holocene (11.5e10 ka) when temperature estimates are
unexpectedly low, and also during the late Holocene when tem-
perature estimates (well above 30 �C) are unrealistically high. In the
remaining time slice, temperatures were coldest (~12.5 �C) be-
tween ~24 and 19 ka, coinciding with the timing of the LGM, and
increased dramatically thereafter (up to ~27 �C). Although our
adjusted filtering criteria resulted in the exclusion of several more
data points in comparison to the published record of Sinninghe
Damst�e et al. (2012a), the questionably large temperature in-
crease of nearly 15 �C from the last glacial into the Holocene still
remains an issue. Even if the questionable three earliest data points
(<~17 ka) of the filtered record (which fall within periods of
generally higher %GDGT-2, BIT index, and GDGT-0/cren) are
excluded, estimated deglacial temperature rise is over 7 �C. Paleo-
temperature reconstructions from other east African lakes estimate
a deglacial warming of ~2e4 �C (Powers et al., 2005; Tierney et al.,
2008; Woltering et al., 2011; Bauersachs et al., 2021). It was pre-
viously speculated that the large magnitude of warming at Lake
Chala may have been caused by a greater inflow of cold subsurface
water into the lake or the influence of expansive ice caps atop Mt.
Kilimanjaro on local climate during the LGM and Late Glacial pe-
riods (Sinninghe Damst�e et al., 2012a). In light of our water-column
studies in the modern system, it can also be suggested that the
relationship between the niche of Thaumarchaeota production and
the temperature gradient in the upper water column of Lake Chala
may not have been stable over the substantial climate changes of
the Late Glacial to Holocene transition. For this reason, even TEX86
temperature estimates during this interval which are deemed valid
using our filtering criteria may not consistently represent mixed-
layer temperature. Specifically, during the LGM and Late Glacial,
relatively low air temperature and enhanced lake mixing likely
caused depression of the oxycline and pushed the Thaumarchaeota
niche to a deeper (colder) position, while the reverse is true of
Holocene conditions, thus exacerbating the differences between
TEX86 derived temperatures of the Last-Glacial period and the
Holocene. These findings highlight the complexity of reliably esti-
mating lake temperature using isoGDGTs and illustrates that in-
depth functional investigation of the microbiota which produce
18
the respective proxies in the modern lake systems, and filtering of
sedimentary data are crucial to avoiding erroneous reconstruction
of past climate regimes.

In Lake Chala, the ratios discussed above (BIT, f[CREN'], GDGT-0/
cren) rely on relative changes in the size of the oxic versus the
anoxic zones of the water column and particularly on the depth of
the oxycline, which we found crucially impacted the growth of
Thaumarchaeota. In lakes with similar dimensions and seasonal
stratification patterns as Lake Chala, the above ratios may be
investigated in the sedimentary record to flag certain intervals in
the past where Thaumarchaeota production could be too low for
TEX86 to accurately record temperature. However, in the absence of
detailed water column studies this should be done with caution
and where possible alongside other independent climate proxy
data. Even amongst meromictic lakes there is a great diversity in
the chemical characteristics at and below the oxic/anoxic boundary
which likely impact the growth of these species and their niche
distribution. In larger/deeper meromictic, lakes such as Lakes
Malawi and Tanganyika (Kumar et al., 2019; Tierney et al., 2010),
the shallowest position of the oxycline is deeper than ~150 m
throughout the year, making it unlikely that Thaumarchaeota
experience a dramatic disappearance caused by spatial restriction
of their niche and/or photoinhibition; i.e. there is always a niche for
Thaumarchaeota in the oxygenated mixed layer to thrive. Thus,
there is greater potential for TEX86 to consistently predict past
temperature variation in larger meromictic lakes. Previous research
found that crenarchaeol is mostly absent or in low abundances in
the surface sediments of small lakes, regardless that these lakes are
generally fully or seasonally oxygenated (Powers et al., 2010). This
suggests that conditions in most shallow lakes are not ideal for
Thaumarchaeota, perhaps because shallower lake depth limits the
establishment of different zonal niches of competing microbiota.
5. Conclusions

The principal isoGDGT compounds in the water column of Lake
Chala are GDGT-0 and crenarchaeol, and they are produced by
different groups of archaea. Thaumarchaeota are the main pro-
ducers of all isoGDGTs except GDGT-0, and generally occur in the
oxygenated uppermost water column. GDGT-0 production is
highest in the permanently anoxic lower water column, and
seasonally variable even though abiotic conditions at this depth are
stable on this time scale. Although crenarchaeol production is only
indirectly affected by rainfall, we propose that the BIT index
measured in Lake Chala sediments is a reliable paleoprecipitation
proxy because prolonged stratification of the upper water column
under wet climatic conditions restricts Thaumarchaeota habitat,
leading to low crenarchaeol fluxes and high BIT values. Overall, the
influence of stratification on oxycline depth is key in understanding
the archaeal ecology and production of isoGDGTs in Lake Chala, and
explicitly considering this influence aids in the interpretation of
sedimentary isoGDGT-proxy records. Past incidences of strong
upper-water-column stratification can be recognized by high BIT-
index values, high GDGT-0/crenarchaeol values, and a high pro-
portion of the crenarchaeol isomer. Finally, TEX86-based LST esti-
mates are not reliable when strong stratification suppresses Group
I.1a Thaumarchaeota. In Lake Chala, this is directly indicated by f
[CREN'] values > 0.04 and indirectly by BIT-index values > 0.8 and
isoGDGT/crenarchaeol ratio >0.7.
Research data

Research data is available via PANGAEA [https://doi.org/10.1594/
PANGAEA.937241].
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