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Several long paleoclimate records generated from Lake Malawi sediments rely on an assumption that the
TEX86 paleothermometer reflects annual mean lake surface temperatures. Thaumarchaeota, the produc-
ers of the isoprenoid glycerol dialkyl glycerol tetraether (iGDGT) lipids that are the basis of the TEX86

proxy, can occupy a wide range of habitats in the upper water column of lacustrine systems, so it is cru-
cial to specifically constrain the ecology of Thaumarchaeota in Lake Malawi to properly interpret its sed-
imentary TEX86 record. To investigate the spatial and vertical distribution of Thaumarchaeotal iGDGT
production in Lake Malawi, suspended particulate matter (SPM) was collected from the upper water col-
umn (>300 m) at three sites spanning the north, central, and south basins of the lake and analyzed for
intact polar (IPL) and core (CL) iGDGT lipid abundances. Samples were collected in January during the
austral summer when the lake is strongly stratified. Concentrations of the most labile IPL, hexose-
phosphohexose (HPH)-crenarchaeol, were greatest just below the deep chlorophyll maximum at
�50 m water depth in the deeper north and central basins and �30 m in the shallow south basin.
Maximum CL concentrations occur below the maximum HPH-crenarchaeol concentrations and therefore
possibly reflect the accumulation of recently produced IPL GDGT degradation products. If the export of
CLs to the sediments is dominated by this CL pool, sedimentary TEX86 would reflect Thaumarchaeota liv-
ing within the thermocline during the stratified season and therefore may have a cool bias rather than
reflecting true surface water temperatures. An increase in abundances of GDGT-2, crenarchaeol isomer,
and monohexose (MH)-crenarchaeol at �150–200 m suggests that a secondary Thaumarchaeotal popu-
lation, likely Group I.1b Thaumarchaeota, inhabits the subsurface water column near the anoxic-suboxic
boundary. Total production of iGDGTs by this group appears to be much lower than the surface-dwelling
clade, but its imprint on sedimentary TEX86 is unknown. An analysis of iGDGT production in the water
column throughout the annual cycle is needed to resolve the timing and magnitude of export of CLs to
the sediments from these two Thaumarchaeotal populations.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Terrestrial climate can be difficult to characterize due to its
inherent heterogeneity, though the omnipresence of lakes across
the continents provides a means for reconstructing a mosaic of
local- to regional-scale responses to climate perturbations. Lake
sediments are ideal for multi-proxy analyses as they contain sig-
nals of both in situ and terrestrial processes integrated within their
drainage basins. It is crucial that paleotemperature reconstructions
are generated alongside multi-proxy records to provide a unifying
context through which the local response to climatic change can be
evaluated across spatially distributed basins. Certain classes of
lipids preserved in sediments can be used for terrestrial paleotem-
perature reconstructions if they are ubiquitous in lacustrine sys-
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tems and their distributions are quantitatively related to environ-
mental temperatures.

Isoprenoid glycerol dialkyl glycerol tetraethers (iGDGTs) are
one such class of lipids. Distributions of iGDGTs are described in
the TEX86 proxy (Schouten et al., 2002), which has been demon-
strated to correlate to lake surface temperatures (LST) in some sys-
tems (e.g., Blaga et al., 2009; Bechtel et al., 2010). The relationship
between TEX86 and water temperature is founded on the premise
that mesophilic Thaumarchaeota (called Group I Crenarchaeota
in earlier studies; Brochier-Armanet et al., 2008; Spang et al.,
2010) retain the ability to increase production of iGDGT membrane
lipids containing cyclopentane moieties (Fig. 1) in response to
increasing growth temperatures (Schouten et al., 2002; Wuchter
et al., 2004; Elling et al., 2015), a process previously believed to
be exclusive to their (hyper)thermophilic ancestors (Gliozzi et al.,
Fig. 1. Molecular structures of archaeal iGDGT core lipids (CL) and crenarchaeol intact p
(HPH) headgroups.
1983). The cyclization of iGDGTs enhances the rigidity of the cell
membrane and thus the addition of cyclopentane moieties is
widely accepted as a biophysical adaption of Archaea to ambient
water temperatures (Schouten et al., 2013 and References cited
therein).

The relationship between TEX86 and LST is generally strongest
in large oligotrophic lakes (Blaga et al., 2009; Powers et al., 2010;
Tierney et al., 2010); as such, the large rift lakes of east Africa are
ideal sites for TEX86-based paleothermometry. Indeed, plausible
paleotemperature records have been generated with TEX86 in sed-
iments from Lakes Malawi (Powers et al., 2005, 2011; Woltering
et al., 2011; Johnson et al., 2016), Tanganyika (Tierney et al.,
2008, 2010), Victoria (Berke et al., 2012a, 2012b), Turkana (Berke
et al., 2012a, 2012b; Morrissey et al., 2018), Albert (Berke et al.,
2014), and Challa (Sinninghe Damsté et al., 2012a). Whether the
olar lipids (IPL) with monohexose (MH), dihexose (DH), and hexose-phosphohexose
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downcore TEX86 values in these basins consistently reflect LST,
however, hinges on two assumptions: (1) iGDGTs are produced
in the surface waters, and (2) Thaumarchaeota are the primary
source of sedimentary iGDGTs. Previous studies of iGDGTs in the
modern water column of some of the aforementioned lakes indi-
cate that these assumptions may not necessarily be correct, or con-
stant through time (Sinninghe Damsté et al., 2009; Llirós et al.,
2010; Schouten et al., 2012a; Buckles et al., 2013, 2014;
Villanueva et al., 2014a, 2014b). Variability in the depth and sea-
sonality of iGDGT production among lakes may explain some of
the scatter observed in current lacustrine TEX86 calibrations
(Blaga et al., 2009; Powers et al., 2010; Tierney et al., 2010;
Castañeda and Schouten, 2011, 2015; Kraemer et al., 2015). These
parameters are therefore necessary to constrain within individual
systems in order to properly evaluate sedimentary TEX86-based
paleotemperature reconstructions.

In this study, we measured both core (CL) and intact polar (IPL)
iGDGT lipids in suspended particulate matter (SPM) at three sites
in Lake Malawi. IPL GDGTs can track living populations of Archaea
due to their labile nature, while refractory CLs are preserved on
longer time scales (Sturt et al., 2004; Lipp et al., 2008; Lipp and
Hinrichs, 2009; Liu et al., 2011; Pitcher et al., 2011a, 2011b). Using
this divergence, we will attempt to constrain the vertical distribu-
tion of Thaumarchaeota and iGDGT production in Lake Malawi’s
water column with the goal to improve the interpretation of sedi-
mentary TEX86 signals.
2. Materials and methods

2.1. Lake Malawi

Lake Malawi is the southernmost of the East African Rift Lakes
(Fig. 2). It is a large (560 km long, up to 75 km wide, and over
700 m deep; Eccles, 1974; Johnson and Davis, 1989) meromictic
rift lake in the southern hemisphere tropics (extending from
�9�S to 14�S). The water column is permanently anoxic below
Fig. 2. Lake Malawi in geographic context of the African continent and its bathymetry.
CB = Central Basin, and SB = South Basin. Bathymetry colour scale refers to water depth i
Barbara M. Halfman, and digitized by Paul Cooley).
�200 m, although the anoxic hypolimnion does not extend over
the whole length of the lake and an extensive area in the shallower
southern basin remains well-oxygenated year-round.

The limnology and ecology of Lake Malawi are heavily influ-
enced by the movements of the Intertropical Convergence Zone
(ITCZ). The lake is located at the southern terminus of the ITCZ’s
annual migration, resulting in a monsoon-like climate with only
one rainy season that occurs during the austral summer (Novem-
ber–March). During the wet summer season, the dominant winds
are weak and come from the north due to the position of the ITCZ
directly over the lake. The weak northerly winds coupled with high
seasonal insolation promotes stratification of the upper water col-
umn to �50 m. The rainy season is followed by an 8 month long
dry season during which many ephemeral rivers that empty into
the south basin cease flowing (Beadle, 1981; Hamblin et al.,
2003b). As the ITCZ migrates northward beginning in April, persis-
tent strong southerly winds drive physical mixing in the upper
200 m that results in a breakdown of the summer stratification
and a deepening of the thermocline (Eccles, 1974). In September
easterly winds with reduced strength relative to the winter
southerlies prevail, allowing for a relaxation of the mixing regime
during austral springtime and the initiation of surface water strat-
ification (Eccles, 1974).
2.2. Sampling

Sampling of SPM in Lake Malawi’s water column was performed
at three locations covering the lake’s north, central, and south basins
from the R/V Ndunduma over January 9–13, 2010 (Fig. 2). The north
basin site (NB) (10�01006.00 0S, 34�11012.00 0E, 350 mwater depth)was
selected to correspondwith the location of theMAL05-2A drill core,
which contains a 70 ky record of TEX86 (Woltering et al., 2011). The
central basin site (CB) (11�17042.00 0S, 34�26012.00 0E, 600 m water
depth) coincides with the location of the MAL05-1C drill core that
is the basis of a 1.3 million year paleotemperature record, also gen-
erated with the TEX86 temperature proxy (Johnson et al., 2016), and
Sampling locations are indicated on the bathymetry map, where NB = North Basin,
n meters below lake surface (mbs) (data were contoured by Thomas C. Johnson and
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is proximal to the northernmost site of an earlier sediment trap
study (Lake Malawi Biodiversity Conservation Project/LMBCP;
Bootsma and Hecky, 1999). The south basin site (SB) (13�28042.00 0

S, 34�44048.00 0E, 175 m water depth) is located near the southern
trap from the LMBCP andwas also studied extensively in a previous
effort to characterize the ecologyand limnologyof LakeMalawi (Sta-
tion 900 of Bootsma and Hecky, 1999).

Water column profiles of temperature, dissolved oxygen (DO),
and chlorophyll-a concentrations were obtained with a SeaBird
Model 19� plus CTD with fluorometer, DO, pH, and water pressure
sensors. SPM for lipid analyses was collected with a McLane 6-1-
142LV in situ filtration system. Samples were taken at seven
depths at NB and CB and at four depths at SB, effectively covering
the epilimnion and metalimnion at each location. Water samples
(250–500 L at each depth) were filtered through 142 mm diameter
0.7 mm nominal pore size glass fiber filters. All filters were stored
frozen in a block of ice onboard the ship, then transported from
Malawi to the University of Minnesota Duluth (UMD) frozen in
ice, and upon arrival at UMD were stored frozen until analyzed.

2.3. GDGT extractions

The glass fiber filters containing SPM were freeze dried, cut into
small pieces, and extracted using a modified Bligh-Dyer technique
(Bligh and Dyer, 1959; Sturt et al., 2004). The samples were ultra-
sonically extracted three times using dichloromethane (DCM)/
methanol (MeOH)/0.1 M phosphate buffer (PB) (2:1:0.8, v/v/v) at
pH = 7.4. The combined extracts were adjusted to a solvent ratio
of DCM/MeOH/PB of 1:1:0.9 (v/v/v) and centrifuged to achieve
phase separation, after which the DCM phase containing the
organic material was collected and transferred to a clean vial. This
extraction was repeated twice with fresh DCM and all DCM phases
were combined. The resulting Bligh-Dyer extracts (BDEs) were
split into aliquots for separate IPL and CL analyses. The aliquots
intended for analysis of CL GDGTs were separated into apolar
and polar fractions with alumina column chromatography, using
hexane/DCM (9:1, v/v) to elute the apolar fraction and DCM/MeOH
(1:1, v/v) to elute the polar fraction. A known amount (0.1 mg) of a
C46 glycerol trialkyl glycerol tetraether internal standard (Huguet
et al., 2006) was added to each of the polar fractions and evapo-
rated under N2 gas until dry. Just before analysis, the polar frac-
tions were re-dissolved in hexane/isopropanol (99:1, v/v) to a
concentration of 2 mg mL�1 and filtered over a 0.45 mm PTFE filter.

2.4. HPLC analyses

CL GDGTs from the polar fractions were analyzed via high per-
formance liquid chromatography–positive ion atmospheric pres-
sure chemical ionization mass spectrometry (HPLC–APCI-MS),
using selected ion monitoring (SIM) of the [M + H]+ protonated
molecules on an Agilent 1100 HPLC–MS with an Alltech Prevail
Cyano Column (150 � 2.1 mm, 3 lm) following the methods
described in Schouten et al. (2007).

The analysis of monohexose (MH) crenarchaeol, dihexose (DH)
crenarchaeol, and hexose phosphohexose (HPH) crenarchaeol IPLs
(Fig. 1) was performed with an HPLC–electrospray ionization (ESI)–
MS-MS in selected reaction monitoring (SRM) mode on an Agilent
1100 series LC, equipped with a thermostat-controlled autoinjector
and column oven coupled to a Thermo TSQ Quantum Ultra EM tri-
ple quadrupole mass spectrometer with an Ion Max source and an
ESI probe (Pitcher et al., 2011b). Separation was achieved with a
Lichrosphere diol column (250 � 2.1 mm; 5 mm particles; main-
tained at 30 �C). A flow rate of 0.2 mL min�1 and the following lin-
ear gradient was used: 100% eluent A to 35% eluent A/65% eluent B
over 45 min, which was maintained for 20 min, and then back to
100% eluent A for 20 min to re-equilibrate the column, where elu-
ent A is hexane/isopropanol/formic acid/14.8 M NH3(aq)

(79:20:0.12:0.04, v/v/v/v) and eluent B is isopropanol/water/-
formic acid/14.8 M NH3(aq) (88:10:0.12:0.04, v/v/v/v). The ESI set-
tings were as follows: capillary temperature 250 �C; sheath gas
(N2) pressure 49 arbitrary units; auxiliary gas (N2) pressure 21
arbitrary units; spray voltage 4.2 kV; and source collision-
induced dissociation –14 V. The SRM transitions were optimized
according to Pitcher et al. (2011b). Due to a lack of available quan-
titative standards, IPL concentrations are reported as peak area
(PA) response per liter of water filtered.
3. Results

3.1. Water column conditions

Water column properties were measured during the collection
of SPM in January at the peak of summer stratification. Tempera-
tures of surface waters were similar across the lake, 28.6 �C at
NB, 28.8 �C at CB, and 28.4 �C at SB. The deeper northern and cen-
tral basins exhibited many similarities. The thermocline began
�40 m at both NB and CB, with water temperatures decreasing
to 23 �C by 70 m at NB, and by 100 m at CB (Fig. 3). Chlorophyll-
a concentrations show a deep chlorophyll maximum situated at
the top of the thermocline of both sites (Fig. 3). DO ranged from
oversaturation in the epilimnion to <30% saturation by 145 m at
NB and by 120 m at CB, and anoxic conditions persist below
200 m at both locations (Fig. 3). The upper stratified layer at SB
extended to only 22 m and water temperatures decreased by
�4 �C in the thermocline, dropping below 24 �C by �80 m.
Chlorophyll-a concentrations at SB also indicate a deep chlorophyll
maximum at the time of sampling, however, situated deeper
within the thermocline at this site, �30–35 m, rather than at the
top of the thermocline as at NB and CB. The entire water
column at SB was fully oxygenated, though the degree of oxygen
saturation declined below 30 m towards �72% at the deepest sam-
pling point.

A previous study defined the epilimnion, metalimnion, and
hypolimnion of Lake Malawi based on the exchange time of chem-
ical tracers between water masses (Vollmer et al., 2002). As our
study only examines the upper 300 m of the lake, we will instead
define qualitative boundaries specific to the study period to pro-
vide clarification for the discussion below. Based on the parameters
above, we define ‘‘surface” waters as the nearly isothermal layer
above the top of the thermocline, 0–40 m at NB and CB and 0–
22 m at SB, such that the ‘‘subsurface” includes all points below.
The subsurface is further divided into ‘‘thermocline depths” that
encompass 40–100 m at NB and CB and 22–100 m at SB, and the
‘‘deep subsurface” refers to all depths >100 m.
3.2. Crenarchaeol IPL abundances

Concentrations of all three crenarchaeol IPLs (Fig. 1) were 1–3
orders of magnitude lower in the surface than in the subsurface
(Fig. 4; Table 1). The depth of maximum concentrations varied
for the different head groups and by site. Maximum abundances
of HPH-crenarchaeol occur at 50 m at NB (9.4 � 104 peak PA L�1)
and CB (9.2 � 105 PA L�1), and at 30 m at SB (6.3 � 104 PA L�1).
NB contains a single maximum in DH-crenarchaeol concentrations
at 100 m (1.3 � 105 PA L�1), whereas DH-crenarchaeol concentra-
tions show maxima at 50 m (1.1 � 105 PA L�1) and 150 m
(1.3 � 105 PA L�1) at CB. Concentrations of MH-crenarchaeol peak
twice at NB and CB, at 100 m (2.5 � 105 PA L�1)/200 m (3.3 � 105 -
PA L�1) and 50 m (3.2 � 105 PA L�1) /200 m (2.2 � 105 PA L�1),
respectively. At SB, DH- and MH-crenarchaeol concentrations
increased steadily with depth, reaching maximum concentrations
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at 150 m (1.2 � 105 PA L�1 and 5 � 105 PA L�1, respectively). The
highest total IPL abundance (1.4 � 106 PA L�1) was observed at
CB due to concentrations of HPH-crenarchaeol that were an order
of magnitude greater than at NB or SB.

3.3. GDGT concentrations

Concentrations of the Thaumarchaeota biomarker, crenar-
chaeol (Sinninghe Damsté et al., 2002), ranged from 0.03 to
40.3 ng L�1 (Table 1). SPM from the surface waters at all three
sites contained the lowest concentrations of crenarchaeol. Cre-
narchaeol concentrations peaked at 100 m at NB (30.7 ng L�1)
and CB (37.1 ng L�1), and at 150 m at SB (40.3 ng L�1), well
below the thermocline in each location (Fig. 4; Table 1).
Though concentrations of GDGTs 0–3 were an order of magni-
tude lower than crenarchaeol, their vertical profiles showed
generally similar trends with peaks in abundance near 100 m
for NB and CB, and at 150 m for SB. Significant departures from
this trend were observed for GDGT-2, which had a distinct sec-
ond maximum at 200 m at both NB and CB, and for the crenar-
chaeol isomer, for which concentrations were elevated over a
broader range of depths at NB and CB, spanning �100–200 m
(Table 1).

3.4. TEX86 values and inferred temperatures

TEX86 was calculated according to Schouten et al. (2002) and
ranged from 0.60 to 0.85 (Table 2). The surface waters of all three
sites had the lowest TEX86. TEX86 increased with depth from the
top of the thermocline, reaching maximum values in the deeper
subsurface between 150 and 200 m. TEX86 declined again below
these depths at NB and CB (Fig. 4). TEX86-inferred temperatures
were calculated with the Castañeda and Schouten (2015) global
lacustrine calibration:

T ¼ 49:032� TEX86 � 10:989 ðr2 ¼ 0:88; n ¼ 16Þ
The Castañeda and Schouten (2015) calibration is a combina-
tion and revision of the lacustrine calibrations from Powers et al.
(2010) and Tierney et al. (2010), both of which include data from
Lake Malawi in addition to other large African lakes. The dataset
used for the calibration was limited to lakes with average surface
temperatures >10 �C and BIT < 0.5, conditions that are consistent
with modern Lake Malawi.

TEX86-inferred temperatures deviate substantially from mea-
sured temperatures, exceeding the uncertainty of the calibration
in many samples; differences between measured and calculated
temperatures range from �0.6–10.2 �C at NB, 1.4–7.13 �C at CB,
and 2.1–6.0 �C at SB. Trends in the inferred temperature profiles
follow trends in TEX86, resulting in negative residuals of tempera-
tures calculated from SPM in the surface and positive residuals of
temperatures calculated from SPM in the deep subsurface (Fig. 5).
4. Discussion

4.1. Niche of Thaumarchaeota in the water column of Lake Malawi

IPLs are better indicators than CLs of living, or at least recently
living, microbial communities because the labile polar head groups
are susceptible to rapid degradation following cell death. IPL con-
centrations of the Thaumarchaeota biomarker crenarchaeol are
thus expected to track active populations of Thaumarchaeota in
the water column (e.g., Hurley et al., 2018). IPLs with glycosidic
head groups – DH and MH – however, are stable enough as free
lipids such that these compounds can accumulate in the water col-
umn and sediments (Lipp et al., 2008; Schouten et al., 2010; Liu
et al., 2011; Lengger et al., 2013, 2014; Xie et al., 2014). In the Ara-
bian Sea, for example, MH-GDGTs, and DH-GDGTs to a lesser
degree, accumulate in the oxygen minimum zone over 700 m
below the depth that the primary Thaumarchaeota population
inhabits and represent a mixture of HPH-GDGT degradation prod-
ucts, fossil IPLs exported from the surface waters, and new IPLs
produced by deep-dwelling archaeal clades (Schouten et al.,



Fig. 4. Fractional abundances of CL iGDGTs at each sampling depth compared to profiles of total CL iGDGT, CL crenarchaeol, and IPL crenarchaeol concentrations. The MI
(Methane Index), [2]/([2] + [3]), and Cren0/Cren ratio are intended to provide insights on the source of iGDGTs in the water column to explain observed trends in TEX86.

Table 1
Concentration of iGDGT CLs and crenarchaeol IPLs in water column filtrates taken from Lake Malawi during Austral summer. Integers correspond to iGDGT structures in Fig. 1.

Depth (m) 0 (ng L�1) 1 (ng L�1) 2 (ng L�1) 3 (ng L�1) Cren (ng L�1) Cren0 (ng L�1) HPH (PA L�1) DH (PA L�1) MH (PA L�1)

North basin site
10 0.04 0.06 0.05 0.04 0.40 0.0 2.4E+3 5.5E+2 9.5E+3
30 0.14 0.20 0.18 0.15 1.5 0.06 2.0E+4 9.3E+3 3.9E+4
50 1.5 2.7 2.7 2.2 19.5 1.2 9.4E+4 6.6E+4 2.1E+4
100 2.4 3.4 4.4 3.4 30.7 2.4 5.8E+4 1.3E+5 2.5E+5
150 2.2 1.5 3.5 2.3 26.2 2.7 6.8E+3 4.2E+4 1.5E+5
200 2.2 1.8 4.6 1.7 20.3 1.4 2.5E+4 1.8E+4 3.3E+5
300 0.73 1.2 1.1 0.91 8.3 0.45 6.5E+3 1.8E+3 6.1E+4

Central basin site
10 0.02 0.02 0.02 0.01 0.12 0.01 1.4E+2 2.2E+2 3.1E+3
30 0.02 0.02 0.02 0.02 0.17 0.01 6.4E+3 1.1E+4 1.4E+3
50 1.5 2.9 3.1 2.5 23.1 1.2 9.2E+5 1.1E+5 3.2E+5
100 2.7 4.2 5.6 4.6 37.1 2.8 2.4E+5 6.5E+4 1.3E+5
150 2.5 2.6 4.5 3.1 30.9 2.6 1.8E+5 1.3E+5 1.9E+5
200 2.1 1.8 4.6 1.6 20.9 1.2 1.5E+5 3.0E+4 2.2E+5
300 1.0 0.25 0.33 0.19 2.2 0.14 4.8E+4 6.3E+3 5.2E+4

South Basin site
10 0.11 0.19 0.19 0.14 1.1 0.06 1.4E+4 2.7E+2 5.7E+3
30 0.76 1.3 1.1 0.92 9.5 0.43 6.3E+4 1.0E+4 4.4E+4
50 2.8 5.3 5.5 4.5 37.5 1.7 3.9E+4 1.5E+4 9.7E+4
150 2.6 4.6 6.6 4.6 40.3 2.2 5.6E+4 1.2E+5 5.0E+5

42 D. Meegan Kumar et al. / Organic Geochemistry 132 (2019) 37–49



Table 2
iGDGT indices and calculated temperatures of CLs extracted from SPM in Lake Malawi.

Depth (m) TEX86 TEX86 inferred Ta TEXH
86 inferred Tb BIT Index GDGT-0

Cren
Cren0
Cren

½2�
2½ �þ½3�

North basin site
10 0.7 18.4 17.7 0.30 0.10 0.00 0.56
30 0.7 21.4 20.0 0.25 0.09 0.04 0.55
50 0.7 22.8 21.1 0.24 0.08 0.06 0.54
100 0.8 25.8 23.2 0.21 0.08 0.08 0.57
150 0.9 30.7 26.2 0.13 0.09 0.10 0.61
200 0.8 28.7 25.0 0.14 0.11 0.07 0.74
300 0.7 22.4 20.8 0.20 0.09 0.05 0.55

Central basin site
10 0.7 21.9 20.4 0.33 0.17 0.08 0.67
30 0.7 21.4 20.0 0.35 0.12 0.06 0.50
50 0.7 23.3 21.5 0.26 0.07 0.05 0.55
100 0.8 25.8 23.2 0.24 0.07 0.08 0.55
150 0.8 28.2 24.7 0.15 0.08 0.08 0.59
200 0.8 28.7 25.0 0.12 0.10 0.06 0.75
300 0.7 24.3 22.2 0.39 0.47 0.06 0.63

South basin site
10 0.7 22.4 20.8 0.25 0.10 0.06 0.58
30 0.7 21.4 20.0 0.17 0.08 0.05 0.55
50 0.7 22.8 21.1 0.23 0.07 0.05 0.55
150 0.7 25.3 22.8 0.17 0.07 0.05 0.59

Fig. 5. Profiles of in situ water column temperatures and temperatures reconstructed from distributions of CL iGDGTs with two calibrations: The Castañeda and Schouten
(2015) calibration is based on the TEX86 of globally distributed lacustrine surface sediments and LST, while the Kim et al. (2015) calibration is based on the TEXH

86 (TEX
H
86 = log

(TEX86)) of deep-water (>1000 m) sediments from the Mediterranean and Red Seas and the integrated upper water column temperatures (0–200 m) of the overlying surface
waters. Error bars for each calibration reflect the root mean square errors reported in the respective studies, which is 3.1 �C for the Castañeda and Schouten (2015) calibration,
and 1 �C for the Kim et al. (2015) calibration. Grey shading highlights the depths Group I.1a Thaumarchaeota were most likely inhabiting at the time of sampling based on
HPH-crenarchaeol concentrations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2012a). The deeper maxima of DH- and MH-crenarchaeol concen-
trations relative to HPH-crenarchaeol in Lake Malawi (Fig. 4) are
consistent with such observations of iGDGT IPL abundances with
depth in the marine water column. This suggests that the lipids
are also derived from multiple sources, i.e. HPH-crenarchaeol
degradation, new production, and vertical and/or lateral transport.
The relative contribution of each of these processes to the total DH-
and MH-crenarchaeol pool is difficult to ascertain without addi-
tional information, such as the isotopic composition of the lipids,
and therefore cannot confidently be used as indicators of active
Thaumarchaeota.
Conversely, HPH-crenarchaeol is highly specific to ammonia
oxidizing archaea (AOA) and covaries with Thaumarchaeotal gene
abundances in other environments (Pitcher et al., 2011a, 2011b;
Schouten et al., 2012a; Buckles et al., 2013; Lipsewers et al.,
2014; Sollai et al., 2018). HPH-crenarchaeol concentrations are also
particularly suitable for tracking active Thaumarchaeota popula-
tions given that the compound can be up to 7 times more abundant
during the growth phase compared to the stationary phase in cul-
tures of the Thaumarchaeon Nitrosopumilus maritimus (Elling et al.,
2014). It is unlikely that the sampling resolution employed for this
study captured the precise depth of HPH-crenarchaeol maxima,
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however it must be >30 m and <100 m water depth as we observe
maximum concentrations �50 m at both NB and CB, and �30 m
depth at SB (Fig. 4). AmoA gene abundances provide an indepen-
dent record of Thaumarchaeotal activity as it is an essential gene
in AOA and demonstrated to be a robust indicator of Thaumar-
chaeota populations (Könneke et al., 2005; Wuchter et al., 2006;
de la Torre et al., 2008; Pester et al., 2011; Stahl and de la Torre,
2012). Abundances of amoA genes and total archaeal 16S rRNA in
the water column of Lake Malawi are both greatest at depths of
50 m at NB, at 30 m at SB, and at 50 m and 100 m, respectively,
at CB (Muñoz-Ucros, 2014) and thus corroborate our interpretation
of the HPH-crenarchaeol record. Muñoz-Ucros (2014) used an
identical sampling scheme as the one employed in this study so
likely also did not resolve the true maximum depth of amoA gene
and archaeal 16S rRNA abundances. Nevertheless, it is clear that
Thaumarchaeota across Lake Malawi resided within the upper
100 m of the water column near the base of the thermocline at
the time of sampling.

The depth constraints imposed by the HPH-crenarchaeol and
amoA gene records imply that Thaumarchaeota in Lake Malawi
occupied a slightly different ecological niche during the study per-
iod than that of Thaumarchaeota in other stratified lacustrine sys-
tems. Thaumarchaeota metabolize ammonium so populations
commonly reside where reduced nitrogen is abundant, generally
near the redox boundary (e.g., Sinninghe Damsté et al., 2009;
Llirós et al., 2010; Blaga et al., 2011; Schouten et al., 2012b;
Woltering et al., 2012; Buckles et al., 2013; Kraemer et al., 2015;
Zhang et al., 2011, 2016; Becker et al., 2018; Hurley et al., 2018).
Studies of offshore nutrient abundances in Lake Malawi are sparse
as most have focused on the littoral zones where the lake’s fish
populations, which are a crucial part of the local economy, are con-
centrated. The few studies (Bootsma and Hecky, 1999; Hamblin
et al., 2003a) that have reported vertical profiles of pelagic nutrient
abundances in Lake Malawi found maximum ammonium concen-
trations at the anoxic-oxic boundary during the austral winter,
though no profiles during the summer season were presented in
either study. As the vertical flux of ammonium from the anoxic
hypolimnion into the upper 200 m of the lake is dominated by
upwelling and turbulent mixing (Bootsma and Hecky, 1999;
Guildford et al., 2000; Hamblin et al., 2003a), it is possible that
ammonium is actually depleted in January relative to the winter
months at the redox boundary as stratified conditions are well
developed and new inputs of the nutrient from physical mixing
processes are likely minimal (Guildford et al., 2000). This is even
more likely at the northern reaches of the lake where upwelling
is rare throughout the annual cycle (Hamblin et al., 2003a). Again,
though no profiles representing NH4

+ concentrations with depth in
January are available, Hamblin et al. (2003a) did measure the NH4

+

in the south basin near the location of SB in March, April, and May
of 1997. The authors found concentrations were �2–100 times
lower between 0 and 100 m than 150 and 200 m in both March
and April yet �4 times greater at 50 m compared to 150–200 m
in May following the onset of the winter mixing regime.

Thaumarchaeota populations growing in Lake Malawi during
the austral summer months therefore may depend on alternative
sources of ammonium. As such, the shallower than expected
depths of Thaumarchaeota observed in this study could be related
to the atmospheric deposition of nutrients, which can be a signifi-
cant source of NH4

+ during the austral summer (Bootsma et al.,
1999). Whether enhanced atmospheric NH4

+ deposition was a fac-
tor in driving a shoaling of Thaumarchaeota populations in January
2010 is difficult to conclude, however, as the interannual variabil-
ity of atmospheric nitrogen deposition in Lake Malawi is poorly
understood (Bootsma et al., 1999) and no measurements are avail-
able for the study period. Furthermore, Guildford et al. (2000) esti-
mated that external nutrient inputs to Lake Malawi satisfied <15%
of total demand. The nutrient supply in the upper oxic and suboxic
layers of the lake is more typically dominated by recycling, with
the rate of nutrient regeneration via remineralization as the pri-
mary limitation on microbial growth (Guildford et al., 2000).

Cyanobacteria are abundant in Lake Malawi during austral sum-
mer and can also provide a significant source of nitrogen to the
lake through the fixation of atmospheric N2 (Hecky and Kling,
1987; Bootsma and Hecky, 1999; Gondwe et al., 2008). Given the
potentially very low concentrations of NH4

+ at the redox boundary
during this season, it is possible that the supply of bioavailable
nitrogen generated through the decomposition of cyanobacterial
biomass by heterotrophic bacteria sets up a gradient in nutrient
concentrations that drives the vertical migration of Thaumar-
chaeotal populations. The abundance of Thaumarchaeota in the
Eastern Pacific off the Southern California Bight varies seasonally
and is likely related to changes in nutrient availability, as they have
been shown to form synergistic consortia with heterotrophic bac-
teria that enhance the breakdown and recycling of nutrients at the
base of the deep chlorophyll maximum (Jones and Hood, 1980;
Beman et al., 2011). Given our observations of higher Thaumar-
chaeotal activity just below the deep chlorophyll maximum, it is
possible that Thaumarchaeota in Lake Malawi exhibited similar
behavior during the period in January sampled in this study. Nitro-
gen limitation can vary in the upper 60 m of Lake Malawi’s water
column on the order of days during the austral summer
(Guildford et al., 2000), so concomitant studies of iGDGT produc-
tion, nutrient concentrations, and microbial diversity are needed
to determine whether the possible vertical migration of Thaumar-
chaeota is typical for the stratified season. Regardless, redox condi-
tions do not appear to limit the vertical distribution of
Thaumarchaeota or iGDGT production in Lake Malawi (Qin et al.,
2015; Zhang et al., 2016).

4.2. Other archaeal communities in Lake Malawi

If CL crenarchaeol in the water column is primarily derived from
the degradation of HPH-crenarchaeol produced by living Thaumar-
chaeota, maximum concentrations of CL crenarchaeol should occur
just below the depth of maximum HPH-crenarchaeol abundances.
CL crenarchaeol concentrations at all three of our sampling sites
follow this expected pattern (Fig. 4). As HPH-crenarchaeol does
not necessarily degrade directly to CL crenarchaeol, the intermedi-
ate degradation products DH- and MH-crenarchaeol would also
accumulate at this depth. Indeed, at NB and SB, high concentra-
tions of DH- and MH-crenarchaeol coincide with the depths of
maximum CL crenarchaeol concentrations and therefore likely, in
part, reflect the accumulation of lipids derived from the Thaumar-
chaeota population living above. This pattern does not hold at CB
where DH- and MH-crenarchaeol peaks coincide with the HPH-
crenarchaeol maxima rather than the maximum CL crenarchaeol
concentrations (Fig. 4). It is possible that the degradation of all
IPL crenarchaeol species is more rapid at CB than at NB or SB so
that the glycosidic IPLs also do not accumulate in significant abun-
dances below the depth of production. Alternatively, again, per-
haps the actual highest abundances of these compounds occur at
an intermediate depth that was unaccounted for with the sampling
resolution employed in this study. A third explanation considers
the limited time resolution of our study. It is possible that the
depth of maximum Thaumarchaeotal activity observed at NB and
SB is phenomenological and the average depth of habitat is closer
to 100 m. Regardless, all three scenarios imply that high concentra-
tions of CL iGDGTs and the more recalcitrant IPLs located within
the thermocline are likely derived from active Thaumarchaeota
inhabiting similar depths.

A conspicuous secondary peak in MH-crenarchaeol at 200 m at
NB and CB (Fig. 4) requires further explanation. One of the
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remarkable features in the profiles of CL distributions at NB and CB
is an increase in the factional abundance of GDGT-2 relative to
GDGT-3 also at 200 m. Increases in the ratio of GDGT-2/(GDGT-2
+ GDGT-3) in the anoxic water column has been linked to popula-
tions of methanotrophs, methanogens, and non-Group I.1a Thau-
marchaeota in other studies (Pancost et al., 2001; Blumenberg
et al., 2004; Ingalls et al., 2006; Turich et al., 2007; Shah et al.,
2008; Sintes et al., 2013; Taylor et al., 2013; Villanueva et al.,
2014a) so it is necessary to explore the possibility that one or more
of these groups inhabit Lake Malawi and may be contributing to
the sedimentary iGDGT pool. Contributions of iGDGTs by methan-
otrophic archaea can be detected with the Methane Index (MI;
Zhang et al., 2011), defined as
MI ¼ GDGT-1½ �þ GDGT-2½ �þ½GDGT-3�
GDGT-1½ �þ GDGT-2½ �þ GDGT-3½ �þ Cren½ �þ½Cren0�

Greater proportions of GDGTs 1–3, universally produced by
archaea, relative to crenarchaeol and its isomer (Liu et al., 2018;
Sinninghe Damsté et al., 2018) results in higher MI (0.3–0.5). The
converse distribution is associated with lower MI (<0.3) and is
diagnostic of Thaumarchaeota. We observe no change in MI
(Fig. 4) suggesting that methanotrophic archaea are not significant
in Lake Malawi between 0 and 300 m. This is consistent with the
lack of evidence for elevated sulfate concentrations at these depths
that would be required to support methanotrophy (Kelly et al.,
1987; Bootsma and Hecky, 2003). Sinninghe Damsté et al. (2009)
similarly observed increases in the relative abundance of GDGT-2
in the anoxic subsurface of Lake Challa, Africa, and attributed the
pattern to methanogenic Euryarchaeota living in the lake’s subsur-
face. IGDGT distributions characteristic of methanogenic archaea
are dominated by GDGT-0 with minor amounts of GDGT-1 and
GDGT-2 and no crenarchaeol. Thaumarchaeota produce large
quantities of crenarchaeol and little GDGT-0 such that the ratio
of GDGT-0/crenarchaeol in Thaumarchaeota cultures is always <2
(Blaga et al., 2009; Naeher et al., 2014; Sinninghe Damsté et al.,
2009; Zhang et al., 2016). GDGT-0/crenarchaeol is <2 for all SPM
samples in Lake Malawi, eliminating the possibility of significant
methanogenic populations in the subsurface (Table 2).

With no unequivocal evidence for methanogenic or methan-
otrophic Euryarchaeota, the elevated GDGT-2/(GDGT-2 + GDGT-3)
in Malawi’s anoxic subsurface likely corresponds to a deep-
dwelling clade of Group I.1b Thaumarchaeota. The occupation of
distinct vertical zones by the two Thaumarchaeotal groups is fairly
common in both marine (Francis et al., 2005; De Corte et al., 2009;
Hu et al., 2011, Hernández-Sánchez et al., 2014; Basse et al., 2014;
Lengger et al., 2014; Kim et al., 2016) and lacustrine environments
(Auguet et al., 2012; Buckles et al., 2013). Both groups belong to
the Thaumarchaeota phylum, but Group I.1b does not produce
iGDGTs with the same temperature relationship as Group I.1a
Thaumarchaeota. Specifically, Group I.1b are associated with high
proportions of the crenarchaeol isomer relative to crenarchaeol
(Sinninghe Damsté et al., 2012b; Villanueva et al., 2014a; Kim
et al., 2016; Elling et al., 2017). Abundances of the crenarchaeol
isomer in Lake Malawi do in fact increase between 100 and
200 m at NB and CB (Table 2). Group I.1a Thaumarchaeota would
produce lower quantities of the crenarchaeol isomer in response
to the cooler water temperatures in the subsurface (Schouten
et al., 2002; Elling et al., 2015) and there are no other known envi-
ronmental factors that would induce abnormal production of the
crenarchaeol isomer in this group. A population of Group I.1b
Thaumarchaeota at NB and CB would further explain the increase
in MH-crenarchaeol at this depth as chemotaxonomic analyses
have shown that this group predominately produces IPLs with
MH head groups (Elling et al., 2017). A metagenomic analysis con-
ducted near CB in Lake Malawi found that Group I.1a
Thaumarchaeota were significantly more diverse and abundant at
thermocline depths �100 m while genetic material from Group
I.1b Thaumarchaeota was restricted to the deep subsurface
�300 m (Muñoz-Ucros, 2014), lending support for the presence
of both groups of Thaumarchaeota in Lake Malawi. Notably, the
CL and IPL data suggest the deeper dwelling clade resides closer
to 150–200 m than 300 m, although this could be an artifact of
the short time frame of the study. The importance of non-Group
I.1a Thaumarchaeota at SB is less clear. Concentrations of GDGT-
2 and the crenarchaeol isomer do increase below the surface
(50–150 m) at this site, however the change is proportional to
GDGT-3 and crenarchaeol, respectively, in contrast to observations
in NB and CB (Table 2, Fig. 4). It is possible that Group I.1b
Thaumarchaeota are present in the subsurface of SB, but the fully
oxygenated water column characteristic of the shallow southern
end of Lake Malawi prevents the populations that appear to prefer
anoxic conditions at NB and CB from fully thriving.

4.3. TEX86 temperature profiles

With substantial evidence for multiple Thaumarchaeota popu-
lations in the water column of Lake Malawi, it is unsurprising that
TEX86-inferred temperature profiles are distinct from measured
temperatures. Particularly interesting is that TEX86-reconstructed
temperatures are cooler than in situ temperatures in the surface,
yet warmer than in situ temperatures in the deep subsurface
(Fig. 5). Some studies have recently demonstrated that ammonia
oxidation rates are inversely correlated to TEX86, driving warm or
cold biases in reconstructed temperatures depending on the rela-
tive dominance of shallow water or deep water Thaumarchaeota
ecotypes – iGDGTs from shallow ecotypes inhabiting high-
ammonium conditions result in a cold-bias and iGDGTs from deep
ecotypes inhabiting low-ammonium conditions result in a warm-
bias (Qin et al., 2015; Hurley et al., 2016, 2018). Zhang et al.
(2016) also proposed that variable ammonium oxidation rates dri-
ven by redox conditions creates a negative correlation between DO
concentrations and TEX86 in high latitude stratified lakes. As dis-
cussed above, the warm-bias in reconstructed temperatures from
SPM in the deep subsurface is most likely due to the presence of
a deep-dwelling Thaumarchaeota population, though the effect of
low-ammonium conditions on iGDGT distributions cannot be ruled
out.

The source of the cold-bias in reconstructed temperatures from
the surface is less clear. Ammonium concentrations in the surface
of Lake Malawi are low during austral summer (Guildford et al.,
2000), but DO concentrations are high (Fig. 3) such that the net
effect of the two parameters on TEX86 of SPM from the surface
waters would be minimal if the CL pool is primarily derived from
recently living Thaumarchaeota. Extremely low concentrations of
HPH-crenarchaeol and all CL iGDGTs above 50 m at the time of
sampling (Fig. 4), in addition to the presumably low concentrations
of NH4

+ in the surface waters, however, implies that in situ produc-
tion of iGDGTs in the surface of Lake Malawi was low. Rather,
TEX86 of surface water SPM could exhibit a cold-bias if the CL pool
at these depths reflects iGDGTs produced during the austral win-
ter. Surface water temperatures during the austral winter are only
�2 �C cooler than in the summer in Lake Malawi, still much war-
mer than reconstructed temperatures at these depths (Eccles
1974; Vollmer et al., 2005). Thaumarchaeota instead likely reside
deeper in the water column during the austral winter to take
advantage of the enhanced vertical flux of NH4

+ at the redox bound-
ary driven by turbulent mixing (Bootsma and Hecky, 1999;
Guildford et al., 2000; Hamblin et al., 2003a). The effect of
increased NH4

+ fluxes on ammonia oxidation rates and ultimately
iGDGT distributions coupled with the possible residence of Thau-
marchaeota in the deeper, cooler waters near the redox boundary
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may lead to the production of iGDGTs with a significant TEX86

cold-bias during austral winter. The anoxic-oxic interface is likely
situated between 150 and 300 m during this season, though it
would depend on the depth of the mixed layer (Bootsma and
Hecky, 1999; Hamblin et al., 2003a). Annual average temperatures
between 100 and 300 m are �22 and 24 �C (Vollmer et al., 2005),
similar to the TEX86-reconstructed temperatures at the surface
but still slightly warmer such that the effect of ammonium-
oxidation rates on iGDGT distributions (Qin et al., 2015; Hurley
et al., 2016, 2018) are necessary to fully explain the cold bias. Mix-
ing of the upper 200 m of the water column driven by the strong
southerly winds that persist from May to September could feasibly
transport some of the iGDGTs produced at the redox boundary into
the surface waters. While this explanation seems reasonable, a
thorough investigation of iGDGT production and fluxes across mul-
tiple seasonal cycles is needed to validate these hypotheses.

The cold-bias is not as strong in SPM from the surface of CB and
SB. The CL pools at these sites are likely additionally impacted by
contributions of iGDGTs from the deep-dwelling Thaumarchaeota
population based on elevated [GDGT-2]/([GDGT-2] + [GDGT-3])
and Cren0/Cren at the surface relative to the CL pools within the
thermocline (Fig. 4). IGDGTs originally produced by the deep-
dwelling Thaumarchaeota could also be transported to the surface
during winter upwelling and would dampen the cold-bias in SPM
TEX86 at these depths. As the northern end of the lake does not
experience upwelling, and also perhaps receives less laterally
transported material, the CL distributions in the surface at NB
may only reflect iGDGTs produced locally in the mixed layer. How-
ever, again, a robust analysis of seasonal iGDGT fluxes throughout
Lake Malawi is needed to support this idea. Overall, total CL iGDGT
concentrations in the surface waters at the time of sampling were
low across the lake, suggesting that the CL iGDGTs potentially
transported to the surface from deeper within the water column
do not accumulate substantially.

Interestingly, CLs in SPM sampled within the thermocline
yielded reconstructed temperatures that are comparable to mea-
sured temperatures, at least within the range of uncertainty of
the Castañeda and Schouten (2015) global lakes calibration
(Fig. 5). Situated just below the depth of maximum Thaumar-
chaeota activity (Fig. 4), the CLs at these depths are likely derived
from recently degraded IPL GDGTs (Hurley et al., 2018) and, con-
versely, unlikely to be derived from terrestrial sources or export
of iGDGTs from the overlying surface waters as concentrations of
CLs are two orders of magnitude lower in SPM above the thermo-
cline (Fig. 4). If it is true that the thermocline-dwelling Thaumar-
chaeota form microbial consortia during this period to adapt to
deep stratification and low nutrient availability, the potentially
high NH4

+/hypoxic microenvironments within the consortia (Paerl
and Pinckney, 1996) may result in the production of iGDGT distri-
butions with the expected relationship to in situ temperatures.

Core top sediments taken near NB have a TEX86 of 0.73 (Powers
et al., 2004), remarkably similar to the range of TEX86 in SPM col-
lected within the thermocline at the depths of maximum shallow-
ecotype Thaumarchaeotal activity (�50–100 m) at NB (0.69–0.75).
While this could be because iGDGT production during the austral
summer dominates the export of CLs to the sediments, it could also
be due to a sedimentary signal confounded by both iGDGTs pro-
duced during austral winter and by deep-ecotype Thaumarchaeota
so as to appear similar to the values of thermocline iGDGTs from
the study period. Polik et al. (2018) found that contributions of
iGDGTs by deep-dwelling Thaumarchaeotal ecotypes to sedimen-
tary distributions in the Mediterranean Sea were suppressed dur-
ing periods of stratification. It is possible that the deep-ecotype
Thaumarchaeota do not contribute significantly to the sedimentary
CL pool given the strength of stratification of the upper water col-
umn in Lake Malawi, however further research is needed to better
understand how the depth of habitat of Thaumarchaeota in Lake
Malawi varies over the annual cycle, when maximum iGDGT pro-
duction and export occurs, and if there is significant spatial vari-
ability in these processes, as these factors may additionally bias
sedimentary distributions of iGDGTs.

Lastly, the relative contribution of iGDGTs by deep-dwelling
Thaumarchaeota to the lake floor might vary considerably through
time as lake levels and circulation regimes fluctuate (Filippi and
Talbot, 2005). Though the principal mechanism that drives changes
in the iGDGT composition of deep-dwelling Thaumarchaeota
clades is still debated (Ingalls et al., 2006; Elling et al., 2015; Qin
et al., 2015; Pearson et al., 2016; Becker et al., 2018; Hurley
et al., 2018), Kim et al. (2015) found a significant relationship
between iGDGT distributions in deep-water (>1000 m) sediments
impacted by contributions from deep-dwelling Thaumarchaeota,
evident by high relative abundances of GDGT-2 and the crenar-
chaeol isomer, and temperatures integrated over the upper
200 m of the overlying water column in the Mediterranean and
Red Seas. As these are effectively large, restrictive basins and lipid
abundances in SPM from the deep subsurface of Lake Malawi exhi-
bit similar distributions to these deep-water sediments, it is possi-
ble that the temperature relationship developed by Kim et al.
(2015) is applicable to Lake Malawi.

Furthermore, the MH-crenarchaeol profiles provide evidence
that the deep-dwelling Thaumarchaeota in the lake reside ca.
150–200 m, so a correlation of deep water iGDGTs in Lake Malawi
to temperatures integrated across the upper 200 m is expected.
Indeed, the Kim et al. (2015) TEXH

86 calibration reduces the distance
between calculated and measured temperatures in the deep sub-
surface, though there is still a slight warm-bias (Fig. 5). The calibra-
tion does not significantly improve temperatures calculated from
shallow iGDGT distributions, highlighting its specific utility for
tracking deep-water temperatures. Thus, while interpretations of
TEX86 as a signal of upper water column temperatures are limited
to sediments with low abundances of the crenarchaeol isomer and
GDGT-2, information about the upper 200 m of the water column
may still be derived when sedimentary iGDGT distributions reflect
a mixture of shallow and deep-dwelling Thaumarchaeotal sources.
5. Conclusions

HPH-crenarchaeol abundances in SPM record maximum activ-
ity of Thaumarchaeota within the thermocline in the fully-
oxygenated upper 100 m of Lake Malawi’s water column. Increases
in the relative abundances of GDGT-2, the CL crenarchaeol isomer,
and MH-crenarchaeol in the deep subsurface indicate that Group
I.1b Thaumarchaeota likely contributed to the CL GDGT pool at
depths >150 m. The differences between measured and TEX86-
reconstructed temperatures in the subsurface at the time of sam-
pling can therefore be attributed to production of iGDGTs by
non-Group I.1a Thaumarchaeota. Production of iGDGTs by the
surface-dwelling Thaumarchaeota, however, are an order of mag-
nitude greater than the deeper clade and sedimentary TEX86 values
appear to be dominated by upper water column distributions at
least in the north basin, though more work is needed to evaluate
the distributions and fluxes of iGDGTs produced during the austral
winter. TEX86-based temperatures associated with the depth of
maximum GDGT production are within calibration error of
in situ temperatures supporting the body of evidence that iGDGTs
from active Group I.1a Thaumarchaeota populations record growth
temperatures. An investigation of the depth of habitat of the
surface-dwelling Thaumarchaeota throughout the annual cycle
still needs to be conducted to fully understand the ecology of Thau-
marchaeota in Lake Malawi and the timing of iGDGT production
and export in Lake Malawi.
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