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a b s t r a c t

Suspended particulate matter (SPM) was collected above and below the Three Gorges Dam (TGD) on the
Yangtze River in May, July and December 2009, respectively, for a study of the spatial and temporal var-
iation in glycerol dialkyl glycerol tetraethers (GDGTs) in the riverine system. The branched GDGTs
(bGDGTs) were > 0.6 ng/l and isoprenoid GDGTs (iGDGTs) > 0.3 ng/l in most SPM samples in May and July,
whereas, iGDGTs were on average about 10�more abundant than bGDGTs in December. The results sug-
gest that the abundance of bGDGTs and iGDGTs in the Yangtze River at the TGD varied seasonally, which
might be affected by soil runoff and in situ production. Despite these effects, the TEX86-inferred temper-
ature derived from SPM reflected the measured river surface water temperature in the sampling months,
suggesting that planktonic Thaumarchaeota might actively make iGDGTs in the river water near the TGD
throughout the year. The bGDGT-derived CBT/MBT temperature from the SPM was not significantly dif-
ferent among the three seasons and the values together averaged 15.2 ± 0.7 �C, close to the annual mean
air temperature (16.9 �C) in the region near the TGD. However, the bGDGT-derived pHCBT values were
close to the water pH and slightly higher than the pH of the local soil. These results suggest that the
sources of bGDGTs in the river water are complicated and that bGDGTs may not solely derive from the
local soil runoff. Nevertheless, our study highlights the potential of using TEX86 and MBT/CBT proxies
for a better understanding of the source and mechanism of GDGT production in riverine systems increas-
ingly affected by the construction of dams.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Rivers are commonly viewed as conduits transporting terres-
trial material from land to the ocean (Milliman and Syvitski,
1992; Walling and Fang, 2003; Chen and Saito, 2011). However,
mounting evidence indicates that climate change and increasing
anthropogenic activity may alter the river hydrological cycle and
ecosystem by affecting the pattern of sedimentation or composi-
tion of the microbial community in the river (Colloschonn et al.,
2001; Herfort et al., 2006; Yang et al., 2007; Kim et al., 2012). For
instance, dams may interrupt the flow behavior of river water
and create hydrologically dynamic reservoirs that change biogeo-
chemical terrestrial signals, possibly affecting the interpretation
of the signals in river catchments (Xu and Milliman, 2009).
ll rights reserved.
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Our knowledge of how anthropogenic behavior and seasonal
climate impact terrestrial input, transport and associated eco-envi-
ronmental variation in big-river basins is based primarily on the
proxy indicators in environmental archives, such as micropaleon-
tology and analysis of marine and lacustrine sediments (Millman
and Meade, 1983; Meyers, 1994; Kim et al., 2007; Walsh et al.,
2008; Chen and Saito, 2011). Recently, a number of new proxies
based on glycerol dialkyl glycerol tetraethers (GDGTs) have been
shown to reflect terrestrial environmental signals and palaeocli-
matic variation (Sinninghe Damsté et al., 2000; Schouten et al.,
2002; Weijers et al., 2007a,b; Kim et al., 2010; Xie et al., 2012). A
comprehensive recent review on GDGTs is given by Schouten
et al. (2013).

GDGTs exist in two forms (Fig. 1): isoprenoid (iGDGTs) and
branched (bGDGTs). iGDGT membrane lipids have been found pre-
dominantly in peat bogs (Pancost et al., 2000; Schouten et al.,
2000; Pancost and Sinninghe Damsté, 2003; Weijers et al., 2004),
and marine and lacustrine waters and sediments (Schouten et al.,
2000; Powers et al., 2004; Sun et al., 2011; Wang et al., 2012). In
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Fig. 1. Structures of bacterial GDGTs (bGDGTs) and archaeal isoprenoid GDGTs (iGDGTs).
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aquatic environments, the iGDGT lipids are most likely derived
from pelagic Crenarchaeota (i.e. group 1.1 Crenarchaeota; DeLong,
1998), which are now assigned as Thaumarchaeota (Brochier-
Armanet et al., 2008; Pester et al., 2011). Based on the relative dis-
tribution of membrane lipids derived from planktonic Tha-
umarchaeota, the TEX86 paleothermometer has been widely
applied to both marine and lacustrine environments for surface
temperature estimation in both oceanic (Schouten et al., 2002,
2003; Wuchter et al., 2004; Kim et al., 2008) and lacustrine envi-
ronments (Powers et al., 2004, 2010; Pearson et al., 2011).

Another recently recognized group of GDGTs, containing
branched (bGDGTs) instead of isoprenoid alkyl chains, is ubiqui-
tous in peat (Sinninghe Damsté et al., 2000; Weijers et al.,
2006a), soils (Weijers et al., 2007b), lake sediments (Powers
et al., 2004, 2010; Blaga et al., 2009) and estuarine and ocean mar-
gin sediments (Weijers et al., 2007a,b; Schouten et al., 2008; Rueda
et al., 2009; Bendle et al., 2010; Zhang et al., 2012). The MBT/CBT
proxy has been applied to infer continental air temperature (Weij-
ers et al., 2007a,b; Sinninghe Damsté et al., 2009; Tierney and Rus-
sell, 2009; Zink et al., 2010). It quantifies the degree of cyclisation
of branched tetraethers (CBT) and the extent of methylation of
branched tetraethers (MBT). CBT correlates with soil pH, whereas
MBT responds to soil pH and air temperature (Weijers et al.,
2007b; Peterse et al., 2012).

A branched and isoprenoid tetraether (BIT) index has been used
as a tracer for soil terrestrial input to the ocean or lake from rivers
(Hopmans et al., 2004), with high BIT values indicating high soil in-
put relative to marine production. The index has been widely used
in a number of continental margin studies (Herfort et al., 2006;
Walsh et al., 2008; Weijers et al., 2009; Smith et al., 2012) and
shows potential for estimating the relative amount of soil-derived
organic carbon contributed from land to ocean via rivers and for
reconstruction of past river discharge (Ménot et al., 2006; Weijers
et al., 2009; Kim et al., 2012). The results also suggest that flooding
events might play an important role in delivering terrestrial organ-
ic matter (OM) to the sea (Kim et al., 2007). On the other hand, a
study of suspended particulate matter (SPM) in the Pearl River
and estuary showed aquatic production of bGDGTs (Zhang et al.,
2012) and a study of surface sediments from the Lower Yangtze
River and East China Sea revealed the multiple sources and com-
plex shelf processes that govern the distribution of GDGTs (Zhu
et al., 2011). In situ production of bGDGTs in lacustrine environ-
ments has also been reported (e.g. Tierney et al., 2010, 2012; Wang
et al., 2012).

Despite these promising results, many issues concerning the
proxies remain to be resolved. First, the BIT proxy has been applied
primarily to estuaries and some rivers (cf. Herfort et al., 2006; Kim
et al., 2007, 2012) and its applicability to larger river environments,
the Yangtze River for instance, has not been fully assessed. In the
Yangtze basin, the increase in dam building in recent decades
may have potentially influenced the BIT and MBT/CBT proxies by
creating a ‘‘reservoir effect’’. Furthermore, TEX86 has been widely
applied as a paleothermometer to marine and lacustrine systems
(Powers et al., 2004, 2010; Weijers et al., 2007a), but not to river
catchments where the influence of the external input of isoprenoid
GDGTs might vary in different seasons. Also, integrated MBT–CBT
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and TEX86 proxies for estimating water temperature and air tem-
perature from the same environment have not been discussed.

We have analyzed the isoprenoid and branched GDGT distribu-
tions in SPM from different water depths above and below the
Three Gorges Dam (TGD) to evaluate the impact of the dam on riv-
erine processes and the underlying seasonal variation in BIT, MBT/
CBT and TEX86. Soil samples from along the flanks of the Yangtze
River at the TGD were also analyzed for GDGTs to constrain the
source of riverine GDGTs.
2. Material and methods

2.1. Study area and sampling

The TGD is a hydroelectric dam that spans the Yangtze River
near the town of Sandouping in Yichang, Hubei province. It is the
world’s largest power station in terms of installed capacity
(21,000 MW). The TGD area is typically subtropical, receiving an
annual average precipitation of 1200 mm, with an annual average
temperature of 16.9 �C (Chen et al., 2001; Jiang, 2007). The precip-
itation arrives from the East Asian summer monsoon, with 80%
occurring between June and September (Chen et al., 2001).

A total of 27 SPM samples was collected from the river at the TGD
area in May, July and December, 2009 (Fig. 2, Table 1). They were col-
lected from four locations (Fig. 2): two above the dam (HR, head of
reservoir; CR, central reservoir) and two below the dam (BCD, below
and close to the dam; BAD, below and away from the dam) (Fig. 2).
The distance between the two locations above the dam was ca.
10 km and 3–4 km between the two locations below the dam. Sam-
ples were taken at 5 m, 15 m or 25 m water depth. The water was fil-
tered through a 0.7 lm glass fiber filter for collection of SPM. Three
surface soil samples overlying the flanks of the river were also col-
lected. All samples were frozen immediately in liquid N2 after collec-
tion and stored at �20 �C until analysis.

Water temperature was recorded using a Hg thermometer and
pH was measured using a Hach pH meter (Hach Company, Loveland,
CO, USA). Details of the local climate were recorded. For measuring
Fig. 2. Map of Three Gorges Dam (TGD) show
pH, each dry soil sample was mixed with ultrapure water in a ratio
of 1:2.5 (g/ml). The mixture was stirred and allowed to stand
(ca. 30 min). The pH values of the supernatant were measured in
triplicate by using a pH meter with a precision of ± 0.01.

2.2. Lipid extraction

Soil samples were freeze dried and homogenized with a mortar
and pestle. One of the filters was cut into equal pieces with sterile
scissors and collected into 50 ml centrifuge tubes. The filter mate-
rial or 5 g dry soil were extracted by way of gradient sonication
(10 min, 3�) with MeOH, dichloromethane (DCM)/MeOH (1:1, v/
v) and DCM, respectively. The supernatants were filtered through
0.45 lm glass fiber filters and pooled. The total extract was sepa-
rated into neutral and polar fractions via Al2O3 column chromatog-
raphy, eluting with hexane:DCM (9:1, v/v) and DCM:MeOH (1:1,v/
v), respectively. The polar lipids, containing GDGTs, were filtered
through a 0.45 lm glass fiber syringe filter and dried under N2.
No GDGTs were detected in the neutral fraction.

2.3. GDGT analysis

Dried polar fractions were dissolved in hexane:isopropanol
(99:1, v/v) and a synthesized C46 GDGT was added as internal stan-
dard, having a detection limit of 0.8 pg, as described by Huguet
et al. (2006). Analysis was performed using high performance li-
quid chromatography–atmospheric pressure chemical ionization-
mass spectrometry (HPLC–APCI-MS) with an Agilent 1200 series li-
quid chromatograph equipped with an automatic injector and cou-
pled to a QQQ 6460 MS instrument and using Mass Hunter LC–MS
manager software with a procedure modified from Hopmans et al.
(2004) and Schouten et al. (2007). Separation was achieved with a
Prevail Cyano column (2.1 mm � 150 mm, 3 lm; Alltech Deerifled,
IL, USA) at 40 �C. Injection volume was 5 ll. GDGTs were first
eluted isocratically with 90% A and 1% B for 5 min, followed by a
linear gradient to 18% B in 45 min. Solvent was held for 10 min
in 100% B and was then allowed to re-equilibrate to 90% A:10% B
over 10 min, where A was n-hexane and B n-hexane/isopropanol
ing location of water and soil samples.



Table 1
Summary of sample locations and GDGT-derived proxies (ID, sample number; ND, not detected).

Season Location ID Depth (m) bGDGTs
(ng/l)

iGDGTs
(ng/l)

Total GDGTs
(ng/l)

bGDGT/
iGDGT

BIT TEX86 MBT CBT Actual pH CBT pH Actual T
(�C)

TEX86 Temp
(�C)

MBT/CBT Temp
(�C)

May-2009 HR M-1 5 0.7 0.3 1.0 2.20 0.86 0.66 0.47 0.38 8.0 7.8 23.0 22.4 13.9
M-2 25 3.2 0.8 4.0 3.92 0.92 0.68 0.72 0.44 8.0 7.6 22.0 23.5 25.6

CR M-3 5 0.7 0.5 1.2 1.45 0.79 0.64 0.46 0.38 8.0 7.8 19.5 21.3 13.5
M-4 25 0.1 0.1 0.2 1.74 0.90 0.73 0.59 0.44 8.0 7.6 22.0 26.3 19.0

BCD M-5 5 0.2 0.1 0.3 1.47 0.80 0.64 0.53 0.46 8.0 7.5 18.0 21.3 16.1
M-6 5 0.9 0.3 1.2 2.90 0.88 0.54 0.46 0.35 8.3 7.9 20.8 15.8 13.6

BAD M-7a 2.5 0.6 0.3 0.9 1.99 0.81 0.67 0.45 0.43 8.0 7.6 22.2 23.0 12.3
M-8b 5 0.3 0.1 0.4 1.81 0.85 0.68 0.51 0.39 8.0 7.7 19.2 23.5 15.8

July-2009 HR M-9 5 ND ND ND – 0.90 0.69 0.48 0.37 7.9 7.8 27.3 24.1 14.6
M-10 25 5.2 1.5 6.7 3.57 0.91 0.69 0.51 0.39 7.8 7.8 27.2 24.1 15.7

CR M-11 5 0.7 0.2 0.9 3.07 0.90 0.64 0.50 0.38 8.1 7.8 25.0 21.4 15.5
M-12 15 6.4 2.2 8.6 2.88 0.89 0.73 0.48 0.44 8.1 7.6 24.8 26.3 13.8
M-13 25 2.2 0.9 3.1 2.40 0.87 0.72 0.39 0.29 8.0 8.0 25.1 25.7 10.8

BCD M-14 5 12.3 3.4 15.7 3.58 0.91 0.72 0.45 0.39 8.1 7.7 27.6 25.7 12.9
M-15 15 9.3 15.2 24.5 0.61 0.50 0.69 0.46 0.38 8.2 7.8 27.6 24.1 13.4

BAD M-16a 3 2.2 0.5 2.7 4.83 0.93 0.66 0.70 0.54 7.9 7.4 27.6 22.4 23.7
M-17b 5 2.7 0.8 3.5 3.23 0.89 0.73 0.45 0.43 7.9 7.6 27.9 26.3 12.4
M-18 5 2.6 0.8 3.4 2.98 0.90 0.75 0.46 0.42 8.1 7.7 29.0 27.4 12.8

December-2009 HR M-19 5 0.8 8.3 9.1 0.09 0.13 0.62 0.43 0.41 7.1 7.7 17.1 20.2 11.3
M-20 25 0.1 0.6 0.7 0.09 0.16 0.65 0.37 0.40 7.1 7.7 17.1 21.9 8.4

CR M-21 5 0.3 3.3 3.6 0.10 0.13 0.59 0.51 0.41 7.1 7.7 17.3 18.6 15.3
M-22 25 0.4 5.0 5.4 0.08 0.11 0.61 0.52 0.39 7.1 7.7 17.3 19.7 16.2

BCD M-23 5 1.4 7.6 9.0 0.19 0.20 0.48 0.52 0.42 6.6 7.7 17.0 12.5 15.8
M-24 15 1.2 16.1 17.3 0.07 0.09 0.45 0.50 0.40 7.1 7.7 17.2 10.8 15.1

BAD M-25 4 7.1 8.1 15.2 0.87 0.57 0.49 0.67 0.44 6.9 7.6 16.9 13.0 23.5
M-26 5 0.2 2.7 3.0 0.09 0.11 0.45 0.52 0.41 6.9 7.7 17.1 10.8 16.1
M-27 25 0.4 4.5 4.9 0.08 0.11 0.51 0.45 0.40 6.9 7.7 17.1 14.2 12.8

June-2010 Above the dam S-1 0.2 17.4c 3.4c 20.8c 5.04 0.92 0.74 0.91 0.71 6.1 6.9 30.2 26.8 32.9
BCD S-2 0.2 355.2c 71.2c 426.4c 4.99 0.91 0.79 0.68 0.22 5.9 8.2 31.0 29.6 25.7
Close to BCD S-3 0.2 10.9c 1.7c 10.12c 5.01 0.91 1.00 0.83 0.81 6.0 6.6 32.0 41.2 28.1

a Letianxi Stream.
b Letianxi Stream mouth to the Yangtze River.
c In ng/g.
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(9/1, v/v). GDGTs were analyzed using single ion monitoring (SIM)
of m/z 1302, 1300, 1298, 1296, 1292, 1050, 1048, 1046, 1036, 1034,
1032, 1022, 1020 and 1018. The conditions for the ion source were:
nebulizer pressure 40 psi, vaporizer temperature 350 �C, drying gas
(N2) 5 l/min, temperature 250 �C, capillary voltage 3 kV and corona
4 lA. Quantification was performed via peak area integration of
the [M+1]+ ions.

Cluster analysis of individual iGDGTs or bGDGTs normalized to
the sum of each lipid pool was performed using Cluster analysis
software R-2.12.1 based on the squared Euclidean distance using
the method of two-way jointing.

TEX86 and river water temperature were calculated according to
Schouten et al. (2002) and Powers et al. (2010), respectively:

TEX86 ¼ ½VIIþ VIIIþ IV0�=½VIþ VIIþ VIIIþ IV0� ð1Þ

T ¼ �14:0þ 55:2� TEX86 ð2Þ

MBT, CBT and derived annual mean air temperature or soil pH
were calculated according to Weijers et al. (2007b):

MBT ¼ ½Iþ Ibþ Ic�=½Iþ Ibþ Icþ IIþ IIbþ IIcþ IIIþ IIIb

þ IIIc� ð3Þ

CBT ¼ �log½ðIbþ IIbÞ=ðIþ IIÞ� ð4Þ

TMBT=CBT ¼ ðMBT� 0:122� 0:187� CBTÞ=0:02 ð5Þ

pHCBT ¼ ð3:33� CBTÞ=0:38 ð6Þ

BIT was calculated according to Hopmans et al. (2004):

BIT ¼ ½ðIþ IIþ IIIÞ=ðIþ IIþ IIIþ IVÞ� ð7Þ

The recent calibration of MBT–CBT proxies by Peterse et al.
(2012) was also applied, but found to afford similar temperature
estimates.

3. Results

3.1. Abundance and distribution of GDGTs above and below TGD

The abundance of iGDGTs and bGDGTs in the SPM varied
seasonally and by location (Table 1). They were in low abundance
in samples from a tributary river or not detected in one of the HR
samples in July, 2009 (Table 1). Overall, the profiles in the SPM
Fig. 3. Ternary diagram indicating composition of major GDGTs in suspended pa
samples along the TGD in the Yangtze River showed a predomi-
nance of bacterial bGDGTs over archaeal iGDGTs in May and July
of 2009, respectively; however, the concentration of archaeal
iGDGTs increased considerably in December (Table 1). This was
also demonstrated from the BIT index, which was > 0.8 in May
and July but < 0.2 in December (Table 1). The concentration of
iGDGTs ranged from 0.1–16.1 ng/l for SPM samples, with relatively
higher values primarily in the winter season (Table 1). Among the
iGDGTs, crenarchaeol accounted for 35.2% on average and GDGT-0
for 39.5%. GDGT-VI, -VII -VIII and –VI0 were detected in most sam-
ples, with much lower concentration in most surface SPM samples
(Supplementary Table 1). On the other hand, total bGDGTs were
present in very low amount in December (average 13.0% of total
GDGTs) when the water flow was low. One exception was M-25
(SPM sample from BAD collected in December, 2009) that had a
bGDGTs abundance of 46.5%. Of all the bGDGTs, GDGT I and GDGT
II were the most abundant (average 29.7% and 35.1%, respectively)
in different seasons, followed by GDGT III (12.0% on average; Sup-
plementary Table 2).

A ternary diagram shows the relative abundance of crenarchae-
ol (IV), GDGT-0 (V), and sum of bGDGTs (I + II + III) (three major
groups; Fig. 3). Overall, crenarchaeol was the dominant individual
iGDGT in December (relative abundance > 62.7% in three major
groups) and was found in relatively small amount in May and July,
varying from 6.5% to 39.5% of the three major GDGTs (Fig. 3).
GDGT-0 in most SPM samples ranged between 9.1% and 26.9% of
the three major groups in May and July, respectively, but slightly
increased to 14.3–31.2% in December (Table 2).

In the soil samples, the bGDGTs were predominant, with a rel-
ative abundance of > 88.8% of the three components; whereas
crenarchaeol and GDGT-0 were below 8.6% and 2.6%, respectively
(Table 2). Total GDGTs from Letianxi Stream were 2.7 ng/l in July
(M-16) and 0.9 ng/l in May (M-7), which was either higher (May)
or lower (July) than those from the main channel of the Yangtze
below the dam (Fig. 2; Table 1).

The GDGTs in the SPM also varied with depth above the dam.
During the flooding season, the bGDGTs in SPM from relatively
deep levels (15 m or 25 m) were more abundant than in SPM from
the near surface (5 m) (Table 1). The total GDGT concentration
along the channel was similar in December and May of 2009, but
GDGTs were in substantially higher amount below the TGD than
above the TGD in July, 2009 (Table 1).

The overall spatial GDGT distribution patterns for various sam-
ples collected in different seasons are shown in Fig. 5 using cluster
rticulate matter and soil collected in May, July and December, respectively.
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analysis. In general, iGDGTs (Fig. 4a) were separated by season
whereas bGDGTs (Fig. 4b) were not. In both cases, however, the soil
samples were distinct from the river samples (Fig. 4a and b).

3.2. Calculation of GDGT-derived proxies above and below TGD

The TEX86 values for SPM samples correlated significantly with
measured river surface temperature (RST) (Figs. 5 and 6a; R2 0.55,
P = 0.00004, n = 27). When grouped by sampling season, TEX86

derived temperature more or less reflected the average river water
temperature measured for that month at different depths (Fig. 5);
the weighted average TEX86 temperature was 16.6 ± 4.1 �C in
December and about 0.5 �C lower than the measured temperature
(17.1 �C), 22.2 ± 2.8 �C in May and about 1.4 �C higher than the
measured temperature (20.8 �C), and 24.8 ± 1.8 �C in July, 2.1 �C
lower than the measured temperature (26.9 �C; Fig. 6d).

The CBT index from water and soil varied between 0.22 and
0.81 and the MBT index between 0.37 and 0.91; the two indices
correlated significantly (R2 0.48, P = 0.017, n = 27; Fig. 6b). When
the MBT/CBT-derived temperature was plotted vs. measured water
temperature, no significant correlation was observed; instead, the
MBT/CBT-calculated monthly average temperature (14.9 ± 1.3 �C
for December, 16.2 ± 1.4 �C for May, 14.6 ± 1.1 �C for July) values
were all closer to the annual mean air temperature (16.9 �C) than
to the monthly mean air temperature in each season (Fig. 6e).

The CBT values for SPM showed a poor correlation with mea-
sured pH (Fig. 6c) and the CBT-calculated pH (7.4–8.0) generally
underestimated the actual pH of the river water in May–July and
overestimated it in December (Fig. 6f). The soil samples had CBT
values ranging from 0.22 to 0.81 (Fig. 6c), which corresponded to
CBT-derived pH of around 6.6–8.2. These values were slightly high-
er than the measured soil pH (6.0; Fig. 6f, Table 1).

4. Discussion

4.1. Factors controlling distribution of iGDGTs in river water

Numerous studies have reported that crenarchaeol in various
settings can originate from a unique group of Thaumarchaeota
(Schouten et al., 2000; Sinninghe Damsté et al., 2000; Pearson
et al., 2004; Powers et al., 2004, 2010; Weijers et al., 2004,
2006b; Zhang et al., 2006; Herfort et al., 2009). It has a higher con-
centration in marine, lacustrine environments and peat bogs than
in soil (Weijers et al., 2006b). Studies have indicated that high
pH is an important factor leading to high iGDGT/bGDGT ratio val-
ues and consequently lower BIT values in soil, with a high abun-
dance of iGDGTs being generally found in an alkaline
environment (Weijers et al., 2006b, 2007b; Lauber et al., 2009;
Huguet et al., 2010; Peterse et al., 2010; Yang et al., 2012).

In this study, the riverine system in different seasons is just be-
low neutral to slightly alkaline, with pH ranging from 6.6 to 8.3, as
compared with the slightly acidic environments (pH 5.9–6.1) for
surface soil along the TGD (Table 1). Hence, it seems likely that
aquatic production of crenarchaeol may not potentially affect pH
values in the TGD. In particular, the BIT value in SPM is significantly
correlated with iGDGT concentrations (R2 0.72, P = 0.000001,
n = 17) but, to a lesser degree, with bGDGT components (R2 0.07,
P = 0.06, n = 17) in the flooding season (May and July). In contrast,
the correlation between BIT values of SPM and bGDGT concentra-
tion increases significantly (R2 0.94, P = 0.006, n = 9) in winter, but
shows relatively low correlation with iGDGTs during winter (R2

0.01, P = 0.18, n = 9). This would indicate that the BIT variation pri-
marily reflects change in riverine crenarchaeol production rather
than soil-derived bGDGT flux in summer, and vice versa. Similar
conclusions have been made in studies of the Congo Fan
(Weijers et al., 2009), African lakes (Tierney et al., 2010) and lower
River Amazon (Kim et al., 2012). In this study, however, the precip-
itation is high in summer (ca. 130 mm in May and ca. 220 mm in
July), which might have enhanced the soil erosion and caused an
important supply of terrestrial GDGTs to the river (Fig. 4a). Besides,
the higher input of groundwater to the Yangtze River water (ca. 20–
30%; Shi et al., 2002; Chen and Saito, 2011) and increasing acceler-
ated anthropogenic activity (Wang et al., 2008; Xu and Milliman,
2009), such as sequestration of upstream sediments by the dams,
stagnation and eutrophication of reservoirs, might also impact the
production of GDGTs. In contrast, the high crenarchaeol concentra-
tion relative to bGDGT pool in December may be derived from Tha-
umarchaeota living in the river or the reservoir above the dam due
to water stagnation (Herfort et al., 2009; Blaga et al., 2011). We
therefore compared the GDGT concentration between a lake (Blaga
et al., 2011) and the TGD area, which did show very similar patterns
in GDGT concentration in the SPM. Concentration of iGDGTs in-
creased with depth, with maximum values in the deeper part of
the water column. This indicated production of iGDGTs by Tha-
umarchaeota in the deep water. However, crenarchaeol from soil
erosion may also contribute to its abundance in the river/reservoir
during winter season, although this contribution might be small.

GDGT-0 is most likely produced by methanogens as well as
Thaumarchaeota (Schouten et al., 2002; Weijers et al., 2006b; Blaga
et al., 2009). A GDGT-0/crenarchaeol ratio between 0.2 and 2 indi-
cates Thaumarchaeota as a source, while a value > 2 indicates a
source from methanogens or other Euryarchaeota (Schouten
et al., 2002; Blaga et al., 2009; Sinninghe Damsté et al., 2009;
Fig. 3). Most of the December samples had an average GDGT-0/
crenarchaeol value < 0.4, indicating that all SPM samples probably
had a primary source of Thaumarchaeota. The ratio in May was,
however, much higher, varying from 1.25 to 1.96 (Fig. 3; Table 2).
The ratio of GDGT-0/crenarchaeol for M-4 (25 m depth) even
increased to 3.15, likely from in situ production of methanogen
biomass or imported soil-derived methanogens just above the
TGD. Other studies have already indicated that methanogens and
other Euryarchaeota and Thaumarchaeota are the most likely
sources for GDGT-0 in lacustrine environments (Sinninghe Damsté
et al., 2002, 2012; Weijers et al., 2006b; Blaga et al., 2009; Pearson
et al., 2011). Our results can thus be explained by mixed soil
derived/aquatic Euryarchaeota for the GDGTs above the dam due
to water stagnation. During the flooding season, the ratio of
GDGT-0/crenarchaeol for SPM collected in July of 2009 primarily
concentrated along the line of GDGT-0/crenarchaeol equal to 2
(Fig. 3). It is possible that this value reflects the contribution of
soil-derived methanogens and other Archaea (Blaga et al., 2009).
One exception is sample M-15 from 15 m, which had a GDGT-0/
crenarchaeol value of 0.52, indicating a substantial input of
Thaumarchaeota relative to those of methanogenic GDGTs in the
mid-depth water, possibly due to re-suspension of oxic sediment
in the shallow river, which contains mainly Thaumarchaeota.
Since a wide range of organisms in the archaeal domain can
biosynthesize GDGT-0 (Schouten et al., 2007), the sources of
GDGT-0 in the surface river water may be more complicated than
described here. No significant increase in GDGT-0 with water
depth was noted in the flooding season, though the relatively high
ratio of GDGT-0/crenarchaeol (> 2) in the middle water occurred
just above the TGD (M-12 and M-13 at HR; Table 2). Intriguingly,
there was also disparity in the ratio of bGDGTs/iGDGTs at different
depths between CR and BCD over the year, with a small difference
below the dam and a large difference emerging after the dam
(Table 1), suggesting intense mixing of the water at deeper depth
at locations above the TGD (Fig. 5). It is thus anticipated that the
bGDGTs/iGDGTs ratio in the TGD area, where the BIT values are
high and terrestrial input is distinct, would reflect the partial, if
not whole, impact of TGD on the composition of the archaeal
population in each season.



Table 2
Relative abundance (% of total) of GDGTs and BIT and GDGT-0/crenarchaeol values for SPM in the Yangtze River and soil along the TGD.

Season Location Point Depth (m) Relative abundancea (%) BIT GDGT-0/crenarchaeol GDGT-2%/(VII/(VI + VII + VIII + Cren0) � 100

GDGT-0 Crenarchaeol bGDGTs

May-2009 HR M-1 5 21.1 10.8 68.2 0.86 1.96 23.80
M-2 25 11.8 7.0 81.2 0.92 1.69 27.01

CR M-3 5 26.9 15.6 57.5 0.79 1.72 25.78
M-4 25 23.7 7.5 68.8 0.90 3.15 28.34

BCD M-5 5 25.3 14.7 60.0 0.80 1.72 30.09
M-6 5 16.2 9.8 74.0 0.88 1.65 28.48

BAD M-7 2.5 18.9 15.1 66.1 0.81 1.25 33.54
M-8 5 22.1 11.5 66.3 0.85 1.92 24.30

July-2009 HR M-9 5 17.8 8.0 74.2 0.90 2.24 30.31
M-10 25 15.1 7.9 77.0 0.91 1.90 30.27

CR M-11 5 16.0 8.6 75.4 0.90 1.86 17.94
M-12 15 20.2 8.7 71.0 0.89 2.32 24.14
M-13 25 21.1 10.1 68.8 0.87 2.08 38.87

BCD M-14 5 16.6 7.4 76.0 0.91 2.26 29.79
M-15 15 20.6 39.5 39.9 0.50 0.52 35.13
M-16 3 9.1 6.5 84.3 0.93 1.39 42.41

BAD M-17 5 17.2 8.9 73.9 0.89 1.94 28.62
M-18 5 19.2 8.0 72.8 0.90 2.40 28.01

December-2009 HR M-19 5 27.4 62.9 9.7 0.13 0.44 25.22
M-20 25 31.2 57.9 10.9 0.16 0.54 22.00

CR M-21 5 23.2 66.9 10.0 0.13 0.35 30.36
M-22 25 24.9 66.5 8.6 0.11 0.37 27.87

BCD M-23 5 20.1 63.7 16.3 0.20 0.31 36.23
M-24 15 21.3 71.6 7.1 0.09 0.30 35.55
M-25 4 14.3 36.5 49.2 0.57 0.39 36.40

BAD M-26 5 21.9 69.3 8.9 0.11 0.32 35.60
M-27 25 22.6 69.2 8.2 0.11 0.33 33.02

June-2010 Above the dam S-1 0.2 3.8 8.1 88.1 0.92 0.47 31.92
BCD S-2 0.2 4.0 8.7 87.3 0.91 0.46 51.95
Close to BCD S-3 0.2 0.0 8.9 91.1 0.91 0.00 0.00

a Sum of GDGT-0, crenarcheol and bGDGTs (I + II + III) is 100%.
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4.2. Factors constraining the distribution of bGDGTs

The bGDGTs I–III were the most abundant components in all
SPM samples in May and July but became less important in Decem-
ber (Fig. 4b; Tables 1 and 2). A high abundance of bGDGTs is gen-
erally found in acidic environments (Weijers et al., 2006b, 2007b;
Lauber et al., 2009; Huguet et al., 2010; Peterse et al., 2010), sug-
gesting the possibility of bGDGT generation from the Acidobacteria
phylum (Weijers et al., 2009; Peterse et al., 2010; Sinninghe
Damsté et al., 2011). Thus the measured pH values (7.1–8.3) in
the Yangtze River may not be favorable for organisms producing
bGDGTs. This implies that bGDGTs in the aquatic environment
are partially soil-derived through runoff, particularly in summer
(May and July). This is supported by a comparatively higher con-
centration of bGDGTs in July (average 4.8 ng/l) or higher ratio of
bGDGTs/iGDGTs in summer (2.6 on average), as well as a higher
BIT index over the flooding season (0.85 in May and 0.86 in July,
respectively; Tables 1 and 2). However, the pronounced maximum
in bGDGTs in the water column, especially in the deeper water dur-
ing the flooding season, may also represent in situ production or
transport by groundwater entering the river. Indeed, studies of sev-
eral lakes have suggested that the in situ production of bGDGTs is
probable (Sinninghe Damsté et al., 2009, 2012; Blaga et al., 2010;
Zink et al., 2010; Sun et al., 2011; Kim et al., 2012). In addition,
ca. 20–30% of annual water inflow to the river is groundwater
(Yao et al., 2007; Zhu et al., 2011) and percolates through well-
developed soils of the upper montane forest. Further information
on the provenance of the bGDGTs in the river can be obtained by
comparing their distributions, as expressed by MBT and CBT. A
cross plot of these two parameters (Fig. 6b) shows wide variation
in the bGDGT composition of the soil. In comparison, the distribu-
tion of bGDGTs in particles setting through the year is relatively
uniform, with MBT values ranging from 0.4 to 0.6 and CBT between
0.3 and 0.5. These results suggest that it is unlikely that rainfall lea-
ched significant amounts of bGDGTs from soils and transported
them to the river, in agreement with studies of the River Amazon
(Bendle et al., 2010; Kim et al., 2012).

Our water column data also revealed that both the bGDGT distri-
bution and ratio of bGDGTs/iGDGTs in December were substantially
lower than those in summer, with bGDGT input only accounting for
18% of iGDGTs (Table 1). One viable explanation for this decreased
bGDGT concentration relative to increased iGDGT source might be
the aquatic production in the riverine system.

The exact soil source of river bGDGTs at the TGD is unknown;
the majority are likely from upstream of the river. The major trib-
utaries at the TGD might also contribute to the bGDGT pool at the
dam; however, because the Letianxi Stream is a very small tribu-
tary (contributing <10% of water flow to the main Yangtze chan-
nel), its impact on the main stream GDGTs may be small.

4.3. TEX86 palaeothermometry

Studies have indicated that TEX86 palaeothermometry is only
applicable if the source of the GDGTs is Thaumarchaeota and the
BIT index is < 0.4 (Schouten et al., 2002; Pancost and Sinninghe
Damsté, 2003; Weijers et al., 2006b; Blaga et al., 2009; Powers
et al., 2010). In this study, even though the BIT had a wide range
from 0.09 to 0.93, the overall TEX86 derived temperature reflected
the in situ river temperature (Table 1). Although the TGD area is
dominated by a subtropical monsoon climate with an annual aver-
age precipitation of 1200 mm (Chen et al., 2001; Jiang, 2007), the
ratio of bGDGTs to iGDGTs (and the BIT value) for three soil sam-
ples changed little (ranging from 4.99 to 5.04; Table 1). However,
variation in this ratio in the water column seems dependent on



Fig. 4. Cluster analysis showing temporal–spatial distribution of iGDGTs (a) and
bGDGTs (b).
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the seasonal settings (average 2.2, 3.0 and 0.18 in May, July and
December, respectively), suggesting an overall higher soil-derived
contribution of iGDGTs (52%) in summer and extremely lower con-
tribution (4%) in winter.

Although individual data are scattered and deviate from surface
temperature, TEX86 derived temperatures overall reflect the aver-
age river water temperature measured for that month (Fig. 6d).
One way of judging whether GDGT distributions are suitable for
TEX86 palaeothermometry involves examination of GDGT-0/cren-
archaeol (Blaga et al., 2009) and GDGT-2% values ([VII/
(VI + VII + VIII + Cren0) � 100]; Sinninghe Damsté et al., 2012),
based on the fact that for enrichment cultures of Thaumarchaeota
the two ratios are always < 2% and < 45%, respectively (Blaga
et al., 2009; Sinninghe Damsté et al., 2012). In this study, GDGT-
0/crenarchaeol and GDGT-2% for most SPM and soils had average
values of 1.3 and 29.8, respectively, consistent with their dominant
source being the pelagic Thaumarchaeota (Table 2). It is thus rea-
sonable to argue that TEX86 values for most samples are suitable
for TXE86 palaeothermometry in this riverine system near the TGD.

Given the analytical uncertainty in RST (4.1 �C), our recon-
structed RST values do not deviate from measured actual river tem-
perature values (average < 2.1 �C and almost within the calibration
error), implying the robustness of the TEX86 RST in TGD and poten-
tially in similar environments. Besides, our results are in good agree-
ment with observations for low latitude lakes (Powers et al., 2005;
Sinninghe Damsté et al., 2012) and the North Sea (Wuchter et al.,
2005, 2006). Therefore, the fidelity of TEX86 values in the river water
at the TGD may not be limited to a BIT index of < 0.4 (Fig. 6d); how-
ever, it needs to be verified as to whether or not this applies to other
freshwater systems similar to the Yangtze River.

Our results, together with those from other studies (Weijers
et al., 2006b; Blaga et al., 2009; Kim et al., 2010; Yang et al.,
2012), show that in some of the SPM samples GDGTs were synthe-
sized by Thaumarchaeota, which allowed for TEX86 temperature
reconstruction in the freshwater system. The large scatter for the
SPM samples using the TEX86 calibration requires detailed investi-
gation of the ecology of Thaumarchaeota in such a large river to fur-
ther understand how seasonal climatic change and water depth
affect the relative abundance of the GDGTs in such a river system.

4.4. Estimation of air temperature and soil pH using bGDGTs

Weijers et al. (2007a) used the soil-based MBT/CBT calibration to
successfully construct mean annual air temperature (MAAT) and
soil pH [Eqs. (5) and (6), respectively]. The average CBT/MBT-
derived temperature for the bGDGTs in the SPM (15.2 ± 0.7 �C) is
close to the MAAT (16.9 �C) in the sampling region, highlighting
the potential of MBT/CBT proxies for annual average temperature
in a big river system. In addition, the high sedimentation rate
(Yao et al., 2007) also enabled the MBT/CBT-calculated temperature
to offer a more accurate estimating of the local signal.

The MBT/CBT derived MAAT estimates based on the bGDGT dis-
tributions in the soil samples varied between 25.7 and 32.9 �C
(Table 1); the upper values are close to the measured in situ sur-
face soil temperature in June (Table 1). It is unclear whether or
not this indicates a response of soil bGDGTs to seasonal tempera-
ture variation. Weijers et al. (2011) observed no seasonal temper-
ature effect on bGDGTs for mid-latitude soils. More soil samples
need to be collected in different seasons to verify whether or not
this is the case in the Yangtze River drainage basin.

The CBT pH index for SPM likely represents the catchment con-
dition rather than the local signal. This is because of partial allo-
chthonous terrestrial input of soil-derived GDGTs that may be
enhanced by the intensive anthropogenic activity, high precipita-
tion and large groundwater influx (as shown in higher BIT values,
especially in summer season). Subsequently, our study results in



Fig. 5. Spatial variation in compounds, showing distribution of TEX86 derived temperature for samples in the TGD area at different depths: (a) < 5 m; (b) 15 or 25 m.

Fig. 6. Biplots showing variation in TEX86, MBT or CBT as a function of measured water temperature (a) and pH (c), and correlation between MBT–CBT values (b), TEX86-
derived temperature and measured water temperature (d), CBT/MBT-derived temperature and measured soil temperature (e) and CBT-derived pH and measured pH (f). The
diagonal lines in d, e, and f are the 1:1 ratio line.
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an average pH of 7.7 ± 0.6 in SPM, almost identical to the measured
pH (7.7 on average). We speculate that the variation in soil erosion
and riverine compound reactivity with season might slightly
underestimate/overestimate the actual pH of the river water in
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summer/winter. However, our CBT-reconstructed pH value for soil
samples shows a large variation ranging from 6.6 to 8.2 and is
slightly higher than the measured soil pH (6.0; Fig. 6f, Table 1),
likely suggesting in situ production of branched GDGTs along the
flanks of the Yangtze River. In such settings, a local calibration is
necessary and the ecological niches of bacteria producing bGDGTs
along the TGD from the Yangtze River need to be clearly defined
before definitive conclusions can be made. We also know little
about the reservoir effect near the TGD, which may alter the terres-
trial input to the water from season to season.

The results between MBT/CBT-derived temperature and CBT de-
rived pH suggest that the sources of bGDGTs in the river water are
complicated and might not be solely derived from local soil runoff.
Further investigations are necessary to study how changes in the
distribution of bGDGTs respond to environmental variations in
such systems.

5. Conclusions

Our study shows that iGDGTs derived from Thaumarchaeota are
abundant near the TGD in the Yangtze River. Despite being inte-
grated over a large segment of the Yangtze, the TEX86 proxy ap-
pears to reflect the local river water temperature in different
seasons of the year. However, changes in precipitation, soil runoff
and the extent of stagnation of water above the TGD may be the
reason for the wide variation in TEX86 values. The consistency be-
tween average CBT/MBT derived temperature for the SPM
(15.2 ± 0.7 �C) and the annual mean air temperature (16.9 �C) led
to the conclusion that the MBT/CBT indices for the SPM samples
likely reflect the annual average air temperature instead of sea-
sonal variation. The results expand the application of MBT/CBT
and TEX86 proxies for climate studies of riverine systems.
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