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Abstract  Archaea play an important role in global carbon and nitrogen cycles. Archaeal lipids, such as isoprenoid glycerol 
diakyl glycerol tetraethers (iGDGTs), are important biomarkers tracing change in archaeal community structure and biogeo-
chemical processes in the natural environments. In this research, the spatial distributions of archaeal lipids in the surface sedi-
ments of the Jiulong River (JR) and the Jiulong River estuary (JRE) were examined. GDGT-0 (containing zero cyclopentyl 
ring) and crenarchaeol were the most abundant iGDGTs in the JR and JRE. From the rivers to the estuary, the total iGDGTs, 
GDGT-0, crenarchaeol and archaeol concentrations showed significant spatial variation; in particular, GDGT-0 and archaeol in 
the river may be predominantly derived in situ from methanogens, whereas crenarchaeol in the estuary mainly derived in situ 
from Thaumarchaeota. We inferred that archaeal community was dominated by methanogens in the Jiulong River and by 
Thaumarchaeota in the Jiulong River estuary, which are consistent with change in archaeal community structure observed in 
other estuarine environments. 
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1.  Introduction  

Archaea are ubiquitous in the natural environments and play 
an important role in the microbial food web and carbon cy-
cle (Schleper et al., 2005; Fuhrman, 2009). Isoprenoid gly-     
cerol dialkyl glycerol tetraethers (iGDGTs) are major mem-
brane lipids of archaea, including a series of compounds 
with zero to four cyclopentyl moieties (Figure 1) (Schouten 
et al., 2002), which have been detected in a wide range of 
environments (Schouten et al., 2013). Isoprenoid GDGTs 
consist of polar iGDGTs (P-iGDGTs) and core iGDGTs 

(C-iGDGTs). P-iGDGTs are decorated with polar head 
groups such as sugars, phosphates or a mixture of both 
(Koga et al., 1993; Sturt et al., 2004; Koga and Morii, 2005; 
Rossel et al., 2008; Schouten et al., 2008; Strapoc et al., 
2008) and can be used to estimate the living archaeal bio-
mass (Petschet al., 2001; Biddle et al., 2006; Lipp et al., 
2008). C-iGDGTs are derived from P-iGDGTs by degrada-
tion and reflect fossil lipids in the environments (Kuypers et 
al., 2001).  

In contrast to iGDGTs, branched GDGTs (bGDGTs) 
have a bacterial origin and are mainly produced by yet un-
known bacteria thriving in soil and peat, possibly belonging 
to the group of Acidobacteria (Hopmans et al., 2004; Sin-
ninghe Damsté et al., 2011). However, bGDGTs have been  



2 Li X Y, et al.   Sci China Earth Sci   January (2016) Vol.59 No.? 

 

Figure 1  The structures of isoprenoid, branched GDGTs and archaeol. 

detected in marine and lake sediments (Sinninghe Damsté et 
al., 2000; Schouten et al., 2000; Hopmans et al., 2004; 
Weijers et al., 2006a; Peterse et al., 2009; Tierney and Rus-
sell, 2009), hot springs (Zhang et al., 2013; Hedlund et al., 
2014; Li et al., 2013) and other aquatic environments 
(Zhang et al., 2012; Liu et al, 2014). Branched GDGTs in 
natural settings usually consist of a complex series of ana-
logues with four to six methyl groups and up to two cyclo-
pentane rings (Weijers et al., 2006b, 2007). Additionally, 
bGDGTs with 6, 13, 16-trimethyloctacosanyl moieties are 
recently identified using established ultra-HPLC protocols 
as described by De Jonge et al. (2013). 

GDGTs have been used to develop a variety of proxies to 
trace environmental changes. For example, TEX86 (tetrae-
ther index of 86 carbon atoms) can be used to reconstruct 
sea surface temperature (Schouten et al., 2002). The bGDGTs 
based MBT/CBT indices (methylation index of branched 
tetraether/cyclization ratio of branched tetraether) are used 
for soil pH and mean annual air temperature (Peterse et al., 
2012; Weijers et al., 2007). BIT (branched and isoprenoid 
tetraethers) is used to estimate contribution of soil organic 
matter to the aquatic systems (Sinninghe Damsté et al., 
2000; Hopmans et al., 2004). MI (methane index) is used to 
estimate the contribution of methane-oxidizing euryarchaea 
to the iGDGTs pool in marine sediments (Zhang et al., 
2011). Recently, a thaumarchaeotal index (TI) is developed 
as a new soil pH proxy that is significantly correlated with 

pH in subtropical and other types of soils (Xie et al., 2015). 
Rivers can bring large terrestrial inputs to the ocean 

through estuaries that are complex ecological systems 
where high primary productivity occurs and land-ocean 
interactions are intense. Thus, a comprehensive understand-
ing of the sources, transport and degradability of GDGTs is 
crucial for properly interpreting their sedimentary records in 
marginal seas. To date, most of research on GDGTs and 
GDGT-based proxies in the natural environments have fo-
cused mainly on marine, lacustrine, soil and geothermal 
systems (Weijers et al., 2006a; Zhang et al., 2006; Kim et 
al., 2008; Blaga et al., 2011; Jia et al., 2012; Schouten et al., 
2012; Li et al., 2013). Recently, studies of GDGTs and 
GDGT-based proxies have expanded into river-dominated 
continental margins, including the Amazon River (Kim et 
al., 2012; Zell et al., 2013), Yangtze River (Zhu et al., 2011; 
Yang et al., 2013), Mississippi River (Smith et al., 2012), 
Yellow River (Wu et al., 2014) and Pearl River (Wang et al., 
2015a, 2015b), which have identified multiple sources of 
GDGTs and complex processes in river and estuary systems. 
However, the sources of archaeal lipids and their indication 
functions for archaeal community in river-dominated conti-
nental margins are still unclear.  

In this study, we aim to obtain a comprehensive under-
standing of the spatial distributions and compositions of 
archaeal lipids (iGDGTs and archaeol) in the surface sedi-
ments from the lower Jiulong River (JR) to Jiulong River 
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Estuary (JRE). Our main objectives are: (1) to examine the 
spatial variation of archaeal lipids in the JR and the JRE and 
(2) to constrain the sources of archaeal lipids (iGDGTs and 
archaeol) in the JR and the JRE. The results show that the 
archaeal lipid concentrations showed the spatial variations 
from the JR to the JRE, with GDGT-0 being predominantly 
derived in situ from methanogens in the former and crenar-
chaeol from Thaumarchaeota in the latter. 

2.  Material and methods 

2.1  Study area 

The Jiulong River is the second longest river of the Fujian 
Province, which is situated in a subtropical monsoon zone 
in the southeastern part of China (Figure 2). The watershed 
area is 14741 km2 with two major prongs (North River, NR 
and West River, WR) (Chen et al., 2007), and the popula-
tion is more than 8 million. Annual discharges of NR and 
WR are 8.2 and 3.7 billion m3, respectively. JR is important 
source water for drinking and agricultural and industrial 
uses in the southern part of the Fujian Province. Rapid eco-
nomic development in this area has brought significant an-
thropogenic impact along the JR, which may have altered 
the biogeochemical processes and ecological functions in it 
and its estuary.   

2.2  Field sampling and environmental variable analysis 

A total of 26 sampling stations were selected along NR (N1,  

N2, N3, N4, N5, N9, N11, N15), WR (W1, W3, W5, W7, 
W8, W11, W12, W14) and the estuary (ES) (A3, A4, A5, 
A6, A7, A8, W, JY0, JY1, JY3) (Figure 2).  

Sampling was carried out in January 2013 (winter) in the 
dry season and June 2013 (summer) in the wet season. The 
temperature range for the surface water was 14.3–18.0°C in 
the dry season, and 21.8–28.4°C in the wet season. At each 
station, the surface sediment samples (top ca. 10 cm) were 
collected. The 16 soil samples were simultaneously collect-
ed off the river bank (with each sample corresponding to the 
station closest to it) of two tributaries (NR and WR). The 
soil and sediment samples were frozen immediately on dry 
ice and stored at 80°C in the laboratory until further analy-
sis. Water column salinity was measured in situ using an 
YSI instrument (YSI 650 MDS, YSI Incorporated Inc., 
USA).   

All the samples were dried in a freeze-drier (Labconco, 
Kansas City, MO, USA) in the laboratory, homogenized 
with a mortar and pestle. For measuring pH, the samples 
were pulverized and prepared for each as slurry by adding 
ultrapure water to the sample powder in a ratio of 1:2.5   
(g mL1). The pH of the slurry was determined in the upper 
solution using a pH meter (Mettler Toledo, USA, measure-
ment error=±0.01) after homogenization of the slurry and 
settling of particles to the bottom of the container. For 
measuring mean grain size, approximately 0.15 g of dry  
samples was pretreated with 30% H2O2 and 25% acetic acid. 
NaOH was used under boiling conditions to remove bio-
genic silicate. Then the residues were dispersed with (Na-
PO3)6. The grain size distribution was determined using a  

 

Figure 2  Sampling stations for the surface sediments in the Jiulong River-Estuary. NR: North River tributary, WR: West River tributary, ES: estuary. The 
soil sampling locations were off river bank and close to the corresponding sediment sampling stations on the bank (Hu et al., 2014). 
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laser diffraction size analyzer (Beckman Co., USA), which 
had a reproducibility of better than ±1% for the median di-
ameter. Using the Igor pro software, the distribution of 
grain size was separated into several peaks by curve fitting 
to determine the clay and silt. Total organic carbon (TOC) 
and total organic nitrogen (TON) were analyzed using a 
Vario Max CNS analyzer (Elementar, Hanau, Germany). 
The concentrations of nutrients were determined using 
Lachat QC8500 Flow Injection Auto-analyzer (Lachat In-
struments, Loveland, CO, USA) as described elsewhere (Hu 
et al., 2014). 

2.3  Lipid extraction and fractionation 

After freeze-drying and grinding, about 5 g of each sample 
was used for lipid extraction using a modified Bligh & Dyer 
protocol. In brief, samples were ultrasonically extracted 4 
times with the mixture of methanol (MeOH)/dichlorome-     
thane (DCM)/0.1 M, pH 7.4 phosphate buffer (PB) 2:1:0.8 
(v/v) for 15 min. After centrifugation, the supernatants were 
combined and adjusted to a solvent ratio of DCM/MeOH/ 
PB 1:1:0.9 (v/v). The DCM layer was collected and the 
remaining liquid was extracted twice with DCM. The com-
bined DCM layer was then evaporated to dryness under a 
nitrogen stream at room temperature, re-dissolved in a small 
amount of n-Hexane/Ethyl acetate (1:1, v/v), and separated 
into core lipids and polar lipids by sequential elution of the 
total lipids through an activated silica column using n- 
Hexane/Ethyl acetate (1:1, v/v) and MeOH, respectively. 
Core lipids and half of the polar lipids were condensed, 
dissolved in n-hexane/isopropanol (99:1, v/v), and filtered 
through a 0.45 m PTFE filter prior to analysis. The other 
half of the polar fraction was hydrolyzed (3 h, 70°C) in 
MeOH/HCl (95:5, v/v). DCM and MilliQ water were added 
to the ratio of 1:1:0.9 (MeOH:DCM:MilliQ water ) and 
the DCM fraction was collected (3×each). The DCM frac-
tion was washed (3×each) with MilliQ water in order to 
remove acid, and dried under N2. The hydrolyzed fraction 
was also re-dissolved in n-hexane/isopropanol (99:1, v/v) 
and filtered through 0.45 m PTFE filters prior to analysis 
on the LC-MS.  

2.4  Quantification of GDGTs 

The ether lipids were analyzed on an Agilent 1200 liquid 
chromatography coupled to QQQ 6460 mass spectrometry 
using a procedure modified from Hopmans et al. (2004). 
The LC-MS was equipped with an atmospheric pressure 
chemical ionization (APCI) ion source and automatic injector. 
Separation of peaks was achieved using a Prevail Cyano 
column (2.1 mm×150 mm, 3 m; Alltech Deerifled, IL, USA) 
maintained at a temperature of 40°C. Injection volume was 
5 L. The lipids were first eluted with (A) n-hexane and (B) 
isopropanol as 99% A and 1% B for 5 min, then in 45 min 

followed by a linear gradient to 1.8% B. The flow rate was 
0.2 mL min1. After each analysis the column was cleaned 
by back flushing with hexane/isopropanol (90:10, v/v) at 
0.2 mL min1 for 10 min. 

MS conditions were as follows: nebulizer pressure 60 psi, 
vaporizer temperature 400°C, drying gas (N2) flow 5 L 
min1 and temperature 200°C, capillary voltage 3.5 kV, 
corona 5 mA (3.2 kV). The detection limit was 0.8 pg. Sin-
gle ion monitoring (SIM) mode was used to detect seven 
iGDGTs (m/z 1302, 1300, 1298, 1296, 1294, 1292 and 
1292’), seven bGDGTs (1050, 1036, 1034, 1032, 1022, 
1020, 1018) and archaeol (m/z 653), and the C46 GDGT 
internal standard (m/z 744), with a dwell time of 237 ms per 
ion (Ge et al., 2013). A known amount of an internal C46 
standard (7.458 ng L1, 15 L) was added before analysis 
and semi-quantitative was achieved by comparison of peak 
area of compounds to internal standard. 

2.5  Calculation of GDGT proxies 

The following formulas were used for calculation of the 
BIT (Hopmans et al., 2004) indices:  

 BIT=(I+II+III)/(I+II+III+crenarchaeol)  (1) 

The structures of iGDGTs and archaeol are shown in 
Figure 1. 

2.6  Statistical analysis 

Pearson correlation and P values of regression models were 
calculated in Statistics 16.0 (SPSS, Chicago, IL, USA) to 
identify correlative relationships between GDGT-0 and ar-
chaeol, crenarchaeol for core and polar fractions, and be-
tween core and polar total iGDGTs, GDGT-0, archaeol, 
crenarchaeol. A significant correlation was identified when 
the P value was <0.05. 

Cluster analysis was performed on core iGDGTs and 
hydrolysis-derived polar iGDGTs from the soil and sed-
iment samples using the base program in Origin Pro 
v8.0.  

3.  Results  

3.1  Physical and chemical properties of the sediments 

The surface sediment samples of the JR (freshwater) were 
divided into two groups: NR (North River) and WR (West 
River), and those of the JRE into four groups based on sa-
linity (Table 1). 

The sediments of the JR and JRE consisted mostly of silt 
and clay with clay being predominant in the JRE, suggest-
ing settlement of finer particles in the estuary. The pH of the 
sediment samples in the JR and JRE averaged 7.26–7.62 in 
January and relatively lower (6.92–6.96) in June. The con-
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centrations of NH4
+, NO3

 and PO4
3 fluctuated substantially 

among stations in the JR and kept relatively constant in the 
JRE. Overall, the nutrients were higher in the JR than in the 
JRE. Moreover, NH4

+ showed clear decreasing trend with 
the increasing salinity, demonstrating perhaps microbial con-
sumption of ammonia in the estuarine environment. Another 
possible explanation was that the anthropogenic impact was 
decreasing towards the estuary. The spatial distributions of 
TOC and TON were similar to those of NH4

+, NO3
 and PO4

3, 
which are consistent with fluvial transportation of organic 
matter to the estuary (Table 1).  

3.2  Archaeal lipids in soils and sediments  

For better comparison, the concentrations of archaeal  

lipids were averaged by those in January (winter) in the 
dry season and June (summer) in the wet season. 

Seven isoprenoid GDGTs and the diether archaeol 
(Figure 1) were detected in all the soil and sediment sam-
ples, with GDGT-0 and crenarchaeol being most abundant 
in all environments; furthermore, GDGT-0 was more 
abundant in the river and crenarchaeol seemed more 
abundant in the estuary, respectively. The fractional 
abundance of P-iGDGT remained more consistent in the 
soil, river and estuary, with GDGT-0 being significantly 
more abundant than other fractions. The fractions 
GDGTs-1 and -2, and cren’ tended to be more abundant 
in the polar fraction than in the core fraction; however, 
cren’ was extremely low in the estuary (Figure 3).  

Table 1  Summary of physical and chemical parameters in the sediments in the North River (NR) and West River (WR) tributaries and the estuary (ES1, 
ES2, ES3, ES4) for January and June of 2013 

 January June 

 NR WR ES1 ES2 ES3 ES4 NR WR ES1 ES2 ES3 ES4 

pH 7.46 7.06 7.70 7.46 7.15 8.16 7.23 6.60 7.29 6.53 6.48 7.52 

Salinity (‰) 0.18 0.19 0.47 11.00 13.29 26.85 0.10 0.07 0.08 5.10 13.63 23.34 

Silt (%) 27.48 25.13 38.46 51.34 36.04 45.87 23.60 25.34 12.93 13.34 19.54 29.36 

Clay (%) 0.42 0.06 0.38 2.26 0.08 1.62 0.08 0.07 0.07 0 0.07 0.11 

Mean grain size () 121.54 144.04 83.12 58.58 92.31 78.78 161.80 145.59 236.97 161.71 166.85 124.71 

TON (%) 0.10 0.10 0.12 0.11 0.12 0.10 0.10 0.07 0.01 0.14 0.01 0.08 

TOC (%) 1.28 0.90 1.06 1.12 1.12 1.07 1.05 1.32 0.02 1.14 0.30 0.93 

OC/ON 13.31 8.14 9.20 9.79 9.63 11.02 10.88 18.54 1.51 8.37 22.07 11.76 

NH4
+ (mg kg1) 37.00 46.03 62.33 47.30 37.20 15.01 26.92 31.09 55.78 76.20 35.70 49.90 

NO3
 (mg kg1) 21.24 2.57 1.70 1.55 1.36 1.83 2.85 0.67 1.04 3.11 1.08 0.48 

NO2
 (mg kg1) 0 0 0.03 0 0 0.45 0 0 0.28 0 0 0 

PO4
3 (mg kg1) 1.79 0.91 1.63 1.69 1.55 1.29 2.28 1.56 1.29 1.37 1.19 2.10 

 

 
Figure 3  The proportional concentrations of core and polar iGDGTs in the sediments from the North River (NR) and West River (WR) tributaries and the 
estuary, and soils along the North River and West River tributaries.  
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The absolute concentrations of iGDGTs and archaeol in 
sediments varied among the 26 stations (Figure 4). Rela-
tively high concentrations of GDGT-0 and archaeol as well 
as total iGDGTs in the JR occurred near cities (N1, N5, N9, 
W5, W8, W12), which may suggest enhanced growth of 
anaerobic archaea (such as methanogens) from municipal 
effluent. Crenarchaeol, on the other hand, remained lower in 
the JR than in the JRE (Figure 4). On the whole, the con-
centrations of total iGDGTs, GDGT-0, crenarchaeol and 
archaeol were lower in the soils than in the sediments from 
the rivers and estuary. The highest archaeol occurred in  
the rivers and the highest crenarchaeol in the estuary  
(Figure 5). 

The ratio of PL/(PL+CL) was higher than 50% for 
GDGT-0 and archaeol in most sediments from the NR and 
WR; in the estuary, this ratio was also higher than 50% for 
archaeol at four zones, but was always lower than 50% for 
GDGT-0. Furthermore, the ratio of PL/(PL+CL) for GDGT-0 

decreased from the river to the estuary gradually. The ratio 
of PL/(PL+CL) for crenarchaeol was lower than 50% and 
showed similar decreasing trend to that for GDGT-0 along 
the salinity gradient (Figure 6).  

Based on the cluster analysis, the samples showed 
overall separation between the river and the estuary with 
soil samples being randomly grouped within either the 
river or the estuary; some of the samples from the rivers 
were grouped within the estuary and vice versa (Figure 
7). GDGT-0, crenarchaeol and total iGDGTs each corre-
lated significantly between core and polar fractions in the 
river, but not in the estuary (Table 2).   

3.3  GDGT-based proxies 

BIT decreased from river to estuarine sediments (Figure S1). 
For BIT index, the values ranged from 0.13 to 0.96 for 
C-GDGTs and from 0.20 to 0.90 for P-GDGTs with lower  

 

Figure 4  The concentrations of core and polar total iGDGTs, GDGT-0, crenarchaeol and archaeol in the sediments from the sampling stations in the North 
River (NR) and West River (WR) tributaries and estuary.  
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Figure 5  The average concentrations of core and polar total iGDGTs, GDGT-0, crenarchaeol and archaeol in the samples from the soils (NR-S, WR-S), 
rivers (NR, WR) and estuary (ES). 

values occurring in the estuary.  

4.  Discussion  

4.1  Spatial distribution and sources of archaeal lipids 
in the JR and JRE 

The archaeal membrane lipids, including seven iGDGTs 
fractions and one diether fraction (Figure 1), can serve as 
indicators for the archaeal community (Schouten et al., 
2013). However, limited information is available regarding 
the mobilization and transfer of archaeal lipids from fluvial 

environments to the ocean, and the processes acting upon 
these components during transport (Peterse et al., 2015).  

A large amount of particulate matter are discharged from 
the JR to the JRE, which settle down rapidly along the estu-
arine salinity gradient (Zhang et al., 1997). In this study, we 
found the same archaeal lipid fractions (seven iGDGTs 
fractions and archaeol) that have different concentrations in 
the soil, river and estuary, which suggested that these ar-
chaeal lipids in the JRE might be influenced by the alloch-
thonous inputs from the JR. Zhu et al. (2011) and Wu et al. 
(2014) have investigated the source and distribution of 
iGDGTs in the Yangtze River shelf and the Yellow River-  
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Figure 6  The average ratios of PL vs (PL+CL) for total iGDGTs, GDGT-0, crenarchaeol and archaeol in the sediments from the rivers (NR, WR) and 
estuary (ES1, ES2, ES3, ES4).  

Table 2  Pearson ranking correlation coefficients between core and polar GDGT-0, crenarchaeol, archaeol and total iGDGTs abundance from the soils, 
rivers and estuarya) 

 CL-PL 

 GDGT-0 Crenarchaeol Archaeol Total iGDGTs 

Soil R2=0.924 P<0.01 R2=0.383 P<0.01 R2=0.658 P<0.01 R2=0.837 P<0.01 

River R2=0.830 P<0.01 R2=0.661 P<0.01 R2=0.423 P<0.01 R2=0.821 P<0.01 

Estuary R2=0.164 P=0.077 R2=0.498 P<0.01 R2=0.454 P=0.01 R2=0.193 P=0.053 

a) n=30, 32 and 20 for soil, river and estuary, respectively.   

dominated continental margin, respectively, and found that 
the contributions of terrestrial iGDGTs transport from the 
soil and river to the estuary were significant and decreased 
toward the sea. In the JR and JRE, GDGT-0 and crenar-

chaeol (Figure 3) were the two most abundant iGDGTs, re-
spectively, which is consistent with the previous studies 
(Zhu et al., 2011; Wu et al., 2014; Wang et al., 2015).  

From the river to the estuary, the concentrations of total 
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iGDGTs, GDGT-0, crenarchaeol and archaeol showed sig-
nificantly spatial variation. In general, crenarchaeol was 
more abundant in the JRE, whereas total iGDGTs and 
GDGT-0 were more abundant in the JR (Figure 5). Spatial 
variation in GDGT abundance has also been reported in the 
Yangtze River shelf (Zhu et al., 2011) and the Yellow River 
estuary (Wu et al., 2014), where the total iGDGTs, GDGT-0 
and crenarchaeol abundance increased from river to sea. 
Furthermore, archaeol was more abundant in the JR than in 
the JRE (t=2.628, P<0.05), which is in line with the dis-
tribution of GDGT-0. The acyclic GDGT-0 is a common 
archaeal membrane lipid, and its biological sources include 
Thaumarchaeota and methanogens, the latter also being the 
source of archaeol (Koga et al., 1993; Pancost et al., 2001); 
in contrast, crenarchaeol is thought to be specific to Thau-
marchaeota (Sinninghe Damsté et al., 2002).  

From the cluster analysis (Figure 7), the samples from 
the soil, JR and JRE were not divided into three groups 
clearly, with some of them being mixed together. The 
result indicated that the distributions of archaeal lipids in 
the estuary were at least partially influenced by the al-
lochthonous sources of the river and soil, which was 
supported by the BIT values (Figure S1). Archaeal lipids 
in the river may be influenced by the inputs of the soil. 
But the inputs of GDGT-0, crenarchaeol and archaeol 
into the rivers and estuary may be different. For example, 
significant correlation in crenarchaeol exists between 
core and polar fractions in river and estuary but not in the 
soil, which suggests that crenarchaeol is formed in situ in 
the river and estuary, rather than being derived from soil 
contamination. Comparison between the soil, river and 
estuary further indicated that GDGT-0 and archaeol in 
the river were primarily derived from in situ production 

by methanogens, whereas crenarchaeol in the estuary is 
mainly derived in situ from Thaumarchaeota.   

In the JR and JRE, the total iGDGTs, GDGT-0, crenar-
chaeol and archaeol concentrations seemed to be independ-
ent of the physical and chemical settings (Table 1) and did 
not show clear gradient along the estuarine salinity profile. 
Hu et al. (2015) investigated the planktonic and benthic 
archaeal community structure in the JRE and found that 
salinity was the main factor structuring the JRE planktonic 
but not benthic archaeal community. In contrast, Xie et al. 
(2014) found that the salinity had a significant impact on the 
archaeal compositional distribution in sediments from the 
Pearl River estuary. Wu et al. (2014) also found that salinity 
had a significant impact on the iGDGTs distribution in 
sediments from the Yellow River estuary. In this study, sa-
linity was not the dominant factor controlling the distribu-
tions of sediment archaeal lipids, which is consistent with 
the observation of benthic archaeal composition in Hu et al. 
(2015). 

The relative abundances of core lipids were higher in the 
JRE than in the JR (Figure 5), which is consistent with ob-
servations in the Pearl River (Wang et al., 2015). Peterse et 
al. (2015) carried out a laboratory experiment on the be-
havior of soil-derived core and intact polar GDGTs in 
aquatic environments, and found that the proportional de-
crease of polar iGDGTs with time was a result of accumula-
tion of core iGDGTs in the overall iGDGTs pool. On the 
other hand, organic matter is often strongly degraded in the 
estuary when it is transported by rivers (Zhu et al., 2011). 
Therefore, we attribute the high relative abundance of core 
lipids to the enhanced accumulation of core lipids in the 
JRE. These core lipids were likely from the fluvial inputs 
and perhaps the byproducts of polar lipids degraded during 
river transportation. 

 
Figure 7  The cluster analysis based on the relative abundance of C-iGDGTs (a) and P-iGDGTs (b) in the samples from the soils, rivers and estuary.  
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Table 3  Summary of Pearson ranking correlation coefficients between GDGT-0 and archaeol and crenarchaeol abundance for core and polar fractions from 
the soils, rivers and estuary a) 

 GDGT-0—Archaeol (ng g1) GDGT-0—Crenarchaeol (ng g1) 

 Core Polar Core Polar 

Soil R2=0.925 P<0.01 R2=0.696 P<0.01 R2=0.106 P=0.079 R2=0.027 P=0.388 

River R2=0.570 P<0.01 R2=0.506 P<0.01 R2=0.274 P=0.002 R2=0.131 P=0.041 

Estuary R2=0.142 P=0.101 R2=0.843 P<0.01 R2=0.697 P<0.01 R2=0.366 P=0.005 

a) n=30, 32 and 20 for soil, river and estuary, respectively.  

Crenarchaeol, in particular, was higher in relative abun-
dance in the core fraction than in the polar fraction (Figure 
6), especially in the estuary, which was in accordance with 
the study in the Pearl River (Wang et al., 2015). Previous 
studies have indicated that the type of head group and the 
bond through which it is attached to a core lipid may influ-
ence the rate of degradation, and phospholipid is more sen-
sitive to degradation than glycolipid (Harvey et al., 1986; 
White et al., 1979). However, Logemann et al. (2011) re-
cently showed that the bond type within the CL, rather than 
the type of head group and its connection to the CL, deter-
mines IPL sensitivity to degradation. The low ratio of 
PL/(PL+CL) of crenarchaeol in the JR may be due to its 
greater susceptibility to degradation (Peterse et al., 2015), or 
the fluvial inputs of the core crenarchaeol in the JRE, or 
both. 

4.2  Change in archaeal community structure inferred 
from archaeal lipid composition 

In the JR and JRE, GDGT-0 and crenarchaeol were the 
dominated archaeal lipids; the most abundant GDGT-0 oc-
curred in the JR and crenarchaeol in the JRE. Archaeol was 
also most abundant in the JR, which has the same source as 
GDGT-0 from methanogenic archaea. Therefore, we specu-
lated that the dominated archaea were methanogens in the 
JR and Thaumarchaeota in the JRE. Hu et al. (2015) who 
used the samples from the same stations in the JRE as ours 
reported that groups of methanogens dominated in water 
and sediments of the JR, and methanogens were more 
abundant in freshwater than in salt water in the JRE. Hu et 
al. (2015) also observed that Thaumarchaeota were the 
dominant AOA (22.18 % of total sequences) in the JRE, and 
our lipid data was in accordance with their conclusion. 
which suggests that crenarchaeol in the estuarine sediment 
is mainly derived from deposition of planktonic Thaumar-
chaeota. This is consistent with TEX86 calculations in the 
Pearl River estuary, which showed that temperature signals 
in surface sediment was primarily derived from the water 
column (Wang et al., 2015). 

5.  Conclusions 

From the rivers to the estuary, the concentrations of the total 

iGDGTs, GDGT-0, crenarchaeol and archaeol showed sig-
nificant spatial variation. In general, the concentration of 
crenarchaeol was higher in the JRE than in the JR. Whereas, 
archaeol was more abundant in the JR than in the JRE. In 
addition, the distribution of GDGT-0 was primarily affected 
by river-derived methanogens and estuary-derived Thaumar-
chaeota and methanogens (maybe from the river). GDGT-0 
and archaeol in the river were primarily derived from in situ 
production from methanogens. On the contrary, crenarchae-
ol in the estuary was mainly derived from in situ production 
from Thaumarchaeota, while GDGT-0 and archaeol may 
have a mixed source from river, soil and in situ production 
in the estuary. 
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Figure S1  The average BIT values for core and polar fractions in the samples from the soils (NR-S, WR-S), rivers (NR, WR) and estuary (ES1, ES2, ES3, 
ES4). 

 


