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Recent studies show that the carbon sink attributable to the weathering of carbonate rocks may have been greatly
underestimated if the biological carbon pump (BCP) effect in transferring dissolved inorganic carbon (DIC) to or-
ganic carbon (autochthonous OC) by aquatic photoautotrophs is neglected. The uptake of DIC by aquatic photo-
autotrophs may reach 0.2 to 0.7 Pg C/a globally, indicating that the carbon sink by the coupled carbonate
weathering with aquatic photosynthesis mechanism (CCW) may be an important control in climate change. In
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order to understand the sensitivity of the CCW carbon sink to changes of climate and land-use, a systematic
study of modern trap and 100-year-long core sediments was conducted in Fuxian Lake, (Yunnan, SW China),
the second-deepest plateau oligotrophic freshwater lake in China. It was found that (1) the autochthonous OC
in the lake sediments was characterized by lower C/N ratios and higher 5'>C,,. By means of an n-alkanes com-
pound calculation, the proportions of autochthonous OC were determined to be in the range, 60-68% of all OC;
(2) increase in the autochthonous OC accumulation rate (OCAR,yt,) Was accompanied by an increase in the inor-
ganic carbon accumulation rate (ICAR) in both the trap and core sediments. In particular, the post-1950 OCAR, o
was estimated to be about 6.9 times that for the period, 1910-1950; (3) OCAR, in core sediments increased
significantly with global warming and land-use change, from 1.06 gCm 2 yr~'in1910t0 21.74gCm 2 yr!
in 2017. The increasing carbon sink may act as a negative feedback on global warming if the trend holds for all
lakes globally. This study is the first to quantify the burial flux of organic carbon generated by the BCP effect in
lakes and may contribute to solving the problem of the missing carbon sink in the global carbon cycle.
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1. Introduction

Atmospheric CO, concentration has increased from 295 ppm before
the Industrial Revolution to 409 ppm in 2018 (www.esrl.noaa.gov/gmd/
ccgg/trends/). A critical issue in the study of global climate change is the
imbalance in the calculation of atmospheric CO, (Broecker et al., 1979;
Ciais et al., 2013; Schindler, 1999; Sundquist, 1993; Tans et al., 1990).
Recent studies have suggested that the residual terrestrial carbon sink
is 2.5-2.8 Pg C/a (Ciais et al., 2013; Melnikov and O'Neill, 2006). Accord-
ing to Regnier et al. (2013), the carbon sink from the global plant-soil
system was about 0.9-1.5 Pg C/a. Therefore, there were still about
1-1.5 Pg C/a unaccounted for in the terrestrial ecosystem.

Other studies (Liu et al., 2010, 2011, 2018) show that the carbon sink
from the weathering of carbonate minerals, often coupled with aquatic
photosynthesis (the biological carbon pump effect — ‘BCP’), may be an
important contributor to the missing global carbon. Carbonate
weathering coupled with aquatic photosynthesis forms organic matter
via the reaction (Liu et al., 2010, 2011, 2018):

photosynth.
=

CaCOs + CO, + Hy0—Ca®" + 2HCO; CaCo;
+X(C0, + Hy0) + (1—X)(CH,0 + O) (1)

where x and 1-x are stoichiometric coefficients.

This challenges the traditional view that only the chemical
weathering of silicate minerals in rocks might potentially contribute to
or control long-term climate change (Berner, 2003; Li and Elderfield,
2013; Walker et al., 1981). Carbonate weathering rates are several or-
ders of magnitude faster than those of silicates (Beaulieu et al., 2012;
Dreybrodt, 1988; White and Brantley, 2003; Zeng et al., 2019b). With
the biological carbon pump effect, in which there is aquatic photosyn-
thetic uptake of carbonate weathering-derived DIC and burial of some
of the resulting (autochthonous) organic carbon (OC) (Chen et al,,
2017; Einsele et al., 2001; Lerman and Mackenzie, 2005; Liu et al.,
2015; Maavara et al., 2017; Noges et al., 2016; Ternon et al., 2000;
Yang et al., 2016), the carbon sink via coupled carbonate weathering
may be an important contributor to both short-term and long-term cli-
mate change (Liu et al,, 2010, 2011, 2018).

How does OC generated by the BCP effect respond to climate and
land-use changes? and, further, how much of the OC generated by the
BCP effect (autochthonous OC) can be buried effectively? (i.e. is no lon-
ger available to the atmosphere). Here, differentiating between autoch-
thonous and allochthonous OC is an important first step. Allochthonous
OC represents terrigenous sources such as vascular plant tissues, detri-
tus from marshes and upland sources, etc. (Bianchi, 2007; O'Reilly
et al., 2014). Traditional geochemical methods (C/N, 613C0rg) have gen-
erally been used to determine the sources of organic matter in sedi-
ments (Chen et al.,, 2002; Meyers and Ishiwatari, 1993; Ramaswamy
et al., 2008; Tue et al., 2011). However, it will be emphasized below
that the carbon n-alkane numerical distribution is also important
(Huang et al., 2017; Meyers, 2003; Ortiz et al., 2011; Sikes et al., 2009;
Silva et al., 2012; Wang and Liu, 2012; Guo, 2016) because, compared
to other types of organic components in sediment, n-alkanes contain
carbon bonds with high bond energy, i.e. are relatively stable (Blumer
etal, 1971; Fokin et al., 2012). While accumulating, the n-alkanes are
sensitive to climate and environmental changes, but afterwards are
readily preserved in sediments and difficult to degrade (Eglinton and
Hamilton, 1967; Meyers, 2003; Scheful$ et al., 2003; Volkman et al.,
1980).

Lakes can be ideal locations for the preservation of autochthonous
OC. Researchers have found that terrestrial lakes and reservoirs have
significant potential as carbon sinks in the global carbon cycle
(Anderson et al., 2013, 2014; Battin et al., 2009; Buffam et al., 2011;
Clow et al., 2015; Cole et al., 2007; Dean and Gorham, 1998; Dietz
et al., 2015; Dong et al., 2012; Downing et al., 2008; Einsele et al.,
2001; Gui et al., 2013; Heathcote and Downing, 2012; Heathcote et al.,

2015; Huang et al., 2017, 2018; Kastowski et al., 2011; Mendonga
et al.,, 2016, 2017; Noges et al., 2016; Tranvik et al., 2009; Yu et al.,
2015; Zhang et al., 2017, 2018). OC burial in lacustrine sediments is
characterized by comparatively rapid accumulation (Dean and
Gorham, 1998; Cole et al., 2007; Mendonga et al., 2016) and a high pres-
ervation factor that on average is 50 times greater than that observed in
the oceans (Einsele et al., 2001).

The aim of this study is to better understand the sensitivity of the
carbon sink by the coupled carbonate weathering-BCP effect to climate
and land-use changes. A systematic study of trap and core sediments
was conducted in Fuxian Lake, the second-deepest plateau oligotrophic
freshwater lake in Southwest China. Sediment core was used to know
the past change in the carbon sink by coupled carbonate weathering,
while the modern trap was used to reveal sensitivity of the carbon
sink to climate and land-use changes in more details. We try: 1) to dis-
tinguish autochthonous and allochthonous sources of OC in the lake
sediment; 2) to quantify the extent to which the autochthonous OC ac-
cumulation rate (OCAR) has changed over the past century; 3) to exam-
ine the relationships between autochthonous OCAR and the climate
and/or land-use changes.

2. Site description

Fuxian Lake (24°17'-24°37’'N, 102°49'-102°57’E) is located at
1722.5 m as.l. on a plateau in central Yunnan Province, Southwest
China (Fig. 1). As the second deepest freshwater lake in China
(158 m), with a large volume (20.62 billion m*®) and water surface
area (212 km?), and yet a small catchment area (675 km?), water in
the lake has the unusually long mean residence time of 167 years
(Wang and Dou, 1998). The hydrochemical type is HCO3 -Ca-Mg,
which is typical of limestone karst water. It is an oligotrophic lake, one
of the most crucial freshwater resources in China. The lake basin is
wide and deep in the north, narrow and comparatively shallow in the
south (Fig. 1). The lake receives the flow from more than twenty short
streams (e.g., Liangwang River, Dongda River), and has the Haikou
River as its single outlet (Liu et al., 2009). The average annual tempera-
ture of the Fuxian Lake basin is 15.6 °C, and annual average precipitation
is 951 mm. The dry season and the rainy season are clearly demarcated,
83% of precipitation being concentrated in the rainy season from May to
October.

3. Methods
3.1. Sampling the lake sediments

Three moorings with sediment traps were positioned in the cen-
ter of the lake (depth of water about 120 m at site FX-2, Fig. 1), and
were fastened to an iron buoy on Jan. 15, 2017. The traps were
open-topped cylindrical polyethylene tubes (105 cm in length,
with an inner diameter of 15 cm). They were set at water depths of
40 m, 80 m, 110 m, and emptied quarterly over the study year,
2017. The material collected was transferred into plastic containers
in the field and stored at 4 °C prior to sub-sampling. The sediments
were freeze-dried to constant weight and homogenized, in prepara-
tion for elemental analysis.

Three sediment cores were collected on January 20 2017 from the
northern (FX-1), central (FX-2) and southern (FX-3) sectors of the
lake (Fig. 1), using a gravity corer fitted with 58-mm internal diameter
perspex tubes. The cores (15-20 cm long) were sectioned into 1 cm in-
tervals, transported to the laboratory in pre-cleaned polyethylene bags
immediately after collection, and then freeze-dried.

3.2. Dating the core sediments

For radiometric dating, the freeze-dried and homogenized core sed-
iments were cut into 1 cm intervals. Activities of 2!°Pb and 2*°Ra were
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Fig. 1. Location of Fuxian Lake and the sampling sites. FX-1, FX-2 and FX-3 are sediment core sites representing the northern, central and southern sectors of the Lake, respectively. The
basin boundary (black dashed line) and lake depth contours (dotted lines) are from Liu et al. (2008).

measured with a large volume, coaxial Reversed Electrode High-Purity
Germanium detector (Canberra; >60% relative efficiency), following
Kirchner and Ehlers (1998). The weighed sediment samples (10 g)
were placed in capped plastic test tubes for three weeks of sealed

storage to ensure decay to radioactive equilibrium. The activity excess
210pp, (219ph,,) was obtained by subtracting the activity of 22°Ra from
that of total 2'°Pb (Appleby, 2002). The constant rate of supply (CRS)
model, 2'°Pb,,, was used to date the sediment (Appleby, 2002, 2008;
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Sanchez-Cabeza and Ruiz-Fernandez, 2012):

t=1 In (%) @

where t is the age in years, N\ is the decay constant of 2!°Pb
(0.03114 yr— 1), A, is the content of 2'°Pb,, at each sediment depth,
and A, is the total content of 21°Pb in the sediment core.

3.3. Measurement of organic carbon, inorganic carbon and TOC/TN

Total carbon (TC) was determined by elemental analyzer
(Elementar-vario MACRO cube). Total organic carbon (TOC) content,
total nitrogen (TN) content, and TOC/TN (atomic) ratios were deter-
mined on the sediments, following acid treatment with 1.5 mol/L HCI
for 24 h to remove inorganic carbon. The carbonate-free samples were
triple-rinsed with distilled water to remove acid residues, and dried at
60 °C for 48 h. The MACRO analyzer which was calibrated with sediment
standard materials (B2150 and AR2026) for a typical measurement pre-
cision of 0.2%. The inorganic carbon (IC) content was then calculated as
the difference between TC and TOC. The accumulation rates of organic
carbon (OCAR) and inorganic carbon (ICAR) (g Cm—2 yr—!) were esti-
mated by

OCAR (or ICAR) = ag/l—td - % «C 3)

where Md is the mass depth (g cm™2), tis time (years), Z is depth (cm),
p is the dry bulk density (g cm—>) and C is the concentration of organic
carbon and inorganic carbon (mg g~ ).

3.4. Measurement of stable carbon isotope ratios

The stable carbon isotope ratios (6'3C) of organic carbon and inor-
ganic carbon in the samples were analyzed by MAT-252/253 mass spec-
trometer. The results are reported as per mil relative to the international
standard, Vienna Peedee Belemnite (VPDB). The instrument analytical
precision is better than £-0.03%. (Sun et al., 2011). §'3C is calculated
as: 613C53mp1e = (Rsample/Rstandara-1) x 1000. In this equation, R is the
13C/12C ratio of the sample.

3.5. N-alkane extraction and analysis

Sediment samples for lipid determination were first Soxhlet-
extracted from bulk samples (3 g) using dichloromethane-methanol
mixture (93:7 v:v), to obtain the soluble fraction. The samples were
re-extracted by n-hexane, and the combined organic phase set over an-
hydrous Na,SO4 overnight to reduce traces of water. A portion of the ex-
tract was saponified (70 °C for 2 h) using KOH-MeOH solute mixture
(3 mL). n-alkanes were then extracted into n-hexane from the saponi-
fied sample and concentrated to 1 mL using rote-evaporation
(Waterson and Canuel, 2008). N-alkanes were quantified by measuring
the concentrated eluent by gas chromatography (GC) with an Agilent
7890A instrument. The GC procedures were as follows: For n-alkanes,
temperature was raised from 70 °C (held for 1 min) to 140 °C at
10 °C/min, and then at 3 °C/min to 310 °C (held for 15 min)
(Mortillaro et al., 2011).

3.6. Calculation of OCAR from autochthonous and allochthonous sources

Previous studies have revealed that organic matter C/N ratio values,
513C, and A'C can be used to indicate the relative contribution of al-
lochthonous versus autochthonous organic matter to lake sediments
(Chen et al.,, 2002; Meyers and Ishiwatari, 1993; Ramaswamy et al.,
2008; Tue et al., 2011; Chen et al., 2017). However, each method has
its limitations in practical application. At present, there is no recognized

reliable method to quantitatively distinguish the sources of organic car-
bon. This research method (n-alkanes) will be a useful exploration for
quantitative organic carbon sources method.

Compared to traditional geochemical methods (§'3C,g, C/N), bio-
marker compounds (n-alkanes) in lake sediments are now widely
used as tracers (or proxies) to characterize the sources of organic matter
due to their source specificity and higher resistance to bacterial degra-
dation (Blumer et al., 1971; Eglinton and Hamilton, 1967; Fokin et al.,
2012; Meyers, 2003; Schefufs et al., 2003; Volkman et al., 1980). In gen-
eral, many aquatic algae and bacteria are dominated by short-chain n-
alkanes normally represented by nC15, nC17 and nC19 (Bourbonniere
and Meyers, 1996; Canuel et al., 1997; Giger et al., 1980; Meyers,
2003) with unimodal distribution maximizing. A unimodal distribution
maximizing at nC17 indicates algae and photosynthetic bacteria sources
(Meyers, 1997, 2003). Submerged and floating aquatic plants com-
monly maximize n-alkanes at mid-chain numbers, normally by nC21,
nC23 and nC25 (Ficken et al., 2000; Meyers, 2003; Ogura et al., 1990;
Viso et al., 1993), while the abundance of long-chain n-alkanes (nor-
mally represented by nC27, nC29 and nC31) has been used extensively
as an indicator of terrestrial sources of origin (Bourbonniere and
Meyers, 1996; Eglinton and Hamilton, 1967; Meyers, 1997, 2003; Rao
et al., 2014). Organic carbon in the Fuxian Lake sediments included
both autochthonous and allochthonous OC. The allochthonous OC was
derived from long-chain n-alkanes (nC27, nC29 and nC31). We
interpreted short-chain n-alkanes (nC15, nC17 and nC19) and mid-
chain n-alkanes (nC21, nC23 and nC25) as autochthonous OC. Simple
End-member Modeling can then undertaken by:

R — >°(nC15 +nC17 + nC19) + >~(nC21 + nC23 + nC25)
A0 = S~(nC15 + nC17 + nC19) + . (nC21 + nC23 + nC25) + 5.(nC27 + nC29 + nC31)

(4)

where R,y is the proportion of autochthonous OC. Correspondingly,
Raio = 1-Rauto, is the proportion of allochthonous OC (Guo, 2016).

The organic carbon accumulation rates from autochthonous and al-
lochthonous sources can then be derived:

OCAR o (0r OCAR,j10) = OCAR x Rauto (0T Ryypo) (5)

where OCARauto and OCARallo are the organic carbon accumulation
rates from autochthonous and allochthonous OC, respectively.

4. Results
4.1. Distribution of >!°Pb, and dating results

The vertical distribution of 2'°Pb,, specific activity in cores FX-1, FX-
2 and FX-3 generally displayed exponential decreases with depth when
they were plotted against cumulative mass (Fig. 2), which ranged from
32.78 4 12.99 to 397.62 + 40.08 Bq kg~!, with a mean value of
105.81 = 20.34 Bq kg~ '. The exponential decreases were similar to pro-
files observed in previous studies (Liu et al., 2009; Li et al., 2011; Liu
et al, 2013; Wang et al,, 2018), indicating that 2!°Pb., CRS model was
suitable for dating the sediments of Fuxian Lake. As calculated by the
210pp,, CRS model the period covered by each core was about
100 years, from ~1910 to 2017, as shown in Fig. 2.

4.2. C and N contents and accumulation rates in the trap and core
sediments

The material collected from the sediment traps revealed that
there were important changes during the year of sampling. Total ac-
cumulation rates (Total AR) showed an obvious seasonal variation,
with lower values (0.44-0.70 g C m~2d~') mainly during spring
and winter and the higher values (1.00-2.95 ¢ C m—2d ') during
summer and fall (Table 1). There were higher values
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Fig. 2. Vertical profiles of !°Ph., in sediment cores FX-1, FX-2 and FX-3, Fuxian Lake. The geochronology of the sediment cores was estimated from the 2'°Pb, CRS model and '*’Cs.

(92.21-107.78 mg g~ ') of TOC in the winter and spring and higher
TIC (63.54-80.83 mg g~ !) in the summer and fall. Increased inor-
ganic carbon accumulation rates (ICAR) were roughly matched by
increased organic carbon accumulation rates (OCAR), with both
reaching their highest values in summer and fall (ICAR: 0.07-0.24 g
Cm~2d~'; OCAR: 0.08-0.13 g C m—2d~!) (Table 1). The C/N ratio
is a frequently-used index feature in sediments, but there were no
obvious seasonal changes here (Table 1).

While the core sediments from all three sites displayed simple expo-
nential decreases of TOC with depth, average TOC values were signifi-
cantly higher at FX-1 (23.42 mg g~ !) than at the other two sites (FX-
2,15.02 mg g~ '; FX-3, 12.41 mg g~ '; Table 2). TOC content in FX-1,
FX-2 and FX-3 ranged from 8.75 to 31.22 mg g~ ' 6.23 to
18.22 mg g~ ! and 4.54 to 23.07 mg g~ !, respectively. The TIC content
at FX-1, FX-2 and FX-3 also showed exponential decreases with depth,
ranging 3.43-18.79 mg g~! 11.65-1892 mg g ' and
12.83-24.88 mg g~ !, respectively. Positive correlations between TOC
and TIC were apparent at each site (FX-1: R> = 0.81, P <0.0001, n =
17; FX-2: R> = 0.56, P < 0.0003, n = 19; FX-3: R? = 0.40, P < 0.02,
n = 15). Meanwhile, the C/N ratios were essentially lower than 10,
with a tendency to decrease from the surface to the bottom (Fig. 3,
Table 2).

Table 1

From the base to the top, OCARs at FX-1, FX-2 and FX-3 ranged from
235t036.44gCm 2yr !, 233t041.64gCm 2yr !, and 1.06 to
26.28 g Cm~2 yr~ !, respectively (Table 2). Base to top ICARs at FX-1,
FX-2 and FX-3 similarly ranged 1.19 to 25.74 g Cm ™2 yr— ', 4.55 to
83.07 gCm 2 yr~ !, and 2.72 to 48.89 ¢ C m~2 yr—!, respectively
(Table 2).

4.3. Carbon isotope ratios of the organic and inorganic carbon in the trap
and core sediments

In the trap sediments, there were positive correlations between
8"3Corg (—20.88 to —25.37%.) and 8"3Cearpy, (—0.35-0.007%.), with
higher values in summer and fall (Fig. 4). In cores FX-1, FX-2, FX-3,
8'3Corg displayed exponential increases with depth, ranging from
—28.07 to —24.77%0, —27.71 to —24.87%., and —27.39 to —24.24%, re-
spectively (Fig. 3). These patterns followed those of the 8'3C,y, records
at all three sites, which ranged from —0.67 to —0.31%., —0.49 to 0.27%o,
and 0 to 0.98%., respectively (Table 2). There was weakly positive corre-
lation between §'3Cyyg and 8'3Ceay, in FX-2 (R? = 0.55) and a stronger
relation in FX-3 (R? = 0.82). In FX-1, there was no clear correlation
over the core as a whole (R?> = 0.04, P < 0.5, n = 17). However, when
this profile was cut into two parts (0-4 cm, 4-17 cm), the correlation

Dry weight, TOC and TIC contents, C/N ratios, 8"*Cearb, 8'>Corg, OCAR, ICAR and Total AR determined by sediment traps at site FX-2, Fuxian Lake, from different water depths in different

seasons.

Season Water depth  Dry weight ~ TOC TIC C/N 8%Ceay 6"Corg OCAR ICAR Total AR
(m) (8) (mgg™') (mgg') (%) (%) (gCm™2d™") (gCm™2d™') (gCm™>d7")
Spring (Jan. 15-Apr. 16) 40 0.71 106.57 3.22 9.44 —1.31 —26.98 0.047 0.001 0.442
80 1.01 92.45 6.63 9.49 —0.68 —26.37 0.058 0.004 0.628
110 1.13 107.78 9.14 8.60 —1.40 —27.27 0.076 0.006 0.703
Summer (Apr. 16-July 16) 40 1.61 76.48 72.82 9.30 —0.35 —24.63 0.077 0.073 1.001
80 2.07 66.41 73.79 10.17 —0.29 —24.48 0.085 0.095 1.287
110 1.87 80.97 63.54 10.18 —0.16 —25.37 0.094 0.074 1.163
Fall (July 16-Oct. 15) 80 4.74 45.20 80.87 6.65 0.01 —20.88 0.133 0.238 2.947
Winter (Oct. 15-]Jan. 14) 40 0.77 102.24 18.39 7.06 —0.85 —23.89 0.049 0.009 0.479
110 0.77 92.21 17.07 8.38 —0.68 —23.52 0.044 0.001 0.481
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Table 2
TOC and TIC contents, C/N ratios, 8'*Cear, 8>Corg, OCAR and ICAR of the core sediments of Fuxian Lake.
Site TOC TIC C/N 813Ceamt 13Corg OCAR ICAR
(mgg™") (mgg™") (%) (%) (gCm~2yr ) (gCm2yr)
FX-1 8.75-31.22° 3.43-18.79 7.54-10.71 —0.67 to —0.31 —28.07 to —24.77 235-36.44 1.19-25.74
(13.78)° [1.83] (7.93) [0.98] (8.76) [0.24] (—0.47) [0.02] (—26.13) [0.26] (16.68) [2.25] (10.33) [1.55]
FX-2 6.23-18.22 11.65-18.92 7.53-9.89 —0.49-0.27 —27.71 to —24.87 2.33-41.64 455-83.07
(7.92) [0.62] (14.25) [0.53] (8.14) [0.14] (0.00) [0.05] (—25.60) [0.15] (16.98) [2.73] (31.03) [5.14]
FX-3 4.54-23.07 12.83-24.88 5.80-7.74 0-0.98 —27.39to —24.24 1.06-26.28 2.72-48.89
(8.27) [1.20] (19.55) [0.85] (6.64) [0.18] (0.52) [0.08] (—25.75) [0.20] (12.38) [1.83] (29.78) [3.49]

¢ Minimum-maximum.
> Mean values.
¢ Standard error.

coefficients (R?) improved to 0.66 and 0.55 respectively, indicating that
there had been a significant change in recent depositional conditions
(Fig. 4).

4.4. Distribution of n-alkanes and proportions of autochthonous carbon

In the samples, the n-alkane distributions ranged from nC12 to nC34.
The total concentrations of n-alkanes (> (nC10 to nC34)) ranged from
8929ngg ' to 51,973 ng g~ !, with a mean value of 20,161 ng g~ '. The
overall pattern was of mainly short-chain n-alkanes. The n-alkanes
displayed a bimodal carbon number distribution with little odd-even
imbalance within the high carbon numbers (nC25 to nC33). The relative
abundances of short-chain n-alkanes (below nC20) were higher, chiefly
nC17 (349 ng/L to 8846 ng/L; average, 1898 ng/L), nC18 (333 ng/L to
7230 ng/L; average, 1673 ng/L) as the peak carbon numbers, with no ev-
ident predominance of odd or even. The values of various indices in the
sediments are shown in Table 3. In the Carbon Preference Index (CPI),
CPI1 varied between 0.78 and 1.12 (average = 0.93). CPI2 values varied
between 0.82 and 1.44 (average = 1.06; Table 3). The n-alkane ACL
index (Average Chain Length) is the concentration-weighted mean
chain length of n-alkanes present in a geological sample. Its value
ranged between 29.08 and 30.48, with an average of 29.57 (Table 3).
The Paq index represents the proportion of non-emergent aquatic
plant matter in the lake sediments compared to that of the emergent
aquatic and the terrestrial plants (Ficken et al., 2000; Zhang et al.,
2004; Zheng et al., 2007). Paq values in Fuxian Lake sediment samples
varied between 0.18 and 0.48, with a mean of 0.39 (Table 3). OEP
(0dd Even Preference) reflects the maturity of organic matter. OEP
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Fig. 3. Temporal sequences of 513C0,g and C/N in cores FX-1, FX-2 and FX-3, Fuxian Lake.
Note the large changes at around the years 1950, 1980 and 2000.

values in Fuxian Lake sediment samples varied between 0.26 and 1.38,
with a mean value of 0.78 (Table 3).

In addition, the calculated average proportions of autochthonous OC
at FX-1, FX-2 and FX-3 were approximately 61%, 68% and 60% of the
total OC, respectively (Table 3). The OCAR,yo at FX-1, FX-2 and FX-3
displayed increases with time, especially after the 1950s and again
after 1980s and 2000s, ranging from 1.13 t0 19.88 gCm ™2 yr~ ', 1.43
t029.01 gCm2yr~! and 0.61 to 16.33 g Cm 2 yr !, respectively
(Fig. 5, Table 2).

5. Discussion

5.1. Changes in the autochthonous sources of OC in sediments of Fuxian
Lake

5.1.1. Distribution characteristics of C/N and §Cyyg

The trend of C/N ratios in the core sediments was in sharp contrast to
the effect of diagenesis on organic matter composition. Because nitro-
gen compounds are usually preferentially re-mineralized, C/N ratios
are expected to increase with diagenesis and depth in a core (Meyers,
1997). The decreasing trend in the Fuxian C/N ratios with depth, there-
fore, may indicate that alternation of the sources of the organic matter
prevailed over diagenesis.

C/N ratios from all terrestrial foliage in the Fuxian Lake basin were in
the range, 24.45 to 25.03 (Fig. 6). Generally, terrestrial plants and emer-
gent macrophytes are rich in fiber but low in proteins, and therefore
their C/N ratios are larger than 20 (Meyers, 2003). Lake algae and plank-
ton contain low amounts of fiber but more proteins, and their C/N ratios
are generally <10 (Meyers, 2003). Tyson (2012) listed specific C/N ratios
for a range of organic matter. Plankton have average C/N ratios of ~6,
with most diatoms varying between 5 and 8. Freshwater macrophytes
have C/N ratios of 12 or more. In our study, the submerged plants in
Fuxian Lake had a C/N ratio of 9.92 (Fig. 6). A previous study (Chen
et al., 2015) found that lake productivity was positively correlated to
species richness in this lake, and that biomass composition showed an
elevated proportion of benthic species relative to phytoplankton since
the 1950s. As shown in Fig. 6, the C/N ratios of both core and trap sedi-
ments fell within the field of autochthonous organic matter (aquatic
plants), and are clearly different from the field of allochthonous organic
matter (terrestrial plants). An interesting finding is that C/N ratios in the
core sediments increased by 1.94-3.17 from the 1910s to present,
which is similar to the results of simulation experiments that obtained
increases from 6.0 to 8.0 at the Espegrend Marine Biological Station
(at Raunefjorden, 60.3°N, 5.2°E) of the University of Bergen, Norway
(Riebesell et al., 2007). The reason for this change is that the plankton
community consumed more DIC as the partial pressures of CO; in-
creased, resulting in higher values of C/N (Riebesell et al., 2007). This
process also strengthened the “DIC fertilization effect” (Chen et al.,
2017; Yang et al., 2016; Zeng et al,, 2019a) and increased the autochtho-
nous sources of OC (i.e., increasing ratios of autochthonous carbon in
Fig. 5).
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Fig. 4. Correlations between 613Corg and 6'3Cc.p, in the trap sediments (during the monitoring period 1/2017-1/2018), and within cores FX-1, FX-2, FX-3, Fuxian Lake. FX-1 was divided

into two sections (0 to —4 cm, —4 to —17 cm).

8'3Corg values exhibited a decreasing trend from 1910 to the present
(Fig. 3), similar to those measured in a previous study in Fuxian Lake
(Zhang et al., 2015). The reason for this decrease may be a combination
of (1) enhanced aquatic photosynthesis, which brought more negative
5'3C into the organic matter by isotopic fractionation (Falkowski and
Raven, 1997); (2) expansion of the chemoautotrophic microbial com-
munities with intensified eutrophication, introducing greater fraction-
ation effects than those associated with photosynthesis (Kelley et al.,
1998); (3) increased input of terrestrial C3 plants, bringing more nega-
tive 8'3C,q (average, —27%.) organic matter (Meyers, 1994); (4) in-
creased degradation of organic matter, which produces more 2CO,
that is gradually consumed by algae, resulting in a more negative
8'3Corg in the organic matter (Chen et al., 2018); (5) the depletion in at-
mospheric '3C0,, which has been declining at an increasing rate during
the past 200 years due to deforestation and the burning of fossil fuels
(Verburg, 2007). In addition, there was a positive relationship between

8"3Corg and 8"*Cearp, (R? = 0.51, P < 0.05, n = 9) in the trap sediments
during the sample year, and regression analysis also showed significant
correlations between §'3Cyyg and §'*Ceayp, in the core sediments (Fig. 4).
Meyer et al. (2013) believed that positive relationships between §'*Coyq
and 6'3Ce,yp suggested that both the inorganic and organic carbon re-
cords reflect variation in the isotopic composition of contemporaneous
DIC. Therefore, these observations may confirm that the source of the
sedimentary OC in Fuxian Lake was mainly autochthonous OC,
i.e., organic carbon burial by the BCP effect may play a significant role
in the carbon cycle there.

As noted, core FX-1 was divided into two sections (0-4 cm and
>4-17 cm) because 813C0rg values decreased abruptly to <—27%. at
the 4 cm mark and then continued to decline rather steadily to —28%o
at the top (0 cm). This was probably caused by an abruptly increased
input of allochthonous materials due to soil erosion that resulted from
widespread exploitation of the land since 2009, enhancing input of

Table 3
Mean value of proxies of n-alkanes and proportion of autochthonous and allochthonous sources of OC in the core sediments at Fuxian Lake.
Site CpPi CPI2 ACL Paq OEP Rauto Raito
(%) (%)
EX-1 0.90-1.12° 0.92-1.44 29.17-29.94 0.27-0.48 0.75-1.38 47.55-70.97 29.03-52.45
(0.95)°[0.02]° (1.10) [0.04] (29.57) [0.08] (0.39) [0.02] (0.93) [0.06] (60.85) [0.03] (39.15) [0.03]
FX-2 0.92-1.06 1.02-1.12 29.08-29.77 0.41-0.48 0.72-1.23 61.37-83.82 16.18-38.63
(0.95) [0.01] (1.07) [0.01] (29.52) [0.08] (0.44) [0.01] (0.87) [0.05] (68.48) [0.03] (31.52) [0.03]
X3 0.77-1.00 0.82-1.33 29.18-30.48 0.18-0.44 0.26-0.88 46.86-71.27 28.73-53.14
(0.89) [0.02] (1.00) [0.04] (29.62) [0.11] (0.33) [0.03] (0.55) [0.06] (59.83) [0.02] (40.17) [0.02]
Mean 0.93 1.06 29.57 0.39 0.78 63.05 36.95

CPI1 = ) odd(nC15-nC34)/3_even(nC15-nC34); CPI2 = 1/2((nC25 + nC27 + nC29 + nC31 + nC33)/(nC24 + nC26 + nC28 + nC30 + nC32) + (nC25 + nC27+
nC29 + nC31 + nC33)/(nC26 + nC28 + nC30 + nC32 + nC34)); ACL = [25(nC25) + 27(nC27) + 29(nC29) + 31(nC31) + 33(nC33)]/(nC25 + nC27 + nC29+ nC31 + nC33);
Paq = (nC23 + nC25)/(nC23 + nC25 + nC29 + nC31); OEP = (nC25 + 6nC27 + nC29)/(4nC26 + 4nC28) (Jeng, 2006; Sojinu et al., 2010; Ortiz et al., 2011). Ryyo is the proportion
of autochthonous OC, calculated by End-member Modeling (Eq. (2), see text for details); Rayo (the proportion of allochthonous OC) = 1-Rayto.

¢ Minimum-maximum.
b Mean values.
¢ standard error.
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Fig. 5. The temporal sequences of R,y (proportion of autochthonous OC), OCAR,, (accumulation rate of autochthonous OC) and OCAR,y;, (accumulation rate of allochthonous OC) in
cores FX-1, FX-2 and FX-3 in Fuxian Lake. Note the big changes around the years 1950, 1980 and 2000.

allogenic organic matter ('*C-depleted), which caused §'3Cy in the
sediments to decrease abruptly (Fig. 3).

5.1.2. Source assignments of n-alkanes

The proxies of n-alkanes for each site are shown in Table 3. The high
CPI values (>5) indicate more contributions from the epicuticular waxes
of vascular plants, whereas low CPI values probably indicate relatively
high contributions from the algal and bacterial communities, and/or
the aquatic plants (Seki et al., 2006; Tareq et al., 2005; Tolosa et al.,
2004). The values of CPI1 and CPI2, with mean values of 0.93 and 1.06,
indicate that the n-alkanes had an autochthonous source. The ACL
value is greater in higher plants than in lower plants and aquatic algae
(Poynter and Eglinton, 1990). The low variation in the ACL of the Fuxian

Lake sediments was due to the low input of petrogenic hydrocarbons
(Jeng, 2006) (Table 3). With the increase of maturity, n-alkanes gradu-
ally lose their specific parity in the course of diagenesis (Meyers and
Ishiwatari, 1993; Snedaker et al., 1995). Hydrocarbons composed of a
mixture of compounds originating from land plant material show a pre-
dominance of odd-numbered carbon chains with OEP of 2-10. OEP
values (0.26-1.38) in Fuxian Lake samples indicate that the n-alkanes
did not have a strong odd-even preference in higher plants. It is pro-
posed that the high Paq value (range 0.1 to 1) corresponds to an in-
creased contribution from aquatic plants, especially submerged and
floating plants, and Paq < 0.1 corresponds to terrestrial plants (Ficken
et al., 2000; Zhang et al., 2004; Zheng et al., 2007). Paq values
(0.18-0.48) in Fuxian Lake sediments suggest a period relatively

0
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Fig. 6. Distinctive source combinations of C/N ratios and 8‘3C0,g values of the core sediments, trap sediments, soil, foliage and submerged plants in Fuxian Lake (C/N ratios and &' 3Corg values

for sources of allochthonous and autochthonous are from Meyers (1994)).
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enriched in submerged/floating plants and a reduction in emergent;/ter-
restrial plants.

Further, from the biomarker compounds (n-alkanes), the propor-
tions of autochthonous OC ranged 60-68% (Fig. 5), suggesting that au-
tochthonous sources were the chief contributors to the sediments.

5.2. The significant role of organic carbon burial by the BCP effect in lake
sediments

5.2.1. Synchronous increase in OCAR 4, and ICAR caused by the BCP effect

As shown in Eq. (1), when the BCP effect occurs in aquatic ecosys-
tems, there will be a synchronous increase in OCAR,, and ICAR. Kelts
and Hsii (1978) found that the intensity of photosynthesis of aquatic or-
ganisms can affect CaCO5 content to some extent. The flourishing of lake
aquatic plants leads to large CO, uptake in the lake water, which causes
carbonate supersaturation over the short term. Therefore, the synchro-
nous increase of OCAR ¢, and ICAR could be produced by the photosyn-
thesis of aquatic organisms when the latter is strong (Dittrich and Obst,
2004; Kelts and Hsii, 1978). However, OCAR, and ICAR are found to
be in inverse correlation in some lake sediments. Dean (1999) sug-
gested that the decomposition of a higher OC content (>12%) in the sed-
iments will result in a lower pH in the interstitial waters and, therefore,
greater dissolution of CaCOs. In the present study, the OC concentration
in the sediments was <12% (core sediments: 0.45-3.12%; trap sedi-
ments: 9.22-10.78%), suggesting that the effect of decomposition of
OC on CaCO5 deposition was small. The seasonal patterns of total accu-
mulation dynamics in Fuxian Lake were strongly coupled with biogeo-
chemical processes. Sediment rates reached maximum values in
summer and fall (Table 1, Fig. 7) that matched the maximum phyto-
planktonic growth in the lake (Cui et al., 2008). There was a strong cor-
relation between OCAR and ICAR in the trap sediments (R*> = 0.86,
P <0.0005, n = 9), with values of OCAR higher during summer and
fall, the main period of calcite deposition (Fig. 7). Similarly, the core sed-
iment records show that OCAR,, and ICAR were both increasing and

displaying significant correlation during the past century (Fig. 7).
These observations indicate that the BCP effect was the major mecha-
nism driving the synchronous increases in OCAR,t and ICAR.

5.2.2. Changes in autochthonous and allochthonous organic carbon burial

OCAR,yt0 at FX-1 and FX-2, which are close to densely populated
areas, have similar trends and values that are slightly higher than in
FX-3 (Fig. 5). This may indicate that greater intensity in human activity
played a role in promoting the burial of autochthonous OC. During the
more natural evolutionary stage (1910-1950), sedimentation rates
were low and relatively stable. OC burial in the lake sediments was
largely dominated by autochthonous sources, with OCAR ¢, 0f 1.53 g
Cm—2yr~! pre-1950 (Fig. 5). However, during economic transforma-
tions (1950-2017) following the founding of the new China, average
OCAR 0 increased to 10.56 ¢ C m~2 yr~ . In particular, OCAR ¢ in-
creased rapidly after 1980s (following introduction of the Reform and
Opening Policies in 1978), to a mean OCAR,y¢ 0f 13.11gCm 2 yr— L,
Again after 2000, it increased to a mean OCAR,u, of 16.76 g C
m~2 yr~! due to strong land-use/land-cover change in the lake water-
shed (e.g., about 30% increase in cultivated land, Li et al., 2017). The
post-1950 OCAR o Was about 6.90 times that pre-1950. These observa-
tions indicate that human activities and/or climate changes during the
past century have increased OC burial in lakes. Recent studies compar-
ing post-1950 with 1850-1950, have found that OCAR increased 1.5
times in European lakes (Anderson et al., 2014), and by a factor of
1.6-4 in lakes of North America (Anderson et al., 2013; Dietz et al.,
2015; Heathcote et al., 2015), all considered to be related to direct or in-
direct human impacts on lakes.

5.3. Impacts of climate and land-use changes on autochthonous OCAR
5.3.1. Response to climate change

The contemporary increase of OCAR,y, in Fuxian Lake might be re-
lated to climatic factors such as temperature change (Brothers et al.,
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Fig. 7. The relationships between OCAR (or OCAR,,) and ICAR (inorganic carbon accumulation rate) in the trap sediments during the monitoring year, 1/2017-1/2018, and OCAR and

ICAR relationships in the individual cores FX-1, FX-2, FX-3, Fuxian Lake.
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2008; Huang et al.,, 2017; Sobek et al., 2014), though the post-
depositional mineralization rates were also temperature-dependent
(Gudasz et al., 2010). In this study, OCAR (OCAR,yo-dominated) in the
trap samples reached their maximum in summer and fall (Fig. 7), sug-
gesting that enhancement of the BCP effect by temperature increase
may be important. In the core sediments, there was no relationship be-
tween OCAR,, and rainfall amounts, but a statistically significant pos-
itive relationship between OCAR,,, and temperature (Fig. 8). The mean
annual air temperature at Fuxian Lake rose from 15.1 °C to 17.2 °C be-
tween 1961 and 2017. OCAR,, increased by 6.15 g C m~? yr— 1 per
1 °Cincrease in temperature. Therefore, a significant growth in OCAR,¢o
is related to the global warming. In addition, the increasing alkalinity
production and export may be related to the increase in surface air tem-
perature (Drake et al., 2018). This process increases the concentration of
DIC entering the lake, which may act as a nourishment to the aquatic
plants and promote more OC burial. It is clear that lakes are acting as
sentinels and integrators of regional processes.

5.3.2. Response to land-use change

Changes in land-use patterns have to be considered one of the
most significant human activities affecting lake organic carbon
(Anderson et al., 2013). Agriculture is clearly the dominant control
of OCAR in many lakes (Anderson et al., 2013; Huang et al., 2017).
The conversion of forested land to agriculture increases soil erosion,
more nutrients are released by soil leaching, leading to the enrich-
ment of nitrogen and phosphorus nutrients and increased produc-
tion of organic matter (Schelske et al., 1988). In addition, a study in
Mississippi River showed that the increase in bicarbonate and
water fluxes was caused mainly by an increase in discharge from ag-
ricultural watersheds (Raymond et al., 2008), which may fertilize the
aquatic photosynthesis and increase the burial efficiency of thus
formed OC by the BCP effect (Chen et al., 2017; Liu et al., 2018;
Yang et al., 2016).

In the Fuxian Lake basin, there has been continuous decrease in for-
est area, increase in population density and cultivated area, during the
past 40 years (Li et al., 2017). Average OCAR ., in the lake showed con-
tinued increase (Fig. 5). There was a high correlation between OCAR 0
and land-cover conversion (forest area, R> = 0.43, P<0.01,n = 15; cul-
tivated area, R> = 0.34, P < 0.003, n = 15) or total nitrogen (R* = 0.52,
P <0.0001, n = 30) (Fig. 9). Consequently, OCAR,, for the catchments
with deforestation and developed agriculture was higher than it was
during the period of little-disturbed natural evolution. Anderson et al.
(2013) even concluded that land-use change, not climate, controls or-
ganic carbon burial in lakes. Unfortunately, this study did not distin-
guish between allochthonous and autochthonous organic carbon
burial, which is needed to understand the carbon cycle and underlying

30

mechanisms in detail, in order to help mitigate the impact of future cli-
mate change.

Tranvik et al. (2009) estimated that approximately 0.6 Pg Cyr~' is
buried in lakes and reservoirs sediments. If the lowest value of propor-
tion of autochthonous source of OC in the core sediments at Fuxian Lake,
47% (Table 3), was taken, then 0.28 Pg C yr— is obtained, which is close
to the estimated value (0.27 Pg C yr—!) that buried by BCP effect on the
terrestrial surface water system (lakes, reservoirs, etc.) (Liu et al., 2018),
showing that the carbon sink by the coupled carbonate weathering with
aquatic photosynthesis mechanism (CCW) may be an important control
against global warming.

1

6. Conclusions

To understand the sensitivity of the CCW carbon sink mechanism to
climate and land-use changes, a systematic study of trap and lake bot-
tom core sediments was conducted in Fuxian Lake (Yunnan, SW
China), the second-deepest freshwater lake in China. The following con-
clusions are drawn:

(1) Autochthonous OC in the Fuxian Lake sediments was character-
ized by lower C/N ratio and higher 613C0,g. By determining the
n-alkane distributions, the proportion of autochthonous OC was
found to be in the range of 60-68%, indicating that BCP effect
plays an important role in the stability of carbonate weathering
carbon sink;

(2) The increase in the accumulation rate of autochthonous OC
(OCAR4y0) Was accompanied by an increase in the inorganic car-
bon accumulation rate (ICAR) in both the trap and core sediment
samples. Particularly important was the determination that the
post-1950 OCAR, o Was about 6.9 times that for the previous pe-
riod, 1910-1950, suggesting that the greater intensity in human
activity may have a great impact on the burial of autochthonous
0oG;

(3) OCARg4yto in the core sediments has increased significantly with
global warming and land-use change, from 1.06 gC m ™2 yr ™!
in 1910 to 21.74 g C m~2 yr~ ! in 2017. This increasing carbon
sink may act as a negative feedback on global warming if the
trend holds for all the lakes in the world.

This study is believed to be the first to quantify the flux of organic
carbon buried by the BCP effect (i.e., the autochthonous organic carbon)
in a lake. We need more comprehensive and in-depth works on a global
scale to resolve the problem of the missing carbon sink in the global car-
bon cycle.
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