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Increased organic carbon and nitrogen accumulation rates (OCAR and ONAR) in lake sediment significantly regulate
the global carbon cycle. However, the reasons for and contributors to the increased OCAR and ONAR are unclear.
Seven sediment cores, collected in July 2014 from Dianchi Lake, China, were used to evaluate the effects of autoch-
thonous and allochthonous sources on OCAR and ONAR. The results indicate that OCAR and ONAR increased by fac-
tors of 4.33 and 7.34 over the past hundred years (1900-2000), particularly after algal blooms began to occur
frequently (beginning in the 1980s). Dianchi stored 0.467 4 0.0055 Tg (mean value + standard deviation) organic
carbon (OC) and 0.033 4 0.0004 Tg organic nitrogen (ON) after 1986, which is almost equal to the total storage of
0OC and ON from 1900 to 1985 (0OC, 0.468 =+ 0.0022 Tg; ON, 0.032 + 0.0002 Tg). OCAR and ONAR increases were due
to increasing autochthonous production and allochthonous loading. Examination of the increased OCAR, which was
estimated from a newly developed multi-source mixing model, suggests that >90% of increased OCAR was caused
by allochthonous sources (such as intensified cultivation, land-use cover change, etc.) in southern and eastern
Dianchi and that >70% of the increased OCAR was due to autochthonous sources in western and northern Dianchi
Lake. The significant spatial and temporal variation in the contributors to increased OCAR indicates complicated mi-
gration and transformation of OC in inland lakes. Land use cover change around Dianchi and the occurrence of algal
blooms regulate the contributions of allochthonous and autochthonous sources to the increased OC and ON.
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1. Introduction

Lakes are an important carbon pool. They emit greenhouse gases and
store organic carbon (OC), thus playing a pivotal role in the global car-
bon cycle (Cole et al., 2007). Lake sediment buries large amounts of
OC and thus acts as a significant carbon sink (Tranvik et al., 2009;
Buffam et al., 2011). Previous studies have globally estimated that
1.88 Pg Cy~ ! of the OC that inland water receives is derived from terres-
trial ecosystems. About 48% of this carbon (0.9 Pg Cy™~!) is transported
to the ocean, while the remainder reaches the lake sediment surface
(0.98 Pg Cy~ 1) and 23% (0.23 Pg Cy~!) is eventually buried after the
process of OC mineralization (Cole et al., 2007; Tranvik et al., 2009;
Buffam et al., 2011). Mineralized OC is emitted as carbon dioxide
(CO,) and methane (CH,4) via microbial activity. This emission of CO,
and CH,4 from inland waters significantly offsets the continental carbon
sink and thus affects the global carbon cycle and climate change
(Johnson et al., 2008; Buffam et al., 2011; Bastviken et al., 2011;
Raymond et al., 2013). The mass of emitted CO, and CH, is regulated
by the composition of the organic matter, temperature, oxygen expo-
sure and the dynamic characteristics of the lake (Stief, 2007; Gdlman
et al., 2008; Gudasz et al., 2010; Sobek et al., 2009, 2014; Cardoso
et al.,, 2014). Both carbon exported from land (allochthonous) and
fixed by photosynthesis in aquatic ecosystems (autochthonous) con-
tribute to the emission of CO, and CH,, but with different mineralization
rates (Gudasz et al., 2012). The effects of temperature and organic com-
position (autochthonous/allochthonous) on OC mineralization have
been widely studied, and it has been proposed that OC mineralization
increases with temperature, oxygen exposure and the percentage of au-
tochthonous product (Gudasz et al., 2010, 2012; Watanabe and Kuwae,
2015; Chmiel et al., 2015). Temperature is a conventional parameter in
meteorology and has been widely monitored, but the composition of or-
ganic matter has not.

Recent studies have proposed that the accumulation rate of OC has
increased significantly over the last century (Kastowski et al., 2011;
Larsen et al,, 2011; Dong et al.,, 2012; Heathcote et al., 2015). The mor-
phology, trophic state, climate and vegetation in the watershed of
lakes influence OC accumulation in sediment (Alin and Johnson, 2007;
Kortelainen et al., 2013; Anderson et al., 2014; Mendonga et al., 2016;
Leithold et al., 2016). Global warming has also been shown to signifi-
cantly increase OC burial (Heathcote et al., 2015). This finding was not
confirmed by Anderson et al. (2013), who found that land-use change
is more responsible than climate change for increased OC burial in Min-
nesotan lakes (USA). Eutrophication, caused by the enrichment of nutri-
ents in lake water, is known to increase primary productivity and
organic carbon in lakes and has been considered as another important
driver of the increasing carbon burial rate (Downing et al., 2008;
Heathcote and Downing, 2012; Anderson et al., 2014). In addition to
representing the composition of OC in the sediment, autochthonous
and allochthonous sources also determine the contribution of exotic ter-
restrial materials and local primary production to increased OC burial.
However, the contributions of allochthonous and autochthonous
sources, which regulate the composition of organic matter in the sedi-
ment, to the increased OC have not been determined. Consequently, un-
derstanding the contributions of autochthonous primary production
and allochthonous terrestrial materials to increased OC burial in lake
sediment is not only critical to further understand the spatial and tem-
poral variation of greenhouse gases emitted from sedimentary OC min-
eralization but also to comprehend the effects of human activities and
eutrophication on the global carbon cycle.

Most previous studies have focused on boreal lakes, and some have
focused on temperate-zone lakes (such as in Europe, United States,
etc.) to understand the process of OC burial over different time scales,
the burial efficiency of OC and influencing factors to OC burial
(Kastowski et al., 2011; Heathcote and Downing, 2012; Sobek et al.,
2014; Ferland et al., 2014; Anderson et al., 2013, 2014; Heathcote
et al,, 2015; Isidorova et al., 2016). However, OC burial and its response

to eutrophication and human activities in sub-tropic plateau lakes are
largely unstudied. The sub-tropic plateau lakes in our study area are im-
pacted by a variety of climatic features, such as monsoons and highland
and low-latitude climates. The temperature difference between seasons
is not significant; winters are relatively warm and summers are relative-
ly cool.

n-Alkane is one of the most abundant lipid molecules, and it widely
exists in plants and algae (Giger et al., 1980; Ficken et al., 2000). The car-
bon number distribution of n-alkanes in sediment can be used to trace
the source of OC (Meyers, 2003; Ortiz et al., 2011; Silva et al., 2012;
Fang et al., 2014). Short-chain n-alkanes (n-C;4-n-Cyo) suggest algae,
bacteria and fungi sources (Giger et al., 1980; Meyers, 2003), especially
the unimodal distribution maximizing at n-C;, which suggests algae
and photosynthetic bacteria sources (Meyers, 2003). Mid-chain n-
alkanes (n-Cyp—n-Cys) indicate the source is submerged macrophytes
(Rao et al., 2014), while long-chain n-alkanes (n-C,7-n-Cs3) with an
odd-even preference reflect a terrestrial origin (Rao et al., 2014).
Study of n-alkanes have identified the sources of organic matter in
lake sediment (Xie et al., 2003; Xiong et al., 2010; Gao et al., 2011;
Fangetal.,, 2014; Chen etal.,2017), and a study of Dianchi Lake, the larg-
est freshwater plateau lake in China, may fill this gap in the study of
global carbon burial.

Thus, we developed a multi-source mixing model to estimate the
contributions of autochthonous and allochthonous processes to OC
burial and combined n-alkanes with OC and organic nitrogen (ON) to
accomplish the objectives of this study: 1) to trace the change in OC
and ON sources and burial rates over the past hundred years and 2) to
distinguish the contributions of eutrophication and direct human activ-
ities on increased OC and ON burial.

2. Material and methods
2.1. Study area

Dianchi is located on the Yungui Plateau and is the largest freshwater
plateau lake in China (Fig. 1). It is hypereutrophic, and algal blooms fre-
quently occur. The concentrations of total nitrogen (TN) and phospho-
rus (TP) rose from 1.15 mg/L and 0.132 mg/L to 2.53 mg/L and
0.173 mg/L, respectively, from 1980 to 2010 (Zhou et al., 2016). The an-
nual mean water temperature of Dianchi is 16 °C, and the mean depth
and area are 5 m and 300 km?, respectively. The land-use categories in
the lake basin (area 2800 km?) are mainly forest (35.71%), agriculture
(22.95%) and developed land (28.55%, includes urban, residential, road
and other developed land area), according to classification results
from 2013 Landsat satellite imagery (Fig. 1). Dianchi is a fault depres-
sion lake. Almost all of the watershed is to the north, east and south.
The Haikouzi River (blue arrow in Fig. 1) is the only outlet of Dianchi.
The largest flower-producing area of Asia is located on the eastern
shore of Dianchi Lake.

2.2. Methodology

2.2.1. Sampling strategy and measurement of carbon and nitrogen

Seven sediment cores were collected using a gravity-type columnar
sediment sampler in July 2014. In order to reveal the spatial and tempo-
ral variation of impact factors on the increased OC and ON, these sedi-
ment cores were mainly taken from northern, eastern and southern
Dianchi Lake, approximately 1 km offshore from the mouths of
inflowing rivers. The sediment cores were cut into 1 cm slices and
ground after being dried in a lyophilizer. Two sub-samples of 0.2 g
from each ground sediment sample were used to measure the concen-
trations of total carbon (TC) and inorganic carbon (IC) with a TOC ana-
lyzer (Shimadzu Corp., Japan). The total organic carbon (TOC)
concentration was obtained by subtracting IC from TC. Sub-samples
(0.02 g) were digested by persulfate (K;S,0g + NaOH) at 121 °C, and
total nitrogen (TN) was determined wusing a UV-3600
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Fig. 1. Study area and sediment sampling sites. The land use of Dianchi Basin in 2013 was
classified by Landsat satellite imagery. The red cross on the map of China (top left corner)
shows the location. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

spectrophotometer (Shimadzu Corp., Japan). Sub-samples of 1 g were
dissolved with a potassium chloride solution. The supernatants were
treated with sodium nitroprusside and hypochlorous acid to determine
the ammonia nitrogen (NH4-N) concentration, and HCl was used to de-
termine the nitrate-nitrogen (NO3-N) concentration, using a UV-3600
spectrophotometer (Shimadzu Corp., Japan) after pre-treatment. Total
organic nitrogen was obtained by subtracting NH4-N and NOs-N from
TN (Qian et al., 1990; Lu, 1999).

2.2.2. n-Alkane extraction

The n-alkanes were obtained via microwave-assisted extraction
(100 °C, 10 min) from sub-samples (2 g), using a dichloromethane-
methanol mixture (93:7, v:v). The supernatants were concentrated to
1 ml by rotary evaporation at 40 °C after three centrifugations. The con-
centrated supernatants were purified and separated using solid-phase
extraction (Rtx® ~5MS, 30 m x 0.32 mm x 0.25 pm) and n-hexane,
and then the eluent with n-alkanes was concentrated to 1 ml. The n-
alkanes were quantified by measuring the concentrated eluent via gas
chromatography mass spectrometry (GC/MS-QP2010 Ultra, Shimadzu
Corp., Japan). The injection port temperature rose gradually to 300 °C
at 10 °C min~', starting at 50 °C (Gao et al., 2011; Liu and Liu, 2016).

2.2.3. Dating and accumulation rates of OC and ON

The ground sediment sample (10 g) was sealed for a month to keep
the 22°Ra and 2'°Pb in radioactive equilibrium. The activities of 22°Ra
and 2'°Pb were measured using a high- resolution HPGe +-
spectrometer (EG&GORTEC, GWL-120-15, USA) with 62% relative de-
tection efficiency and under 40,000 s determination time. The activity
of excess 21°Pb (?19Pb,,) is the difference between 22°Ra and 2!°Pb.
210pp,. was then used to date the sediment cores using the constant

rate of 21°Pb supply (CRS) model (Eq. (1)), which has been widely
used to estimate the geochronology of lake sediment and provides the
best dating results (Appleby, 2008; Sanchez-Cabeza and
Ruiz-Fernandez, 2012).

=y m(%), (1)

where \ is the decay constant of 21°Pb, A;, is the content of 2'°Pb,, at
each sediment depth, and Ay is the total content of 2!°Pb in the sediment
core. The accumulation rate of sediment mass (Sr, g cm~2 yr~!) was
calculated as

oMd  p-dz/ot
SR TR T @

where Md is the mass depth (g cm™2), tis time (years), Z is depth (cm),
and p is the dry bulk density (g cm™3). The accumulation rates of organ-
ic carbon (OCAR) and nitrogen (ONAR) (g m~2 yr—!) were estimated
by

CAR (NAR) = Sr * 5710, 3)
where 6 is the concentration of organic carbon and nitrogen (mg g~ 1).

2.24. Auxiliary data presentation

Socio-economic data about the population, gross domestic product
and fertilizer consumption in the basin was collected from the National
Bureau of Statistics (http://data.cnki.net/) and Gao et al. (2015a,2015b).
Temperature and rainfall data were downloaded from the China mete-
orological data sharing service system (http://cdc.cma.gov.cn/). The
areas of each land-use type were extracted from Landsat image data
by the SVM (support vector machine) classification algorithm in ENVI
5.0 Feature Extraction Module (Huang et al., 2014). The concentrations
of nutrients (total nitrogen, ammonia nitrogen and total phosphorus) in
water were collected from our in-situ measurements (He et al., 2015;
Zhou et al., 2016).

2.2.5. Elasticity analysis model (STIRPAT model)

The stochastic model (STIRPAT) proposed by Dietz and Rosa (1994)
can be used to statistically evaluate the non-monotonic or non-
proportional impacts of driving factors on the environment. The
STIRPAT model was used to statistically assess the effects of demo-
graphic, economic, technologic and other factors on the environment
(York et al., 2003). The STIRPAT model is a stochastic model, and the im-
pact factors can be expanded if these factors have a logical correlation to
environment (Wang et al.,, 2013; Liu et al., 2015). STIRPAT can be writ-
ten as I;; = o[ | (F") & After taking logarithms, this equation can be writ-
ten as.

In(ly) = o+ Y_a; In(Fy) + &, (4)

where Fj; indicates the ith factor at time t (e.g., temperature, population,
rainfall); ais a constant term; &, is the error term; and a; is the elasticity
coefficient with 95% confidence interval (this is the estimation result in
Fig. 11). All the parameters can be estimated by multiple linear regres-
sion (Zhou et al., 2015; Zhou and Liu, 2016).

2.2.6. Source identification from n-alkanes

The mass balance equation, where the total n-alkane concentration
in the sediment (Cy_aikanes) 1S composed of all carbon chains of n-
alkanes (C-gn-aikanes)» Was used to establish a multi-source mixing
model. This model can be expressed as.

n

C‘mn—Alkanes = Z%(C'gn»Alkanes X pi)s (5)
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Fig. 2. Vertical distribution of 2'°Pb, for each core. The geochronology of the sediment cores was estimated from the 2!°Pb., CRS model and '3’Cs.

where C-m,_ajanes iS the model n-alkanes concentration in the sedi-
ment, P; is the percentage of the ith n-alkane, and n is the alkane num-
ber. The optimal target equation is

n 2
Min |:<<Cn-Alkanes - Z (C'gn—Alkanes X pl)) /Cn-Alkanes> :| . (6)

The n-alkane numbers were obtained from cluster analysis, and five
clusters were finally determined. Among of them, n-alkanes with signif-
icant allochthonous and autochthonous characteristics were selected as
C-gn-alkanes (Eckmeier and Wiesenberg, 2009; Choi and Lee, 2013;
Feakins et al., 2016). Cluster analysis and the calculation of P; were proc-
essed in MATLAB 7.9.0 (R2009b, MathWorks, USA).

3. Results
3.1. Distribution of '°Pb,, and dating

The vertical distribution of specific activity 21°Pbe, in the profile of all
sediments (7 cores) ranged from 5.58 to 355.56 Bq kg™ !, with a mean
value of 109.58 + 66.09 Bq kg~ ! (mean value + standard deviation).
The highest 21°Pb,,, with a mean value of 176.23 4+ 81.13 Bq kg™ !, lo-
cated in core 2, was affected by intensive agriculture and Dahe and
Caihe rivers. The relatively low 2!°Pb,, (65.48 + 31.29 Bq kg™ ') in
core 4 was near a floriculture greenhouse in Dounan. The period cov-
ered by each sedimentary core was longer than 100 years (the geochro-
nology from 1900 to 2014 is shown in Fig. 2).

The geochronology estimated from the 2'°Pb,, CRS model was com-
pared to the time markers from *’Cs (1986, 1975, 1963 and 1954). The
mean differences of geochronology between the results from 2'°Pbey
and '37Cs are 1.08 & 2.85 years, 3.27 & 2.14 years, 2.04 4+ 2.00 years
and —3.49 4 2.69 years for 1986, 1975, 1963 and 1954, respectively.

Fig. 3. Sediment profiles of total organic carbon and nitrogen. The geochronometry, dated from Pl

The difference between these geochronologies was not significant in
1986 and 1963, with a = 0.05 [F(1.86) < F crit (4.23)], but was slightly
significant in 1954 and 1975, with a = 0.05 [F(8.56) > F crit (7.72)],
from one-way analysis of variance. The highest and lowest uncertainties
(difference between the geochronology estimated from 2'°Pb., and
137Cs) were found in 1954 of core 2 (—8 years) and 1986 of core 3
(0.2 year).

3.2. Content sediment characteristics of TOC and TON

The concentrations of TOC and TON decreased gradually with verti-
cal depth. The contents of TOC and TON ranged from 8.67 +
5.82 mg g~ !in 1900 to 59.29 + 31.33 mg g~ ! in 2012, and 0.44 +
0.27mgg~'in 1900 to 4.03 & 1.19mg g~ ! in 2012 over a 112-year pe-
riod (Fig. 3). The mean values of TOC and TON from 1900 to 1910 were
8.08 +£ 420 mg g~ ' and 0.43 + 0.23 mg g~ !, while the mean values of
TOC and TON increased to 42.18 & 22.89 mg g~ ' and 3.43 + 1.36 mg
¢~ ! from 1990 to 2000. TOC and TON increased approximately 4.33
and 7.34 times over this period, according to the analysis method pro-
posed by Heathcote et al. (2015). Significant increases in TOC and TON
were observed after 1970. The mean values of TOC and TON were 9.00
+ 464 mg g ! and 0.62 + 0.14 mg g~ ! before 1970, and 37.62 +
20.56 mg g~ ' and 2.73 4+ 0.90 mg g~ ! after 1970. High TOC content
was mainly located in southern and northern Dianchi. The highest
TOC of 87.73 + 9.66 mg g~ ! (mean value between 1990 and 2012)
was in core 6, and the lowest TOC was in the middle of the lake
(Fig. 3A, core 3). The highest TON content was found in southern
Dianchi, with a TON of 5.36 & 0.52 mg g~ ' (mean value between
1990 and 2012) in core 1 (Fig. 3 B).

The OCAR and ONAR in Dianchi rose over the years and ranged from
1046 +£1.95gm 2yr~'in 1900 to 112 + 50.62 g m~2 yr~ ! in 2012
and 0.59 + 031 gm 2 yr~'in 1900 to 8.50 + 2.51 gm 2 yr~ ' in
2012, respectively. The OCAR and ONAR showed almost no change be-
fore the 1970s, with mean values of 15.09 + 2.70 g m~2 yr~ ! and
1.02 £+ 0.35 g m~2 yr~ !, but they dramatically increased after the

b2, ranges from 1900 to 2012. Data before 1900 is not shown in the figure.
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Fig. 4. Sediment profiles of total organic carbon and nitrogen accumulation rates from lake sediment cores in Dianchi.

1970s, with mean values of 48.52 + 21.20 g m~ 2 yr~ ' and 3.49 +
1.50 g m~2 yr~ !, respectively. The OCAR and ONAR reached the highest
values in surface sediment (Fig. 4). The OCAR and ONAR in core 3 in-
creased starting in the 1950s, which is much earlier than other cores.
The burial stock of OC during the past 28 years (1986-2014) (OC,
0.467 £ 0.0055 Tg and ON, 0.033 4 0.0004 Tg) is almost equal to the
storage of OC and ON from 1900 to 1985 (TOC, 0.468 + 0.0022 Tg;
ON, 0.032 + 0.0002 Tg).

3.3. Occurrence and distributions of n-alkanes

The total concentrations of n-alkanes (3 _ (n-C;o to n-Cs4)) ranged
from 4145.9 to 67,547.6 ng g~ ', with a mean value of 16,838.4 +
11,145.1 ng g~ !, in the sediment. The aliphatic hydrocarbon fractions
were mainly composed of allochthonous-derived long-chain n-Cy7 to

n-Cs; alkanes and autochthonous-derived short-chain n-C;; alkanes
(Fig. 5). Middle-chain n-Cy3 and n-Cys alkanes, derived from submerged
and floating aquatic plants, were also observed in the sediment (cores 1,
5,6and 7 in Fig. 5) (Gao et al., 2015a, 2015b; Liu and Liu, 2016). The odd
numbered n-alkanes in short-chain n-Cy7 alkane-dominated sediments
(cores 2, 5,6 and 7 in Fig. 5) are remarkable, indicating that the buried
OC largely consisted of algae in these cores. High molecular-weight
compounds with a significant preference for odd-numbered n-alkanes
(n-Cy7 to n-C31) were predominant in all sediment, reflecting that the
terrestrial OC contributed significantly to sediment organic carbon buri-
al. High molecular-weight compounds with even/odd numbered n-
alkanes also could be found in the sediment (cores 3 and 6 in Fig. 5),
which may have been caused by slash-and-burn cultivation from the
1920s to the 1930s (core 3 in Fig. 5) and modern fossil fuel combustion
(2000s of core 6 in Fig. 5).

Fig. 5. Sediment profiles of n-alkanes for each sediment core. The allochthonous-derived long-chain n-alkanes and autochthonous-derived short-chain n-alkanes in the sediment are clear-

ly shown.
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Fig. 6. Box drawing of n-alkane distributions for each category from cluster analysis. The boundary of the box indicates the 25th and 75th percentile of n-alkane, the gray line in the box is
the median n-alkane value, and the black line is the mean n-alkane value. Five categories were identified by cluster analysis from seven cores of 213 samples.

3.4. Group characteristics of n-alkanes

Cluster analysis of the lipid biomarker data indicated five categories
that meet the Akaike information criterion (Fig. 6). The n-alkanes of
clusters 1 and 2 showed bimodal distributions, maximizing at n-Cy
and n-Cys to n-Csy, indicating that both allochthonous and autochtho-
nous sources have a significant effect on OC and ON burial (Cranwell
et al., 1987; Zhao et al., 2003; Gao et al., 2015a, 2015b; Liu and Liu,
2016). The n-alkanes of cluster 3, with a unimodal distribution maxi-
mizing at n-Cy7, suggest autochthonous effects on OC and ON burial
(Giger et al., 1980; Meyers, 2003). The unimodal distribution of n-
alkanes in cluster 4, with a mean odd-even preference (OEP) value of
1.13 £ 0.21, indicated an allochthonous source of OC and ON burial
(Pearson and Eglinton, 2000; Ortiz et al., 2011; Silva et al., 2012). The
n-alkanes in cluster 5, with a significantly even carbon number prefer-
ence (OEP = 0.21 + 0.08) manifested from the degradation of bacteria
and fossil fuel combustion (Han and Calvin, 1969; Lii and Zhai, 2006;
Fang et al., 2014). Pristane (Pr) and phytane (pH), expressed as a ratio
(Pr/Ph) representing anoxic conditions (Didyk et al., 1978), were de-
tected in all samples. Most Pr/Ph values (core 1: 0.85 + 0.10; core 2:
0.36 & 0.12; core 3: 0.36 4 0.20; core 4: 0.34 4+ 0.21; core 5: 0.76 +
0.19; core 6: 0.63 4 0.24; core 7: 0.35 &+ 0.16) were smaller than 1,

indicating anoxic conditions in the sediment of Dianchi. This may be
the reason for the obvious even carbon number preference in the
sediment.

Clusters 1,2 and 4 presented much higher concentrations of TOC and
TON than clusters 3 and 5 (Table 1). The OCAR and ONAR in each cluster
showed similar trends to TOC and TON, indicating that terrestrial partic-
ulates contained much more TOC and TON than planktonic particulates.
The ratio of TOC to TON (TOC/TON), which is a useful indicator for iden-
tifying the organic sources of sediments, showed a relatively low value
in cluster 3 and a high value in cluster 4. This is consistent with the clus-
ter analysis results, showing that clusters 3 and 4 refer to contributions
of autochthonous and allochthonous sources, respectively. The proxies
of n-alkanes for each cluster are shown in Table 1. The carbon prefer-
ence index (CPI), calculated from n-alkane distributions, was between
0 and 4 in most samples, suggesting that n-alkanes had a mixed origin.
The natural n-alkane ratio (NAR) indicates that the terrestrial source of
n-alkanes was of mixed origin, such as petroleum hydrocarbons and
higher plants (Wang et al., 2008). The relatively low OEP suggests that
the source of the n-alkanes mixed with petroleum and was also accom-
panied by strong bacterial activities or low terrestrial plant debris flux
(Meyers and Ishiwatari, 1993). The ratio of short-chain (Cy5-Cy) to
high-chain (Cy1-C34) n-alkanes (LMW/HMW) suggests that cluster 3
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Table 1

Mean value of proxies of n-alkanes and organic carbon and nitrogen for each cluster (TOC
and TON, mg g~ '; OCAR and ONAR, g m~2yr~!), 27.16 + 22.62 indicates the mean value
+ standard error.

Clusters Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5
TOC 27.16 + 24.03 + 18.62 + 27.59 + 1538 +
22.62 19.70 22.88 18.17 12.22
TON 2284+ 156 227 +£1.77 1614+119 218+ 149 140+ 0.97
TOC/TON 1213 + 1133 + 1045 + 14.06 + 10.85 +
494 2.77 6.08 4.18 2.16
TOC/TOP 49.59 + 38.74 + 69.10 + 50.37 + 32,55 +
43.19 33.83 70.15 28.79 25.63
OCAR 38.66 + 3321+ 26.85 + 45.40 + 30.55 +
34.01 26.79 24,07 27.56 27.22
ONAR 328 £228 3.08+222 1724+ 141 3.74+248 281 +227
CPI1 1.054+ 020 1.184+0.33 094 +0.18 0.93 £0.17 0.45 4 0.09
CPI2 1.88 +£0.62 226+ 0.60 133 +063 1.10+0.26 1.03 4 0.38
NAR 0.11 £ 0.10 0.20 4+ 0.14 0.07 +0.08 0.03 +0.11 —0.34 +
0.11
OEP 1.08 £ 0.29 1.28+0.53 1.16 £037 1.13 £0.21 0.21 & 0.08
LMW/HMW 037 +0.12 057 +0.17 0.82 4+ 0.21 0.14 4+ 0.07 0.27 + 0.09
Paq 0.51 £0.14 043 +0.82 0.604+0.11 037 £ 0.05 0.33 £ 0.06
ACL 2727 + 27.67 + 2735+ 28.39 + 2761 +
0.56 0.49 0.55 0.30 0.50
C31/C19 1.96 +1.22 1.574+0.54 080+ 044 7.35+4.10 3.80 4+ 1.94

CPI1 = Y_odd(C15-C34)/Y even(C15-C34), CPI2 = (C27 + €29 + C31 + C33) (C28
+ €30 + C32 + C34), NAR = [Y_(C28-C30)-2 Y even(C20 + C€32)]/3(C19-C33),
LMW/HMW = 3" (C15-C20)/3(C21-C34), ACL = [(25(C25) + 27(C27) + 29(C29)
+ 31(C31) + 33(C33)]/(C25 + C27 4 C29 + C31 + C33), Pag = (C23 + C 25)/(C23
+ €25 + €29 + C31), OPE = (€25 + 6C27 + C29)/(4C26 + 4C28) (Sojinu et al., 2010;
Ortiz et al,, 2016).

(LMW/HMW close to 1) represents planktonic sources and cluster 4
represents  terrestrial  sources (LMW/HMW  close to
0) (Commendatore et al., 2000; Stout et al., 2002; Wang and Fingas,
2005). The relatively high Paq proxy in cluster 3 indicates that
autochthonous-source n-alkanes were highly contributed to by aquatic
macrophytes (Ficken et al., 2000; Hockun et al., 2016). The low variation
in the average chain length (ACL) was due to the low input of petrogenic
hydrocarbons (Jeng, 2006). The n-alkane ratio (C31/C19), characterized
by the relative proportions of allochthonous and autochthonous inputs,
suggests that clusters 3 and 4 represent planktonic and terrestrial
sources, respectively (Simoneit et al., 1990).

Cluster analysis filtered out three types of n-alkanes, with allochtho-
nous (cluster 4), autochthonous (cluster 3) and mixed origin (cluster 1,
2 and 5) characteristics. The n-alkanes in Clusters 3 and 4 with signifi-
cant allochthonous and autochthonous characteristics were treated as
the end members of the multi-source mixing model (C-g,_aikanes in
Eq. (5)).

3.5. Source of TOC identified from n-alkanes

The contributions of algae and direct human activities to OC, esti-
mated by a multi-source mixing model, showed that both algae and

direct human activities contributed to the increased OCAR and ONAR
(Fig. 7). ON was coupled with OC for each sedimentary core and was
not described separately. Direct human activities observably increased
OCAR and showed an especially controlled effect in cores 1, 3 and 4
(Fig. 8, line with solid circle), which are distributed in eastern Dianchi
(which is close to large areas of farmland). The time the OCAR increase
began for core 4 (1970s) is much earlier than cores 1 (1980s) and 3
(1990s) due to the intensity of nearby human activities (Huang et al.,
2014). The contribution of direct human activities accounted for 85.14
4+ 9.96% (core 1), 93.88 + 9.70% (core 3) and 98.18 + 3.79% (core
4) of the OCAR increase since the 1970s. This is consistent with previous
studies, showing that land-use cover change (LUCC) and intensive agri-
culture controlled the burial rate of organic carbon (Heathcote and
Downing, 2012; Anderson et al.,, 2013). Algae, treated as an autochtho-
nous source of organic carbon, also significantly increased OCAR, as in
cores 2, 5, 6 and 7 (Fig. 8, line with hollow circle). The increase in
OCAR parallels the rise of autochthonous sources (algae) since the
1990s (Fig. 8). Algae and direct human activities became dominant dur-
ing the 1970s (core 7 in Fig. 7), 1980s (core 2 in Fig. 8) and 2000s (core 5
in Fig. 7). This is in accordance with the occurrences of eutrophication
and algal blooms in Dianchi (Huang et al., 2014). The contribution of
algae to the increased OCAR changed from 20.86 to 97.82% (73.04 +
21.36%, core 2), from 17.98 to 94.29% (40.92 + 25.48%, core 5), from
63.36 to 97.01% (87.04 + 14.22%, core 6) and from 23.07 to 86.70%
(64.31 4 11.51%, core 7) since the 1970s. This confirms that eutrophica-
tion and algal blooms enhanced OC burial in eutrophic lakes, as pro-
posed by previous studies (Downing et al., 2008; Heathcote and
Downing, 2012; Anderson et al., 2014; Wu et al., 2016). Direct human
activity was the primary contributor to the increasing OCAR in eastern
lake sediment (cores 1, 3, 4) while algae was the primary contributor
in northern and western lake sediment (cores 2, 5, 6, 7). This is further
corroborated by the distribution of LUCC and algal blooms. Intense LUCC
mainly occurred around the eastern part of the lake, and algal blooms
primarily spread over the northern and western areas of the lake
(Figs. 6 and 7 in Huang et al., 2014). The contribution of direct human
activities and algae to OCAR, which was determined from n-alkanes, im-
proves our quantitative understanding of the reasons for increases in
OCAR and ONAR.

4. Discussion
4.1. Validation of the multi-source mixing model

The multi-source mixing model (Eqgs. (5) and (6)) was applied to
identify the allochthonous and autochthonous origins of the sedimenta-
ry cores. The n-alkanes with significant allochthonous and autochtho-
nous characteristics in Clusters 3 and 4 were treated as the end
members of the multi-source mixing model. However, the end mem-
bers from clusters 3 and 4 were not characterized only by

Fig. 7. Contributions of allochthonous and autochthonous sources of organic carbon to organic carbon accumulation rates for each sedimentary core.
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Fig. 8. Comparison of measured and modeled n-alkanes for short- (A) and long-chain n-alkanes (B). The consistency between measured and modeled n-alkanes indicates the validated

result from the multi-source mixing model.

autochthonous and allochthonous origins, respectively. For example,
some algae (such as diatoms and Hippuris) can generate long-chain n-
alkanes (Sinninghe Damsté et al., 1999; Aichner et al., 2010). Mean-
while, n-alkanes contaminated by petroleum and strong bacterial activ-
ities can also disturb the estimation of allochthonous and
autochthonous origin. The correlation coefficients between measured
and modeled n-alkanes are >0.75, with mean values of 0.84 (n-C;3-n-
Cig) and 0.81 (n-C3p—n-C33). A comparison of measured and modeled
n-alkanes (Fig. 8) indicates that the estimated percentages of allochtho-
nous and autochthonous (P; in Eq. (5)) sources is valid for modelling n-
alkanes in each depth of the sediment cores. Consequently, this multi-
source mixing model is flexible and can estimate the relative contribu-
tions of algae (autochthonous) and human activities (allochthonous)
to the increases in OC and ON.

4.2. Influencing factors on the variation of allochthonous and autochtho-
nous sources

4.2.1. Eutrophication and algal blooms

It has been confirmed, in this and previous studies, that both human
activities and algae biomass increase OCAR and ONAR (e.g., Heathcote
and Downing, 2012; Anderson et al., 2013, 2014). It is also important
to understand the detailed relationship between human activities and
trophic proxies to OCAR and ONAR, although these relationships vary
among lakes. The concentration of total nitrogen (TN,y) in the water of
Dianchi Lake is highly correlated to the concentration of chlorophyll-a
(Chl-a) (Chl-a = 139.28"TN,,-120.4, R* = 0.85,N = 77, p <0.0001, scat-
ter diagram not shown in this study) and can be treated as the proxy of
phytoplankton biomass in Dianchi Lake. The high correlation of TN,, to
OCAR (R?> = 0.71,p<0.0001) and ONAR (R?> = 0.66, p < 0.001) strongly
suggests that algae increased OCAR and ONAR in Dianchi Lake (Fig. 9A).
The strong effects of terrestrial input on OCAR and ONAR present a lin-
ear function of TN,,, with growth rates of approximately 33.44 and
2.392, respectively. The high value (33.44) is much higher than the
growth rate of OCAR due to chlorophyll-a in a study by Anderson et al.

(2013). The concentration of total phosphorus in the water has almost
no correlation to OCAR and ONAR due to the extreme abundance of
phosphorus in Dianchi Basin (Fig. 9B).

4.2.2. Human activities

Developed land area and fertilization intensity represent the most
intense human activities. To examine the correlation between human
activities and OC and ON burial, we compared OCAR and ONAR with
the historical land use of developed land (as an indicator of human ac-
tivities), as well as nitrogenous fertilization (Buffam et al., 2011;
Heathcote and Downing, 2012). The area of developed land (Ac) in-
creased by a factor of 11.62 from 1974 to 2012 and showed a significant
correlation between OCAR (R? = 0.86, N = 38, p<0.0001), ONAR (R? =
0.83,N = 38, p <0.0001) and increases in developed land (Fig. 10A) due
to the destruction of the earth's surface during construction. Large
amounts of topsoil were lost with the transformation of farm land to de-
veloped land (Alstrom and Bergman, 1988; Quinton et al,, 2010). OCAR
and ONAR increased by 0.0694 ¢ m~ ! yr—!and 0.0047 gm™ ! yr™ !, re-
spectively, with an increase of 1 km? A, suggesting that increases in
OCAR and ONAR are associated with landscape changes from the inten-
sification of human activities (Heathcote and Downing, 2012). High-
intensity agricultural cultivation not only increased the nutrients in
the lake water but also promoted OC and ON burial in the sediment
(Heathcote and Downing, 2012; Anderson et al.,, 2013). A high correla-
tion between nitrogenous fertilizer and OCAR (R?> = 0.93, N =31,p <
0.0001) and ONAR (R? = 0.96, N = 31, p < 0.0001) supports results
from previous studies (Fig. 10B) (Heathcote and Downing, 2012;
Anderson et al., 2013). OCAR and ONAR increased by 823 gm~! yr—!
and 0.56 g m~ ! yr~! per 1 t km™2 yr~! nitrogenous fertilization.
Thus, high-intensity human activities (urbanization and agricultural
cultivation) significantly accelerate OC and ON burial.

4.2.3. Elasticity of driving factors
The effects of other influencing factors (such as climatic change, eco-
nomic development, population growth, etc.) on OCAR and ONAR are

Fig. 9. Relationships between nutrients (TN and TP) in the water of Dianchi and OCAR and ONAR. The relationship between TN and OCAR is OCAR = 33.44* TNw-4.06 (R2 = 0.66,N = 26, p
<0.001) and the relationship between TN and ONAR is ONAR = 2.392* TNw-0.306 (R2 = 0.71, N = 26, p < 0.0001), from 1987 to 2012.
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Fig. 10. A) Relationships between developed land area (Ac;) and OCAR and ONAR. The relationship between Ac; and OCAR was OCAR = 0.0694" Ac; + 33.096 (R*> = 0.86,N = 39, p <
0.0001), and the relationship between Ac; and ONAR was ONAR = 0.0047* Ac; + 2.4333 (R*> = 0.83, N = 39, p < 0.0001), from 1974 to 2012. B) Relationships between fertilizer (NF)
and OCAR and ONAR. The relationship between NF and OCAR was OCAR = 8.223* NF + 14.617 (R* = 0.93, N = 31, p <0.0001), and the relationship between NF and ONAR was

ONAR = 0.560* NF + 1.144 (R?> = 091, N = 31, p < 0.0001), from 1980 to 2010.

much more complex than the relationships shown in Figs. 8 and 9
(Quinton et al., 2010; Kortelainen et al., 2013; Anderson et al., 2013,
2014; Ferland et al., 2014; Fortino et al., 2016). There also exist complex
linkages among these influencing factors. The STIRPAT model (York
et al., 2003), which has been widely applied in the analyses of carbon di-
oxide emissions and environmental change (Zhou et al., 2015; Zhou and
Liu, 2016), was used to estimate the elasticity of OCAR and ONAR for
each influencing factor (Fig. 11). It was obvious that population (PO)
growth, economic development (FI, SI and TI), LUCC (FO, FA, CL and
BL) and climatic change (temperature, TE) significantly affected OCAR
and ONAR. Population was the primary influencing factor; a 1% increase
in population resulted in 37.53% and 28.76% increases in OCAR and
ONAR, respectively. Economic development caused 28.34% and 19.20%
increases in OCAR and ONAR, respectively, with a 1% increase in second-
ary industry. LUCC is also a very important factor controlling OCAR and
ONAR. Forest land (FO) reduced OCAR and ONAR by 13.60% and 29.51%,
respectively, with a 1% increase in FO area. Conversely, farm (FA) and
construction land (CL) increased OCAR (and ONAR) by 11.56% (and
9.87%) and 10.00% (and 1.98%) with a 1% increase in FA and CL area. A
1% increase in fertilization stimulates OCAR and ONAR by 6.27% and
0.71%, respectively, and the nutrients in lake water and total nitrogen
in the water (TN,,) will lead to 2.88% and 11.30% increases in OCAR
and ONAR.

Climate change, such as temperature change, is also tied to OCAR
(Brothers et al., 2008; Kosten et al., 2010). Temperature (TE) induced
26.09% and 24.01% increases in OCAR and ONAR, respectively, with a
1% increase in TE. The temperature in Dianchi Basin increased from
14.3 °C to 17.3 °C from 1974 to 2012 and is positively correlated to
OCAR (OCAR = 20.247*T-261.09, R> = 0.69, N = 43) and ONAR

(ONAR = 1.4122*T-18.099, R?> = 0.68, N = 43), especially after the
1980s, when algal blooms began to occur frequently in Dianchi Lake.
This may indicate that temperature promoted the growth of algae,
which is supported by in-situ observation data (Zhou et al., 2016).

5. Conclusions

The historical records of TOC and TON content in the sediment of
Dianchi indicated that TOC and TON rose by factors of approximately
9.1 and 6.8, respectively, from 1900 to 2012. TOC and TON dramatically
increased after the 1970s. Meanwhile, OCAR and ONAR rose by factors
of 4.33 and 7.34 over the past hundred years and showed a significant
increase after the 1970s. The allochthonous-derived long-chain n-Cy;
to n-C3; alkanes and autochthonous-derived short-chain n-Cy; alkanes
observed in the sediment suggest that both allochthonous and autoch-
thonous sources controlled OCAR and ONAR, but the ratio of allochtho-
nous to autochthonous sources exhibited significant spatial and
temporal variation. The prominent contribution of allochthonous
sources (human activities) to the increase in OCAR was mainly located
in eastern and southern Dianchi Lake. The dominant contribution of au-
tochthonous sources (algae) to the increase of OCAR was mainly distrib-
uted in northern and western Dianchi Lake.

Globally intensified eutrophication will fix more CO, in inland water
and enhance the burial stock of OC and ON in inland water sediment. As
Cis lost in the surface soil with accelerated human activities, increases
of OCAR and ONAR in inland water sediment and CO, in the atmosphere
will strongly regulate the global carbon cycle. However, human activity
is a complex process (such as LUCC, economic development, population
growth, etc.). The effects of human activities on eutrophication, OCAR

Fig. 11. Elasticities of OCAR and ONAR for each influencing factor. Bars are the estimated elasticity, while error bars are the 95% confidence interval values for each influencing factor.
Elasticity indicates that a 1% variation of the independent variables (influencing factors) caused percentage changes of the dependent variables (OCAR and ONAR). NF: nitrogenous
fertilizer, TN,,: total nitrogen in the water, NN,,: ammonia nitrogen in the water, TP,,: total phosphorus in the water, FO: forest land, FA: farm land, CL: construction land, BL: bare
land, FI: primary industry, SI: secondary industry, TI: tertiary industry, TE: temperature, RF: rainfall, PO: population.
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and ONAR are indistinct, and the role of eutrophication in the global car-
bon cycle is still unclear. Thus, more studies are required to understand
the processes of carbonic transmission and transformation, especially
for inland waters.
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