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Abstract

Purpose Lake sediment is an important carbon reservoir, and knowledge of organic carbon distribution and its controlling
factors can provide insights into the effects of natural processes and anthropogenic pressures on carbon dynamics in drain-
age basin.

Materials and methods Here, we combined total organic carbon (TOC), total nitrogen (TN), and their stable isotopes (5'°C
and 8'°N) with a Bayesian isotope mixing model to identify the origin of organic matter (OM) and the key factors influenc-
ing OM accumulation in surface sediments from Lake Yangzong (YZ) and Lake Chenghai (CH), located on the Yunnan
Plateau, SW China.

Results and discussion The 8'3C values in surface sediments from YZ showed a gradual increase from south to north, with
an asynchronous decrease in '°N, suggesting an increasing contribution of pollutants originating from the Yangzong River.
In contrast, CH was characterized by a rapid decrease in 8'>C and an increase in 8'°N values occurring in the deepest part
of the lake, indicating that water depth may play an important role in OM accumulation in the lake. Allochthonous OM (C3
plant and soil OM) was the dominant sediment OM source for surface sediments in YZ, while substantial contributions of
OM originated from plankton, soil OM, and sewage in CH.

Conclusions These findings suggest that trophic state and terrestrial input may exert large impact on OM accumulation in
deep lakes, which results in different distribution patterns of OM sources.

Keywords Carbon isotope - Nitrogen isotope - Organic carbon accumulation - Trophic level - Deep lakes

1 Introduction Tranvik et al. 2009; Ferland et al. 2012). Although the carbon
(hereafter “C”) burial flux in lakes is often small compared

Lake sediments represent an important terrestrial carbon  to C emissions, it represents a significant long-term C sink,

reservoir, which can accumulate large amounts of terrestrial
material from watersheds and store a significant amount of
carbon in sediments (Anderson et al. 2009; Battin et al. 2009;
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with an estimated 0.09 Pg C per year of organic carbon (OC)
burial (Mendona et al. 2017). Therefore, lakes may play an
important role in the global and regional carbon cycle. Previ-
ous studies have proven that there is strong spatial variability
in the total organic carbon (TOC) of lake sediment (Dean
and Gorham 1998; Khim et al. 2005; Bechtel and Schubert
2009; Woszczyk et al. 2011; Wang et al. 2012). The distri-
bution pattern of TOC in surface sediment is closely linked
with water column productivity, terrestrial inputs of organic
materials, rates of microbial activity, and properties of the
sediment (Burone et al. 2003; Gireeshkumar et al. 2013). In
particular, the contributions of autochthonous and allochtho-
nous sources have direct impacts on the spatial distribution
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of TOC in surface sediments (Anderson et al. 2009; Bechtel
and Schubert 2009). In general, lakes with high productivity
have more autochthonous TOC, while lakes with low pro-
ductivity are derived mainly from allochthonous TOC (Dean
and Gorham 1998). Therefore, the knowledge of sedimentary
organic matter (OM) sources, their distribution, and control-
ling factors in a lake can provide insights into the effects of
anthropogenic pressures and natural processes on the aquatic
ecosystem in the drainage basin.

Quantitative analysis techniques, e.g., two- or three-end-
member mixing models and the Bayesian isotope mixing
model (MixSIAR model), have been broadly applied to
quantify different sources of OM (Liu and Kao 2007; Yu
et al. 2010; Rumolo et al. 2011; Chen et al. 2018; Guo et al.
2020; Wu et al. 2021). The application of these mixing mod-
els is based on the hypothesis that different OM sources
(e.g., autochthonous and allochthonous sources) show signif-
icantly distinguishable stable isotope values and C/N ratios
(Liu et al. 2006). Terrestrial OM has a C/N ratio of > 20
(Meyers 1994), while freshwater OM is characterized by
less variable C/N ratios (ca. 4-10; (Meyers 1994)). Further-
more, terrigenous OM has depleted 8'°C and 8'°N values
compared to freshwater OM (Cifuentes and Eldridge 1998;
Harmelin-Vivien et al. 2008). Typical 8'3C and §'°N values
of terrestrial OM range from —32 to —22%. (Kendall et al.
2007) and from —6 to 5%o0 (Fry 1991), respectively. Marine
OM such as plankton ranges from —22 to —18%o. (Kendall
et al. 2007) and from 5 to 8%o (Thornton and McManus
1994) for typical 8'3C and 5!°N values, respectively. 5N
signatures have been proven to be an effective approach to
track anthropogenic inputs, although nitrogen transformation
is susceptible to isotope fractionation at different magnitudes
(Ke et al. 2017). Fortunately, the combination of 813C and
the C/N ratio of OM has been widely applied to evaluate the
sources of OM in aquatic ecosystems (Chen et al. 2018; Guo
et al. 2020; Wu et al. 2021).

Most lakes in the Yunnan-Guizhou Plateau are char-
acterized by a small catchment area, steep lakeshore, a
north—south orientation and have widespread bare bedrock
lake bottoms and are controlled by the surrounding terrain
(Yang and Huang 2002). Specifically, the flat terrain sur-
rounding these lakes is mainly located on the northern or
southern shores, where a large number of contaminants and
soil loss may affect the accessibility of these lakes due to
the high intensity of human activities. Correspondingly,
increasing anthropogenic pressure and pollutant discharge
may exert large impacts on the accumulation and burial of
OM in these lakes. Lake Yangzong (YZ) and Lake Chenghai
(CH) are N-S orientated lakes in Yunnan Province and are
ideal places for studying surface sediment lake carbon burial
due to their similar lake geomorphologies. Previous studies
have shown that the two lakes have experiences threatening
water deterioration in recent decades, such as the decline in
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water level, eutrophication, and heavy metal contamination
(Wang and Dou 1998; Wu et al. 2004; Wang 2011; Zhang
et al. 2012; Liu et al. 2015). Recently, a sedimentary core
study indicated that sedimentary organic carbon variability
in the YZ was affected by allochthonous sources (Wu et al.
2021). However, little research has been carried out to assess
the dynamics and sources of surface sediment OM in the YZ
and CH, N-S oriented lakes. Therefore, this study aimed to
evaluate the spatial distributions of TOC, TN, C/N ratios,
8'3C, and 8"N in the surface sediment of YZ and CH, and
to quantify the contributions of various OM sources to the
sediment.

2 Materials and methods
2.1 Study area

Lake Yangzong (24°51'-24°58" N, 102°5'-103°2" E) is
located in the eastern part of Kunming city, Yunnan Prov-
ince, Southwest China, and belongs to the upper part of the
Pear River. The lake is approximately 12 km long from north
to south and 3 km wide from east to west, with a surface
area of ~29 km? (at an altitude of 1770 m a.s.l.) and has a
maximum water depth of 30 m, and a catchment area of 171
km? (Fig. 1). The climate in the region is dominated by the
southwest monsoon in summer and by westerlies in winter,
with an average annual air temperature of ~ 14.5 °C, a mean
annual precipitation of ~963.5 mm, and the mean annual
evaporation of ~ 1377 mm. The lake is mainly controlled by
south and southwest winds, and the lake currents flow from
south to north. The main water inputs include river discharge
from the Yangzong, Qixing, and Luxichong rivers. The out-
flow from YZ is manually controlled by Tangchi River at the
northeast end of the lake, which drains into Nanpan River
(Wang and Dou 1998). The main pollution sources in the
watershed are non-point agricultural source pollution and
domestic sewage, which are located in the southern part of
the catchment area (Wang 2003; Zhang et al. 2017). The
basin has also suffered from severe soil erosion, with an
average annual soil loss of 29.32 % 10* t (Zhu 2008).

Lake Chenghai (26°27'-26°38' N, 100°38'-100°41' E) is
a relatively deep lake (average depth of 25.7 m, maximum
depth of 35.1 m) located in the southeastern part of Liji-
ang city, Yunnan Province, Southwest China. The lake has
a surface area of 75.97 km? and a catchment area of 259
km?, with a maximum water volume of 19.79 x 10® m? at
a level of 1502 m (Fig. 1). The region is dominated by a
warm-temperate mountain monsoon climate, which is one of
the typical hot-dry river valley areas along the Jinsha River
(Xiao et al. 2018). The average annual temperature in the
region is 13.5 °C, with an average precipitation of 738.6 mm
and annual evaporation of 2040.3 mm. More than 90% of the



Journal of Soils and Sediments (2022) 22:1597-1608 1599
(a) 102°5|2’0"E '|02°5|6'0"E 103°9’0”E (b) z 100°30'0" E 100°35'0" E 100°40'0" E 100°45'0" E
i S i E A -
=
=
g )
o
Z
=
O -
v Z
& >
"
&
O
o
Z
=
{l{\.\-
& z
=
:2_
¢ Sampling site %
[o\]
Z DEM. +  Sampling sitc
© | Value
%  High:2764 DEM
03 . Z | Value
Low : 1769 = High:3122
mw—— km 0 — ) km
0 2 4 & High:1462 0 3 6
&

Fig.1 Map showing the site location, catchment morphology, and lake bathymetry, with the sampling sites (red dots) in YZ (left) and
CH (right), their positions were marked in red dots in the inserted maps of China

total annual rainfall occurs from June to September. Since
the mid-1980s, the lake watershed has experienced greater
usage by humans and increased pollution due to the increas-
ing application of agricultural fertilizers to enhance farm
production (Wu et al. 2004).

2.2 Sample collection

In November 2015 and March 2018, surface sediment sam-
ples were collected at 36 sites in YZ and 35 sites in CH
using a UWITEC gravity sampler (Fig. 1). The sampling
sites covered most of the two lakes, with water depths rang-
ing from 9.5 t0 26.2 m in YZ and 4.6 to 29.1 m in CH. The
sediment cores were carefully extruded, and the top 2 cm
was sliced into 1 cm section and placed in polyethylene bags
that were kept on ice in a cooler during transport and before
analysis.

2.3 Laboratory methods

An elemental analyzer (Vario Micro Cube, Elementar) was
used to determine the TOC and TN concentrations in the
surface sediment samples at the laboratory of Yunnan Nor-
mal University. In general, all samples were first freeze-dried
and ground to 500 mesh size then placed in a beaker and
weighed. A total of 0.5 mol/L HCI was added to each sample
and stirred until the reaction stopped to remove inorganic
carbonates. Then each sample was washed with deionized
water until the supernatant liquid was neutral (pH=7). All

the samples were dried for 3 h at 60 °C in a type 101 electric
heating blast dryer and then cooled to room temperature.
The C/N ratios of the OM were determined based on the
TOC and TN data.

The 613C0rg and 8N values were measured using a gas
isotope ratio mass spectrometer (Finnigan MAT 253, Thermo
Fisher Scientific, Waltham, MA, USA) with analytical errors
of 0.2% at Yunnan Normal University. Before the analysis,
each sample was processed according to the TOC processing
method and purified using liquid nitrogen. For the 813C0rg and
8'°N analysis, & notation was used to represent the isotopic
ratio differences between the measured samples and standard.

The formulas are expressed as follows:

513Corg (%0) = [(Ryumpte — Rytandara)/ Rstandaral X 1000, R = Be/tc
()
8PN (%) = [(Ryumpie = Retandara)/ Rtandgaral X 1000, R = PN/MN
)
where '3C/'2C and '> N/'* N refer to international standards
Vienna PDB and atmospheric nitrogen standard, respec-

tively. Rygpie a0d R, of, e are the isotopic ratios of the sam-
ple and reference, respectively.

2.4 Bayesian mixing model
The MixSTAR model was used to calculate the contributions

of each potential OM source (e.g., macrophytes, sewage, C3
plants, plankton, and soil OM) in the surface sediments. In
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this study, we prove that the scatter plot of 613C0I~g vs. C/N
is reliable to qualitatively assess the OM sources, suggest-
ing that the combination of 613C0ng and C/N can be used to
calculate the proportional contributions of OM sources in
the surface sediments from YZ and CH. First, the OC and
N data, typical isotope values, and C/N ratios were input
into the MixSIAR model programmed in R package (version
3.1.11), and the proportional contributions of different OM
source types were identified. The Markov chain Monte Carlo
algorithm was set as “very long” and the Gelman—Rubin and
Geweke diagnostic tests were applied to assess the reliability
of the output data (Stock and Semmens 2013). In general, a
Gelman—Rubin diagnosis of < 1.05 suggests that the output
data are reliable. The error structure and specified prior were
set as “residual error” and “uninformative” respectively. The
median values (50% quartiles) of the output data indicate
each OM source contribution of surface sediments.

2.5 Statistical methods and mapping

We used OriginPro 2016 software (Origin Lab, Ltd, North-
ampton, USA) to the data interpolation by Kriging method.
Moreover, the Pearson correlation of data was also analyzed
by OriginPro 2016 software.

3 Results
3.1 Spatial distribution of TOC, TN, and C/N ratios

Figure 2 shows the spatial variability of TOC, TN, and C/N
ratios in the surface sediments of YZ and CH. The TOC con-
centrations in YZ ranged from 1.51 to 11.35% (average of
7.45%), with higher values found in the southwest sections
of the lake. There were also higher values of TOC in the
deepest section of the lake. On the other hand, lower TOC
values were identified in the northeast section and south sec-
tions near the mouth of the Yangzong River. In general, the
distribution of TN in the sediments is similar to that of TOC,
with a significant linear relationship between TOC and TN
(»<0.001) (Fig. 3a). There is also a general gradient show-
ing an increase in C/N ratios from south to north. The TOC
and TN concentrations in CH surface sediment ranged from
2.36t0 12.17% and 0.27 to 1.95%, respectively. In contrast to
YZ, there is a clear spatial gradient from the shallow water
part of TOC and TN values in the deepest part of the lake.
In CH, the C/N ratio was characterized by large spatial vari-
ability with a range from 2.38 to 25.62. In general, the C/N
ratio was lower in the eastern part than in other parts. The
highest C/N ratio was found in the southern part of the lake
near the river mouth.

@ Springer

3.2 Spatial distribution of §"*C,,, and §"°N

The spatial variation in 613C0rg and 8'°N values of sur-
face sediments form YZ and CH is presented in Fig. 4.
The 613C0rg and 8'°N values in YZ ranged from —30.94
to —27.50%o and from 3.27 to 8.59%o, respectively (Fig. 5).
6'3C0rg showed a clear spatial gradient with higher values
towards the north, while there was a decreasing trend in
8N values from south to the north. The exception was in
the southwest area, which had a high 8'3C value but a low
8'°N value. The 613C0rg values in CH vary from —23.78
to —29.40%0, with the most depleted values generally
occurring in the deepest part of the lake. The 8'°N value
in the sediments ranged from 2.33 to 4.82%o, with the most
depleted 8'°N values occurring at or close to the lakeshore

(Fig. 4).
3.3 Source of sedimentary organic matter

According to field surveys and possible OM sources pub-
lished in previous studies (Machiwa 2010; Shao et al. 2019),
five OM sources (plankton, macrophytes, C3 plants, sewage,
and soil OM) were chosen to evaluate the OM sources in YZ
and CH. The typical stable composition of each potential
OM source is presented in Table 1. As is shown in scatter
plots of 613C0rg vs. C/N, OM in YZ is within the ranges
of C3 plants, soil OM, sewage, plankton, and macrophytes
(Fig. 5a), while OM in CH mainly came from soil OM, sew-
age, plankton, and macrophytes. Scatterplots of the §'°N
vs. C/N (Fig. 5b) in YZ show that the sedimentary OM was
mainly separated into three sources, namely, C3 plants,
macrophytes, and soil OM, while the sedimentary OM in
CH originated from soil OM. In addition, scatterplots of
8"°C,y, vs. 8N (Fig. 5¢) show that OM in YZ sediments
was primarily dominated by C3 plants, soil OM, plankton,
and macrophytes, whereas sedimentary OM in CH was only
derived from C3 plants, soil OM, and macrophytes.

The MixSIAR model is effective in assessing the rela-
tive proportions of terrestrial and lake organic carbon in
lake sediments (Guang et al. 2010; Guo et al. 2020). We
used —23.5%o, —24.8%0, —27.0%0, —27.5%o0, and —27.5%o
as the 813COrg values of macrophytes, sewage, C3 plants,
plankton, and soil OM, respectively, based on the typi-
cal stable composition of OM sources (Table 1). Simi-
larly, the C/N ratios of macrophytes, sewage, C3 plants,
plankton, and soil OM were 20.0, 9.8, 22.5, 6.5, and 11.5,
respectively. Among the variables analyzed in this study,
none was higher than the lowest estimated factor of 1.05
for the Gelman—Rubin test, thereby suggesting that our
output data were reliable. The results shown in Fig. 6a
indicate that the contribution of C3 plants in YZ sedi-
mentary OM was 72.3 to 76.0% (average of 74.6%), soil
OM was 7.3 to 9.3% (average of 8.1%), macrophytes was
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Fig.2 Spatial distributions of TOC (a and d), TN (b and e), and C/N ratios (c and f) in surface sediments of YZ and CH, respectively

5.3 to 7.1% (average of 5.9%), sewage was 4.7 to 5.3%
(average of 5.0%), and plankton was 5.8 to 7.3% (average
of 6.5%). Compared with YZ, CH was characterized by a
significantly lower contribution of C3 plants (4.1 to 5.6%;
average of 4.5%) and larger contributions of soil OM (2.1
to 2.4%; average of 2.2%), plankton (36.2 to 43.0%; aver-
age of 40.5%), sewage (23.3 to 28.4%; average of 26.1%),
and macrophytes (5.9 to 8.0%; average of 6.5%) (Fig. 6b).

4 Discussion

4.1 Variation in sedimentary TOC, TN, C/N, §7C,,,
and 8'°N and driving factors

The concentrations of TOC in the surface sediment of YZ

and CH ranged from 1.51 to 11.35% (average of 7.45%)
and 2.36 to 12.17% (average of 8.23%), respectively, which
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were significantly higher than those in Lake Fuxian (2.02
to 3.40% from Song et al. 2016). In addition, the mean TN
contents of YZ and CH also showed significantly higher
values than those in Lake Fuxian (Song et al. 2016). Low
TOC contents in Lake Fuxian may indicate a low biologi-
cal productive as a result of lower trophic state (Song et al.
2016). YZ and CH were more productive in the water col-
umn due to eutrophication, which may lead to more TOC
storage in the surface sediments. In addition to nutrient
levels, other factors, such as soil erosion, also increased
the TOC contents. In YZ, the well-developed river sys-
tem surrounding the lake may increase TOC contents and
be more severely impacted by soil erosion (Zhang et al.
2012). Specifically, the TOC and TN contents in CH
(R*=0.904) have a more significant linear correlation than
those in YZ (R?>=0.836) (Fig. 4a), suggesting that more
organic nitrogen is stored in CH than in YZ.

As described above, there is a general decrease in both
TOC and TN from south to north in the YZ (Fig. 2), with rel-
atively low values occurring in the northern part of the lake.
The distribution pattern is related to the terrestrial inputs,
which control the nutrient conditions in the lake. A growing
body of evidence shows that high productivity occurs near
river mouths, such as in estuaries, due to the extra nutrient
input supplied by the rivers (Lin et al. 2002; Deng et al.
2006). Nutrient conditions in the YZ depend largely on the
material transported in the Yangzong River, and the nutri-
ents show a significant decline from the southeast section
to the northern part of lake. Similar findings have also been
observed in Lake Bosten and Lake Nam Co (Wang et al.
2012; Yu et al. 2015). Although the lake morphology of
YZ is similar to that of CH, TOC and TN showed different
spatial distribution patterns. The TOC and TN in CH were
characterized by concentric circles, with higher values in
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Table 1 Typical compositions of the main sources of sedimentary
organic matter®

Sources of organic matter ~ C/N 813C (%0) 8N (%0)

Plankton 5~8 -32~-23 +5~+8

Macrophytes 10~30  —27~-20 -15~420

Soil organic matter 8~15 C3:-32~-22 4+2~+45
C4:—-16~-9

Terrestrial plant >15 C3:-32~-22 —6~+45
C4:-16~-9

Sewage 6.6~13 —-26.7~229 +7~+25

“Li et al. (2016)

the deepest part of the lake. A good correlation was found
between the TOC and TN contents and water depth (Fig. 7).
A simple explanation for this distributional pattern is asso-
ciated with TOC mineralization. In general, in the shallow
areas of a lake, the oscillating redox conditions in the sur-
face sediment probably result in frequent sediment mixing,
promoting TOC mineralization (Hulthe et al. 1998). On the
other hand, the TOC content in the deepest part of a lake is
comparatively high, implying that the main OC source was
autochthonous material (Sobek et al. 2009; Ostrovsky and
Yacobi 2010). Our analysis showed a significant negative
relationship between the TOC (or TN) and the proportion of
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river mouth. It is, therefore, not surprising that TOC and TN
(both of which are tied with OM) and fine-grained sediment
contents have similar distribution patterns in CH.

C/N ratios, and 613C0rg, and 5"°N values have been widely
used as effective markers to estimate OM sources in lake
sediments. In general, allochthonous and autochthonous OM
have different C/N ratios: terrestrial plants have higher C/N
ratios (> 15), whereas autochthonous materials have lower
C/N ratios (< 6). Compared with CH, the C/N ratios in YZ
(16.26 to 27.37, average of 22.13) were significantly higher
than those in CH (7.15 to 13.82, average of 9.51), suggest-
ing that allochthonous inputs were the main source of OM.
Previous studies have shown that increasing allochthonous
inputs relate to intense human activities in the catchment
area and may be the main source of OM in the YZ (Yuan
et al. 2010; Zhang et al. 2012; Liu et al. 2017; Wu et al.
2021). Wu et al. (2004) suggested that autochthonous phyto-
plankton is the main source of OM in CH. Furthermore, the
increasing trend in C/N ratios from south to north in the YZ
(Fig. 2c¢) is attributed to a progressive increase in the deposi-
tion of terrigenous OM. Comparatively, higher C/N ratios
in CH were only observed at one southern site, with lower
values located on the eastern shore of the lake. This may
indicate that human-made pollutants have been discharg-
ing into the lake, increasing the eutrophication of the water
column on the eastern shore of CH, which contributes to
phytoplankton blooms and results in a decline in the C/N
ratios in surface sediments.

Apart from the trophic state, terrestrial inputs may influ-
ence the dynamics of 813C. In YZ, §'3C showed a clear
spatial gradient with higher values located in the northern
part of the lake, suggesting that the contribution of alloch-
thonous TOC decreases significantly from south to north.
Furthermore, YZ was characterized by higher '°N values
in the middle and southern sections of the lake, with lower
8!°N values in the northern section of the YZ. This indi-
cates that the N source is derived from the southern part
of the catchment basin. First, the southern catchment area
is significantly larger than that of the northern catchment.
Furthermore, Yangzong River located in the southern part
of the basin is the main terrestrial input pathway in YZ and
whose flow rate is the greatest area of concern due to major
construction works and farmlands in the Yangzong basin.
Plentiful sediment erosion caused by human activity con-
tributed to the increasing terrestrial input in the southern
part of the lake (Liu et al. 2017). In contrast, the intensity
of anthropogenic activities in the northern basin is less,
resulting in a limited amount of terrestrial materials being
brought into the lake. A study by Wu et al. (2021) has shown
that the contribution of sewage to sediment OM decreased
northward as a result of a decrease in pollutant sources and
a corresponding increase in transport distance for terres-
trial materials. The nutrient conditions in Lake Yangzong

are largely controlled by the Yangzong River, which results
in a significant decrease in nutrient concentrations from the
mouth of the river to the middle of the lake. In contrast,
the most depleted 813C values in CH were generally in the
deepest area of the lake than in the shallow areas. Our analy-
ses showed a significant negative relationship between 513C
and water depth (Fig. 7d), which indicates depleted 613C in
the deepest surface sediments. A straightforward explanation
for this trend is a progressive decrease in the proportion of
phytoplankton relative to the amount of terrigenous OM.
Furthermore, higher 815N values in CH are observed in the
deepest part of the lake. Statistical analysis indicated that
the correlation was significant (R*=0.171, P<0.01, Fig. 7e)
between 815N values and water depth, which may reflect
a higher trophic state, as deeper lakes are likely to sustain
more complex food webs. These observations are related to
the combined influence of microbial degradation and anoxia
in the water column and at the sediment—water interface.
First, the elevated 815N values may further suggest pro-
gressive enrichment of 15 N in the water column related to
microbial degradation of the OM (Lehmann et al. 2002) and
it may also reflect a higher trophic state, as deeper lakes are
likely to sustain more complex food webs. In deeper lakes,
bottom waters are also more prone to anoxia, which may
induce strongly positive 815N values related to denitrifica-
tion processes (Finlay and Kendall 2008).

4.2 Sources of OM in sediments

C/N ratios (atomic) and 8'>C and 8"°N values have been
widely used as markers to effectively discriminate sources of
OM in aquatic ecosystems (Lamb et al. 2006; Holtgrieve et al.
2011; Kikumoto et al. 2014; Li et al. 2016). Planktonic organ-
isms typically have C/N ratios between 4 and 7 (Mathesius
1999), whereas terrestrial vascular plants have C/N ratios that
are typically higher than 12 (Kao and Liu 1996; Ogrinc et al.
2005). Based on the correlations between 613C0rg and the C/N
ratio (Fig. 5a), C3 plants were the main OM source in the
surface sediments of YZ, while several samples were in the
range of soil OM, macrophytes, sewage, and plankton. The
OM sources in CH were derived from plankton, sewage, and
soil OM, and several samples were in the ranges of macro-
phytes and C3 plants. This may indicate that the combination
of 613C0rg values and the C/N ratio is a reliable tool for OM
source identification in CH and YZ. As shown in Fig. 5b, the
combination of 3'°N and C/N showed that most of the samples
in YZ were in the range of macrophytes, C3 plants, and soil
OM, while CH was characterized by soil OM and macrophytes
as the main OM source. However, one sample in YZ and seven
samples in CH were observed out of the range of typical OM
sources, implying that the combination of 8'°N and the C/N
ratio was unable to identify the OM sources. According to
the scatterplot of 613C0rg vs. 8N (Fig. 5¢), TOC in YZ was
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divided into four types, namely C3 plants, soil OM, macro-
phytes, and plankton, and CH was mainly composed of mac-
rophytes and C3 plants. Notably, two samples originating from
YZ were beyond the range of the selected end-members. This
suggests that the combination of 613COrg and 85N had dif-
ficulty determining OM sources in the YZ. Previous studies
have identified shortcomings in the application of the scatter-
plots of 3N vs. 613COrg and C/N ratios for OM source identi-
fication (Guo et al. 2020; Wu et al. 2021). Overall, our results
suggest that all samples could be estimated via the scatterplot
of E‘BBCOrg vs. C/N and that the combination of i‘SBCOrg and C/N
is more reliable for tracing OM sources.

The relative contributions of OM from different sources
to the surface sediments of YZ and CH were evaluated using
Bayesian mixing models based on the combination of 613C0rg
and the C/N ratio (Fig. 6). The results indicate that C3 plants
(72.3—76.0%) were the main source of OM in surface sedi-
ments in YZ, followed by soil OM (7.3-9.3%). Further-
more, the contribution of sewage is evident in the surface
sediments of CH, with a contribution of 4.7 to 5.3%. This
indicates that terrigenous inputs have an important influ-
ence on the composition of OM in the surface sediments of
YZ in addition to the endogenous plankton. In contrast, the
model indicates that 36.2—43.0% of the OM in the surface
sediments of CH originated from plankton. In addition, the
contribution of sewage in CH is greater than in YZ, with a
contribution of 23.3-28.4%. Macrophytes, C3 plants, and
soil OM also contribute to the OM in the surface sediments
of CH. Overall, the contribution of terrigenous inputs (C3
plants and soil OM) to the surface sediments of YZ was
significantly higher than that of CH, while autogenous OM
(plankton, sewage, and macrophytes) accounted for the main
OM in CH. We preliminarily interpret these differences as
being related to trophic state, water level, and soil erosion.
In YZ, the main pollution sources are domestic sewage and
agricultural nonpoint source pollution (Wang 2003; Zhang
et al. 2017).

5 Conclusions

This study assessed the spatial distribution patterns of TOC,
TN, and their isotopes (613C0rg and 8'°N) and identified the
main source of OM and their driving factors in the surface
sediments of YZ and CH. In YZ, the TOC, TN, 8"°C,,, and
8!°N showed a clear trend from south to north except at
the several sites close to the river mouth, while in CH, the
above variables showed a significant trend with water depth.
For example, high TOC, TN, and 89N values in YZ were
observed in the southern and middle sections of the lake,
with a lower 613C0rg in the same location, suggesting that
terrigenous input controls the carbon dynamics. In contrast,

higher TOC, TN, and 89N values occurred in the deepest

@ Springer

part of CH, with lower 613Corg values in the shallow sections

of the lake, implying that water depth may play an important
role in organic matter distribution. The main OM source to
the surface sediments in YZ is C3 plants, while substan-
tial contributions from plankton, soil OM, and sewage were
observed in CH. The sources of OM in deep-water lakes are
affected by different trophic states and terrestrial inputs, and
OM sources show different spatial patterns.
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