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Abstract
Human activities have greatly altered terrestrial carbon (C) dynamics associated with vegetation cover and land use changes,
thereby influencing the C sink in downstream ecosystems. However, the transport and preservation of organic C from soils that
experience serious erosion in the karst area are scarce, particularly at catchment scales. In this study, chemical characteristics of
organic matter (OM) isolated from the topsoil, overlying water, and lake sediments, as well as subsequent source identification,
were inferred from the molecular, spectroscopic, and carbon isotopic (δ13C) signatures in a typical karst catchment, Southwestern
China. The results indicated that the elemental compositions of the calcareous soil and paddy soil significantly differed from the
yellow soil. High similarities existed in the fluorescence spectra of humic substances (HS) extracted from the front two soil types
with those of lake sediments, indicating the homogeneous nature of OMmolecular structure. The C/N ratios of six dissolved OM
fractions and sedimentary HS along with δ13C values consistently reflected the primary terrestrial source. It was estimated to
account for 60% of total organic C in sedimentary OMby end-member mixingmodeling in accordancewith soil erosion intensity
and large recharge coefficient of this catchment. The evolution of soil loss and lake productivity can be well deduced from
sediment records of organic C content, C/N ratio, and the specific information of HS. This research highlighted that the
composition, source, and fate of OM in the karst lake was mainly dominated by the terrestrial C flux, rather than in-lake
production. Furthermore, soil type and erosion intensity have significant effects on the nature of eroded OM and ultimate
preservation.
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Introduction

Karst topography is one of the most fragile and vulnerable
environments because of the low pedogenesis and high per-
meability underlying the carbonate rocks (Jiang et al. 2014). It
represents 7–12% of the global land surface and is widely
distributed in the Mediterranean coast, Southwest China,
Northern Vietnam, Indiana and Kentucky of the USA, Cuba,
and Jamaica (Li et al. 2016). As one of the three largest con-

tinuous and well-developed karst landforms in the world,
Southwest China amounted to 2.5% of the global karst area,
about 540 000 km2 (Luo et al. 2016). Over the past several
centuries, excessive deforestation and reclaiming of lands for
cultivation have resulted in considerable land depression and
soil erosion here, thereby threatening the livelihoods of more
than 200million residents (Jiang and Ji 2013; Luo et al. 2016).
Moreover, lateral movement of sediment and water in the soil
system transports a great amount of the terrestrial C to down-
stream water bodies such as river and lakes via runoff,
leaching, and subsurface flow processes (Wang et al. 2008;
Li et al. 2016; Lu et al. 2018).

Nowadays, inland lake is increasingly recognized as
playing an important role in the transport, mineralization,
and burial of terrestrial C, especially in the karst watershed
(Nõges et al. 2016; Sironić et al. 2017; Lu et al. 2018). It has
been estimated that 2.9 Pg C a−1 discharged from global land-
scapes, in which about 20 percent was detained in the
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freshwater sediments (Cole et al. 2007; Tranvik et al. 2009).
Among them, approximately 11–46% of organic C inputs
were permanently captured by lakes, which originated from
allochthonous or/and autochthonous organic matter (OM)
(Sobek et al. 2009; Lu et al. 2018). Human activities can
largely affect the origin, transport, and fate of organic C in
the lake ecosystem (Li et al. 2016; Nõges et al. 2016). Recent
studies have shown that the burial rate of organic C rose dra-
matically in the subtropical lakes of Southwest China in the
past decades in response to increasing agricultural intensifica-
tion and urban expansion (Wang et al. 2018; He et al. 2020).
However, the patterns of the lake C enrichment and the depo-
sitional processes in the karst watershed differed from those of
other geologic settings because of the distinct hydrological
processes of runoff, sediment yield, and nutrient transporta-
tion (Jiang and Ji 2013; Li et al. 2016). Little information is
currently available on the composition and transformation
mechanism of OM, especially organic C, as it moves through
karst ecosystems (Nõges et al. 2016; Lechleitner et al. 2017).

Lake sediments are valuable archives of paleo-
environmental change by way of containing a diverse range
in the catchment and/or in the water body. The elemental
composition of sedimentary OM can be used as an effective
fingerprint to better inform regional environment succession
(Jiang and Ji 2013; Luo et al. 2019). Currently, C/N ratios
along with multiple isotopic signatures (e.g., δ13C, δ15N) of
particulate or sedimentary OM are regarded as customary in-
dicators to discriminate the sources of OM and reconstruct
past environment change (Meyers and Ishiwatari 1993; Jiang
and Ji 2013; Luo et al. 2019). However, these methods are
difficult to accurately discern the differences between endog-
enous and exogenous OM and quantified their respective pro-
portions based on global statistics rather than a specific region
(Perdue and Koprivnjak, 2007; Jiang and Ji 2013).
Furthermore, both proxies are susceptible to diagenetic pro-
cesses and microbial degradation in the lake ecosystem, which
may blur the source orientation and cause the apportionment
overlap (Meyers and Ishiwatari 1993; Lamb et al. 2006; Chen
et al. 2019). These deficiencies extremely limited our under-
standing of the C biogeochemical cycle coupling with the
changes of catchment vegetation, soil development, and
aquatic productivity in the karst area. Thus, it is essential to
know the origin, transport, and burial of organic C in the karst
ecosystems along with changes over time as well as their
response to climate change or other environmental perturba-
tions, including land degradation (Sironić et al. 2017; Lu et al.
2018).

With the rapid development of advanced analytical tech-
niques, such as fluorescence excitation-emission matrix
(EEM), high-performance size exclusion chromatography
(HPSEC), nuclear magnetic resonance (NMR), etc., they have
been successfully employed to explore the chemical and mo-
lecular composition of bulk OM from various natural sources

(Chin et al. 1994; Coble 1996; Santín et al. 2009; Derrien et al.
2017), thus providing frameworks for the global C cycle
(Stedmon and Markager 2005; Lu et al. 2018). As the major
OM constituent, humic substances (HS) represent the refrac-
tory products derived from the degradation of biomass detritus
and are often considered a vital C sink for a longer residence
time of several hundred years (Wolfe et al., 2002). Therefore,
these fairly recalcitrant copolymers have received increasing
attention in view of the terrestrial C sink (Hayes and Clapp
2001; Nguyen and Hur 2011; Derrien et al. 2017). HS are
generally fractionated into the hydrophobic and hydrophilic
constituents or humic acid (HA), fulvic acid (FA) and humin,
etc., according to their polarities or solubility, (Hayes and
Clapp 2001; Wang et al. 2009; Derrien et al. 2017).
Substantial differences in HS characteristics could exist be-
tween those HS subcomponents as well as among different
HS origins (Wang et al. 2009; Derrien et al. 2017). For exam-
ple, soil-derived HS are mostly composed of lignin and con-
densed aromatic C compared with those from sediment (Hur
et al. 2009; Nguyen and Hur 2011; Derrien et al. 2017).
Meanwhile, autochthonous HS often contain a higher propor-
tion of H and N in the presence of proteins, lipids, and carbo-
hydrates (Meyers 1994; Trickovic et al. 2007). Hence, the
chemical heterogeneity of HS in various environmental com-
partments from the same basin can help to track the origin and
fate of OM, even terrestrial C dynamics at a large scale
(Artinger et al. 2000; Hayes and Clapp 2001; Santín et al.
2009; Derrien et al. 2017).

Based on the above considerations, a small catchment—
The Lake Hongfeng catchment was selected as a case study in
Southwestern China. This catchment characterized by a typi-
cal karst topography is an area of concern due to its high rates
of soil erosion, annually 46.6 t ha−1 a−1, and has been inten-
sively studied by the scientific community in recent decades
(Wang et al. 2008; Jiang and Ji 2013; Luo et al. 2019).
Sporadic researches on the bulk OM compositions and their
transportation across the water, suspended particles, and sur-
face sediment have been investigated early (Wang et al. 2009;
Wang et al. 2012; Jiang and Ji 2013). Yet, questions remain
about the roles of soil types and erosion intensity on the com-
position, source, and fate of terrestrial C eroded from terres-
trial to aquatic systems. In the present work, we compared the
spectroscopic properties and molecular compositions of dif-
ferent OM components in this studied area, especially HS
extracted from surrounding topsoil and sediments. 13C isoto-
pic signatures along with elemental ratios were also employed
to explore the source of bulk OM in sediments. The goals of
this study were (1) to analyze similarities and differences in
the structural and chemical characteristics of OM subcompo-
nents or HS fractions in various environmental media; (2) to
identify the primary OM sources in sediment cores; (3) to
explore the coupling relationship between the transfer, burial
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processes of organic C and past regional eco-environmental
changes, particularly soil erosion in this catchment.

Materials and methods

Site description

The Lake Hongfeng catchment is located at the center
of the Guizhou Karst Plateau with a drainage area of
1596 km2 (Fig. 1). Permian and Triassic limestone, do-
lomite, sandstone, and sandy shale are extensively oc-
curs in this catchment (Wan 1999). Three primary soil
types underlie here, i.e., yellow soil, paddy soil, and
calcareous soil, which constitute 42.2%, 23.8%, and
22.7% of the total area, respectively. Ground cover
has changed significantly since the construction of the
lake, and the original subtropical evergreen and decidu-
ous broadleaved forest have been largely replaced by
secondary and plantation forests (Luo et al. 2019).
Present land uses mainly consist of farmland, forestland,
paddy field, shrubland, and grassland. In particular,
farmers have cultivated farmlands on slopes to meet
population demand, with a land reclamation rate of up
to 40% (Zhang et al. 2014a). This studied area is char-
acterized by the subtropical monsoon climate with a

mean annual temperature of 14 °C and 1200 mm of
precipitation. More than 80% of rainfall occurs from
April to October. Consequently, thin soil patches on
the sparsely vegetated and rugged slopes are easily
washed away by heavy seasonal rainfall (Wang et al.
2012). This catchment is very vulnerable to soil erosion
due to its fragility.

Lake Hongfeng (N 26° 26–36′, E 106° 19–28′) situates in
the upper drainage basin of River Maotiao, which is an im-
portant branch of Yangtze River (Fig. 1). As the largest arti-
ficial freshwater lake in Guizhou Karst Plateau, it was built in
1960 and supplied 4 × 105 m3 of daily drinking water for
Guiyang City, the capital of Guizhou Province. It has a surface
area of 57.2 km2, average depth of 9.3 m (max. 45 m), and
capacity of 6 × 108 m3 (Wang et al. 2012). It is monomictic,
and seasonic anoxic in the hypolimnion from late spring to
early autumn each year. It suffered from eutrophication and
cyanobacterial blooms from 1994 to 2007 because of the high
nutrients input, as a result of rapid urbanization and industri-
alization development in this catchment (Long et al. 2018).
After the external nutrient loading has been steadily con-
trolled, alga blooms declined. Till now, it is a mesotrophic
water body with average concentrations of total nitrogen (N)
and phosphorus (P), and chlorophyll a (Chl-a) around
1.55 mg L−1, 0.03 mg L−1, and 20 μg L−1, respectively
(Qianqiu 2019).

Fig. 1 Location of Lake Hongfeng Catchment and the sampling sites
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Sample collection

Three typical soils, namely yellow soil, calcareous soil, and
paddy soil, were sampled at the upper 15 cm from the adjacent
area, after removing the litter covering on the soil surface in
July 2014. Specifically, yellow soil samples were collected
from the coniferous forest with shrub. Calcareous soils were
sampled in a block of fallow land with sparse meadow nearby
the Houliu tributary. Paddy soils were collected during the
tillering stage in the rice field from a local farm. For each
sampling site, 3–5 different soil subsamples were collected
at random within a 10-m2 plot and then combined in the field
to form a representative composite sample. Prior to the lab
analysis, visible root residues and stones were removed from
each sample manually. All soil samples were gently crushed
to pass 2-mm mesh sieves in the laboratory.

A large volume of lake water (approximately 1000 L) was
collected under the water surface 1 m at the lake center (N 26°
32′ 45.9″ E, 106° 25′ 45.5″), adjacent to the intake of the
Guiyang Xijiao Waterwork. Physio-chemical parameters, in-
cluding water temperature (T), dissolved oxygen (DO), and
Chl-a, were measured in situ by a multi-sensor sonde (YSI
6600, Yellow Springs Inc, USA). Water sample was immedi-
ately filtered through a 0.45-μm membrane for the next
analysis.

Two sediment cores were retrieved synchronously at the
same sampling site using a gravitational sampler. Both cores
were 48 cm thick and then sliced into 4 sections of 0–10 cm,
10–20 cm, 20–30 cm, and 30–48 cm by depth in the field.
Samples were taken back to the laboratory quickly, together
with the above-filtrated waters. Sediments were further lyoph-
ilized, homogenized, and powdered to 0.15 mm.

Fractionation of OM in different environmental
samples

Soil OM was extracted followed a modified International
Humic Substances Society (IHSS) standard procedure de-
tailed elsewhere (Swift 1996; Derrien et al. 2017). Briefly, soil
sample was pretreated by 0.1 mol L−1 HCl solution to remove
carbonates. The supernatant then flowed through the XAD-8
resin column and flushed to collect FA. The effluent was
acidified again, added 0.3 mol L−1 HF, and then passed a H+

saturated exchange resin column (Bio-Rad AG-MP-50). The
solid residues were neutralized and agitated in 0.1 mol L−1

NaOH solution under a N2 atmosphere protection. The super-
natant was separated by centrifugation, acidified to pH = 1,
and stood overnight to precipitate as raw HA. After dissolving
it in a mixed solution of KOH and KCl, it was centrifuged
again to remove residual clay minerals. The supernatant was
conducted repeatedly following the above steps, then were
treated by a mixture of 0.1 mol L−1 HCl and 0.3 mol L−1 HF
to eliminate the impurities, and dialyzed against distilled

water. The purified HA and FA were freeze-dried, ground,
and stored in a desiccator.

Dissolved OM in the overlying water of Lake Hongfeng
were fractionated into six fractions according to the protocol
of Wang et al. (2009), i.e., HA, FA, hydrophobic neutrals
(HON), hydrophilic acids (HIA), hydrophilic bases (HIB),
and hydrophilic neutrals (HIN) based on their polarities.
These OM subcomponents were further concentrated by rota-
ry evaporation at 40 °C then dialyzed and freeze-dried like the
purification of soil HA and FA.

Prior to extracting sedimentary OM, samples were also
pretreated with 0.1 mol L−1 HCl solution and then extracted
with 0.1 mol L−1 NaOH solution for 24 h at room temperature
(Fuse et al. 2016; Derrien et al. 2017). The extracted solution
was acidified to below pH 2.0 to precipitate HA, while the
supernatant was centrifuged to collect FA. The solid residue
was regarded as humin. The as-obtained HA and FA were
continuously purified in the same manner as soil HS. These
HS subcomponents were then lyophilized for further analysis.

Analysis and characterization

Basic physicochemical properties of water, soil, and sediment
samples in the Lake Hongfeng Catchment

For the determination of soil moisture content, about 20 g of
fresh crushed soil was tightly packed into an aluminum box.
The weight loss was calculated when dried at 105 °C to a
constant weight (Zhang et al. 2014a). Soil pH in the aqueous
solution was measured using the acidity meter (pH 3C,
Shanghai, China) after agitation for 30min. Dissolved organic
carbon (DOC) concentrations of six fractions were determined
by high-temperature catalytic oxidation at 680 °C using an
analyzer (Elementar High TOC II, Germany) with a detection
limit of 0.2 mg L−1. The potassium hydrogen phthalate dis-
solved in ultra-pure water (18.2Ω) was used as the standard to
analyze DOC. The water content of sediment was evaluated
by mass loss during freeze-drying.

Elemental composition, spectrometric, and molecular
analyses of various OM fractions

Elemental compositions (C, H, N, and S) were measured for
six dissolved OM fractions, bulk soil, sediment samples, and
HS subcomponents by a CHNSVario elemental analyzer. The
relative content of oxygen (O) for those samples was calculat-
ed by subtracting the percentages of C, H, N, and S. The
reproducibility was in the range 0.1–0.2 wt. % for C and better
than 0.03 wt. % for N. Total C yields in samples were calcu-
lated by the C contents sum of individual OM components.
Furthermore, the atomic ratios of C/H, O/C, and C/N were
estimated on the basis of their relative contents. Generally,
C/H often reflects the unsaturation degree of hydrocarbons
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(Wang et al. 2009). The higher O/C ratio implies the greater
content of O-containing functional groups. The ratio of C/N is
usually regarded as an indicator of OM sources in a lake
(Lamb et al. 2006).

UV-Vis absorbance is widely applied to investigate OM
optical properties in natural water and soil (Chin et al. 1994;
Hur et al. 2009). The UV absorption at 254 nm (SUVA254)
was often deployed to deduce the relative proportion of aro-
matic structures in samples (Peuravuori and Pihlaja 1997).
Likewise, the UV absorptions at 280 nm (SUVA280) can pro-
vide valuable information for the aromaticity degree, humifi-
cation extent, and the molecular weight (Chin et al. 1994). The
above six kinds of dissolved OM fractions, soil, and sedimen-
tary HS solutions were placed in a 1 quartz cell, and scanned
in the range of 200–700 nm with a UV-VIS spectrophotome-
ter (T6 model, New Century Co., Beijing). SUVA254 and
SUVA280 were determined and normalized by DOC concen-
tration. Moreover, the E4/E6 ratio was calculated as the ab-
sorption strength at 465 to 665 nm. This value can be used as
an index for the degree of humification and aromatic conden-
sation (Stevenson 1994; Senesi et al. 2007).

Fluorescence spectra were recorded with a fluorescence
spectrometer (Hitachi, Model F-4500, Japan). The excitation
(Ex) wave lengths fitted from 220 to 400 nm at a 2-nm inter-
val, and the emission (Em) wavelengths from 250 to 550 nm at
a 5-nm increment. Slits and scan speed setting referred to the
procedure of Wang et al. (2009). Ultra-pure water was mea-
sured as a blank and subtracted from sample signals. EEM
spectra were processed using the software Sigma Plot 2000
(SPSS) and the fluorescence intensity was expressed in arbi-
trary unit (a.u.). Fluorescent constituents in samples were
identified on the basis of published data (Coble, 1996;
Yamashita and Jaffé 2008; Huguet et al. 2009). For EEM
spectra of natural OM, two fulvic-like fluorescence were gen-
erally categorized as the terrestrial origin (Coble 1996;
Yamashita and Jaffé 2008), while two protein-like fluores-
cence were congruent with tyrosine-like and tryptophan-like
fluorophores that were mostly produced by autogenous mi-
crobe and phytoplankton (Zhou et al. 2015; Lü et al. 2019).
Additionally, the fluorescence index (FI) and the freshness
index (BIX) were determined as the source and compositional
index of dissolved OM (Huguet et al. 2009;Wang et al. 2009).
Higher FI (ca. 1.8) usually refers to autochthonous OM,
whereas lower FI (ca.1.4) represents the terrestrial source
(Fellman et al. 2010). BIX is used to characterize the relative
contribution of autochthonous OM to the water body. This
index ranged from 0.6 to 0.8, indicating the prevailing terres-
trial source. If it exceeded 1.0, this reflected the autochthonous
OM source (Huguet et al. 2009).

Molecular weight distribution was measured by HPSEC
with a UV detector at 254 nm in the same manner described
previously (Wang et al. 2009). OM subcomponents were dis-
solved in a phosphate buffer solution (pH = 6.8) as the mobile

phase with a final C concentration of 10 mg L−1. The weight
averaged molecular weight (Mw), number-averaged molecu-
lar weight (Mn), and polydispersity (ρ) were also determined
(Wang et al. 2009).

Stable isotopic analysis

Carbon isotopic measurements were carried out on all homog-
enized samples after the removal of inorganic C.
Approximately, a 3-mg sample was sealed into a tin capsule
and combusted in excess oxygen at 1050 °C using an elemen-
tal analyzer (Thermo Quest). Residual oxygen was eliminated
through reaction with reduced Cu at 600 °C followed by a
H2O trap, and then the resulting CO2 was analyzed by a
micromass isotope ratio mass spectrometer (Isoprime, GV
Instruments, UK) on line. The 13C isotope ratio was calibrated
with the Pee Dee Belemnite standard. The reproducibility of
δ13C analysis was 0.3‰ for the entire process.

The contributions of different OM sources

Based on the above C/N and δ13 signatures of different OM
end-members, the feasible contributions of several potential
sources to sedimentary OM were quantified roughly using the
linear mixing models (Phillips 2001), as follows the equa-
tions:

C

N

� �
sample

¼ ∑n
i¼1

C

N

� �
i� f i

δ13Csample ¼ ∑n
i¼1δ13Ci� f i

∑
n

i¼1
f i¼ 1

where C/N is the atomic ratio of carbon to nitrogen in
samples and end-members (i), δ13C is their stable carbon iso-
topes (i), and f represents the relative contribution of each end-
member (i).

Results

Water quality characteristics and basal
physicochemical properties of the studied samples

The results showed that the yellow soil was slightly acidic,
whereas the calcareous soil and paddy soil were nearly neutral
in this catchment (Table 1). Their moisture contents were al-
most equal. The paddy soil was composed of the highest con-
tents of organic C and TN, followed by the calcareous soil and
yellow soil. The C/N ratios of three soil types varied from
12.18 to 15.20, and corresponding δ13C values ranged from
− 26.76 to − 20.10‰.
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In Lake Hongfeng, water quality parameters such as T,
DO, and Chl-a exhibited distinct stratification at a 12-m depth
in summer (Fig. 2). This trend was also expressed visually by
the profile change of DOC, and its concentration in the surface
layer was three times higher than the bottom water.

The water content of sediment decreased gradually
throughout the core profile. Accumulation of organic C was
greater in the surface 10-cm sediment than that in those topsoil
and dropped dramatically with the sediment depth. The C/N
ratios in the sediment core varied in the low range of 10.02 to
12.92 compared with those of soils, while their δ13C values
were somewhat negative.

Elemental composition and spectrometric and
molecular weight of six kinds of dissolved OM
fractions, soil, and sedimentary HS

Elemental composition, atomic ratios, and δ13C values of
these OM subcomponents were listed in Table 2. The organic
C content of soil HA was ranked in the order of yellow soil <
paddy soil < calcareous soil, in agreement with the parent

soils. The C/H, O/C, and C/N ratios for soil HA fractions
varied from 0.79 to 0.99, from 0.75 to 1.07, and from 10.37
to 14.44, respectively. Their corresponding δ13C values were
close to that of dissolved OM fractions. Unfortunately, ele-
mental composition analysis of soil FA and its C recovery
estimation cannot be conducted in this study due to the insuf-
ficient extraction from bulk soil samples.

For six fractions of dissolved OM, the C proportions of the
hydrophobic fractions were significantly higher than those of
the hydrophilic fractions. Among them, the N content of FA
was detected the lowest, whereas the H proportion of HON
was observed highest. The C/H ratios of those dissolved OM
constituents varied slightly, from 0.58 to 0.81. The O/C ratios
of the hydrophobic components weremarkedly less than those
of the hydrophilic components. The C/N ratios of HA and FA
were greater than 14, while those of the other four fractions
fluctuated around 10. Their δ13C ranges slightly differed, from
− 26.80 to − 25.64‰.

The proportion of HS in sedimentary OM varied from 23.5
to 45.8%, based on the estimation of their organic C contents.
Among them, HA, FA, and Humin constituted 62–87%, 10–

Fig. 2 Vertical distributions of water quality parameters of T, Chl-a, DO, and concentrations of dissolved organic C in the water column of Lake
Hongfeng

Table 1 The basic physicochemical properties of the studied soils and sediments

Samples pH Water content Elemental composition (wt%) C/N* δ13C

(%) C N H S O (‰)

Soils Yellow soil 4.86–5.75 23.5 1.50 0.12 1.69 0.77 95.93 15.20 − 20.10

Calcareous soil 6.89–7.06 22.4 3.75 0.31 1.39 0.62 93.94 14.34 − 26.76

Paddy soil 6.77–7.18 24.6 4.62 0.44 1.58 0.93 92.44 12.18 − 25.86

Sediments HF-10 88.5 5.78 0.66 1.59 4.09 87.88 10.22 − 27.87

HF-20 77.8 4.43 0.40 1.18 2.12 91.87 12.92 − 27.45

HF-30 68.6 2.73 0.30 0.95 0.69 95.33 10.62 − 26.13

HF-48 57.0 2.32 0.27 1.36 0.63 95.42 10.02 − 25.93

*The atomic ratio of C to N
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23%, and 3-15%, respectively. For sedimentary HA, the
highest C content was found in the surface 10-cm layer and
changed marginally below this depth. Nevertheless, the C
contents of FA and humin decreased throughout the profile.
Their C/N ratio ranges were 8.3–12.2, 11.82–15.03, and
21.00–39.74, and the corresponding δ13C varied from −
28.25 to − 24.87‰, from − 27.42 to − 24.33‰, and from −
26.24 to − 22.34‰, respectively.

The spectra of all OM subcomponents appeared no charac-
teristic at absorption peaks, and the absorption intensity de-
creased with the increasing wavelength (Table 3). The
SUVA254 and SUVA280 values of six kinds of dissolved
OM constituents ranged from 1.70 to 2.96 L (mg C m)−1

and from 1.03 to 2.09 L (mg C m)−1, while the E4/E6 ratio
varied in the range of 3.20–7.50. These results were markedly
lower than those of most soil and sedimentary HS in this
catchment.

EEM spectra of those OM subcomponents were pre-
sented in Fig. 3. Five distinct fluorophores were
discerned, i.e., two fulvic-like fluorescence including
UV fulvic-like peak A (Ex, 230–260 nm; Em, 420–460
nm) and visible fulvic-like peak C (Ex, 300–330 nm; Em,
420–450 nm), two protein-like fluorescence, peak B (Ex

275–290 nm; Em 330–360 nm) and peak D (Ex 220–250;
Em, 340–370 nm), and one humic acid-like peak E (Ex,
420–440; Em, 480–510 nm). Considerable differences of
fluorescence spectra between soil HA and FA were ob-
served among the three studied soil types. Specifically,
both the yellow soil HA and FA embodied a fulvic-like
peak and protein-like peak. In contrast, UV fulvic-like
peak A and humic-like peak E appeared in the HA frac-
tion of the paddy soil and calcareous soil, while two typ-
ical fulvic-like peaks were present in the corresponding
FA fraction (Fig. 3, Table 4). For the dissolved OM con-
stituents, only peak A was found in HA, a protein-like
fluorescence in HON, while two kinds of fulvic-like peaks
existed in the other four components. Additionally, FI and
BIX values of six dissolved OM constituents varied from
1.10 to 1.62 and from 0.62 to 0.85. The fluorescence
spectroscopy of sedimentary HA and FA were quite sim-
ilar to those of the calcareous soil and the paddy soil, and
the peak intensity decreased with the sediment depth.

The estimatedMw,Mn, and ρ value of those OM subcom-
ponents are summarized in Table 5. Interestingly, the molec-
ular weight of calcareous soil HA and FA were much larger
than those of the yellow soil and paddy soil. Six dissolved OM

Table 2 Elemental compositions, atomic ratios, and δ13C values of six dissolved OM fractions, HS extracted from the studied soils and sediments

Samples Elemental composition (wt%) C/
H*

O/C* C/N* δ13C

C N H S O (‰)

Soil
HSs

Yellow soil HA 37.96 4.27 3.2 0.26 54.31 0.99 1.07 10.37 − 25.44

Calcareous soil HA 43.74 4.04 4.64 0.33 47.25 0.79 0.81 12.63 − 26.22

Paddy soil HA 45.78 3.7 4.57 0.29 45.66 0.83 0.75 14.44 − 25.63

Dissolved OM fractions HA 43.40 3.50 4.45 1.01 47.64 0.81 0.82 14.47 − 26.80

FA 35.36 1.50 3.68 0.66 58.81 0.80 1.25 27.50 − 25.71

HON 46.20 5.15 7.64 0.85 40.16 0.58 0.65 10.47 − 26.36

HIA 30.27 3.03 3.24 0.17 63.29 0.78 1.57 11.66 − 26.62

HIB 31.11 3.50 4.31 0.36 60.72 0.60 1.46 10.36 − 26.54

HIN 33.90 3.70 3.83 0.05 58.53 0.74 1.29 10.69 − 25.64

Sedimentary HSs HA-10 48.15 6.77 6.23 0.53 38.32 0.64 0.60 8.30 − 27.42

HA-20 36.54 4.26 5.00 0.49 53.71 0.61 1.10 10.01 − 25.90

HA-30 38.36 4.24 4.73 0.43 52.24 0.68 1.02 10.56 − 25.16

HA-48 36.49 3.49 4.21 0.39 55.42 0.72 1.14 12.20 − 24.33

FA-10 7.47 0.58 2.08 0.25 89.62 0.30 9.00 15.03 − 27.75

FA-20 6.25 0.54 0.99 0.07 92.15 0.53 11.06 13.50 − 27.42

FA-30 6.09 0.59 1.77 0.16 91.39 0.29 11.25 12.04 − 26.16

FA-48 3.75 0.37 1.32 0.17 94.39 0.24 18.88 11.82 − 24.87

Humin-10 5.13 0.23 0.47 0.00 94.17 0.91 13.77 26.02 − 26.24

Humin-20 3.54 0.13 0.66 0.04 95.63 0.45 20.26 31.77 − 25.66

Humin-30 2.18 0.06 0.65 0.05 97.06 0.28 33.39 39.74 − 25.10

Humin-48 1.80 0.10 0.69 0.05 97.36 0.22 40.57 21.00 − 22.34

*The atomic ratio of individual element
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fractions had a narrow molecular weight range (Mw, 1765-
2674 Da;Mn, 1429–2049 Da), and the hydrophobic fractions
had a larger molecular weight and ρ values than that of the
hydrophilic fractions. In addition, the molecular weight distri-
bution of sedimentary HS was similar to that of soil HS, with
relatively higher ρ values for the FA fraction.

Estimation of contributions of OM sources in lake
sediment

Based on the C/N ratios and δ13C assigned to different end-
members, plots of sedimentary OM are situated far from the
signatures of land-derived C4 plants (Fig. 4). Therefore, it was
presumed that the contribution of terrestrial C4 plants can be
ignored in the OM source apportionment. Accordingly, the
distinct features of three environmental end-members were
used in the isotopic multivariate mixing model: (1) Earlier
investigation of phytoplankton data (C/N 8.0, δ13C −
30.00‰) from this lake was adopted (Li, 2009). (2) Actual
measurement of surrounding soils (C/N 13.90, δ13C −
24.24‰) was used, as the mean values of three kinds of soil
types in this catchment. (3) Terrestrial C3 plants (C/N 20,
δ13C − 27‰) referred to the average of the empiric value
(Kendall and Coplen 2001). It was estimated that the contri-
bution of terrestrial soil and C3 plants was 56.3% and 3.7%,
respectively, whereas phytoplankton accounted for 40.0% of
sedimentary OM.

Discussion

Soil OM and associated HS characteristics

Remarkable differences of organic C content were observed
between the calcareous soil and the other two soil types in this
catchment (Table 1), which were consistent with previous
reports (Zhu et al. 2007; Di et al. 2019). In the context of karst
landform, the calcium content of the calcareous soil was ap-
proximately one order magnitude higher than that of the yel-
low soil (Di et al. 2019). Thus, soil OM, particularly HA, can
be preserved in the form of Ca2+-OM complexes and/or co-
precipitate with hypergene CaCO3, thus hard to biodegrade
and lose (Di et al., 2019). However, yellow soil OM is tightly
bound to R2O3 with more leached calcium, resulting in low
organic C content (Zhu et al. 2007). Paddy soil is a kind of
cultivated soil developed on natural soils and formed by man-
made water tillage and flooding. As a result of long-term mat-
uration hydroponics and fertilization management, organic C
content was elevated to a certain extent (Wang et al. 2019).

The results of elemental composition analysis showed the
lower C/H ratios for the calcareous soil and the paddy soil HA
than the yellow soil HA suggesting that they contained more
carbohydrate fractions (Table 2). Similar rules were reported
whereas the C/H ratios of the calcareous soil and yellow soil
HA varied in the range of 0.64–0.68 and 0.73–0.85 in
Southwest China (Ma et al. 2016). The ratio of C/N is usually

Table 3 Specific UV absorbance
[L (mg C m)−1] at 254 nm,
280 nm and the E4/E6 ratios of
six dissolved OM fractions, HS
extracted from the studied soils
and sediments

Samples SUVA254 SUVA280 E4/
E6

Soil HS Yellow soil HA 4.57 4.08 4.50

Calcareous soil HA 6.74 5.00 3.73

Paddy soil HA 6.53 5.97 4.96

Yellow soil FA 2.28 1.97 6.65

Calcareous soil FA 2.40 1.73 4.72

Paddy soil FA 3.93 1.73 7.43

Dissolved OM fractions HA 1.88 1.49 3.75

FA 2.43 1.60 7.50

HON 1.70 1.03 4.60

HIA 2.50 1.65 5.25

HIB 2.96 2.09 4.83

HIN 1.50 1.06 3.20

Sedimentary HS HA-10 3.97 3.53 4.38

HA-20 7.28 6.47 4.02

HA-30 7.41 6.76 4.01

HA-48 9.54 8.51 3.00

FA-10 2.53 1.99 7.60

FA-20 2.29 1.67 6.67

FA-30 3.33 2.44 4.83

FA-48 4.09 2.56 4.50
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analyzed alongside δ13C to determine the relative contribu-
tions of various OM sources in a lake (Lamb et al. 2006).
Bacteria, algae, and soil OM generally have low C/N ratio
of < 5, 5–10, and 10–15, respectively, which are distinct from
those of terrestrial vegetation, such as C3 and C4 plants above
20 (Meyers 1994; Lamb et al. 2006). The δ13C of some phy-
toplankton varied from − 12 to − 24‰. If it uses atmospheric
CO2 as the photosynthetic C source, then δ13C will be deplet-
ed and biased to − 35.5‰ (Jiang and Ji 2013; Lu et al. 2018).
In contrast, if it utilizes HCO3

−, δ13C will be more positive
(Wang et al. 2012). The δ13C of soil OM largely depended on
their origin, whether from a C3-dominated environment (light
δ13C value, from − 21 to − 33‰), or froma C4-dominated
environment (heavier δ13C, from − 10‰ to − 21‰)
(Kendall and Coplen 2001; Goni et al. 2003). In this study,
the C/N ratios and δ13C results indicating soil OM camemain-
ly from the C3 plant source. Pedogenesis was remarkably
slow on these parent materials in karst landscape. Soils are
usually thinner than 50 cm in Southwest China, only one third

to half as thick as those developed on noncarbonate bedrock
under similar climate regimes (Jiang et al. 2014; Luo et al.
2016). Hence, a substantial terrigenous organic matter easily
entered into this lake during the wet season (Long et al. 2018;
Luo et al. 2019).

A notable higher SUVA254 and SUVA280 values for soil
HA were observed than the FA fraction in this catchment
(Table 3). Similar results were reported elsewhere (Hur et al.
2009; Derrien et al. 2017). This probably related to the abun-
dance of condensed aromatic structures in the former, which is
supported by their C/H ratios mentioned before (Table 2).
Usually, lower E4/E6 values (about 3–5) were assigned as
high-molecular HA with developed aromatic carbon network
and higher (6–10) for low-molecular, young, and more ali-
phatic FA (Stevenson1994). The E4/E6 ratios of soil HS ba-
sically fell in this range in the present study.

As seen in Fig. 3, EEM spectra of the calcareous soil and
the paddy soil agreed with previous findings (Santín et al.
2009). However, protein-like peaks were found in the spectra

Fig. 3 Typical fluorescence spectra of selected dissolved OM fractions, HS extracted from the studied soils and sediments
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of the yellow soil associated HA and FA, owing to the
abundance of N-containing constituents. Its low pH value
can promote acidic hydrolysis of soil OM to some N-
containing constituents, such as proteins, nucleic acids,
and polysaccharides (Di et al. 2019). Additionally,
humic-like peak E is presented in the paddy soil and the
calcareous soil HA (Fig. 3; Table 4). This fluorophore
was designated as the terrestrial OM, which has been de-
tected in IHS HS and the HA fraction extracted from
estuarine soils of the Iberian Peninsula (Yamashita and
Jaffé 2008; Santín et al. 2009).

Because of the formation of Ca2+-OM complexes or
co-precipitate with hypergene CaCO3 in calcareous soil,
the Mw, Mn of both HA and FA fractions were notably
larger than that of the yellow soil and the paddy soil
(Table 5). This indicated that the chemical composition
of soil OM is closely related to the lithology. Ma et al.
(2016) pointed out that general molecular weight distri-
butions of HA of the calcareous soil and yellow soil in
Southwestern China were similar by ultrafiltration; how-
ever, the size distributions in those two HA remain no-
tably different. Furthermore, the large molecular frac-
tions (> 50 kD) occupied about 70 wt% and 91 wt%
of those two soil HA, respectively.

Concentrations of DOC and characteristics of six
fractions of dissolved OM

The average DOC concentration at the lake center was 3.48
± 1.33 mg L−1 (Fig. 2), which was slightly higher than
previous results (Wang et al. 2009; Wang et al. 2012).
But it was far less than the median value of 5.71 mg L−1

documented from global lakes (Sobek et al. 2007) and the
mean value of Yun-Gui Plateau lakes (7.0 mg L−1),
Southwest China (Song et al. 2018). In karst surface water,
DOC mainly originated from phytoplankton via photosyn-
thetic uptake of carbonate weathering inorganic C (Jiang
and Ji 2013; Lu et al. 2018). Prior results show that the
export load ratio of inorganic and organic C is up to 21 in
this studied area, indicating that over 95% of terrestrial C
export existed in the form of HCO3

− in Lake Hongfeng
(Wang et al. 2012). Relevant investigation found that HS
amounted to 64% of dissolved OM in this lake, and FA
contributed to 51% (Wang et al. 2009). The presence of a
high percentage of hydrophobic fractions could be closely
related to plenty allochthonous OM input, due to the severe
soil erosion and strong runoff in this catchment. It was
reported that the soil loss area is up to 311.5 km2, account-
ing for 20.2% of the drainage area (Jiang and Ji 2013).

Table 4 Maximum fluorescence peaks and intensities (I) of six dissolved OM fractions, HS extracted from the studied soils and sediments, and the FI,
BIX indexes of dissolved OM fractions

Samples Peak A I Peak C I Peak B I Peak D I Peak E I FIa BIXb

Soil HSs Yellow soil HA 245/402 145.7 310/413 155.2 225/342 307.7 275/336 188.5

Calcareous soil HA 260/468 188.2 425/498 84.34

Paddy soil HA 262/472 160.3 420/492 86.63

Yellow soil FA 255/444 708.4 330/412 675.2 250/368 843.8

Calcareous soil FA 253/420 1039 320/414 798.1

Paddy soil FA 255/440 1208 330/426 1010

Dissolved OM fractions HA 265/456 570.7 1.15 0.62

FA 255/434 799.0 305/418 689.4 1.22 0.65

HON 250/422 1636 305/410 1531 280/346 1413 1.62 0.85

HIA 255/428 794.1 310/414 799.3 1.10 0.63

HIB 240/414 1406 315/428 996 1.40 0.72

HIN 240/418 576.8 310/412 723.5 1.42 0.66

Sedimentary HSs HA-10 265/494 115.3 430/500 77.97

HA-20 260/498 109.4 435/508 70.49

HA-30 260/498 93.10 435/510 49.09

HA-48 260/494 75.27 435/508 31.96

FA-10 240/420 275.8 310/416 203.3

FA-20 240/424 188.4 310/420 123.8

FA-30 245/422 142.6 310/420 92.4

FA-48 245/430 128.7 310/424 90.5

a FI means the ratio of fluorescence intensity at Em wavelength 450 nm to that of at 500 nm at a fixed Ex wavelength of 370 nm
bBIX is estimated as the ratio of the emission intensity at 380 nm divided by the maximum emission intensity between 420 and 435 nm, at an Ex 310 nm
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According to the larger C/H ratios of FA and HA (Table 2),
the unsaturation degree was somewhat higher than that of
other components. Thus, the hydrophilic components and
FA contained more such functional groups compared with
HA and HON. The C/N ratios and δ13C results of dissolved
OM fractions in Lake Hongfeng reflected a blend of alloch-
thonous and autochthonous sources. Among them, HA and
FA were mainly from terrestrial C3 plant debris, whereas oth-
er OM constituents were in situ produced by photosynthetic
phytoplankton. Freshwater algae often have lower C/N ratios
due to higher protein contents, meanwhile terrestrial high
plants have higher C/N ratios because of containing cellulose,
lignin, and tannins (Meyers 1994).

The SUVA254 and SUVA280 values of HON and HIN were
markedly lower than those of other components (Table 3),
indicating a lower aromatic structure and humification degree
and the small molecular weight range for these neutral frac-
tions (Wang et al. 2009). Generally, OM derived from aquatic
algae and bacteria had a lower SUVA value than those from
terrestrial sources (Wang et al. 2009; Traversa et al. 2014).
This finding supported that these dissolved OM constituents
were formed by in situ from algal biomass and microbiolog-
ical activity in Lake Hongfeng.

EEM spectra indicated that most dissolved OM constitu-
ents originated from terrestrial sources in this catchment (Fig.
3), which were consistent with the above elemental composi-
tion results shown. On the contrary, Lü et al. (2019) found that
protein-like components were dominant in a eutrophic lake
throughout the entire year. Additionally, the FI values of five
dissolved OM fractions varied in the range of 1.10–1.42,

Fig. 4 δ13C values plotted against
atomic C/N ratios of dissolved
OM fractions, HS isolated from
the studied soils and sediments,
and the different end-members
including particulate OM, algae,
sediment, soil OM, and C3 and
C4 plants in the Lake Hongfeng
Catchment compiled from previ-
ous studies (Zhu et al., 2007; Li,
2009; Jiang and Ji, 2013; Fang
et al., 2017)

Table 5 Molecular weight distribution ranges and ρ values of six
dissolved OM fractions, HS extracted from the studied soils and
sediments

Samples Mw (Da) Mn (Da) ρ

Soil HSs Yellow soil HA 5445.94 4870.25 1.12

Calcareous soil HA 6249.32 5144.04 1.21

Paddy soil HA 5412.84 4921.68 1.10

Yellow soil FA 2200.33 1792.61 1.22

Calcareous soil FA 2954.39 2242.26 1.32

Paddy soil FA 2732.71 2104.11 1.29

Dissolved OM fractions HA 2674 2049 1.31

FA 2232 1546 1.44

HON 2199 1652 1.33

HIA 1852 1461 1.27

HIB 1871 1603 1.17

HIN 1765 1429 1.24

Sedimentary HS HA-10 6049.04 5833.17 1.04

HA-20 5828.11 5538.54 1.05

HA-30 5857.70 5485.39 1.07

HA-48 5670.93 5398.90 1.05

FA-10 2475.16 1728.37 1.43

FA-20 2311.30 1613.98 1.43

FA-30 2318.39 1534.09 1.51

FA-48 2305.93 1629.58 1.42

Mw, the weight-averaged molecular weight; Mn, the number-averaged
molecular weight; ρ, refers to the polydispersity
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except HON (Table 4), which also implied the dominance of
terrestrial OM input. BIX results also coincided with the
above argument.

Six kinds of dissolved OM fractions had small molecular
weight distributions (< 3000 Da), similar to previous investi-
gations (Wang et al. 2009). These results could be partially
explained by strong UV photo-degradation in Southwest
China (Wang et al. 2009; Zhou et al. 2015). Another possibil-
ity was that the extracellular products of alga detritus caused
the increase of smaller organic molecules in the euphotic layer
(Trickovic et al. 2007; Lü et al. 2019).

Sedimentary OM and related HS characteristics

Total organic C content in lake sediment depends on the input
quantity and conservation capacity of the deposition environ-
ment. Benthic activity is usually active in surface sediments,
resulting in greater organic C and water content than that in
the bottom layer (Table 1). As seen in Table 2, the C/H ratio of
sedimentary HA were close to those from Lake Biwa (0.68-
0.81), and lower than those of typical freshwater system
(0.72–1.09), while the O/C ratios were slightly higher than
that of Lake Biwa (0.61–0.89) and most water bodies in
China (0.47-0.58) (Zhang et al. 2010; Fuse et al. 2016). It
can be deduced that the sedimentary OM in Lake Hongfeng
were highly aromatic with more oxygen atom in the sketch
structure compared with those of the above freshwater bodies.

During OM settlement and preservation, early diagenesis
can lead to the loss of 13C depletion in sediment than the
terrestrial source and the decrease of δ13C toward the deeper
layer. It has also been proved that N was usually mineralized
preferentially over C in this process, thus resulting in the dra-
matic change of the C/N ratio in the profile (Meyers and
Ishiwatari 1993; Perdue and Koprivnjak, 2007; Chen et al.
2019). However, neither the δ13C values nor the C/N ratios
exhibited the aforementioned trend in this study (Table 2).
The same variation tendency was also observed in nearby
Reservoir Wujiangdu and Reservoir Puding in the same wa-
tershed (Yang 2017). On the whole, the modest increasing
down-core trends of δ13C for sedimentary HS in Lake
Hongfeng probably ascribed to the weak early diagenesis
and microbial decomposition. It can be further inferred from
the C/N ratios that the HA fraction in the surface sediments
was primarily attributed to autochthonous OM in past decades
(Table 2), while that of the deeper layer originated from the
allochthonous OM. Nevertheless, the C/N ratio and δ13C
values of sedimentary FA indicated the predominant contri-
bution of terrestrial OM. Humin results reflected a major C3
plants contribution. Moreover, comparing the whole sedi-
ments rather than the isolated HS depleted in δ13C (Table 1,
Table 2) indicated that the HS embodied a more terrigenous
nature than their non-humic part (Tremblay and Gagne 2009;
Zhang et al. 2014b).

The UV absorption values of sedimentary HA and FA in-
creased with the sediment depth, implying an enhanced humi-
fication degree (Table 3). This conclusionwas further support-
ed by the opposite profile change of the E4/E6 results (Senesi
et al. 2007).

Most interestingly, a great similarity of fluorescence spec-
tra was found between sedimentary HA, FA fractions, and
those from the overlying water, nearby calcareous soil and
paddy soil (Fig. 3, Table 4). A similar trend was reported in
Hur et al. (2014), in which terrestrial humic-like and fulvic-
like fluorescence were predominantly present in sediment and
soil HA, or aquatic dissolved OM. This agreement may be
caused by the more sensitive nature of HS in responding to
regional land-cover change in the karst watershed. The mo-
lecular weight distribution of sedimentary HA was also com-
parable with that of soil HA (Table 5). These probably implied
that lake sediments can well record the information of soil
erosion and runoff input in the karst catchment (Luo et al.
2019). The molecular weight of sedimentary FA was equiva-
lent to that of Lake Martignano, Italy (500–3000 Da) (Calace
et al. 2000), and dissolved FA fraction in Lake Hongfeng, and
slightly lower than those of three soil types, owing to the
insignificant microbial decomposition in the deposition pro-
cess (Long et al. 2018). The ρ value of sediment HAwas close
to 1, indicative of a homogeneous, monodispersed system,
whereas that of FA about 1.5 reflected a polydispersed system.

Possible mechanisms of the OM cycle involved in the
karst catchment

In the Lake Hongfeng Catchment, the contribution of the al-
lochthonous source including soil and C3 plants accounted for
60% of the total OM pool via end-member mixing analysis.
However, the estimation may deviate from the actual situation
because the values for other end-members from anthropogenic
sources, such as industrial wastewater and domestic sewage,
were scanty in this study (Kendall and Coplen 2001; Lamb
et al. 2006). Furthermore, a meta-analysis of OM features
available in the literature across various compartments in this
catchment is exhibited in Fig. 4. Except for particulate OM,
most data clearly show that the allochthonous source played
an important role in the provenance and delivery of OM. The
C/N ratios in surface sediments were intermediate between
two contrasting autochthonous and allochthonous OM end-
members, while terrestrial sources may be the major contrib-
utor to that in deeper sediments. This conclusion was in good
agreement with preceding studies (Jiang and Ji 2013; Luo
et al. 2019).

In fact, most freshwater lakes in subtropical climates are
significantly affected by terrestrial inputs, and allochthonous
OM often dominated the C balance (Jiang and Ji 2013). First,
changes in land-use patterns have to be considered one of the
most significant human activities affecting lake organic C
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(Anderson et al., 2013). As a predominant component with the
moderate reactivity, HA correlated with the stability of soil
aggregates as compared with FA and humin, and thus consid-
ered a reliable proxy for the soil OM quality (Traversa et al.
2014). Di et al. (2019) found that the calcareous soil had
higher contents of total organic C and HA, especially the
proportions of encapsulated and interacted HA fractions than
those of yellow soil in Southwestern China, which indicated
that it could be more vulnerable to rocky desertification once
the vegetation cover was destroyed. The cultivation also re-
duced soil organic C storage in the calcareous soil, subse-
quently increased the export flux of organic C (Zhang et al.
2014a; Li et al. 2016). This mechanism had been proved by
the rice field investigation on a small Dachong area in this
studied catchment (Wang et al. 2019). Another possible rea-
son was the mesotrophication state of this lake maintained
since 2010 along with relatively low DOC content (Long
et al. 2018). Wang et al. (2012) concluded that a short water
residence time of approximately 120 d and a large recharge
coefficient of 27.9 (the ratio of drainage area to lake water
area) were unfavorable to the metabolism of organic C in this
lake.

It is evidenced that the stratigraphic variations in organic C
content and C/N ratio in the sediment cores can be used to
deduce the OM source and past environmental change over
time in the catchment (Sobek et al. 2009; Luo et al. 2019). The
linear sedimentation rate has been estimated to be 9.3 ±
0.7 mm a−1 in Lake Hongfeng by 210Pb and 137Cs dating
(Wan 1999). Accordingly, the deposition ages of each sedi-
ment layer corresponded to approximately four episodes of
2014–2003, 2003–1992, 1992–1981, and 1981–1960. In the
earliest period before 1992, both organic C content and the C/
N ratio are rather low below the 20-cm sediment depth
(Table 1), suggesting a small amount of terrestrial OM input.
This corroborated the relatively low soil erosion rate from
26.8 to 38.5 t ha−1 a−1 before 1990 (Zhang et al. 2014a; Luo
et al. 2019). At that time, this lake was oligotrophic with very
low primary productivity. Period 2 represents from 1992 to
2003; organic C and C/N ratios elevated in the segment of 10–
20-cm sediment, indicating more terrestrial-derived OM con-
tribution. During this period, many natural forest lands have
been turned into dry arable upland and paddy fields. This
further intensified soil erosion and C transfer to this lake.
The average annual soil loss reached to 57.7 t ha−1 a−1 in this
episode (Luo et al. 2019). Actually, terrestrial characteristics
may be evidently archived in the sedimentary HS, as
discussed in the earlier section. Meanwhile, massive nutri-
ent loading raised the eutrophic level and eventually led
to high organic C sedimentation rates. Sudden deterio-
ration events of water quality, e.g., alga bloom and dead
fish in this lake have been reported frequently since
1994 (Long et al. 2018). Period 3 correspond the latest
decade, a small steady increase in organic C and

decrease of C/N ratio suggested a significant reduction
of terrestrial OM flux, along with the water quality im-
provement after 2007 (Lu et al. 2018).

It has been estimated that the average organic C accumu-
lation rate in sediment from Lake Hongfeng was approximate-
ly 29.37 g m−2 a−1 (Wang et al. 2012), which was distinctly
higher than the average value (8 g m−2 a−1) of lakes across
China (Wang et al. 2018). This distinction implied greater C
sequestration in the karst catchment. Coincidently, organic C
accumulation rate during the post-1950 in Lake Fuxian, the
deepest oligotrophic lake in Southwestern China, was about
6.9 times that for the period of 1910–1950 subject to land-use
change, correspondingly 1.06 g m−2 a−1 in 1910 and 21.74 g
m−2 a−1 in 2017. Land-cover change has significantly in-
creased the allochthonous C export flux, thus amplifying the
OC burial in European and American lakes (Anderson et al.
2014). For example, the C burial rate in freshwater lakes of
Iowa, USA, even can fetch up to 200 g m−2 a−1 following
agricultural development (Heathcote and Downing 2012).
Therefore, the conversion of forested land to agriculture also
definitely accelerated soil erosion in this studied catchment,
leading to increased production of organic matter and the en-
richment of substantial nutrients (Long et al. 2018; Luo et al.
2019). This was supported by the inherent link between sed-
iment HS characteristics to that of adjacent soil. The findings
confirmed that OC burial in lacustrine sediments is character-
ized by comparatively rapid accumulation, particularly in the
karst watershed, and a high preservation factor than that in the
oceans (Einsele et al. 2001; Cole et al. 2007).

Conclusions

The Lake Hongfeng Catchment was chosen as a case study to
unravel the distribution, migration, and transformation of OM
in the karst landform, by using spectrometric and chemical
analysis. Results have shown that organic C contents of three
major soil types and the extracted HA fraction ranked in the
order of the paddy soil ˃ the calcareous soil ˃ the yellow soil.
The C/N ratios as well as δ13C values of the bulk OM char-
acteristics and associated HS fractions reflected the over-
whelming contribution of the allochthonous source to the au-
tochthonous source, in coincidence with the FI and BIX indi-
ces. It was worth mentioning that the homogeneous nature of
OM characteristics between the calcareous soil, paddy soil,
and lake sediment, as indicated by similar fluorophores,
existed in those extracted HA and FA fractions. This was
further supported by the ultraviolet spectra and the molecular
weight distributions of HS. In addition, the soil erosion evo-
lution was well documented by the profile change of C/N
ratios and δ13C proxies as well as HS composition in sediment
since the construction of the lake. Furthermore, this study
contributes to a better comprehension of the terrestrial organic
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C sink captured by the karst lake and provides a reference for
future studies tracking natural OM compositional changes in
response to human disturbance and/or climate change.
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