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Abstract
Isotopic compositions of δ13CDIC, sources and abundance of dissolved inorganic carbon (DIC), dissolved
organic carbon (DOC), particulate organic carbon (POC), and their response to hydrologic regimes were
examined from Lianjiang River stream in rainy (DIC and DOC) and dry seasons (DOC and POC). Lianjiang
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River was recharged by groundwater in dry season, the abundance of DIC was higher than DOC. Apart from
DIC concentrations in dry season, DIC and DOC concentrations, and δ13CDIC showed on spatial variation
from upstream to downstream. DIC concentrations in rainy season was higher than those in dry season, while
δ13CDIC in dry season was higher than those in rainy season because of increasing contributions from karst
groundwater. Carbonate-sourced DIC contributed from 37.1% to 47.8% with an average of 42.6% of the
riverine DIC in rainy season, and contributed from 44.6% to 54.5% with an average of 49.9% of the riverine
DIC in dry season. Similar carbonate-sourced and soil CO2 sourced DIC to Lianjiang River in dry season also
indicates that Lianjiang River was recharged by groundwater in dry season. Total n-alkanes concentrations in
POMwere higher than those in DOM, and anthropogenic n-alkanes concentrations were higher than those in
biogenic n-alkanes concentrations. Algae and floating/submerged aquatic plants were the major biogenic
sources POM and DOM, but part sampling sites with DOM source from terrestrial plants, aquatic mac-
rophytes sources. Light petroleum input and incomplete fossil fuel burning at high temperature and heavy oil
emission were the major source of DOM and POM in Lianjiang River, but the contribution of incomplete
fossil fuel burning or heavy oil emission in POM was higher than those in DOM. The results shed light on the
characteristics and dynamics of different carbons in typical karstic river.
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Introduction

The input of dissolved and particulate carbon from
watersheds to oceans is influenced by various fluvial
processes (Sun et al., 2015), which have significant
impacts on regional and global carbon budgets (Ge
et al., 2020; Xue et al., 2017). The significant amounts
of terrestrial carbon transported by rivers have a notable
impact not only on the carbon cycle of marginal seas
but also on crucial biogeochemical processes. There-
fore, it is essential to investigate the sources of ter-
restrial carbon transported by rivers and the factors that
control their transport to gain a better understanding of
the global carbon cycle and marine biogeochemistry
(Beaulieu et al., 2012; Bianchi, 2011; Blair and Aller,
2012; Wang et al., 2012). Terrestrial organic carbon
transported by rivers includes both particulate organic
carbon (POC) and dissolved organic carbon (DOC),
while inorganic carbon transport comprises both par-
ticulate inorganic carbon (PIC) and dissolved inorganic
carbon (DIC) (Bauer et al., 2013; Cole et al., 2007). The
primary sources of organic carbon in most rivers are
plants, river algae, soil organic matter, and ancient
organic matter released through weathering processes
(Armstrong, 2012; Mayorga et al., 2005). And DIC is
predominantly composed of bicarbonate ions, which

primarily originate from the chemical weathering of
carbonates and silicates within the river’s drainage
basin (Chen et al., 2021). However, the contribution of
anthropogenic sources to organic matter in POM and
DOM in river systems remains unclear.

The transport of riverine organic and inorganic
carbon is influenced by various complex factors, such
as landform, soil type, vegetation condition, and fluvial
processes. However, previous studies have mostly
focused on the seasonal dynamics of dissolved inor-
ganic carbon (DIC) and dissolved organic carbon
(DOC) in rivers, with little attention given to investi-
gating the seasonal variations of DIC and DOC in river
water and their interactions with groundwater.
Groundwater can act as a source of river water and DIC
or DOC, which are controlled by hydrologic regimes
such as flow paths and connectivity (Larsen et al., 2010;
Singh et al., 2014; Yang et al., 2020). Groundwater
accounts for 95% of the liquid freshwater on Earth and
contains a diverse array of dissolved organic matter
(DOM) molecules that play a crucial role in the global
carbon cycle. Recent research suggests that the ex-
traction of groundwater and the discharge of subter-
ranean groundwater to oceans could lead to the release
of up to 13 Tg of highly photolabile and aerobically
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biolabile DOC from groundwater to surface environ-
ments annually, where it can be rapidly degraded
(McDonough et al., 2022). Karst areas cover approx-
imately 15% of the Earth’s land surface and have a
significant impact on terrestrial carbon uptake and
environmental quality (Liu et al., 2018), and the res-
ervoirs in karst areas play a crucial role in the global
carbon cycle (Beaulieu et al., 2012). Karst water bodies
provide more favorable conditions for the biological
carbon pump (BCP), making it essential to understand
the reservoir effect in karst areas on a global scale in
terms of the carbon cycle (Liu et al., 2018). In general, it
is necessary to investigate the sources and distributions
of organic and inorganic carbon in karst river water.

DIC sources in river water primarily originate from
soil CO2 (via groundwater), atmospheric CO2 exchange,
planktonic respiration, chemical weathering, and the
dissolution of carbonate rocks. DIC concentrations are
then influenced by water-air CO2 exchange processes,
hydrologic inputs, vegetation, and carbonate weathering.
The stable isotope composition of DIC (δ13CDIC) is
largely determined by the isotope balance between car-
bonate minerals and soil CO2, as well as the isotope
exchange between soil CO2 and soil DIC (Hao et al.,
2019; Liu and Han, 2020; Peterson and Fry, 1987). This
composition is valuable for tracing DIC sources and
understanding the factors affecting DIC levels in river
water. n-Alkane are one of the most abundant lipid
molecules biosynthesized by terrestrial plants, aquatic
plants, and planktons, due to their ubiquitous presence
and diagenetic and chemical stability, which have long
and successfully been used in assessing the sources and
fate of OM in natural environments (Derrien et al., 2017;
Ficken et al., 2000a). Hydrological isotopes, such as
oxygen and hydrogen, provide valuable information
about water sources and processes. On one hand, isotopic
fractionation occurs during processes like evaporation,
condensation, and precipitation. By analyzing isotopic
ratios in water samples, researchers can determine how
these processes affect the water, offering insights into its
origin and movement. On the other hand, different hy-
drologic inputs (e.g., rainwater, snowmelt, and ground-
water) have distinct isotopic compositions. By comparing
the isotopic ratios of water samples with known sources,
researchers can trace the contributions of various inputs to
a specific water body (Gat et al., 1996). Thus, the unique
isotopic signatures and fractionation patterns of oxygen

and hydrogen make them powerful tools for tracing and
understanding hydrologic inputs. And the use of carbon
isotopes, hydrology isotopes, and lipid biomarkers will
provide insights into the sources and transport mecha-
nisms of carbon within the river system. Carbon isotopes
will help trace the origins ofDIC, hydrology isotopeswill
elucidate the role of groundwater in carbon transport, and
lipid biomarkers will identify the specific organic sources
contributing to POM and DOM.

The Lianjiang River Basin is the largest karst area in
Guangdong Province, characterized by a typical sub-
tropical monsoonal climate and a continuous outcrop of
carbonate rocks. Few studies have investigated the
temporal variability of carbon dynamics in karstic rivers,
particularly in the Lianjiang River Basin. This study
hypothesizes that the spatial and temporal variations in
DIC concentration and carbon isotopic composition in the
Lianjiang River are influenced by both natural processes,
such as chemical weathering and biological activity, and
anthropogenic factors, such as land use and water man-
agement practices. Therefore, this study aimed to evaluate
the spatial and temporal variations in the concentration
and carbon isotopic composition of dissolved inorganic
carbon (DIC) using chemical techniques and to investi-
gate the sources of particulate organic matter (POM) and
dissolved organic matter (DOM) influenced by hydro-
logic regimes in the dry season using lipid biomarkers.

Materials and methods

Site description

The Lianjiang River, the largest tributary of the
Beijiang River, is located in the northwest of
Guangdong Province. The Lianjiang River Basin,
spanning 10,061 km2, lies within the subtropical
monsoon zone of southern China. This region ex-
periences a mean annual temperature of 19 to 20°C
and receives an average annual rainfall of 1770 mm,
primarily between April and June. The basin’s ge-
ology is diverse, with carbonate rocks, predomi-
nantly limestone, making up approximately 60% of
the area’s outcrop. The parent material for soil for-
mation in the basin is primarily pure limestone, with
occasional occurrences of marlstone and siliceous
limestone. Consequently, limestone soil is the
dominant zonal soil type in the study area,

Liang et al. 3



representing a typical lithosol developed from
limestone. This soil type is extensively and contin-
uously distributed throughout the region (Figure 1).

In the upper soil layers, calcium carbonate is
leached, while clay particles and iron-aluminum oxides
migrate and accumulate within the profile. The accu-
mulation layer and subsoil have a relatively heavy
texture, ranging from clay loam to clay. The soil ex-
hibits a blocky structure, with noticeable clay coatings
on the surfaces, and occasionally, pea-like iron-
manganese nodules are present. The vegetation of
the Lianjiang Basin is dominated byC3 vascular plants,
with subtropical evergreen broadleaf forests widely
distributed across the area. The flora is diverse, with the
majority of species belonging to the Fagaceae, The-
aceae, Asteraceae, Rosaceae, and Fabaceae families.

Sampling and analysis

River water samples (n = 18) from Lianjiang River
were collected in rainy season (August 2021, n = 8)

and dry season (April 2022, n = 10). The river water
was sampled using a stainless-steel sampler at least
1 m from the river bank. The water temperature,
pH and electrical conductance (EC) were measured
in situ by using HACH portable meters (HQ40d).
Water samples were filtered using 0.22-μm pore size
membrane filters (Millipore) to remove suspended
particles and microorganisms, after which major
cation samples were immediately acidified to
pH<2 with hydrochloric acid. Samples for δ13CDIC

were collected in 25 mL acid-washed dry HDPE
bottles and three drops of saturated HgCl2 were
added to prevent microbial activity. The remaining
water samples were stored at 4°C under dark con-
ditions upon arrival at the laboratory. Top soil
(0∼5 cm depth) samples (n = 18) were collected by
stainless-steel spade. Soil samples were oven-dried at
100–105°C before the < 2 mm fraction was separated
by grinding and sieving. All visible roots, which
were not numerous, were removed both prior to and
following grinding and sieving. Calcium carbonate

Figure 1. Map of selected sampling sites. For interpretation of the references to colours in this figure legend, refer to the
online version of this article.
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was eliminated by leaching with 1N HCl in an ul-
trasonic bath until effervescence ceased and a low
pH was obtained. Rock samples (n = 3) were taken
from drill cuttings. Samples for n-Alkanes (n = 10)
were collected in 4 L pre-combusted (at 450°C in
Muffle furnace) brown glass bottles (screw cap, solid
top with PTFE liner) and three drops of saturated
HgCl2 were added to prevent microbial activity.
Water samples (n = 18) for dissolved organic carbon
(DOC) analysis were filtered in situ through a
0.22 μm hydrophilic membrane filter into polypro-
pylene sample tubes (50 mL). The remaining water
samples were stored at 4°C under dark conditions
upon arrival at the laboratory.

A 4 L water sample for n-alkane analysis was
filtered through pre-extracted Whatman GF/F glass-
fiber filter (effective pore size, 0.7 p.m.) at low
vacuum using a Millipore filtration system. The
filtrate was acidified to pH = 2 and extracted with
dichloromethane:methanol (3:1) using ultrasound-
assisted extraction. After extraction, the majority
of the water was discarded, and the organic fraction
was separated in a separatory funnel. Small quantities
of methanol were added to break up any emulsions.
The POM and DOM extracts were concentrated by
rotary evaporation, and the resulting concentrated
extracts were saponified (1 KM) and extracted with
hexane: dichloromethane (4:1, 4 × 10 mL) to obtain
the neutral fractions. Subsequently, these were fur-
ther fractionated by silica column chromatography to
isolate the aliphatic hydrocarbons.

Analytical procedures

All major ions (Cl�, NO3
�, and SO4

2�) except
HCO3

- (which was titrated immediately in the field
using a portable testing kit made by Merck KGaA
Co., Darmstadt, Germany, with an accuracy of
0.05 mmol/L) were analyzed using a DX-600 ion
chromatograph with a detection limit of 0.1 ppm.
Major cations were analyzed by inductively coupled
plasma optical emission spectrometry (Optima 8300,
Perkin-Elmer, USA) with a detection limit of
0.05 ppm for Ca2+, Mg2+, K+, Na+, in the laboratory.
DOC were analyzed by catalytic combustion using a
Shimadzu TOC-L analyzer (TOC-V cph/cpn:

Shimadzu Corporation, Kyoto, Japan). Furthermore,
in this study, we found no significant difference in the
reproducibility (standard deviation) of ion and DOC
measurements (p > 0.5).

Carbon isotopes. δ13CDIC values were analyzed using
a MAT-253 mass spectrometer coupled with a Gas
Bench II automated device with analytical precision
of ± 0.15‰, the results are expressed as δ13CDIC (‰)
with respect to the Vienna Pee Dee Belemnite
(V-PDB) standard, and carbon isotope analysis were
carried out at the Environmental and Geochemical
Analysis Laboratory of the Institute of Karst Geol-
ogy, Chinese Academy of Geological Sciences. The
precision of the mass spectrometric measurements
was ± 0.1‰. The δ13C values for the soils and
carbonate rocks were determined by analysis using a
Finnigan MAT Delta-S mass spectrometer at the
Environmental and Geochemical Analysis Labora-
tory of the Institute of Karst Geology, Chinese
Academy of Geological Sciences. The precision of
the mass spectrometric measurements was ± 0.1‰.

Hydrology isotopes. Stable isotope ratios of hydrogen
and oxygen were measured using the cavity ring-
down laser spectroscopy method with a Picarro
L2121-i isotope water analyzer in the laboratory of
the School of Environmental Science and Engi-
neering, Sun Yat-sen University. Hydrogen and
oxygen isotope ratios were expressed in per mille
(‰) relative to Vienna Standard Mean Ocean Water.
Reproducibility of stable isotope measurements
was ± 0.1‰ for δ18O and ± 1‰ for δD.

Biomarkers. The n-alkanes were analyzed by GC-MS,
the procedural blanks were carried throughout, no sig-
nificant lipid contamination was observed. The extract
was blown down to 1 mL under a gentle flow of ni-
trogen, and then analyzed by gas chromatography–mass
spectrometry (GC–MS, Agilent 7890A GC, 5975C
MSD) in selected ion monitoring (SIM) modes with
internal standards n-Alkanes, andDeuterated tetracosane
was used as internal standard for quantifying (Liang
et al., 2022). In addition, the standard deviation of the
measured standard n-alkanes (C13–C38) in all three
trials showed no any significant differences in the re-
producibility of the measured n-alkanes (p >0.7).
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Calculation of SIC, SID, and PCO2. The complete
hydrochemical data sets, including recorded tem-
perature and pH, as well as calculated values for
Ca2⁺, Mg2⁺, and HCO₃⁻, along with the values of K⁺,
Na⁺, Cl⁻, and SO₄2⁻, were processed using the
WATSPEC program (Wigley, 1977), which calcu-
lates SIC, SID, and PCO2 (Li et al., 2008; Pu et al.,
2014).

Qualitative assessment of biomarker. Anthropogenic
activities and biogenic input were considered as two
main contributors to the presence of n–alkanes in the
environment (Zheng et al., 2000), and anthropogenic
and biogenic n-alkanes were distinguished by sub-
traction by using the following equations (Caumo
et al., 2020; He et al., 2020):

bio Cn = Cn-[(Cn-1+ Cn+1)]/2
anthro Cn = Cn- bio Cn

where n refers to the carbon-chain number, and n
is odd. Cn, Cn-1, and Cn+1 stand for n-alkanes which
carbon-chain number of n, n–1, and n + 1, respec-
tively, anthroCn and bioCn indicates biogenic and
anthropogenic n–alkanes, respectively.

The Kruskal–Wallis test was used to determine if
there are statistically significant differences between
two or more groups of an independent variable on a
continuous or ordinal dependent variable.

Results and discussion

Spatiotemporal variations in the
physicochemical parameters of rivers

Oxygen and hydrogen isotopes. In the rainy season, the
observed ranges of δ18O and δ2H in the Lianjiang
River ranged from �6.1‰ to �5.6‰ and
from �37.4‰ to �33.4‰, respectively. In the dry
season, the isotopic values of Lianjiang River water
ranged from �5.9‰ to �5.8‰ for δ2H and
from �35.3‰ to �32.8‰ for δ18O. The isotopic
compositions of oxygen in the Lianjiang River did
not exhibit significant variation, particularly in the
dry season, but a trend toward more enriched δ18O
and δ2H values was observed (Figure 2). It is in-
teresting to note that the river water samples in the
rainy season were grouped above the local meteoric

Figure 2. δ2H-δ18O plot for river water samples from the study area. For interpretation of the references to colours in
this figure legend, refer to the online version of this article.
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water line (LMWL), while those in the dry season
were below the LMWL based on the δ2H-δ18O
relationship in the Lianjiang River. Furthermore, the
δ2H-δ18O relationship for samples above the LMWL
was found to be δ2H = 7.0*δ18O + 3.7 in the rainy
season and δ2H = 14.4*δ18O + 50.4 in the dry season.
The scatter of river water samples around the LMWL
in the rainy season indicates that the river water was
directly recharged by precipitation. However, the
higher slope value (14.4) and small variations in δ2H
and δ18O values in the dry season suggest that the
river water was recharged by groundwater. Fur-
thermore, the δ2H-δ18O relationship for samples
above the LMWL was found to be δ2H = 7.0*δ18O +
3.7 in the rainy season and δ2H = 14.4*δ18O + 50.4 in
the dry season. In the rainy season, the scatter of river
water samples around the LMWL indicates that the
river water was directly recharged by precipitation.
In contrast, the higher slope value (14.4) and small
variations in δ2H and δ18O values in the dry season
suggest that the river water was recharged by
groundwater (Li et al., 2015).

DIC, DOC, and δ13CDIC. In the Lianjiang River, the
concentration of dissolved inorganic carbon (DIC)
ranges between 1.43 and 2.05 mmol/L with an average
of 1.89 mmol/L during the rainy season and between
1.91 and 3.12 mmol/L with an average of 2.55 mmol/L
during the dry season, with significantly higher DIC
concentrations observed in the dry season ( p < 0.05).
This seasonal variation is influenced by the reduced
river flow during the dry season, which results in less
dilution of weathering products and increased residence
time of water, enhancing the DIC concentration. The
concentration of dissolved organic carbon (DOC)
varies from 0.18 to 0.24 mg/L in the rainy season and
from 0.16 to 2.56 mg/L in the dry season. Unlike DIC,
DOC concentrations show no significant seasonal
variation ( p > 0.05), indicating that DOC inputs from
terrestrial sources and in-stream processing remain
relatively stable throughout the year. This stability may
be due to consistent organic matter inputs from the
surrounding watershed, coupled with the river’s ability
to process organic carbon efficiently, regardless of
seasonal changes in flow.

The δ13 CDIC values, which reflect the isotopic
composition of DIC, range from �13.5‰

to �11.2‰ during the rainy season and
from �11.2‰ to �9.6‰ during the dry season. The
more positive δ13 CDIC values in the dry season ( p <
0.05) suggest a higher contribution of DIC from
carbonate weathering or organic matter degradation,
which is less diluted by runoff compared to the rainy
season. This isotopic shift also indicates a reduced
influence of atmospheric CO2 dissolution during the
dry season, possibly due to lower water temperatures
and reduced gas exchange. Additionally, DIC con-
centrations in the dry season are observed to be
higher upstream, gradually decreasing downstream,
suggesting that local weathering processes and
groundwater inputs are major sources of DIC in the
upstream regions. This spatial pattern may reflect the
influence of lithology and land use in the upstream
catchment areas, where increased carbonate weath-
ering and groundwater contributions are prominent.
In contrast, no significant spatial variation is ob-
served in DOC concentrations and δ13CDIC values
along the river, implying that these parameters are
more influenced by consistent basin-wide processes,
such as the decomposition of organic matter and
equilibrium between atmospheric CO2 and riverine
DIC, rather than localized sources (Figure 3).

Overall, riverine DIC concentrations during the
rainy season are lower than those in the dry season
( p < 0.05). This difference can be attributed to the
dilution effect of heavy rainfall and floods during the
monsoon period (August 2022), which overwhelms
the enhanced chemical weathering caused by higher
temperatures. The influx of large volumes of runoff
during the rainy season leads to a significant dilution
of the weathering products, reducing DIC concen-
trations despite the potential increase in weathering
rates due to elevated temperatures (Gao and Wang,
2015).

pCO2 , pH, and saturation index. As shown in
Figure 4, almost all of the calcite saturation index
(SIC) and dolomite saturation index (SID) values are
above 0 during the rainy season, indicating that the
river water is supersaturated with respect to calcite
and dolomite. This supersaturation suggests that
conditions are favorable for the precipitation of these
minerals, as the water contains more dissolved cal-
cium carbonate than it can hold in solution. In
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contrast, all SID and SIC values in the dry season are
below 0, indicating that the river water is under-
saturated with respect to calcite and dolomite, which
promotes the dissolution of these carbonate minerals
during the dry season. SIC and SID values in the dry
season show a spatial trend, with lower values ob-
served upstream and a gradual increase downstream.
This pattern suggests that downstream reaches may
experience less carbonate dissolution or potentially
some minor precipitation as the water travels further
and equilibrates with atmospheric CO2, thereby
slightly increasing its saturation state (Khadka et al.,
2014).

In the rainy season, pH values range from 7.6 to
8.6 with an average of 8.1, while in the dry season,
pH values range from 6.2 to 7.6 with an average of
7.0. The lower pH values in the dry season ( p < 0.05)
reflect the increased dissolution of carbonate min-
erals and higher concentrations of CO2, which
acidify the water. This seasonal difference in pH is
also linked to the dilution effect during the rainy
season, where increased runoff with higher

pH dilutes the natural acidity of the river. Moreover,
in the rainy season, there is no significant spatial
variation in pH values from upstream to downstream,
which indicates a consistent buffering capacity
throughout the river’s course. In the dry season,
however, pH values gradually increase from up-
stream to downstream, suggesting that the river’s
buffering capacity improves as it moves downstream,
likely due to the cumulative effects of carbonate
mineral dissolution and reduced CO2 levels
(Andersson et al., 2003).

In the Lianjiang River, partial pressure of carbon
dioxide ( pCO2) values in river water range from
389 to 3090 μmol/L, with an average of 1139 μmol/L
during the rainy season, reflecting the dilution effect
from increased runoff and relatively cooler tempera-
tures that limit CO2 outgassing. In contrast, pCO2

values during the dry season are significantly higher,
ranging from 8807 to 50,345 μmol/L, with an average
of 17,890 μmol/L ( p < 0.05). This stark increase can
be attributed to lower river discharge, prolonged
water-soil contact, and enhanced microbial

Figure 3. Spatial and seasonal variations of measured variables from the Lianjiang River. For interpretation of the
references to colours in this figure legend, refer to the online version of this article.
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respiration, which elevates CO2 levels in the water.
The elevated pCO2 levels in the dry season are a direct
result of the reduced flow conditions, which allow for
greater accumulation of CO2 in the water column
(Marx et al., 2017). Additionally, higher temperatures
during the dry season facilitate increased microbial
decomposition of organic matter, further contributing
to the elevated pCO2 (Inglima et al., 2009). These
conditions lead to greater CO2 retention in the up-
stream sections of the river, as evidenced by the spatial
trend where pCO2 values decrease from upstream to
downstream. This downstream decrease is likely due
to CO2 outgassing as the water travels, along with
potential uptake by aquatic plants and algae, which
reduces the overall pCO2 concentration.

To better understand the factors influencing car-
bon dynamics in the Lianjiang River, Pearson cor-
relation coefficients were calculated for key river
water parameters and are summarized in Table S1.
During the rainy season, there was a significant
positive correlation ( p < 0.01) with a high correlation
coefficient (R2 = 0.927 and 0.927, respectively)
between pH and the saturation indices for calcite
(SIC) and dolomite (SID). This indicates that higher

pH levels are associated with increased saturation of
these carbonate minerals, which is typical in alkaline
conditions where carbonate precipitation is more
favorable. A strong negative correlation ( p < 0.01)
with a high correlation coefficient was found be-
tween pH and pCO2, suggesting that increased CO2

concentrations are linked to lower pH levels. This is
consistent with the acidifying effect of CO2 in water,
where it forms carbonic acid, subsequently lowering
the pH. This relationship is crucial during the rainy
season when the river experiences higher pCO2

levels due to runoff from CO2
- rich soils and decaying

organic matter. Furthermore, SIC and SID exhibited a
significant positive correlation ( p < 0.01) with the
highest correlation coefficient (R2 = 1.00), indicating
that calcite and dolomite saturation states are closely
linked and likely governed by similar geochemical
processes. Negative correlations ( p < 0.05) between
SIC, SID, and pCO2 were also observed, suggesting
that as CO2 levels rise, the river becomes less saturated
with respect to these minerals, inhibiting their pre-
cipitation and favoring dissolution.

In the dry season, strong positive correlations ( p <
0.01) with high correlation coefficients (R2 > 0.9)

Figure 4. Spatial and seasonal variations values of SIC, SID, pH and pCO2 in Lianjiang River. For interpretation of the
references to colours in this figure legend, refer to the online version of this article.
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were observed between pH and SIC, and pH and SID,
reflecting that even during periods of low flow and
high CO2 concentrations, higher pH levels still
promote carbonate mineral saturation. However, the
negative correlations ( p < 0.05) with high correlation
coefficients (R2 > 0.7) between pH, DIC, and pCO2

highlight the complex interplay between DIC and
CO2, where increased CO2 levels contribute to
higher DIC concentrations but simultaneously lower
pH, reducing carbonate saturation.

Additionally, positive correlations ( p < 0.05)
were observed between DIC and δ13CDIC, as well as
DIC and pCO2, suggesting that δ13CDIC values are
influenced by the sources and processes controlling
DIC, including the balance between biogenic and
geogenic CO2 inputs. This implies that the isotopic
composition of δ13CDIC is closely tied to the amount
and source of CO2 in the river, with heavier carbon
isotopes becoming more prevalent as DIC concen-
trations increase, particularly during the dry season
when biogenic CO2 contributions are more dominant.
These correlations and patterns underscore the distinct
seasonal shifts in carbon dynamics within the Lian-
jiang River, driven by variations in water chemistry,
flow regimes, and biological activity. The higher
pCO2 values during the dry season reflect a greater
retention of CO2 due to reduced flow and enhanced
microbial activity, while the correlations between pH,
SIC, SID, and pCO2 reveal the sensitivity of carbonate
chemistry to CO2 fluctuations and the overall impact
of seasonal hydrological changes on the river’s carbon
cycle.

Distinct temporal and spatial differences in the
pCO2 pattern were observed between the upper and
lower reaches of the Lianjiang River, reflecting the
influence of varying hydrological and biogeochem-
ical processes across the river’s course. In the
headwaters during the dry season, the highest pCO2

values were recorded, indicating a significant con-
tribution of soil-derived CO2. This is likely due to
reduced flow rates and increased water-soil inter-
action, which allows for more extensive contact
between river water and CO2

- rich soils. Soil CO2,
generated through microbial respiration and root
respiration, diffuses into the river, leading to elevated
pCO2 levels, especially in the dry season when the
solubility of CO2 is enhanced by lower temperatures

(Zavadlav et al., 2013). This contrasts with the rainy
season, where increased runoff dilutes the concen-
tration of soil-derived CO2, resulting in lower pCO2

values overall. The spatial distribution of pCO2 along
the river shows a clear decreasing trend from up-
stream to downstream, suggesting that as the river
water travels downstream, CO2 is progressively lost
to the atmosphere through outgassing. This pattern is
further supported by the observed increase in the
saturation indices for calcite (SIC) and dolomite (SID)
from upstream to downstream. As CO2 is lost from
the water, the pH tends to increase, promoting the
saturation of carbonate minerals. This process is more
pronounced in the dry season, where the reduced flow
and higher residence time in the river enhance CO2

loss and carbonate saturation. A clear seasonal pattern
in mineral saturation was also identified: the water in
the Lianjiang River is highly saturated with respect to
both calcite and dolomite during the rainy season,
leading to the precipitation of these minerals
(Figure 4). This is driven by higher temperatures and
increased biological activity, which elevate pH and
promote carbonate saturation. In contrast, during the
dry season, the river becomes undersaturated with
respect to both calcite and dolomite, leading to the
dissolution of these minerals. This seasonal shift from
precipitation to dissolution is likely driven by the
combined effects of lower temperatures, reduced flow
rates, and increased CO2 levels, which together lower
pH and reduce carbonate saturation.

The relationship between pCO2 and carbonate
saturation is complex, as indicated by the higher
negative correlation between pCO2 and SIC, as well
as pCO2 and SID. Although CO2 losses contribute to
an increase in the carbonate saturation state of the
river water, the conditions necessary for significant
calcite precipitation are not fully met during the dry
season. For calcite precipitation to occur in surface
waters, a high oversaturation of SIC >0.6 is required
(Merz-Preiß and Riding, 1999). However, the
Lianjiang River rarely achieves this level of over-
saturation during the dry season, making calcite
precipitation unlikely. The observed CO2 losses and
their impact on carbonate chemistry suggest that the
decrease in pCO2 levels cannot be solely attributed to
calcite precipitation. Other processes, such as CO2

outgassing and biological uptake, likely play a more
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significant role in regulating CO2 levels and the
overall carbonate balance in the river. Outgassing is
particularly effective in the dry season, when reduced
flow and increased water-air interface area enhance
CO2 transfer from the water to the atmosphere.
Additionally, photosynthetic activity by aquatic
plants and algae may contribute to CO2 uptake,
further reducing pCO2 levels downstream.

These findings highlight the dynamic interplay
between hydrological, biological, and geochemical
processes in controlling the carbon cycle in the
Lianjiang River. The seasonal and spatial variations
in pCO2, coupled with the changes in carbonate
mineral saturation, underscore the complexity of the
river’s carbon dynamics and the importance of
considering multiple processes when evaluating
carbon transfer and storage in fluvial systems.

Contributions of different DIC sources. The potential
sources of dissolved inorganic carbon (DIC) in the
Lianjiang River Basin are primarily atmospheric
CO2, soil CO2, and the dissolution of carbonate
minerals. In this study, the pCO2 in Lianjiang River
water was much higher than atmospheric CO2 ( p <
0.01), indicating that the potential sources of DIC can
only include soil CO2 and the dissolution of car-
bonate minerals. Notably, significant differences in
the δ13CDIC values of the river water samples suggest
distinct contributions from DIC sources ( p > 0.05).
A qualitative assessment of the relative proportions
of soil-derived carbon ( f soil) and rock-derived car-
bon ( f carb) in the groundwater studied can be ex-
pressed as (Schiavo et al., 2007).

δ13CDIC ¼ fsoil δ
13CCO2 gð Þ � ε13CCO2 gð Þ�HCO3

-
� �

þfcarb δ13CCaCO3 sð Þ � ε13CHCO3
��CaCO3 sð Þ

� �
(1)

where f soil and f carb are the ratios of each end-
member.

In this study, the stable carbon isotopes in soil
(δ13Csoil) ranged from�26.7‰ to�19.2‰with an
average value of �23.0 ‰, indicating that the
Lianjiang River Basin is predominantly covered by
C3 plant species, which is consistent with reality.
The stable carbon isotopes in carbonate rocks
(δ13Crock) ranged between�1.2‰ and +3.3‰with
an average value of +1.63‰, as shown in Figure 5.

The DIC contributions from carbonate weathering
( f carb) ranged from 37.1% to 47.8% with an average
of 42.6% in the rainy season, while in the dry
season, the contribution from f carb ranged from
44.6% to 54.5% with an average of 49.9%. It can be
observed that the DIC contributions from soil CO2

( f soil) were higher than f carb in the rainy season,
while very similar contributions were found be-
tween f soil and f carb in the dry season. According to
the related study, the DIC contributions of car-
bonates ( f carb) are about 50% in groundwater (Jiang
et al., 2013), which favors CO2 dissolution under a
closed system (Mook et al., 1974).

In addition, the stable isotope analysis results of
δ2H and δ18O suggested that the Lianjiang River
water was significantly recharged by adjacent
groundwater. This was indicated by the similarity in
isotopic signatures between the river water and local
groundwater, implying a strong hydraulic connection
between the two. The isotopic composition of the
river water in the dry season closely matched that of
the groundwater, confirming that the river is pri-
marily fed by groundwater during this period. This
groundwater recharge plays a critical role in sus-
taining river flow during the dry season, when sur-
face runoff is minimal.

The DIC in the river also reflects contributions
from carbonate dissolution and soil CO2, with the
isotope results indicating similar proportions from
both sources. However, the contribution of car-
bonate dissolution to riverine DIC was observed to
be lower in the rainy season compared to the dry
season. This difference is likely due to the dilution
effect of increased surface runoff during the rainy
season, which reduces the relative contribution of
carbonate dissolution. In contrast, during the dry
season, the river receives a higher proportion of
DIC from adjacent karst water, which is rich in
carbonate minerals, leading to an increase in DIC
derived from carbonate dissolution.

Carbon isotope fractionation processes also play a
crucial role in influencing riverine δ13CDIC values.
Fractionation occurs during various processes such as
photosynthesis, respiration, and CO2 exchange with
the atmosphere, each of which can either enrich or
deplete the riverine DIC in δ 13CDIC. These biological
activities have bidirectional impacts on δ13CDIC,
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introducing complexities in estimating the exact
sources of DIC. For example, high rates of photo-
synthesis during daylight hours can increase δ13CDIC

values, while respiration at night or in deeper waters
may lower them. Such diurnal variations, along with
seasonal changes, make it challenging to precisely
quantify the contributions from carbonate dissolution
and other sources. Additionally, CO2 exchange with
the atmosphere can further alter δ13CDIC values, par-
ticularly in areas where the river is actively
degassing CO2.

In conclusion, while carbonate dissolution is a
significant source of DIC in the Lianjiang River,
particularly during the dry season, the observed var-
iations in δ13CDIC highlight the influence of multiple
interacting processes, including groundwater re-
charge, biological activity, and atmospheric exchange.
Understanding these processes and their impact on
carbon isotopes is essential for accurately assessing
the carbon dynamics and sources of DIC in the river,
especially when considering the seasonal shifts in
hydrological and biogeochemical conditions.

Figure 5. DIC contributions from carbonates weathering ( f carb) and soil CO2 ( f soil) in river water between rainy season and
dry season. For interpretation of the references to colours in this figure legend, refer to the online version of this article.
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Spatiotemporal variation and sources of
n-alkanes

Compositions and distribution of n-alkanes. The
n-alkanes were observed to range from C10 to C34 in
both dissolved organic matter (DOM) and particulate
organic matter (POM) samples. The total concen-
trations of n-alkanes in DOM ranged from 411 to
9035 ng/L, with an average concentration of
4370 ng/L. The total concentrations of n-alkanes in
POM varied between 5224 and 15,211 ng/L, with an
average concentration of 7986 ng/L. The results
indicated that the total n-alkane concentrations in
POM were generally higher than those in DOM.
However, there was no apparent spatial variation
observed in the total n-alkane concentrations in either
POM or DOM samples from upstream to
downstream.

In the DOM samples, the relative contribution of
anthropogenic n-alkanes ranged from 33.5% to
60.6%, with an average of 47.6%, while the relative
contribution of anthropogenic n-alkanes in POM
samples ranged from 29.6% to 64.3%, with an av-
erage of 42.8%. On the other hand, the relative
contribution of biogenic n-alkanes in DOM samples
varied from 10.2% to 35.8%, with an average of
12.1%, whereas in POM samples, it varied from
19.1% to 41.5%, with an average of 31.2%
(Figure 6). Overall, the average relative contribution
of anthropogenic n-alkanes was found to be higher
than that of biogenic n-alkanes in DOM samples,
particularly when compared to POM samples. Fur-
thermore, the average relative contribution of bio-
genic n-alkanes in POM samples was higher than that
in DOM samples. But no significant spatial distri-
bution characteristic was observed from upstream to
downstream in the Lianjiang River.

N-alkanes sources identification in DOM and POM. It
was reported that when the value of CPI is close to
1 n-alkanes prefer anthropogenic sources (Liu et al.,
2022; Xu et al., 2017). In this study, the CPI10-34
values of the Lianjiang River water in DOM ranged
from 0.6 to 1.5, with a median value of 1.0 ± 0.3,
while CPI10-34 values in POM ranged from 1.4 to 3.6,
with a median of 2.0 ± 1.1 (Figure 7(a)). These results
suggest that anthropogenic activities are the

predominant sources of organic matter in the in-
dustrial section of the mainstream Lianjiang River.
Moreover, it is known that higher CPIH (>C25) values
(>5) are typically associated with terrestrial organic
matter (Bray and Evans, 1961). Therefore, the higher
CPI21-34 values (>5) observed in POM samples
collected from sites LJ3 and LJ5 suggest that ter-
restrial organic matter was the primary source of
POM in these locations.

As shown in Figure 7(b), there was a significant
negative correlation ( p < .01) between CPI10-34 and
CPI21-34, CPI10-20 and CPI21-34 in DOM samples.
Additionally, CPI10-34 in DOM samples exhibited a
higher positive correlation ( p < 0.05) with CPI10-20
in DOM samples. These findings support the notion
that terrestrial organic matter, particularly vascular
plants or other higher plants, was not a major source
of organic matter in both POM and DOM samples, as
indicated by the analysis of CPI values.

To determine the contributions of different bio-
genic sources, biogenic ACL (ACLbio) was used
(Table S2). Previous studies have shown that
ACLbio<21 is indicative of a dominant source of
algae, while ACLbio>26 suggests a predominant
source of terrestrial plants. ACLbio values falling
between 21 and 26 represent a mixture of algae and
terrestrial plants (He et al., 2020; Sikes et al., 2009).
The Paq index is used to determine the relative
contributions of terrestrial and freshwater plants and
can be divided into three categories: <0.1, 0.1–0.4,
and 0.4–1. A Paq index value of <0.1 indicates a
dominant contribution from terrestrial plants, while a
value of 0.1–0.4 suggests a significant contribution
from aquatic macrophytes, and a value of 0.4–1 in-
dicates a substantial contribution from floating and
submerged aquatic plants (Ficken et al., 2000b; Zhao
et al., 2022). In this study, the ACLbio values in
DOM samples ranged from 12.4 to 28.2, with a
median value of 18.2, while in POM samples, the
values varied from 15.7 to 27.5, with a median value
of 18.9. The lower ACLbio values observed in both
DOM and POM samples suggest that algae is the
primary source of biogenic n-alkanes in Lianjiang
River during the dry season. However, the Paq values
in DOM samples ranged from 0 to 0.96, while in
POM samples, they varied from 0.13 to 1.0, indi-
cating that biogenic n-alkanes in Lianjiang River
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originate from multiple sources. These results are
contrary to previous findings based on ACLbio

values. As shown in Figure 8, the ACLbio values in
both DOM and POM samples can be categorized into
two groups: ACLbio values lower than 20 and ACLbio

values higher than 24. The sampling sites that fall
under the latter category include site LJ6 in POM and
sites LJ4, LJ5, and LJ10 in DOM. Most of the
sampling sites in POM samples belong to the group
with ACLbio<20. Based on these results, it can be
concluded that algae, as well as floating and sub-
merged aquatic plants, were the primary sources of
biogenic n-alkanes in Lianjiang River water, par-
ticularly in POM samples.

Previous studies have demonstrated that short-
chain anthropogenic n-alkanes are effective tracers

for light petroleum sources, such as gasoline and
diesel, whereas long-chain anthropogenic n-alkanes
are typically associated with heavy soils or the in-
complete combustion of fossil fuels at high temper-
atures (Kang et al., 2018; Lichtfouse et al., 1997; Liu
et al., 2022;Wang et al., 2018). In this study, the peaks
of short-chain and long-chain homologs were iden-
tified using C1 and C2, respectively. The C1/C2 ratio
was then utilized to assess the carbon-chain distri-
bution of anthropogenic n-alkanes. A C1/C2 ratio
greater than 1 indicates a predominance of light pe-
troleum sources, while a ratio less than 1 suggests a
preference for heavy oil emissions or incomplete fossil
fuel combustion (Liu et al., 2022). As shown in
Figure 9(a), the C1/C2 ratios in DOM samples ranged
from 0.14 to 3.27, with a median value of 2.58,

Figure 6. Variations in relative contribution of Σbiogenic n-alkanes (DOM, POM), Σanthropogenic n-alkanes (DOM, POM),
and Σn-alkane concentrations (DOM, POM) in river waters. For interpretation of the references to colours in this figure
legend, refer to the online version of this article.
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Figure 7. Box plots of CPIs (a) and their correlations (b) in Lianjiang River. For interpretation of the references to
colours in this figure legend, refer to the online version of this article.

Figure 8. Plots of the Paq versus ACLbio showing the potential sources of biogenic n-alkanes in DOM and POM.
For interpretation of the references to colours in this figure legend, refer to the online version of this article.
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suggesting that anthropogenic n-alkanes in DOM
were primarily derived from light petroleum sources.
In contrast, the C1/C2 ratios in POM samples ranged
from 0.52 to 2.20, with a median value of 1.0, which
was significantly lower than that observed in DOM
samples. This lower ratio in POM samples indicates a
stronger influence from incomplete fossil fuel com-
bustion or heavy oil emissions. The higher occurrence
of short-chain homologs in POM samples may be
related to the adsorption characteristics of POM in
river water, as higher-chain homologs aremore readily
absorbed by POM.

In this study, the anthropogenic Average Chain
Length (ACLanthro) and the ratio of unit short-to-long
carbon anthropogenic n-alkanes (L/H) were employed
to quantify the contributions of different anthropo-
genic sources (Liu et al., 2022). As illustrated in
Figure 9(c), there is a strong negative correlation (p <
0.01) between lg (L/H) and ACLanthro, confirming the
effectiveness of these proxies in assessing the quan-
titative contributions of various sources. Based on
Figure 9(b), we propose that an lg (L/H) value greater
than 0.57 corresponds to an ACLanthro of less than 20,
indicating a predominance of light petroleum inputs.

Conversely, an lg (L/H) value below �0.34 corre-
sponds to an ACLanthro greater than 27, suggesting a
dominance of incomplete fossil fuel combustion at
high temperatures and heavy oil emissions. Values
falling between �0.34 and 0.57 (20 < ACLanthro < 27)
indicate a mixture of sources. Therefore, the anthro-
pogenic sources in the Lianjiang River are primarily
derived from a combination of light petroleum inputs
and incomplete fossil fuel combustion at high tem-
peratures, along with heavy oil emissions.

Conclusions

In this study, we have examined the spatiotemporal
variations in DOC, DIC, and pCO2 concentrations,
along with the isotopic compositions of DIC, to
understand how these factors are influenced by the
hydrological regimes in the Lianjiang River main-
stream. Our findings underscore the intricate inter-
play between hydrological changes and carbon
dynamics in river systems, offering new insights into
the sources and processes governing DIC and DOC
concentrations. We observed that during the dry
season, the Lianjiang River’s water was primarily

Figure 9. Source diagnosis of anthropogenic n-alkanes by using C1/C2, L/H and ACLanthro. For interpretation of the
references to colours in this figure legend, refer to the online version of this article.
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recharged by groundwater, while in the rainy season,
soil CO2 emerged as the dominant contributor to
DIC. This seasonal variation highlights the critical
role of hydrological processes in shaping riverine
carbon dynamics. The positive correlation between
δ13CDIC and DIC concentrations further emphasizes
the influence of groundwater discharge during the
dry season, while the decrease in pCO2 concentra-
tions suggests significant CO2 degassing along the
river, particularly in the dry season.

Our findings also reveal that while DOC con-
centrations were relatively stable across seasons
and spatial scales, the sources of n-alkanes in the
Lianjiang River showed marked differences. The
dominance of anthropogenic n-alkanes in both
POM and DOM, particularly from light petroleum
and fossil fuel combustion, points to ongoing
anthropogenic impacts on the river’s carbon cycle.
The identification of algae, aquatic plants, and
terrestrial inputs as primary sources of biogenic
n-alkanes further enriches our understanding of
organic matter dynamics in this riverine system.

The implications of our study extend beyond the
Lianjiang River, offering valuable lessons for man-
aging and preserving riverine ecosystems in the face
of changing hydrological conditions. As rivers
worldwide are increasingly impacted by human ac-
tivities and climate change, it is imperative that future
research and conservation efforts consider the com-
plex interactions between hydrology, carbon dy-
namics, and anthropogenic influences. Additionally,
ongoing monitoring of isotopic compositions and
organic matter sources is crucial for understanding and
managing the evolving dynamics of carbon in river
systems. By focusing on these aspects, we hope this
study contributes to the broader understanding of
riverine carbon dynamics and serves as a foundation
for further research and action in the field.
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