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Abstract. Mountainous rivers are critical in transporting dis-
solved organic carbon (DOC) from terrestrial environments
to downstream ecosystems. However, how geomorphologic
factors and anthropogenic impacts control the composition
and export of DOC in mountainous rivers remains largely
unclear. Here, we explore DOC dynamics in three subtropi-
cal mountainous catchments (i.e., the Yinjiang, Shiqian, and
Yuqing catchments) in southwest China, which are heavily
influenced by anthropogenic activities. Water chemistry, sta-
ble and radioactive carbon isotopes of DOC (δ13CDOC and
114CDOC), and optical properties (UV absorbance and fluo-
rescence spectra) were employed to assess the biogeochem-
ical processes and controlling factors on riverine DOC. The
radiocarbon ages of DOC in the Yinjiang River varied widely
from 928 years BP to the present. Stepwise multiple regres-
sion analyses and partial least square path models revealed
that geomorphology and anthropogenic activities were the
major drivers controlling DOC concentrations and DOM
characteristics. Catchments with higher catchment slope gra-
dients were characterized by lower DOC concentrations, en-
riched δ13CDOC and 114CDOC, and more aromatic dissolved
organic matter (DOM), which were opposite to catchments
with gentle catchment slopes. Variabilities in DOC concen-
trations were also regulated by land use, with higher DOC
concentrations in urban and agricultural areas. Furthermore,

DOM in catchments with a higher proportion of urban and
agricultural land uses was less aromatic, less recently pro-
duced, and exhibited a higher degree of humification and
more autochthonous humic-like DOM. This research high-
lights the significance of incorporating geomorphologic con-
trols on DOC sources and anthropogenic impacts on DOM
composition into the understanding of DOC dynamics and
the quality of DOM in mountainous rivers, which are glob-
ally abundant.

1 Introduction

Dissolved organic carbon (DOC) plays a fundamental role
in the riverine carbon cycle with approximately 0.26 Pg
(1 Pg= 1015 g) of DOC exported from global rivers to the
ocean each year, accounting for more than half of the to-
tal organic carbon export (Cai, 2011; Raymond and Spencer,
2015). In view of continued climate warming and rapid land
use changes, it is important to gain a better understanding
of the spatial and temporal dynamics of DOC transport in
river systems (Butman et al., 2014; Fasching et al., 2016;
Zhong et al., 2021). For example, elevated temperature has a
dominant effect on DOC concentration and dissolved organic
matter (DOM) composition by enhancing decomposition and
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photochemical degradation rates of DOM (Zhou et al., 2018),
thereby contributing to significant CO2 emissions from in-
land waters (Raymond et al., 2013). Additionally, DOM pro-
vides energy and nutrient sources for aquatic biota (Find-
lay et al., 1998), adsorbing heavy metals and organic pol-
lutants (Aiken et al., 2011). Riverine DOC can also restrict
in-stream primary production by reducing light penetration
and lowering temperature in the water column, thereby serv-
ing as an important determinant in shaping the ecological
and biogeochemical processes in aquatic environments (Ask
et al., 2009). Therefore, disentangling the processes control-
ling riverine DOC dynamics is crucial for a greater under-
standing of aquatic ecosystem functioning and the global car-
bon cycle. Recent advances in spectroscopic techniques, es-
pecially the UV-visible spectrophotometry and fluorescence
spectroscopy, and widespread application of stable and ra-
dioactive carbon isotopes on bulk DOC have provided in-
sights into the composition, source, and age of DOM in fresh-
water ecosystems (Fellman et al., 2010; Marwick et al., 2015;
Minor et al., 2014). These new techniques have led to signifi-
cant improvements in our understanding of the biogeochem-
ical processes of DOC in river systems, which will continue
to be effective tools for researchers to gain deeper insights
into the riverine carbon cycle.

The biogeochemical processes of DOM in river systems
have been extensively studied, and they depend largely
on the sources and composition of DOM (Toming et al.,
2013). Riverine DOM is a mixture generated from au-
tochthonous and allochthonous sources. Among them, au-
tochthonous DOM is a pool of dead and living microbial
and algal biomass that is derived within the aquatic ecosys-
tem (Devesa-Rey and Barral, 2011), which mainly consists
of non-humic substances that are more bioavailable (Toming
et al., 2013). By comparison, allochthonous DOM refers to
DOM that originates from outside of the aquatic ecosystem
and is typically composed of higher plant and soil organic
matter (Zhang et al., 2023), which may also contain organic
waste of anthropogenic origin (Ramos et al., 2006; Toming
et al., 2013). Consequently, allochthonous DOM is gener-
ally characterized by high lignin content and high molecular
weight, making it refractory to decomposition (Devesa-Rey
and Barral, 2011).

Recent studies have indicated the significance of geomor-
phologic factors, such as elevation and catchment slope, in
influencing the export of DOC and riverine carbon cycling
(Connolly et al., 2018; Li Yung Lung et al., 2018). Com-
pared with high-relief catchments, low-relief regions with
longer water residence time, stronger hydrologic connectiv-
ity to rivers, and greater development of wetlands are typ-
ically characterized by increased concentration of riverine
DOC (Harms et al., 2016; McGuire et al., 2005). Specifi-
cally, DOC supply is probably regulated by the amount of
stored soil organic carbon (SOC) in a catchment (Lee et al.,
2019; Rawlins et al., 2021). However, this supply is limited
by shallow soil depth and high flow velocity in high-relief

regions (Lee et al., 2019). The varying extent of hydrologic
connectivity due to changing water residence time with dif-
ferent catchment slopes may also have significant influences
on DOC dynamics (Connolly et al., 2018). Typically, it is
anticipated that as the slope increases toward higher eleva-
tion areas, where residence time is relatively short and soil
organic matter is well connected to hydrologic pathways, the
composition of DOM pools in inland waters will shift toward
a more “terrestrial” characteristic. This shift involves larger
molecules with high molecular weight and aromatic struc-
tures (Creed et al., 2018; Xenopoulos et al., 2021). Although
geomorphologic characteristics have proved to be useful in
estimating DOC concentrations (Harms et al., 2016; Mzobe
et al., 2020), the underlying mechanisms that regulate DOC
dynamics in small mountainous rivers remain poorly under-
stood. Therefore, a deeper understanding of the geomorpho-
logic controls on DOC dynamics is urgently needed. Sub-
tropical small mountainous rivers are characterized by steep
catchment slopes, high erosion rates, frequent rainfall events
in wet seasons, and rapid change in hydrology during these
rainfall events (Lee et al., 2019; Leithold et al., 2006), yet
have received little research attention regarding their DOC
dynamics. Moreover, runoff, catchment slope gradient, and
SOC have been recognized as good predictors for DOC ex-
port in small mountainous rivers (Lee et al., 2019). Yet, the
extent to which these factors, along with land use patterns,
effectively regulate the DOC dynamics is still far from well
understood (Lee et al., 2019; Moyer et al., 2013).

Anthropogenic impacts, such as urban and agricultural
land uses, have led to significant alterations in the flux of
DOC and the fate and quality of DOM in global streams
and rivers (Coble et al., 2022; Wilson and Xenopoulos, 2008;
Xenopoulos et al., 2021). Agricultural streams and rivers are
dominated by microbial-derived, protein-like DOM, while
urban freshwater ecosystems are characterized by microbial,
humic-like or protein-like, and autochthonous DOM (Ho-
sen et al., 2014; Williams et al., 2016; Xenopoulos et al.,
2021). Agricultural and urban land uses tend to increase
nutrient loading in streams, resulting in enhanced bacterial
production and DOM decomposition (Quinton et al., 2010;
Williams et al., 2010). As a result, microbial-derived DOM
plays a crucial role in agricultural and urban rivers. In ad-
dition, DOM tends to have a more reduced redox state and
is likely more labile and accessible to the microbial com-
munity in agricultural streams when compared to the DOM
found in natural streams (Fasching et al., 2019; Williams
et al., 2010). On the scale of years to decades, anthropogenic
impacts can accelerate terrestrially sourced DOC export to
aquatic ecosystems (Xenopoulos et al., 2021). On the scale of
decades to centuries, however, anthropogenic impacts would
shift natural DOM to forms of low molecular weight, en-
hanced redox state with potentially increased liability, or in-
creased aromaticity due to warmer climate and altered hy-
drology (Stanley et al., 2012; Xenopoulos et al., 2021).
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Figure 1. Map of the study area. (a) Overview of the sampling sites and elevation characteristics in the three study catchments, including
the Yinjiang, Shiqian, and Yuqing catchments, (b) correlation between mean catchment slope and the distance from the river mouth (i.e., the
Yinjiang, Shiqian, and Yuqing rivers) to the sampling site, and (c) spatial variation in land use patterns.

In this study, we evaluated how geomorphologic controls
(i.e., mean catchment slope and mean drainage elevation)
and anthropogenic impacts (i.e., land use patterns) affect the
DOC dynamics and DOM characteristics in three subtrop-
ical catchments encompassing numerous small-to-medium
mountainous rivers in southwest China. Our prior observa-
tions from these catchments showed that particulate organic
carbon (POC) and dissolved inorganic carbon (DIC) dynam-
ics were highly affected by in-stream photosynthesis, as evi-
denced by stable carbon isotope and radioactive carbon iso-
tope of POC and DIC (Chen et al., 2021). We hypothe-
size that catchments with a higher proportion of agricultural
and urban land use, gentler catchment slope, and lower el-
evation would exhibit higher riverine DOC concentrations
and more autochthonous microbial humic-like DOM than
steeper catchments at high elevations with fewer influences
by agricultural and urban land uses. Relationships of DOC
concentrations, stable isotopic values of DOC, DOM qual-
ity assessed through optical metric, nutrient concentrations,
and land use patterns versus geomorphologic characteristics
(i.e., mean catchment slope and mean drainage elevation)
were examined. We also examined relationships between ge-

omorphologic characteristics and radiocarbon for nine sam-
pling sites in the Yinjiang River. This study allows us to
gain deeper insight into the geomorphologic controls and an-
thropogenic impacts on DOC dynamics and DOM quality
in the subtropical, anthropogenically influenced mountain-
ous rivers.

2 Materials and methods

2.1 Study area

The Yinjiang River (Y), Shiqian River (S), and Yuqing River
(Q) are tributaries of the Wujiang River (Fig. 1a), the largest
tributary on the south bank of the upper Changjiang River.
The drainage area is 1231, 2101, and 1561 km2 for the Yin-
jiang, Shiqian, and Yuqing rivers, respectively. Data on land
use types and air temperature in 2015, as well as a 90 m
digital elevation model (Shuttle Radar Topography Mission,
SRTM), were obtained from the Resource and Environment
Data Cloud Platform of the Chinese Academy of Sciences
(http://www.resdc.cn/, last access: 6 February 2023). The
SOC content in the surface layer (0–5 cm) was collected from
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the SoilGrids1km database (a global soil information sys-
tem at 1 km resolution) (Hengl et al., 2014). Information on
dams was retrieved from Wang et al. (2022), and their loca-
tion was identified by Google Earth. Furthermore, the dis-
tance from the river mouth (i.e., the Yinjiang, Shiqian, and
Yuqing rivers) to the sampling sites was also estimated us-
ing Google Earth. We further delineated the sub-catchments,
which constitute the contributing area upstream of sampling
sites, by spatial analyst tools of ArcGIS (version 10.2). The
mean catchment slope (degrees; 3D analysis tools) and el-
evation for sub-catchments were extracted from the digi-
tal elevation model using ArcGIS. Annual air temperature
(Tair), catchment slope, topsoil SOC, and proportion of ur-
ban and agricultural land uses for these sub-catchments were
also determined using ArcGIS. The mean drainage eleva-
tion of these three catchments ranges from 340 m to 2424 m,
with the lowest and highest elevations both reported in the
Yinjiang River catchment, showing the greatest change in
relief (Figs. 1a and S1a in the Supplement). The topsoil
SOC exhibited a spatial distribution that resembled eleva-
tion, with regions with higher elevation displaying higher
SOC contents (Fig. S2 in the Supplement). Similar to el-
evation, the Yinjiang River catchment has a greater varia-
tion in mean catchment slope (from 14.3 to 25.5◦), while the
Shiqian and Yuqing river catchments have a mean catchment
slope of approximately 20◦, except the segment above site
S8 (13.9◦; Figs. 1b and S1b). Carbonate rock is widely dis-
tributed in the three catchments, accounting for a large pro-
portion of the exposed strata (Han and Liu, 2004). The re-
maining areas are mainly covered by clastic rocks, igneous
rocks, and low-grade metamorphic rocks. Forest, agriculture,
and urban areas are the three dominant land uses in these
studied catchments (Fig. 1c). Forest is generally distributed
in high-elevation regions, while urban and agricultural land
uses are mainly located in low-elevation regions. The propor-
tion of urban and agricultural land uses in the Yuqing River
catchment varies from 17.3 % to 23.1 % (Figs. 1c and S1c).
This catchment has a higher % urban/agriculture land use
than other studied catchments and less variability in land
use compared to the Yinjiang and Shiqian river catchments
(from 4.5 % to 46.5 % and from 9.6 % to 41.3 %, respec-
tively). There are three mountainous agricultural counties
(i.e., Yinjiang, Shiqian, and Yuqing; Fig. 1a) in this study
area, where crops are mainly C4 (e.g., corn and sorghum)
and C3 (e.g., rice, wheat, and potato) plants. Dams and reser-
voirs are widely distributed in the three catchments, and these
dams are primarily used for agricultural irrigation and power
generation (Fig. 1a). This study area is highly affected by
monsoon-influenced humid subtropical climate with April to
October being the rainy season, and the average annual pre-
cipitation, runoff, and discharge are 1100 mm, 1004 mmyr−1

and 14.4 m3 s−1, respectively, in the Yinjiang River catch-
ment. Further details on the regional setting of the study
area and the sources and methods for delineation of catch-

ment characteristics are provided in our previous study (Chen
et al., 2021).

2.2 Field sampling

Surface water samples (n= 28) along the mainstem and
major tributaries of the Yinjiang River, Shiqian River, and
Yuqing River and spring water samples (n= 4) were col-
lected in September 2018 (Fig. 1a). During the sampling pe-
riod, two water samples (sites Y12 and Y15) were signifi-
cantly affected by rainfall events, and an additional sample
was collected at site Y12 before the rainfall event as it is
close to the hydrological station. Unless stated otherwise, the
data used in this study from site Y12 are based on the sample
collected after rainfall events due to the availability of car-
bon isotopes. Electrical conductivity (EC) and dissolved oxy-
gen (DO) were measured by a multi-parameter water quality
probe (WTW, pH 3630/Cond 3630, Germany) in the field.
For the analysis of ion concentrations, total phosphorus (TP),
ammonium (NH+4 -N), and total nitrogen (TN), water samples
were filtered through 0.45 µm cellulose acetate membranes.
Water samples for the concentrations and isotopes of DOC
and DOM absorbance and fluorescence were filtered through
pre-combusted glass fiber filters (Whatman, 0.7 µm). The fil-
tered water was stored in a Milli-Q water and sampling water
pre-washed brand-new low-density polyethylene container at
low temperature (4 ◦C) in the dark during 1–7 d before anal-
ysis of optical properties and was acidified by phosphoric
acid to pH= 2 for DOC analysis. Water samples were also
filtered to determine DIC (through 0.45 µm cellulose acetate
membranes) through titration with hydrochloric acid and to
analyze POC using retained suspended particles on the filter
membranes. The water samples filtered through 0.22 µm cel-
lulose acetate filter membranes were used to determine wa-
ter isotopes (δ18O and δD). Detailed information on the sam-
pling methods was provided by Chen et al. (2021) and Zhong
et al. (2020).

2.3 Laboratory analysis

The main cations (K+, Na+, Ca2+, and Mg2+) were mea-
sured by inductively coupled plasma emission spectrome-
try (ICP-OES), and the main anions (Cl−, SO2−

4 , and NO−3 )
were measured by ion chromatography (Thermo Aquion;
Chen et al., 2020). The normalized inorganic charge balance
is within 5 %, indicating the accuracy of the measured data.
The concentrations of NH+4 -N were analyzed using an auto-
matic flow analyzer (Skalar Sans Plus Systems), and the rel-
ative deviations of the results of NH+4 -N were less than 5 %.
DOC concentrations were determined with a total organic
carbon analyzer (OI Analytical, Aurora 1030W, USA) with
duplicates (± 1.5 %, analytical error) and a detection limit at
0.01 mgL−1. Water isotopes were measured by a liquid water
isotope analyzer (Picarro L2140-i, USA) with measurement
precision at ± 0.3 ‰ for δ18O. The aforementioned analyses
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were carried out at the Institute of Surface Earth System Sci-
ence, Tianjin University.

For the determination of stable carbon isotope and radio-
carbon isotope of DOC (δ13CDOC and114CDOC), water sam-
ples were first concentrated using a rotary evaporation and
then oxidized through the wet oxidation method (Leonard
et al., 2013). In this study, nine water samples collected from
the Yinjiang River were selected for114CDOC analysis as the
Yinjiang River catchment has the greatest change in geomor-
phologic characteristics (i.e., elevation and catchment slope)
and the highest proportion of agricultural and urban land uses
among the three catchments. The generated CO2 was puri-
fied in a vacuum system for δ13CDOC and 114CDOC anal-
yses. δ13CDOC was directly determined using the MAT 253
mass spectrometer with an analysis accuracy of± 0.1 ‰. For
114CDOC analysis, the purified CO2 was transformed into
graphite following the same method as for 114CPOC analy-
sis (Chen et al., 2021) and measured with an accelerator mass
spectrometry (AMS) system within 24 h with an analytical
error of ± 3 ‰ (Dong et al., 2018).

Optical analyses of DOM were conducted on river sam-
ples. DOM absorbance of river water samples was mea-
sured from 250 to 750 nm at 1 nm intervals using a
UV (ultraviolet)-visible spectrophotometer (UV-2700, Shi-
madzu) with a 1 cm quartz cuvette. The UV-visible spec-
trophotometer was blanked with Milli-Q water prior to data
collection. Decadic absorbance values were used to calculate
decadic absorption coefficients as below (Poulin et al., 2014):

α254 = Abs254/L, (1)

where, α254 is the decadic absorption coefficient (m−1),
Abs254 is the absorbance at 254 nm, andL represents the path
length (m). Specific UV absorbance at 254 nm (SUVA254; re-
ported in units of L mgC−1 m−1) was determined according
to Weishaar et al. (2003):

SUVA254 = α254/DOC. (2)

DOM fluorescence was determined with a fluorescence
spectrophotometer (F-7000, Hitachi, Japan) to quantify
humic-like, fulvic-like, and protein-like fluorescence (Fell-
man et al., 2010). The fate of humic-like fluorescence may be
self-assembly particles or be adsorbed onto minerals, while
protein-like fluorescence is tightly associated with biologi-
cal processes and biodegraded into inorganic matter (Fell-
man et al., 2010; He et al., 2016). The excitation wavelengths
ranged from 220 to 400 nm at 5 nm increments, and the emis-
sion wavelength from 280 to 500 nm at 2 nm increments.
Blanks were measured daily with the same settings to correct
excitation–emission matrices (EEMs). Parallel factor analy-
sis (PARAFAC) was performed using the N-way toolbox in
MATLAB (MathWorks, USA) to determine peaks (Anders-
son and Bro, 2000; Mostofa et al., 2019; Stedmon and Bro,
2008). Detailed procedures and criteria for applying and val-
idating the PARAFAC model are available in Yi et al. (2021).

The PARAFAC model components identified were further
compared with relevant published and reported fluorophores
in the OpenFluor database (Table 1; Murphy et al., 2014).
Several common indices of DOM composition were deter-
mined from EEMs, including fluorescence index (FI; McK-
night et al., 2001), humification index (HIX; Ohno, 2002),
and freshness index (β/α; Parlanti et al., 2000; Table 2).

2.4 Statistical analysis

The normality of the data was first examined by a Shapiro–
Wilk test using SPSS 26. Normally distributed data were
analyzed by one-way ANOVA with Tukey’s post-test for
multiple comparisons. Nonparametric data with three or
more comparisons were analyzed with a Kruskal–Wallis test
followed by Holm’s step-down Bonferroni correction. The
Mann–Whitney U test was used for comparison of distri-
butions between two groups. The correlations among DOC
concentrations, DOM properties, carbon isotopes, ion con-
centrations, and catchment characteristics (i.e., mean catch-
ment slope, the proportion of different types of land use,
mean annual air temperature, and mean drainage elevation)
were computed by Pearson’s correlation coefficient (R) us-
ing OriginPro 2021 (student version). Values are presented
as the mean± standard deviation (SD). All statistical tests
were performed at a 0.05 significance level. In addition, all
the statistical analyses were performed again after data from
site Y12 were removed to test for possible skewing of the
findings, as the sample was significantly affected by rainfall
events. If not mentioned otherwise, the results from site Y12
did not skew the findings at the significance level of 0.05.

We performed a stepwise multiple linear regression
(MLR) modeling to identify significant environmental fac-
tors of DOC concentrations and DOM properties using SPSS
26. All environmental factors were included in the models
except for SOC because we aim to examine the impacts
of human activities and geomorphology rather than the di-
rect influence of SOC on DOC concentrations and DOM
properties. The objective model with the highest adjusted
R2 value was used to infer the DOC concentrations and
DOM properties. In addition to the MLR and Pearson cor-
relation analyses to explore the relationships between envi-
ronmental factors and DOC, we further used the partial least
squares path model (PLS-PM) to infer direct and indirect ef-
fects of multiple factors (e.g., geomorphologic and anthro-
pogenic impacts) on DOC concentrations and DOM proper-
ties. The PLS-PM analysis was performed using the R pack-
age “plspm” (Sanchez, 2013). Because PLS-PM offers the
advantage of not imposing any distributional assumptions on
the data, which enhances its broad applicability (Sanchez,
2013) and allows for the exploration of complex cause–effect
relationships involving latent variables, it is a suitable tech-
nique for multivariate analyses. Each latent variable consists
of one or more manifest variables (e.g., geomorphology, in-
cluding elevation and slope). The environmental factors used
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Table 1. Description of the three components identified by PARAFAC and comparison with previous studies from the OpenFluor database
with a minimum similarity score of 0.95 (Murphy et al., 2014).

Component Exmax Emmax Description and likely structure Number of Previous studies
(nm) (nm) matches in

OpenFluor

C1 295 402 Similar to traditionally defined peak M, marine humic-
like components, are products from microbial processes
or autochthonous production.

6 C6 (Walker et al., 2009);
C4 (Kim et al., 2022);
C4 (Li et al., 2016)

C2 275 338 Protein-like (tryptophan-like) components, commonly
found in anthropogenically affected rivers, are associ-
ated with recent biological production and breakdown
products of lignin.

30 C3 (DeFrancesco and
Guéguen, 2021);
C7 (Lambert et al., 2017);
C2 (Du et al., 2019)

C3 325 440 Traditional fulvic-like peaks A and C, humic-like and
terrestrial delivered OM, autochthonous, or microbial
source.

70 C1 (Amaral et al., 2016);
C1 (Ryan et al., 2022);
C1 (Shutova et al., 2014)

Table 2. DOM optical parameters used in this study.

Index name Calculation Description Reference

SUVA254 SUVA254=α254/DOC concentration.
α254 is the decadic UV absorbance at
254 nm.

An indicator for the degree of aromaticity.
It is positively correlated with aromaticity.

Weishaar et al. (2003)

Fluorescence
index (FI)

FI=Em450/Em500, at Ex 370 nm. A proxy for DOM source. Higher val-
ues (∼ 1.9) are associated with microbial
sources, and lower values (∼ 1.4) corre-
lated with terrestrial sources.

McKnight et al. (2001)

Humification
index (HIX)

HIX=
∑

435–480/(
∑

300–345+∑
435–480), at Ex 254 nm.

Indicator of humification status of DOM.
Higher HIX values indicate an increasing
degree of humification.

Ohno (2002)

Freshness
index (β/α)

β/α=Em380(β)/ the Em intensity
maximum between 420 and 435 nm at
Ex 310 nm (α).

Higher β/α values are commonly associ-
ated with the increasing contribution of re-
cently microbially produced DOM.

Parlanti et al. (2000)

in the model were categorized into seven latent variables, in-
cluding geomorphology (elevation and slope), anthropogenic
activities (e.g., urban and agricultural land uses and anthro-
pogenically derived Cl−; Cl−anthro, calculated as the total Cl−

concentration minus atmospheric contributed Cl− concen-
tration, which is the lowest Cl− concentration at site Y5 in
the Yinjiang River; Gaillardet et al., 1997; Meybeck, 1983),
climate (Tair), SOC (SOC content), water chemistry (pH),
POC (POC concentrations), and nutrient (NH+4 -N and TN).
The environmental factors and their manifest variables in-
cluded in the model were the most critical variables identi-
fied based on the Pearson correlation results. These variables
were selected after reducing the full models (initial models
with more variables) to meet the requirements of the PLS-
PM analysis (Du et al., 2023; Sanchez, 2013; Tian et al.,
2019). In addition, the structure of the model was simpli-
fied to focus on the major effect of environmental factors

on DOC concentrations rather than to explore the effects
on other factors (e.g., the geomorphologic controls on POC
were ignored). The significance of the path coefficients was
determined through a nonparametric bootstrap resampling of
1000 times.

3 Results

3.1 Spatial variations in water chemistry, DOC
concentrations, and isotopes of DOC

Both river water and spring water were mildly alkaline
with pH varying from 7.2 to 8.9, and the pH in the
Yinjiang and Shiqian rivers was higher than that in the
spring water (Fig. 2a). The Cl− concentration showed
an increasing trend in the Yinjiang, Shiqian, and Yuqing
rivers, with an average of 2.56± 1.03, 3.76± 0.83, and
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Figure 2. Spatial variations in water chemistry in the Yinjiang (Y), Shiqian (S), and Yuqing (Q) rivers and springs. (a) pH, (b) Cl−, (c) NH+4 -
N, (d) NO−3 -N, (e) DOC, and (f) δ13CDOC. In each box plot, the end of the box represents the 25th and 75th percentiles, the solid blue dot
represents the mean, the horizontal line inside the box represents the median, and the whiskers represent 1.5 times the upper and lower
interquartile ranges (IQR). The solid magenta dot represents the outlier (data points outside of the 1.5 interquartile ranges). Letters above
the boxes represent significant differences between the grouping of river and/or spring water based on statistical analyses at the significance
level of 0.05 (e.g., Y-Spring above panel (b) indicates that the Cl− in the river water of the Yinjiang River was significantly different from
that in the spring water).

4.55± 0.81 mgL−1, respectively (Fig. 2b). In addition, the
Cl− concentration in the spring water (4.48± 2.08 mgL−1)
was significantly higher than that in the Yinjiang River
(p <0.05; Fig. 2b). In the rivers and springs, the
water displayed similar NH+4 -N concentrations with a
mean value of 0.04± 0.03, 0.07± 0.05, 0.04± 0.03, and
0.03± 0.04 mgL−1 in the Yinjiang, Shiqian, Yuqing rivers,
and spring water (Fig. 2c). In springs, the average NO−3 -N
concentration was 1.93± 0.93 mgL−1, higher than the aver-
age in the three rivers (1.15± 0.36 mgL−1), although there
were no significant differences for the overall NO−3 -N con-
centration between the rivers and springs (p> 0.05; Fig. 2d).

DOC concentrations in the three study rivers varied from
0.36 to 2.85 mgL−1, with the highest mean concentration
in the Yuqing River (1.70± 0.04 mgL−1; Fig. 2e), followed
by the Shiqian River (1.51± 0.22 mgL−1) and the Yin-
jiang River (1.27± 0.66 mgL−1). The DOC concentrations
in spring water were significantly lower than those in the
surface water of the Shiqian and Yuqing rivers (p<0.05;
Fig. 2e), and the average DOC concentration in spring water
(0.74± 0.30 mgL−1) was also lower than the average DOC
concentration in the Yinjiang River, indicating there must be
other sources of DOC besides groundwater.

For δ13CDOC, although the average δ13CDOC val-
ues showed a decreasing trend in the Yinjiang River,
Shiqian River, Yuqing River, and springs, averaging

Table 3. 114CDOC and age of DOC in the Yinjiang River.

River Samples 114CDOC DOC-Age SD of DOC-Age
(‰) (yrBP) (yrBP)

Yinjiang Y1 −92 774 25
River Y2 −74 616 23

Y3 −52 430 27
Y5 −40 326 27
Y9 −59 491 27
Y11 −51 417 27
Y12 33 Modern 28
Y13 −49 401 24
Y14 −109 928 28

at −26.6± 1.8 ‰, −27.5± 1.1 ‰, −27.8± 0.9 ‰, and
−29.1± 2.7 ‰, respectively, there were no statistically sig-
nificant differences in the overall δ13CDOC values between
the three rivers and springs (p> 0.05; Fig. 2f). The114CDOC
of the Yinjiang River varied widely from −109 ‰ to 33 ‰
with an average of −54.7± 39.9 ‰ (Table 3). The radiocar-
bon ages of the DOC ranged from 928 years BP (i.e., before
present) to the present, and the youngest 114CDOC (33.3 ‰)
was found at site Y12.
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Figure 3. Spatial variations in DOM property in the Yinjiang (Y), Shiqian (S), and Yuqing (Q) catchments. (a) SUVA254, (b) fluorescence
index (FI), (c) HIX, and (d) freshness index (β/α). In each box plot, the end of the box represents the 25th and 75th percentiles, the solid
blue dot represents the average, the horizontal red line represents the median, and the whiskers represent 1.5 IQR. The solid magenta dot
represents the outlier, which is outside of the 1.5 interquartile range. Different lowercase letters above the boxes denote significant differences
across rivers based on statistical analysis with p< 0.05.

3.2 Riverine DOM optical properties

Two humic-like components (C1 and C3) and one protein-
like component (C2) were identified by the PARAFAC model
in these three rivers (Fig. S3 in the Supplement; Table 1).
Component C1 is similar to traditionally defined peak M
and sourced from microbial processes or autochthonous pro-
duction (Kim et al., 2022; Li et al., 2016; Walker et al.,
2009). Component C2 was previously related to recent bi-
ological production (DeFrancesco and Guéguen, 2021; Du
et al., 2019; Lambert et al., 2017). C3 was the most widely
found component in previous research among three fluo-
rescent components and was identified as traditional fulvic-
like peaks A and C, representing terrestrial delivered OM or
autochthonous microbial-sourced OM (Amaral et al., 2016;
Ryan et al., 2022; Shutova et al., 2014). Although C1 and C2
varied more widely in the Yinjiang River compared with the
Shiqian and Yuqing rivers, the two fluorescent components
did not show a statistical difference among the three rivers
(p> 0.05; Fig. S3a and b). However, a greater proportion

of C3 was found in the Shiqian River, exhibiting a distinc-
tive signature compared with the Yinjiang River (Fig. S3c).
The proportion of C3 did not show any significant differences
between the Yuqing River and the other two rivers (i.e., the
Yinjiang and Shiqian rivers).

The average SUVA254 values were 3.3± 1.1, 3.1± 1.8,
and 2.8± 0.3 Lmg−1 m−1 in the Yinjiang, Shiqian, and
Yuqing rivers, respectively, without significant spatial differ-
ences across the three rivers (p> 0.05; Fig. 3a). For the FIs,
the overall fluorescence property did not vary significantly
among the three rivers (p> 0.05; Fig. 3b–d). FI varied in a
narrow range compared with β/α and HIX. The FI of DOM
ranged from 1.66 to 1.94, averaging 1.78 (Fig. 3b), indicat-
ing a mixture of DOM of terrestrial and microbial origins.
By comparison, β/α varied from 0.70 to 1.22 (Fig. 3d), and
HIX varied from 0.33 to 0.65 (Fig. 3c), with greater variabil-
ity among the three rivers.

Biogeosciences, 20, 4949–4967, 2023 https://doi.org/10.5194/bg-20-4949-2023



S. Chen et al.: Geomorphologic controls and anthropogenic impacts on DOC 4957

Figure 4. Correlation plot of the selected water chemistry and catchment characteristics. The colors represent the degree of pairwise corre-
lation regarding Pearson’s correlation coefficient. δ13CDOC and 114CDOC at site Y12 were excluded from the analysis as the sample was
collected after a rainfall event. In addition, SUVA254 at site S3 was excluded from the analysis as the sample was strongly influenced by
road construction, which was evidenced by high POC and TSM concentrations (Chen et al., 2021). Human land use denotes the proportion
of urban and agricultural land use. Elevation and Tair represent mean drainage elevation and annual air temperature, respectively.

3.3 Factors influencing DOC concentrations, isotopes
of DOC, and DOM optical properties

Significant pairwise interdependencies between DOC and
catchment characteristics were identified in the three
study rivers (Fig. 4). There is a strong negative cor-
relation between DOC and SOC (p< 0.001, r =−0.73;
Fig. 4), as well as average catchment slope (p< 0.001,
r =−0.67). Conversely, DOC displayed a positive corre-
lation with the proportion of urban and agricultural land
uses (p< 0.001, r = 0.62), Cl−anthro (p< 0.01, r = 0.58), and
NH+4 -N (p< 0.01, r = 0.51). Stepwise MLR models re-
vealed that topsoil SOC and POC were the most effective
predictors for explaining the spatial variation in DOC con-
centrations (Table 4), while catchment slope and NH+4 -N
exhibited the highest explanatory power for DOC concen-
trations when SOC was excluded from the models. Unlike
DOC, a significant positive correlation with mean catchment
slope was found for δ13CDOC (p< 0.001, r = 0.76; Fig. 4).
In addition, there was a significant negative correlation be-
tween δ13CDOC and NO−3 -N (p< 0.001, r =−0.75). More-

over, δ13CDOC was negatively correlated with DOC concen-
trations (p< 0.01, r =−0.57; Fig. 4), but positively corre-
lated with δ13CPOC in these three rivers (p< 0.05, r = 0.51).
Similar to δ13CDOC, 114CDOC was positively related to
mean catchment slope (p< 0.01, r = 0.91) and 114CPOC
(p< 0.05, r = 0.79). Additionally, there was a positive cor-
relation between 114CPOC and catchment slope (p< 0.05,
r = 0.79), and no significant correlations were detected be-
tween 114CPOC and the proportion of urban and agricul-
tural land uses or ions that reflect human disturbances (e.g.,
Cl−anthro, NH+4 -N, and NO−3 -N; p> 0.05; Fig. 4).

SUVA254 showed an increasing trend with increasing
mean catchment slope (p< 0.001, r = 0.77; Fig. 4). Further-
more, there was a significant negative correlation between
SUVA254 and the proportion of urban and agricultural land
uses (p< 0.001, r =−0.83). This is consistent with the con-
structed stepwise MLR models that urban and agricultural
land uses and catchment slope were the best predictors of
SUVA254 (Table 4). Although no significant correlation was
observed between the FIs and catchment slope, they (except
for FI) were found to be closely related to land use pat-
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Table 4. Multiple stepwise linear regression models of catchment attributes and water chemistry for DOC concentrations and DOM proper-
ties.

Dependent
variables

Predictors Model equation n Adj. R2 Significance
level

DOC∗ Slope, NH+4 -N =−0.109 · slope+ 4.295 ·NH+4 −N+ 3.375 28 0.50 p< 0.001

DOC SOC, POC =−0.006 ·SOC+ 0.384 ·POC+ 4.145 28 0.59 p< 0.001

SUVA254 Urban and agricultural
land use, slope

=−5.461∗urban and agricultural land use+ 0.145 · slope
+ 1.318

26 0.77 p< 0.001

HIX Urban and agricultural
land use

= 0.433 · urban and agricultural land use+ 0.438 27 0.34 p< 0.001

FI No variables were entered into the equation. 27
β/α pH =−0.195 · pH+ 2.476 27 0.41 p< 0.001

C1 DO, TP, urban and agri-
cultural land use

= 7.713 ·DO− 220.846 ·TP+ 90.905 · urban and agricultural
land use− 36.005

27 0.46 p< 0.001

C2 Urban and agricultural
land use, DO

=−48.748· urban and agricultural land use− 2.515 ·DO
+ 58.255

27 0.36 p= 0.002

C3 NO−3 -N, POC = 4.181 ·NO−3 -N+ 3.738 ·POC+ 3.826 27 0.34 p= 0.003

∗ SOC was not included as predictor in this model so as to examine the impacts of human activities and geomorphology, rather than the direct influence of SOC on DOC
concentrations.

terns (Fig. 4). For example, HIX had a positive correlation
with urban and agricultural land uses (p< 0.001, r = 0.61;
Fig. 4), while β/α had a negative correlation with urban
and agricultural land uses (p< 0.01, r =−0.52) and water
pH (p< 0.001, r =−0.66). In addition, the fluorescent com-
ponents did not exhibit significant variations with changing
catchment slope (p> 0.05; Fig. 4), but the percentage of C1
and C2 were positively (p< 0.05, r = 0.47) or negatively
(p< 0.01, r =−0.55) related to the proportion of urban and
agricultural land uses. Urban and agricultural land uses were
also identified as predictors for DOM optical indexes (i.e.,
HIX; Table 4) and fluorescent components (i.e., C1 and C2).
However, unlike C1 and C2, C3 was not significantly corre-
lated with urban and agricultural land uses (p> 0.05; Fig. 4),
but its variation can be partially explained by NO−3 -N con-
centrations and POC (Table 4).

3.4 Direct and indirect effects of environmental factors
on DOC concentrations

The PLS-PM analysis showed that 67 % of the variance in
DOC concentrations could be explained by our seven en-
vironmental factors constructed (R2

= 0.67, Fig. 5a). The
total effect on DOC concentrations is strongest from ge-
omorphology (−0.65), followed by SOC (−0.45), anthro-
pogenic activities (0.39), climate (0.38), POC (0.27), nutri-
ents (0.21), and water chemistry (0.10) (Fig. 5b). The results
indicated that geomorphology was the most significant fac-
tor in controlling DOC concentrations, primarily through in-
direct regulation of SOC content, which was directly influ-

enced by annual catchment temperature and anthropogenic
activities (Fig. 5a and b). By comparison, anthropogenic ac-
tivities not only indirectly regulated riverine DOC concen-
trations through SOC, but also had a significant indirect im-
pact on DOC concentrations through the regulation of nutri-
ent levels. Similar to DOC concentrations, geomorphology
(−0.53) exhibited the most pronounced effects on fluorescent
components (Fig. S4 in the Supplement). However, anthro-
pogenic activities (0.49) demonstrated a comparable effect
on fluorescent components, primarily through a direct path-
way (0.37; Fig. S4b). Anthropogenic activities (−0.84) were
the strongest driver for DOM optical parameters, although
geomorphology (0.59) played a significant role in indirectly
influencing DOM optical parameters (Fig. S5 in the Supple-
ment).

4 Discussion

4.1 Geomorphologic controls on DOC export

Catchment slope, which is often closely associated with
catchment elevation (Fig. 4), is an important predictor of
DOC concentrations because catchment slope is a key fac-
tor in affecting flow velocity and thus water retention time
(Harms et al., 2016; Mzobe et al., 2020). The negative re-
lationship between DOC and SOC (Fig. 4 and Table 4)
and the positive correlation between slope and 114CPOC
or 114CDOC are consistent with previous findings that a
shorter water retention time in high-relief regions can reduce
DOC export from SOC stocks and mobilize organic carbon
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Figure 5. The most parsimonious PLS-PM model shows the direct and indirect effects of geomorphology and anthropogenic activities on
DOC concentrations. (a) Path coefficients are shown as arrows with blue and red to represent positive and negative effects, respectively.
The solid and dotted lines indicate the direct and indirect influence pathways of environmental drivers on DOC concentrations, respectively.
The indicators (e.g., TN) of latent variables (e.g., nutrient) are shown at the beginning of the gray arrows. The numbers in the parentheses
are the loading scores. GOF denotes the goodness of fit of the entire model. R2 indicates the amount of variance in DOC concentrations
explained by its independent latent variables. The standardized path coefficients that are significantly different from zero are indicated by
∗ p≤ 0.05, ∗∗ p≤ 0.01, ∗∗∗ p≤ 0.001, †p= 0.06, ††p= 0.07. (b) Standardized direct and indirect mean effects of environmental drivers
on DOC concentrations derived from the PLS-PM analysis.

with younger ages (Catalán et al., 2016). The decreasing or-
ganic carbon export in catchments with higher slopes par-
tially explains why high-relief regions exhibit lower river-
ine DOC concentrations despite having a higher SOC con-
tent. Compared with high-relief regions, low-relief regions
would discharge more aged organic carbon into rivers when
relatively 14C-depleted DIC and CO2 (aq) derived from car-
bonate weathering are incorporated into primary production

in low-relief regions, as also evidenced by the positive rela-
tionship between the slope and 114CPOC (Fig. 4). Further-
more, the aged riverine DOC has also been attributed to the
input of deeper, older soil organic matter through deeper flow
paths (Barnes et al., 2018; Masiello and Druffel, 2001). This
aged DOC, discharged through deeper water flow paths, may
have also served as an important source of DOC in low-relief
regions of this study. The correlation of SUVA254 with the
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mean catchment slope suggests that steeper catchments tend
to export DOC with more aromaticity (Fig. 4 and Table 4),
indicating the geomorphologic effects on DOM characteris-
tics. Previous research has reported that the aromatic con-
tent of DOM tends to decline if DOM is derived from deeper
soil profiles (Inamdar et al., 2011), which is attributed to the
sorption of aromatic DOM when subsurface flow water per-
colates through the soil profile.

Microbial degradation has been well recognized as a crit-
ical factor in controlling organic material preservation in
soils (Barnes et al., 2018). Previous studies have reported
a decreasing δ13CDOC with increasing DOC concentrations
in spring water (Nkoue Ndondo et al., 2020) and for TOC
in soil profiles (Lloret et al., 2016; Nkoue Ndondo et al.,
2020). We observed a comparable relationship in river wa-
ter of the three catchments (Fig. 4). This can be explained
by the lateral transport of DOC from microbially active soil
horizons into rivers (Lambert et al., 2011), resulting in the en-
hanced biodegradation of DOC with the preferential removal
of 12C. As a result, the remaining DOC with lower concentra-
tions is typically characterized by a heavier δ13CDOC (Nkoue
Ndondo et al., 2020; Opsahl and Zepp, 2001), which further
indicates that the low-concentration DOC in the three rivers
is the result of substantial microbial degradation.

Groundwater with significant SOC inputs due to highly
active microbial activities has long been recognized as a
substantial source of DOC (McDonough et al., 2020; Shen
et al., 2015). Several studies have reported increased ground-
water contributions with distance downstream at the water-
shed scale (Cowie et al., 2017; Iwasaki et al., 2021). The
strong positive relationship between conductivity and δ18O
(p< 0.001; Fig. S6a in the Supplement) is primarily due
to the mixing of two end-members (i.e., high-conductivity
with 18O-enriched groundwater and low-conductivity with
δ18O-depleted headstream water) for river water (Lambs,
2004), although it may also indicate the impact of evapora-
tion in the catchment (Zhong et al., 2020). In addition, the
δ18O values increased progressively from upstream to down-
stream (Fig. S6b), which also validates the two sources (i.e.,
headstream water and groundwater) of downstream river wa-
ter, indicating that groundwater was most likely an essen-
tial contributor to downstream river water. This also sup-
ports our earlier hypothesis that aged DOC could be ex-
ported into rivers through deeper water flow paths. However,
groundwater was probably not the primary source of river-
ine DOC due to the relatively low groundwater DOC con-
centrations as compared with riverine DOC concentrations
(Fig. 2e; groundwater is shown as “spring”). Moreover, the
groundwater contribution was probably much less significant
in the wet season (e.g., September in the study area), even in
catchments where DOC is mainly derived from groundwater
(Lloret et al., 2016). Thus, we infer groundwater is an im-
portant but not a primary source of riverine DOC in the three
study rivers.

4.2 Anthropogenic impacts on DOC

Previous research has found significant changes in DOC con-
centrations and DOM composition in agricultural and urban
landscapes (Spencer et al., 2019; Stanley et al., 2012). Con-
version of native forest and pasture to row crop agriculture
may lead to substantial losses of SOC stores due to greatly
accelerated erosion and decomposition rates (Guo and Gif-
ford, 2002; Montgomery, 2007; Stanley et al., 2012). By
comparison, natural vegetation could greatly reduce SOC in-
put into rivers by effectively reducing soil erosion through
the consolidation effect of roots on soil and the interception
of rainfall by stems and leaves (Zhang et al., 2019). Agri-
cultural activities tend to liberate SOC through erosion over
longer timescales and cause an elevated DOC export into
rivers (Figs. 4 and 5), although DOC of urban origin can
also make a massive contribution to the riverine DOC pool
(Sickman et al., 2007). Yet, anthropogenic impacts can also
result in decreased DOC concentrations globally due to re-
duced organic carbon inputs into soils and enhanced SOC
decomposition induced by warmer temperatures (Nagy et al.,
2018; Spencer et al., 2019) or lead to undetectable changes
in DOC concentrations (Veum et al., 2009). These different
responses are mainly due to diverse farming practices and the
associated changing effects on terrestrial and aquatic carbon
dynamics (Stanley et al., 2012).

Anthropogenic activities are important factors for the per-
vasive increase in nutrient and ion concentrations (Chete-
lat et al., 2008; Smith and Schindler, 2009). For catchments
without evaporite outcrops, their riverine Cl− excluding at-
mospheric contribution can be regarded as mainly of anthro-
pogenic origin (Cl−anthro), which is a strong indicator of an-
thropogenic activities (Fig. 5). The positive relationship be-
tween DOC concentrations and Cl−anthro, as shown in Fig. 4,
also demonstrated anthropogenic impacts on DOC export.
Nutrient enrichment has been a well-known contributor to
eutrophication (Paerl, 2009). In conjunction with increasing
water residence time due to damming (Fig. 1a), our results
demonstrate that increased nutrient inputs into rivers will en-
hance algae production (Chen et al., 2021) and, eventually,
accumulation of DOC (as evidenced by the relationship be-
tween NH+4 -N and DOC in Fig. 4 with NH+4 -N serving as a
predictor for DOC; see Table 4). A recent study conducted
in the Longtan Reservoir in the Xijiang River basin in south-
west China with widespread karst landscape (similar to our
study area) found that a majority of its POC was intercepted
or degraded within the reservoir, with the POC primarily
originating from phytoplankton (Yi et al., 2022). Its carbon
isotope composition of POC (δ13CPOC) ranged from −35 ‰
to −30 ‰, which is relatively depleted, and the POC was
found to be a significant contributor to the reservoir DOC (Yi
et al., 2022). Thus, the lower δ13CDOC with increasing NO−3 -
N further indicated the greater algae- or C3 plant-derived
DOC accumulation with a higher level of nutrients (Fig. 4
and Table 4).
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Despite the fact that anthropogenic impacts on DOM char-
acteristics and age have been widely proposed in the past
two decades (Butman et al., 2014; Coble et al., 2022; Zhou
et al., 2021), there are no clear relationships between land
use and 14C ages in our study area, which may result from
large variations in soil characteristics and limited 14C data.
However, DOM characteristics were found to be closely re-
lated to land use patterns (Figs. S4 and S5; Table 4). Al-
though significant relationships with urban and agricultural
land uses were found for C1 and C2 (Fig. 4; Table 4), it
remains unclear how the autochthonous contribution to the
riverine DOC pool varied with land use change because C1
and C2 are both probably derived from autochthonous pro-
duction but exhibit opposing trends with increasing urban
and agricultural land uses (Table 1). Overall, DOM in catch-
ments with a higher proportion of urban and agricultural land
uses was distinct from other catchments as it was less aro-
matic (SUVA254, Fig. 4), less recently produced (β/α), and
had a higher degree of humification (HIX). SUVA254 val-
ues for the three study rivers were comparable with those re-
ported in coastal glacier mountainous streams with late suc-
cession in southeast Alaska (3.4± 0.5 Lmg−1 m−1, n= 5;
Holt et al. 2021) and in the anthropogenic-influenced down-
stream of the Yangtze River (3.4± 1.1 Lmg−1 m−1, n= 82;
Zhou et al. 2021). Lower DOM aromaticity in the urban and
agricultural streams and rivers was consistent with previous
studies (Hosen et al., 2014; Kadjeski et al., 2020), which
suggested a microbial origin for the DOM. However, it is
important to note that this phenomenon was not universally
observed (Zhou et al., 2021). Furthermore, the less aromatic
and less recently produced DOM could be due to soil or-
ganic materials from deep soil profiles as a result of increased
soil erosion by anthropogenic activities (Inamdar et al., 2011;
Stanley et al., 2012).

4.3 Biogeochemical processes of DOC and comparison
of 114CDOC in mountainous rivers

In this study, geomorphologic characteristics and anthro-
pogenic activities were identified as significant drivers of
DOC export and DOM composition across broad spatial
scales. Here, we further examine how these two factors reg-
ulate the biogeochemical processes of DOC. As discussed
earlier, both geomorphology and anthropogenic activities
are significant factors controlling DOC concentrations. The
PLS-PM analysis further revealed that the combined effects
of the two factors on DOC were mainly achieved through
indirect influences on SOC content (Fig. 5). In contrast to
the direct impact of anthropogenic activities on SOC through
soil erosion, the controls exerted by geomorphology on SOC
were closely linked to climate. Lower altitudes are typi-
cally associated with higher annual air temperatures (Fig. 4),
which promote terrestrial net primary production and the mi-
crobial degradation of SOC (Voss et al., 2015), resulting in
the accumulation of large quantities of DOC in soils (Creed

et al., 2018). Geomorphology is also associated with reduced
water retention time due to rapid flows, leading to a lower
input of terrestrially derived DOC into rivers, as discussed
earlier. It is worth noting that the conversion of POC to DOC
through dissolution and desorption (He et al., 2016) is also
an important source of riverine DOC (Fig. 5). Contrary to
DOC concentrations, although the percentage of urban and
agricultural land uses was significantly correlated with mean
catchment slope (Fig. S1d), anthropogenic activities were
identified as more effective predictors for DOM character-
istics than geomorphology (Table 4), highlighting the cru-
cial role of anthropogenic activities in regulating DOM dy-
namics. Therefore, the biogeochemical processes of DOM
in the three rivers studied here were collectively affected
by geomorphologic controls and anthropogenic impacts. In
particular, geomorphologic controls on DOM were mainly
evidenced by carbon isotopes, while anthropogenic impacts
were primarily supported by the DOM fluorescence charac-
teristics (Fig. 4 and Table 4). There was no significant re-
lationship between carbon isotopes and optical properties,
which is inconsistent with previous studies (Aiken et al.,
2014; Butman et al., 2012; Zhou et al., 2018). This dis-
crepancy is most likely due to the potential masking effect
of autochthonous DOM, as also evidenced by the decou-
pled relationship between 114CDOC and SUVA254 in the St.
Lawrence River (Aiken et al., 2014; Butman et al., 2012).
Disentangling the dual influences (geomorphologic and an-
thropogenic) is challenging because they have collectively
affected both DOC concentration and DOM quality in these
rivers. A comprehensive assessment of the biogeochemical
processes of DOC and their multiple controlling factors will
advance our understanding of riverine carbon cycling.

To provide deeper insight into the DOC characteristics of
the study rivers, DOC concentrations and the carbon iso-
topes of DOC in global mountainous rivers are compiled
and shown in Table 5. 114CDOC in the Yinjiang River
(−54.7± 39.9 ‰; Tables 3 and 5) is lower than that of the
global average (−11.5± 134 ‰; Marwick et al., 2015), while
it is similar to many other mountainous rivers (e.g., the
Mackenzie River) and small mountainous rivers in Puerto
Rico; Moyer et al., 2013). 114CDOC values for the global
mountainous streams and rivers were shown by climate (ac-
cording to the Köppen–Geiger climate classification) (Beck
et al., 2018; Table 5) and ranged from tropical monsoon
climate (Marwick et al., 2015), temperate oceanic climate
(Evans et al., 2007), cold semi-arid climates (Spencer et al.,
2014), and continental subarctic climate (Hood et al., 2009).
Fresh DOC in mountainous rivers was reported across cli-
mates (Evans et al., 2007; Mayorga et al., 2005; Voss et al.,
2022). By contrast, the most aged DOC was observed in
the Tibetan Plateau (Song et al., 2020; Spencer et al., 2014)
and the Gulf of Alaska (Hood et al., 2009). The river-
ine aged DOC from these regions with cold climates was
mainly sourced from melting glaciers with high bioavailabil-
ity (Hood et al., 2009; Spencer et al., 2014) or derived from
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Table 5. Comparison of carbon isotopes of DOC in mountainous rivers worldwide.

Rivers/region Sampling date Climate (mgL−1) (‰) (‰) References
(mm/yyyy) (mgL−1) (‰) (‰)

The Yinjiang River (China) 08/2018 Tropical 1.3± 0.7 −26.6± 1.9 −55± 38 This study
Zambezi (Mozambique) 02/2012–04/2012 2.4± 0.6 −21.9± 2.4 64± 23 Marwick et al., 2015
Betsiboka (Madagascar) 01/2012–02/2012 1.3± 0.6 −22.8± 2.1 86± 43
Amazona 05/1995–10/1996 1.9± 0.7 −26.0± 3.0 94± 176 Mayorga et al., 2005
Guanica and Fajardo
(Puerto Rico)

09/2004–03/2008 2.3± 2.1 −26.1± 3.1 −55± 105 Moyer et al., 2013

North-west Australia
(Australia)

05/2010 and 06/2011 1.5± 0.7 −25.0± 1.7 −67± 124 Fellman et al., 2014

Santa Clara (USA) 11/1997–03/1998 Temperate 6.2± 2.7 −26.1± 0.9 −148± 58 Masiello and Druffel, 2001
Conwy (Wales)b 9.2± 7.3 −28.0± 1.8 105± 6 Evans et al., 2007
Brocky Burn (Scotland) 02/1998 and 06/1998 −27.9± 0.2 29± 12 Palmer et al., 2001

Southeast Alaska 07/2013 Continental 0.8± 0.2 −27.0± 1.6 −93± 77 Holt et al., 2021
Gulf of Alaska 07/2008 1.2± 0.5 −23.9± 1.1 −207± 121 Hood et al., 2009
Alaskac 05/2012–10/2012 3.7± 4.1 −27.4± 0.8 −10± 55 Behnke et al., 2020
Kolyma (Russia)d 01/2003–12/2003 −28.5± 1.3 57± 51 Neff et al., 2006
Hudson (USA)e 01/2004 5.9± 0.7 −27.0± 0.0 −26± 13 Raymond et al., 2004
Central Ontario (Canada) 1990–1992 6.4± 4.5 96± 79 Schiff et al., 1997
Mackenzie River Basin
(Canada)f

06/2018 4.3± 1.8 −26.9± 0.2 −55± 72 Campeau et al., 2020

Mulde (Germany) 08/2008–10/2010 9.8± 7.3 −26.6± 0.5 7± 27 Tittel et al., 2013
Fraser (Canada) 07/2009–05/2011 4.1± 5.6 −26.5± 0.5 58± 34 Voss et al., 2022
Yangtze River source
region (China)

02/2017–12/2017 2.9± 1.4 −27.9± 3.3 −397± 185 Song et al., 2020

Tibetan Plateau (China) Continental/dry 0.27± 0.0 −23.5± 0.2 −209± 71 Spencer et al., 2014

a Only rivers draining mountainous areas from the Andean Cordillera were reported. b Data were obtained from Marwick et al. (2015). c Calculated from mean values. d Only mountainous and
upland rivers were reported. e Only the Upper Hudson River was reported. f Only tributaries sourced from Cordillera were reported.

permafrost thaws in deeper soil horizons with deeper flow
paths (Song et al., 2020). As global air temperature increases,
the greater input of the aged yet microbially labile DOC into
rivers would lead to increasing emissions of CO2 and CH4,
which in turn intensifies global warming (Vonk and Gustafs-
son, 2013).

5 Conclusions

This study provided insights into the DOC dynamics and
their influencing factors in anthropogenically impacted sub-
tropical small mountainous rivers. Variations in DOC con-
centrations are regulated by both geomorphologic and an-
thropogenic disturbances. We observed a positive relation-
ship between DOC concentrations and anthropogenic land
use but a negative correlation between DOC concentration
and catchment slope. Carbon isotope variations were mainly
due to changing mean catchment slope, while fluorescence
properties of DOM were highly influenced by land use. Addi-
tionally, we found increased aromaticity with elevated catch-
ment slope and reduced agricultural and urban land uses,
indicating the geomorphologic and anthropogenic controls
on DOM characteristics. We attribute these diverse DOC re-
sponses to altered water retention time, SOC dynamics, and
water flow paths. This study highlights that the combination

of dual carbon isotopes and optical properties are valuable
tools in tracing the origin of riverine DOC and its in-stream
processes. With continued economic development and popu-
lation growth, anthropogenic impacts on DOC are expected
to become increasingly evident. However, anthropogenic im-
pacts may alter various biogeochemical processes of DOC in
different catchments with changing geomorphologic features
due to complicated regulating mechanisms of organic car-
bon cycling, which to date remains poorly understood. Fur-
ther studies are warranted to fully understand the combined
effects of local geomorphologic controls and increasing an-
thropogenic impacts on DOC cycling.
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