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Abstract Anthropogenic perturbations have substantially altered riverine carbon cycling worldwide,
exerting influences on dissolved carbon dioxide (CO,) and methane (CH,) dynamics at multiple levels.
However, the magnitude and role of anthropogenic activities in modulating carbon emissions across entire river
networks, as well as the influence of climatic controls, remain largely unresolved. Here, we explore the
controlling factors of riverine CO, and CH, dynamics across 62 subtropical, monsoon-influenced streams and
rivers through basin-wide seasonal measurements. We found that land use and aquatic metabolism played
significant roles in regulating the spatial and temporal patterns of both gases. Increased nutrient levels and
organic matter contributed to higher partial pressure of CO, (pCO,) and CH, (pCH,). Dissolved oxygen, stable
carbon isotope of dissolved inorganic carbon, the proportion of impervious surface, catchment slope, and river
width were the major predictors for pCO,. For pCH,, the major predictors were Chlorophyll a and water
temperature, which influence organic matter availability and methanogenesis. Seasonal variations in pCO, and
pCH, were strongly modulated by hydroclimatic conditions, with temperature markedly regulating river
ecosystem metabolism. These findings highlight the likelihood of significant changes in riverine

carbon emissions as climate changes and land use patterns evolve, thereby profoundly affecting the global
carbon cycle.

1. Introduction

Rivers and streams serve as vital active conduits in connecting terrestrial, atmospheric, and marine carbon res-
ervoirs, and they play a crucial role in carbon emissions from freshwater ecosystems (Battin et al., 2023; Ray-
mond et al., 2013; Rosentreter et al., 2021). A recent study has updated the CO, emissions from global rivers and
streams to be 2.0 Pg C per year by considering seasonal variations in catchment biogeochemistry and hydrology
(Liu et al., 2022). Another recent estimate by Lauerwald et al. (2023) reveals that rivers and streams are the largest
contributor (~84%) to the CO, emissions from global inland waters. Furthermore, a more recent work on CH,
emissions from streams and rivers based on global data compilations shows that global rivers and streams are
emitting CH,, at a rate of approximately 20.9 Tg C yr~' (Rocher-Ros et al., 2023), which represents nearly half of
the total emissions from lake and reservoir systems (Johnson et al., 2021, 2022). These findings underscore the
disproportionately significant role of running waters in carbon emissions, considering their relatively small areal
extent (Allen & Pavelsky, 2018). These continuous efforts to refine carbon budget estimates highlight the
importance of unraveling the biogeochemical processes that govern riverine carbon dynamics in a rapidly
changing world.

The biogeochemical processes governing CO, and CH, dynamics in river systems are influenced by a multitude
of environmental factors that encompass the production, consumption, exchange, and transport of gases. These
factors include oxygen conditions, organic matter availability, geomorphological characteristics, land use/land
cover, soil characteristics, hydrological connections, and climate variables such as temperature and runoff (Battin
et al., 2023; Rocher-Ros et al., 2023). Particularly, the widespread impact of human activities on riverine carbon
dynamics has received increasing attention worldwide in recent years (Regnier et al., 2022; Xu et al., 2024).
Urban and agricultural river systems typically exhibit ‘anthropogenically enhanced’ carbon cycling due to
substantial inputs of nutrients and organic carbon (OC) resulting from surface erosion, leaching, wastewater
discharge, and chemical fertilizer use (Park et al., 2018). In most cases, these additional inputs to river systems
will promote the production of CO, and CH,. Agricultural activities generate significant amounts of fine
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sediments, which contribute to carbon-rich and anoxic stream beds, thereby favoring CH, production (Stanley
et al., 2016; Zhu et al., 2022). Furthermore, the construction of large-scale reservoirs for hydropower, flood
control, and irrigation has substantially modified the greenhouse gas (GHG) dynamics in running waters (Regnier
et al., 2022). For instance, dam regulation can lead to high OC burial rates and alter the water level and surface
area in upstream and drawdown regions (Maavara et al., 2020), thereby influencing carbon emissions in the
impacted areas. Nevertheless, the biogeochemical processes associated with these changes remain poorly un-
derstood and necessitate further investigations. Most recent studies assessing the effects of human activities on
aquatic carbon cycling have been limited to small- and medium-sized catchments (Herrero Ortega et al., 2019;
Zhang et al., 2021; Zhu et al., 2022), and larger-scale, whole-basin studies are now required. Improving our
understanding of the anthropogenic impacts on carbon emissions in large basins will be key to predict future
changes in global carbon emissions and propose effective mitigation strategies.

Global climate change is known to affect riverine carbon emissions worldwide (Regnier et al., 2022). With further
warming, it is projected that global river systems will experience simultaneous and multifaceted changes in
hydrology (e.g., runoff and discharge) and temperature (Lee et al., 2023). Elevated temperatures have been widely
observed to stimulate the production of CO, through increased organic matter respiration rates (Hursh
et al., 2017) and the production of CH, through enhanced microbial methanogenesis activities (Yvon-Durocher
et al., 2014). Increased runoff and discharge have been associated with higher OC export from terrestrial eco-
systems to river networks (Laudon et al., 2012), which in turn serves as a crucial substrate for the production of
CO, and CH, through microbial mineralization (Marx et al., 2017; Stanley et al., 2016). Previous research has
predominantly focused on the climatic impacts on CO, and CH, dynamics in boreal (Campeau & Del Gior-
gio, 2014; Hutchins et al., 2019) and alpine rivers (Zhang, Xia, et al., 2020), where climate changes are expected
to be more pronounced. In contrast, less attention has been given to subtropical and tropical rivers, although they
act as hotspots for GHG emissions (Borges, Darchambeau, et al., 2015; Liu et al., 2022). Particularly, recent
research suggests that the impacts of future climate changes in these regions may have been underestimated
(Eccles et al., 2019; Freychet et al., 2021). Given the crucial role played by subtropical and tropical rivers in the
global carbon cycle, even minor fluctuations in climate and hydrology can result in substantial changes in carbon
emissions. However, there is a dearth of knowledge regarding the effects of climate change on carbon emission
dynamics in subtropical and tropical river systems.

In this study, we examined the spatiotemporal dynamics of surface water CO, and CH, concentrations in 62
catchments across the subtropical Pearl River Basin (PRB) in south China. These catchments span eight Strahler
orders. The objectives of this study were (a) to investigate the spatial-temporal patterns of the dissolved CO, and
CH, concentrations in the PRB, (b) to identify the dominant controlling factors for both gases, including geo-
morphology, climate and hydrology, land uses, soil characteristics, and water chemistry, and (c) to assess the
impacts of anthropogenic and climatic factors on the riverine CO, and CH, dynamics in the PRB. Based on
constructed empirical models, we further projected future changes in riverine CH, concentrations within the PRB
under rising temperatures in a warming world.

2. Materials and Methods
2.1. Study Area and Sampling Overview

The Pearl River is the second largest river in China in terms of discharge, draining roughly 450,000 km? and
discharging approximately 356 km® of water annually to the South China Sea (China River Sediment Bulletin,
http://xxzx.mwr.gov.cn/xxgk/gbjb/, last access: 18 December 2023; Figure 1). It is a composite river system
formed by the Xijiang, Beijiang, and Dongjiang rivers. The Pearl River Basin (PRB) features a subtropical
monsoon climate characterized by hot and humid summers and warm and dry winters, with long-term mean
annual precipitation of 1,429 mm yr~"' (Tian & Yang, 2017) and approximately 80% of the annual precipitation
occurring during the wet season (April to September). Elevations within the PRB range from ~0 to 2,800 m. The
western part of the PRB encompasses the Yungui Plateau, while the central region is characterized by a diverse
landscape of hills and basins. Extensive carbonate rocks underlie the PRB, particularly in the upper reaches of the
Xijiang River, which is renowned as the world's largest karst area. In terms of land cover, the PRB is predom-
inantly occupied by forests, followed by croplands, grasslands, and urban areas. The PRB has also witnessed
extensive construction of reservoirs and dams, especially in the Xijiang River Basin.
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Figure 1. Location map depicting the distribution of (a) heterotrophic soil respiration (R,) and (b, c, d, e, and f) land use types of the sampling catchments (n = 62) within
the Pearl River Basin (PRB). The Pearl River system is primarily composed of three major tributaries: the Xijiang, Beijiang, and Dongjiang rivers, with a total of 31
sampling sites situated along the three tributary channels. Furthermore, an additional 31 sites are located in four small catchments (catchment boundary was shown in
red in panel) (a), including the (b) Xijiuxi (XJX), (c) Nanshanhe (NSH), (d) Liujiang (LJ), and (e) Xiaojianghe (XJH) rivers.

To investigate the potential drivers of surface water pCO, and pCH, in the 62 study catchments, their catchment
attributes were extracted using ESRI ArcGIS 10.8 (Table S1 in Supporting Information S1). These catchments are
widely distributed across the PRB and exhibit significant spatial heterogeneity in topography, lithology, hy-
drology, and land cover. Among these catchments, four are located in small catchments (i.e., Nanshanhe (NSH),
Liujiang (LJ), Xijiuxi (XJX), and Xiaojianghe (NSH); Figure 1) and the remaining cover the mainstem channel of
the Xijiang, Beijiang, and Dongjiang rivers. Although agricultural land accounts for a relatively high proportion
(20—42%) within the XJX catchment, our sampling sites in this catchment are all located near the outlet which is
predominantly forested. Therefore, compared to the other three headwater catchments, we refer to the XJX as a
forested catchment. This classification is further supported by our data analysis (e.g., dissolved organic carbon
(DOC), pCO,, and pCH,) as discussed below.

2.2. Field Sampling and Laboratory Analysis

A total of 124 samples were collected in both large rivers (n = 31; Strahler orders 5-8; including the mainstem
channel and major tributaries of the Xijiang River, Beijiang River, and Dongjiang River) and small streams
(n = 31; Strahler orders 1-5; including two urban river systems, a forested river system, and an agricultural river
system) within the PRB during daylight hours in summer (July 19th to August 3rd; wet season) and winter
(December 7th to 22nd; dry season) of 2021 (Figure 1). To minimize the impact of diurnal variations of pCO, and
pCH, at each sampling site, we attempted to conduct the field sampling at the same time of a day during the two
sampling campaigns. Surface water pCO, and pCH, were determined by the headspace equilibrium method
(Campeau et al., 2014). A 100 ml syringe was used to draw 50 ml of stream water, leaving the remaining 50 ml as
headspace filled with ambient air. The syringe was then tightly sealed and equilibrated by shaking vigorously for
3 min. Subsequently, 20 ml of the headspace air was transferred into a pre-evacuated 12 ml vial for laboratory
analysis. CO, and CH, concentrations (in duplicate with a repeatability higher than 95%) were analyzed using a
gas chromatograph (GC-2010, Shimadzu, Japan) equipped with a flame ionization detector and a methanizer.
Calibration of gas concentrations was done using three commercial gas standards (500, 1,000, and 3,000 ppm for
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CO, and 2, 8, and 100 ppm for CH,). The correction method proposed by Koschorreck et al. (2021) was employed
to calculate the surface water pCO,, which is crucial for obtaining unbiased measurements. The surface water
pCH, was calculated based on the headspace ratio and the measured ambient air pCH, (details were provided in
Supporting Text S1 in Supporting Information S1). Additionally, an investigation was conducted on various
surface water quality variables, including dissolved oxygen (DO), water temperature (T,), pH, dissolved inor-
ganic carbon (DIC) and its stable carbon isotope (8'*Cp;c), Chlorophyll a (Chl a), total phosphorus (TP), total
nitrogen (TN), DOC, and particulate organic carbon (POC) (see Supporting Text S2 in Supporting Information S1
for details).

2.3. Statistical Analyses

We built multiple linear regression models to assess the combined effects of environmental factors on pCO, and
pCH,. To obtain optimal predictions of pCO, and pCH, and assess the relative significance of environmental
factors, a comprehensive model incorporating all potential explanatory variables (see Text S3 in Supporting
Information S1 for details) was constructed. Data exploration was performed following the protocol described in
Zuur et al. (2010) (Text S3 in Supporting Information S1). All predictors included in the initial model were
categorized into six groups: (a) general water chemistry (e.g., pH, DO, TN, and TP), (b) carbon species (e.g.,
8"*Cpc, DOC, POC, Chl a, and DIC; Chl a was included in this group to better meet the requirement of the path
model as discussed below), (c) hydrology and climate (e.g., T, and runoff), (d) land use (e.g., forest, grassland,
shrubland, wetland, and impervious surface), (e) soil characteristics (e.g., crop soil erosion and R;), and (f)
geomorphology (e.g., river width, catchment slope, and channel slope).

Model selection was performed based on corrected Akaike's information criterion (AICc; AAICc < 2) to identify
the best predictors of pCO, and pCH, using the R package MuMIn (Barton & Barton, 2015). Furthermore, model
averaging was conducted according to AICc weights when multiple models were selected for parameter esti-
mation and determination of the associated p-values by utilizing the function model.avg. All predictors and
response variables were standardized using the Z-score before analysis to interpret parameter estimates on a
comparable scale. Variance decomposition analysis was conducted based on Z-scores to determine the relative
effects of each environmental factor. We then utilized the parameter estimates of interacting predictors to
demonstrate the influence of climate (especially water temperature) and in-stream metabolism (represented by
DO) on pCH,. We further examined the combined effects of T,, and DO on pCH, by keeping the parameter
estimates of all other predictors fixed at their mean value (i.e., 0 as all predictors were Z-scored). The final models
were employed for predicting surface water pCO, and pCH,.

We also developed a partial least squares path model (PLS-PM) using the R package plspm (Sanchez, 2013) to
assess the direct and indirect effects of multiple environmental factors on surface water pCO, and pCH,. PLS-PM
is a powerful tool for conducting multivariate analyses to investigate intricate cause-effect relationships among
multiple latent variables (Du et al., 2023). Each latent variable (e.g., general water chemistry) comprises one or
more manifest variables (e.g., DO and pH). In this study, the environmental factors incorporated into the model
were divided into seven latent variables, encompassing geomorphology, hydrology and climate, land uses, soil
characteristics, carbon species, general water chemistry, and pCO, or pCH,. The selection of the environmental
factors and their corresponding manifest variables included in the path model was mainly based on the crucial
variables identified through multiple linear regression analysis. PLS-PM was conducted based on the reduction of
the full models (initial models with a larger number of variables) to ensure compliance with the PLS-PM analysis
requirements. A nonparametric bootstrapping with 1,000 resamples was employed to determine the significance
of the path coefficients. All analyses were conducted using R software (version 4.3.2, R Development Core
Team, 2020).

Data normality was examined using the Shapiro-Wilk normality test. Different groups of data were compared
using the Mann-Whitney U and Kruskal-Wallis tests followed by Bonferroni correction for adjusted p-values.
Simple linear regressions were conducted using Origin (Pro) 2024 to evaluate the correlations between the
measured pCO, (pCH,) and the modeled pCO, (pCH,), as well as to investigate the relationships among
environmental variables and their correlations with pCH,/pCO,. All statistical analyses were performed at a
significance level of 0.05. Considering the significant impact of outliers on aquatic CO, and CH, concentrations,
median + standard deviation (SD) values were preferred over means =SD to represent the data range.
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Figure 2. Seasonal variations in (a, b, ¢, d) pCO, and (e, f, g, h) pCH, in the three large river basins (XJM and XJT denote the
mainstream and major tributaries of the Xijiang River, respectively; BJ=Beijiang; DJ = Dongjiang) and four small
catchments (NSH, LJ, XJH, and XJX). The violet and red dotted horizontal lines represent global median pCO,

(~2,304 patm) and pCH, (~141 patm) values in rivers (Stanley et al., 2023), respectively. The box represents the 25th and
75th percentiles, the horizontal line in the box represents the median, and the whiskers represent 1.5 times the upper and
lower IQR. The solid dots denote the outliers. The letters above the boxes indicate significant differences at the significance
level of 0.05.

3. Results
3.1. Spatial and Temporal Variations in Water Quality and Riverine CO, and CH, Dynamics

Water temperature showed a significant increase during the summer months (wet season; median: 30.1 =+ 3.9°C),
compared to the winter months (dry season; median: 18.2 + 1.8°C) (Figure Sla in Supporting Information S1).
River water was significantly less oxygenated in the wet season (median: 7.0 = 1.5 mg L™") than in the dry season
(median: 9.1 + 1.8 mg L™") (Figure S1b in Supporting Information S1). Chl a exhibited significant variation
between the two seasons, with a notably higher median value during the dry season (16.7 + 20.2 pg L™")
compared to the wet season (median: 8.9 # 10.2 pg L™") (Figure S1c in Supporting Information S1). Both riverine
pCO, and pCH, were highly variable, with the pCO, varying from 146 to 8,708 patm and the pCH, from 14 to
11,119 patm (Figure 2). The pCO, and pCH, levels did not exhibit significant differences among the Xijiang
(including both mainstream (XJM) and major tributaries (XJT)), Beijiang (BJ), and Dongjiang (DJ) rivers during
both seasons (Figures 2a—2c and, 2e, and 2g). However, cross-site differences were significant when looking at
small streams, with urban and agricultural streams showing relatively higher levels of pCO, and pCH, compared
to forested streams (Figures 2b—2d and, 2f, and 2h). The median pCO, in the dry season (1,351 + 1,488 patm)

CHEN ET AL.

5of 15

85U SUOWILLIOD 8AIERID 3|qeal|dde au Aq peusenob ase SajoiLe YO ‘88N Jo s8N Joj Aeiq1 8ulUQ /8|1 UO (SUONIPUCD-PUE-SWLB)/L0D A8 | IM"Ake.q 1 [pul [UO/:SdL) SUOTIPUOD pue SW.e | 8y} 89S *[5Z02/2T/60] Uo Akl auljuo A8|IM ‘TYE8E0MZ02Z/620T 0T/10pwod Ao | m Aselq puljuo'sgndnBe//:sdny woiy pepeojumod ‘T ‘S20Z ‘SL6./ 76T



I Vedl
M\ Water Resources Research 10.1029/2024WR038341
AND SPACE SCIENCES

Adj. R*=0.84
100 dj 0.8 ‘
(a) pCO, 1
—_—— ; DQ *#%*
= g0 | —e— Chla
S —— L 813CD] C LT
g : ——  DOC*
g = POC
S 60 —4— Runoff
2 . Impervious surface ***
= Hydrology and | Shrubland *
8 llmraie i Wetland
g 40 S 3 Forest
N i Grassland
E 20 ! —_— Crop soil erosion *
: Catchment slope ***
{Geomorphology i River width ***
. Channel slope
0- ; T T T T T T f T T 1
-07 -06 -05 -04 -03 -02 -01 00 0.1 0.2 0.3
. Parameter estimates
Adj. R2=0.53
CH ;
(b) pCH, | DO
S 801 R P
= : —— Chl g ##+
g ® E DOC
'Z 60 - Hydrology and —— POC
% | climate E Tw ***
3 Shrubland **
o 407 i Wetland **
bt i
Z Land use i Forest
< 1
;:TZ 20 ! Grassland
| s Rh *
1 _ . Catchment slope
0- I T T T T T 1 T T T T T 1
Geomorphology-0.5 04 -03 -02 -01 00 01 02 03 04 05 06
Parameter estimates
Figure 3. The relative effects of multiple predictors on surface water (a) pCO, and (b) pCH,. The model predictors are
represented by averaged parameter estimates (standardized regression coefficients) along with their 95% confidence
intervals. The relative importance of each predictor is expressed as a percentage of the variance. The relative effects (in %) of
predictors are calculated by taking the ratio between the parameter estimate of a predictor and the sum of all parameter
estimates. T, and R, represent water temperature and heterotrophic soil respiration, respectively. *p = < 0.05, **p = < 0.01,
##%kp = < 0.001.
was significantly lower (Mann-Whitney U test; p < 0.0001) compared to the wet season (2,789 £ 1,553 patm).
Likewise, the median pCH, during the dry season (168 + 1,721 patm) was significantly lower (Mann-Whitney U
test; p < 0.0001) than that in the wet season (495 = 1,301 patm).
3.2. Predictors of pCO, and pCH, and Their Relative Importance
General water chemistry, carbon species, hydrology and climate, land use, soil characteristics, and geo-
morphology were consistently included in both pCO, and pCH, models (Figure 3). Collectively, these factors
accounted for 84% and 53% of the variance in pCO, and pCH,, respectively. This remarkable explanatory power
renders the prediction of surface water pCO, and pCH, in the PRB feasible and reliable (Figure 4). Among these
environmental drivers, general water chemistry was the most influential predictor for pCO,, accounting for 24.6%
of the variance. Carbon species (21.7%), land use (21.6%), geomorphology (19.2%), and soil characteristics
(12.8%) also made substantial contributions to the variance in pCO, (Figure 3). In comparison, land use (31.0%)
and hydrology and climate (25.5%) were the primary drivers for pCH,. Carbon species (19.2%) played a less
important role in influencing pCH,, followed by soil characteristics (13.6%) and general water chemistry (10.4%)
(Figure 3). Additionally, we found significantly negative correlations between surface water pCO, and 8'*Cpyyc,
as well as DO, along with a significantly positive correlation between pCO, and pCH, (Figure S2 in Supporting
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Figure 4. The relationship between measured and modeled values from the selected multiple linear regression models for
surface water (a) pCO, and (b) pCH,,. Outliers, which are outside of the 1.5 interquartile range, are excluded from analysis.
The red shaded area in each panel represents the 95% confidence interval.

Information S1). Furthermore, we observed significant interactions between pCH, and both T, and DO, although
the interaction between 7, and pCH, was more pronounced (Figures 3b and 6). The effect of T, on pCH, shifted
from slightly positive at low temperatures to markedly positive under high temperature conditions. Moreover, the
increase in pCH, with decreasing DO tends to intensify at lower DO levels (Figure 5).

3.3. Direct and Indirect Effects of Key Factors on pCO, and pCH,

Fourteen manifest variables (i.e., indicators) of environmental factors were retained in the PLS-PM analysis based
on the results of the multiple linear regression model (Figure 6). The PLS-PM analysis showed that our model
could explain 78% and 46% of the variance in pCO, and pCH,, respectively. Among the examined factors, general
water chemistry displayed the most substantial effect on pCO,, as evidenced by its high path coefficient (—0.92)
via direct effects (Figure 6a). Land use also had a significant direct influence on pCO, (path coefficient = 0.18).
Furthermore, carbon species exerted a significant impact on pCO,, primarily through indirect regulation on
general water chemistry (Figure S3a in Supporting Information S1), and a noteworthy direct effect (path coef-
ficient = 0.19) on pCH, (Figure 6b). In contrast, hydrology and climate
emerged as the most influential factors (path coefficient = 0.34) in controlling
pCH, through direct regulation, consistent with our multiple linear regression
modeling results. Geomorphology also exhibited, albeit indirectly, a notable

%10

10 effect on pCH, (Figure S3b in Supporting Information S1). Additionally, land
use displayed a significant direct effect (path coefficient = 0.18) on riverine
3 pCH,.

4. Discussion

4.1. Complex Environmental Effects on and Common Drivers of pCO,
and pCH,

The factors governing the dynamics of riverine CO, and CH, are complex, as
they are closely associated with biogeochemical processes involving the
production, delivery, and emission of CO, and CH, (Gutierrez-Canovas
10 et al., 2024; Mwanake et al., 2022). The results of multiple linear regression

9]

vh) models revealed that both pCO, and pCH, were strongly affected by general

5
7 (¢) 100 DO (W&

Figure 5. Distribution of the predicted pCH, based on the interactive effects
of water temperature (7,,) and DO on pCH,. The color gradient represents
the pCH,, values that range from low (purple) to high (orange). Cyan dots
indicate the predicted pCH, values corresponding to the measured T,, and
DO. Slopes are derived from the outputs of the multiple linear regression
model for pCH,.

water chemistry, carbon species, land use, and soil characteristics (Figure 3).
Previous research has demonstrated that water chemistry factors, such as DO
and pH, regulate aquatic metabolism (Battin et al., 2023), while carbon
species (e.g., OC and Chl a), land use, and soil characteristics also play crucial
roles (Horgby et al., 2019; Mwanake et al., 2022). The intricate biogeo-
chemical processes governing riverine pCO, and pCH, were further eluci-
dated by the PLS-PM analysis (Figure 6).
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Figure 6. PLS-PM modeling results revealing the direct and indirect effects of key factors on (a) pCO, and (b) pCH,. Path
coefficients are represented by arrows, with blue and red arrows indicating positive and negative effects, respectively. Direct
and indirect impacts of environmental factors on pCO, and pCH, are represented by solid and dotted lines, respectively. The
latent variable (e.g., land uses) is connected to its indicators (e.g., wetland and shrubland) through gray arrows, with the
corresponding loading scores displayed after the indicators. The goodness of fit (GOF) metric assesses the overall fit of the
entire model, while the R? value quantifies the proportion of variance in pCO, and pCH, explained by the independent latent
variables. The strength of the causal relationship is indicated by the thickness of the line, and significantly different
standardized path coefficients are denoted as follows: *p = < 0.05, **p = < 0.01, ***p = < 0.001.

Geomorphology is linked to carbon emissions in both direct and indirect ways. First, it directly influences the gas
transfer velocity (k) with catchments characterized by higher elevations and steeper slopes generally exhibiting
greater k values (Duvert et al., 2018). High k values are typical of headwater streams and often lead to higher CO,
emissions from these streams relative to larger and lowland rivers (Butman & Raymond, 2011). This aligns with
our previous findings that headwater streams (Strahler orders < 3) accounted for 75% of the total CO, fluxes in the
Pearl River (Chen et al., 2024). Second, geomorphology indirectly affects the availability of OC by influencing
land use patterns and hydrologic connectivity between land and rivers (Figure 6) (Chen et al., 2023; Mzobe
et al., 2020). Riverine DOC serves as a vital source of carbon for biogeochemical processes involved in
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greenhouse gas production. Hydrologic and climatic controls, including water temperature and runoff, were
identified as the major factors in controlling riverine pCH, and pCO, (Figures 3 and 6). We found that increased
precipitation during the wet season led to higher discharge and runoff, which mobilized previously accumulated
DOC and/or soil CO, and CH, from wetlands and upland soils into streams (Raymond et al., 2016), resulting in
greater CO, and CH, production within and input into the streams and, accordingly, significantly higher pCO,
and pCH, (Figure 2). Moreover, the higher discharge during the wet season suggests increased near-surface
turbulence and therefore higher k values, which also contributed to the higher emission rates. Temperature is
another important driver for the seasonal differences in CO, and CH, dynamics. Higher temperatures could
enhance the respiration rate of organic matter (Ludwig et al., 2022) and the rates of methanogenesis (Yvon-
Durocher et al., 2014), creating favorable conditions for CO, and CH, production during the wet season.

Apart from geomorphologic drivers, catchments dominated by urban and agricultural land uses are typically
characterized by high nutrient loadings (Park et al., 2018; Xu et al., 2024), which in turn affect surface water pCO,
and pCH,. This land use effect is clearly observed in the small streams within the PRB (Figures 2b—2d and, 2f, and
2h). Together, geomorphologic, hydroclimatic, and land use conditions can also alter soil characteristics, such as
soil erosion rate and R, (Garcia-Ruiz et al., 2015; Hursh et al., 2017). R, affects the decomposition of soil organic
carbon (SOC), which represents a significant portion of soil respiration and serves as a notable source of soil CO,
(Schindlbacher et al., 2009). Soil respiration has been widely recognized as a major contributor to stream water
CO, (Horgby et al., 2019). In this study, R), exhibited a close relationship with SOC, whereas SOC was negatively
correlated with catchment elevation (Figure S4 in Supporting Information S1), highlighting the influence of
geomorphologic factors on soil characteristics (Figure 6). This, in turn, affects the amount of SOC input into
rivers and the concentration of riverine DOC (Chen et al., 2023). The positive effect of DOC on pCO, (Figure 3a)
can be attributed to its role as a substrate for in-stream respiration, as well as the concurrent delivery of DOC and
CO, from riparian soils or wetlands (Borges, Darchambeau, et al., 2015; Hutchins et al., 2019).

Aquatic primary productivity plays an essential role in carbon biogeochemical cycling (Battin et al., 2023;
Butman et al., 2016). Chl a, a proxy for aquatic productivity and metabolism, has been reported to be positively
correlated with CH, emissions in global lentic systems (DelSontro et al., 2018). For lotic systems, however, this
positive correlation is primarily observed in urban rivers characterized by oxygen-poor and nutrient-rich envi-
ronments (e.g., Tang et al., 2021). Similarly, we found a positive effect of Chl a on CH, (Figure 3b), possibly
attributable to the enhanced decomposition of algal-derived organic matter (Borges et al., 2018). Chl a was also
identified as a good predictor of dissolved CO, concentrations (Figure 3a), and its abundance is closely associated
with aquatic productivity (Yoon et al., 2017). In addition, stable carbon isotopes can serve as indicators of aquatic
primary productivity (Zhong et al., 2021). The negative correlation between pCO, and 8'*Cpy; (Figure S2a in
Supporting Information S1), as well as DO (Figure S2b in Supporting Information S1), further demonstrates that
riverine CO, dynamics are strongly regulated by in-stream photosynthesis and CO, outgassing. This is because
both processes produce heavier SISCD,C, with photosynthesis preferably incorporating the lighter '2CO, and CO,
outgassing preferably releasing the lighter '>CO, (Schulte et al., 2011). It is worth noting that catchment lithology
might have complicated the 8'°Cpy; values, as supported by the significantly negative correlation between
8"Cpyc and Si0,>~ (R? = 0.05, p < 0.01; Figure S4 in Supporting Information S1), which is typically a major
byproduct of silicate weathering. This correlation suggests that lithology may presumably play a critical role in
shaping DIC dynamics and, consequently, exerts an influence on riverine pCO,. Furthermore, in contrast to the
recently reported distal processes (i.e., upstream and terrestrial production) in controlling riverine CO, dynamics
(Gutierrez-Canovas et al., 2024), our findings indicate a combined influence of both local (i.e., in situ meta-
bolism) and distal processes that collectively govern riverine pCO, and pCH,.

Several studies have found positive correlations between pCO, and pCH, in rivers (Campeau & Del Gior-
gio, 2014; Teodoru et al., 2014; Wallin et al., 2014). This positive relationship may be partly due to the tem-
perature control on stream water CO, and CH, concentrations (Wallin et al., 2014), or in situ metabolism
controlled by the availability of DO (Campeau & Del Giorgio, 2014), or a combination of multiple factors (e.g.,
wetlands, reservoirs, and hydrology) that determine the gaseous dynamics (Teodoru et al., 2014). In our study, we
found a statistically significant but weak positive correlation between pCO, and pCH,, for all rivers (R* = 0.10,
p <0.001; Figure S2c in Supporting Information S1), which indicates that dissolved CO, and CH, shared similar
combined effects of environmental factors as discussed above. Previous studies have also observed a less
common negative correlation between dissolved CO, and CH, concentrations in rivers (Bai et al., 2022; Borges,
Abril, et al., 2015). This negative correlation was attributed to strong CO, production from CH, oxidation and/or
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aerobic respiration of organic matter (Borges, Abril, et al., 2015; Sawakuchi et al., 2016), and the redissolution of
CH, bubbles as they migrate upwards in the water column (Maeck et al., 2014).

4.2. Role of Anthropogenic Activities and Hydrology in Modulating CO, and CH, Dynamics

Rivers and streams with a higher proportion of urban and agricultural land uses have recently been recognized as
significant hotspots for CO, and CH, emissions (Brown et al., 2023; Xu et al., 2024). Agricultural and urban
streams are typically characterized by elevated nutrient levels (e.g., NO;~, TN, and TP) and organic matter
compared to forested streams (Brown et al., 2023; Zhang et al., 2021). We observed an increase in NO;~ with
increasing proportions of urban and agricultural land uses (R> = 0.18, p < 0.001), which indicates an increasing
nutrient supply from human land uses. The effect of NO;~ on pCO, is generally positive (e.g., Wang et al., 2023),
consistent with the positive correlation we found between NO; ™ and pCO, in the dry season (p < 0.001, figure not
presented). However, unlike CO,, the correlation between NO; ™~ and CH, concentrations can be either positive or
negative due to the complex effects of NO;™ on microbial processes (Stanley et al., 2016). In our study, there was
no discernible relationship between NO;~ and pCH, in both seasons, aligning with previous findings that
highlight the intricate effects of NO;~ on CH, dynamics.

Furthermore, previous studies have observed that increased water pollution, particularly from inadequately
treated wastewater in urban areas, can contribute to amplified monsoonal peaks in pCO, and pCH, (Begum
et al., 2021; Park et al., 2018). These peaks have been related to the direct release of dissolved CO,, labile OM,
and nutrients into urban rivers and to the anaerobic conditions typical of wastewater (Park et al., 2018). We found
significant positive correlations between TN and both pCO, and pCH,, and between TP and pCO, (Figure S4 in
Supporting Information S1). Nevertheless, TN and TP were not identified as primary predictors for riverine pCO,
and pCH, as previously expected (Stanley et al., 2023; Upadhyay et al., 2023). Their effects may have been
masked by the influence of in-stream metabolism, as evidenced by the significant negative relationships between
DO and both TN and TP (Figure S4 in Supporting Information S1).

In addition to nutrient availability, the supply of DOC has emerged as another significant factor contributing to
high GHG fluxes in catchments with a higher proportion of urban and agricultural land uses (Tang et al., 2021).
When compared to larger rivers, small streams generally exhibit stronger hydrologic connections to surrounding
riparian zones and groundwater (Marx et al., 2017). This is consistent with the observed significantly higher pCO,
levels in urban streams (NSH and LJ) and agricultural streams (XJH) compared with forested streams (XJX)
during the wet season (Figure 2b). However, during the dry season and except for LJ, there were no significant
differences in pCO, between urban and agricultural streams (NSH and XJH) and forested streams (XJX)
(Figure 2d). One possible reason for this discrepancy is the higher availability of DOC in the wet season,
facilitated by enhanced connectivity and increased runoff conditions, which may have led to the flushing of
anthropogenically derived DOC into the streams (Fasching et al., 2016; Zhou et al., 2021) (Figure S5 in Sup-
porting Information S1). These results demonstrate the combined effect of flow regime and land use on surface
water pCO,.

We also observed an increasing trend in pCO, and pCH,, from upstream to downstream in the NSH rivers (Figures
S6a and b in Supporting Information S1). Although similar trends have also been found in other urban rivers (e.g.,
Li et al., 2020) due largely to wastewater inputs or in-stream metabolism, these trends are likely to be local
phenomena influenced by in-stream metabolism processes, as supported by the opposite trend of DO (Figure S6c
in Supporting Information S1) and similar trend of DOC (Figure S6d in Supporting Information S1; Park
et al., 2023), as well as geomorphological conditions (i.e., higher pCH, for NSH7 than NSH6 in the dry season
due to variability in flow velocity). In addition to land use changes, construction of dams in recent decades has
emerged as another significant human disturbance to riverine carbon emissions (Maavara et al., 2020; Wang
et al., 2024). Apart from the well-known variations in carbon biogeochemical processes (e.g., photosynthesis and
respiration) caused by increased nutrient residence times (Maavara et al., 2020), damming can also substantially
alter the rates of CO, and CH, emissions by regulating gas transfer velocity through modified flow turbulence
(Raymond et al., 2012). Furthermore, damming influences the seasonality of CO, and CH, fluxes by controlling
near-surface turbulence and stream width, and subsequent variations in total water surface area (Calamita
et al., 2021; Maavara et al., 2020). These damming effects align well with the observed decline in riverine CO,
fluxes in northwest China, mainly attributed to the reduction in river water surface area resulting from dam

CHEN ET AL.

10 of 15

85U SUOWILLIOD 8AIERID 3|qeal|dde au Aq peusenob ase SajoiLe YO ‘88N Jo s8N Joj Aeiq1 8ulUQ /8|1 UO (SUONIPUCD-PUE-SWLB)/L0D A8 | IM"Ake.q 1 [pul [UO/:SdL) SUOTIPUOD pue SW.e | 8y} 89S *[5Z02/2T/60] Uo Akl auljuo A8|IM ‘TYE8E0MZ02Z/620T 0T/10pwod Ao | m Aselq puljuo'sgndnBe//:sdny woiy pepeojumod ‘T ‘S20Z ‘SL6./ 76T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2024WR038341

construction and excessive water withdrawals, as well as the decreased near-surface turbulence and gas transfer
velocity (Ran et al., 2021).

4.3. Climate Impacts on Riverine Carbon Emissions and Future Implications

Interestingly, while both CO, and CH, production appeared to be influenced by temperature (Campeau & Del
Giorgio, 2014; Ludwig et al., 2022), T,, was identified as a significant predictor only for pCH, (Figure 3).
Additionally, we observed stronger seasonality in pCH, compared with pCO, with the median pCH, in the wet
season nearly three times (2.9) higher than that in the dry season, which is higher than the seasonality observed for
pCO, (2.1; Figure 2). This finding is consistent with previous studies showing that, compared to CO,, CH,
production is more sensitive to temperature changes due to the different kinetics of methanogenesis and organic
matter respiration (Chen, Xu, et al.,, 2021; Yvon-Durocher et al., 2014). The relatively weak temperature
sensitivity of CO, has also been observed in boreal rivers (Gutierrez-Canovas et al., 2024; Hutchins et al., 2019).
Besides the varying activation energies that serve as indicators of the temperature-dependent response of biotic
and abiotic processes related to CO, and CH, emissions (Chen, Xu, et al., 2021), the diverse sources of riverine
CO, (e.g., groundwater input, organic matter respiration, and aquatic photosynthesis) may have also contributed
to the weaker sensitivity of CO, production to temperature (Campeau & Del Giorgio, 2014). Our constructed
model further suggests that elevated temperatures can considerably increase pCH,, particularly at higher tem-
peratures (Figure 5), while DO has a relatively weak effect on pCH,. Nevertheless, this does not imply that in-
stream metabolism is not a major driver for pCH,, because Chl a has also been identified as a significant predictor.
The greater sensitivity of CH, to temperature compared to CO, demonstrates that CH, is more likely to undergo
substantial shifts under future climate change.

A recent study utilizing deep learning on compiled data from nearly 800 rivers across the United States and
Central Europe reveals a projected deoxygenation rate of —0.038 + 0.026 mg 1™ decade™" and a warming rate of
0.19 + 0.087°C decade™ for rivers (Zhi et al., 2023). According to our constructed model (Figure 5), these
projected changes in DO and water temperature would lead to an increase in future CH, production and emission.
The elevated CH, emissions would be particularly pronounced during the summer months due to the stronger
temperature sensitivity. Urban rivers, which experience the highest warming rate (Zhi et al., 2023), along with
relatively oxygen-poor conditions, would become even greater hotspots for CH, emissions under future climate
change. In contrast, our findings suggest that the projected temperature increase would have a relatively weaker
impact on riverine CO, emissions, due to the interplay among multiple influencing factors as discussed earlier
(Figures 3 and 6) (Campeau & Del Giorgio, 2014). However, the projected temperature increase is expected to be
accompanied by an increase in precipitation within the PRB (RCP4.5 and RCP8.5 scenarios; Duan et al., 2021).
This combined increase in temperature and the higher frequency of extreme precipitation events are likely to
result in greater carbon inputs into rivers due to enhanced terrestrial production, soil erosion, and land-river
connectivity (Li & Fang, 2016), potentially leading to an overall increase in riverine CO, production, trans-
port, and emissions. Yet, stronger CO, production resulting from increased respiration rates could potentially be
balanced by enhanced aquatic photosynthesis (Demars et al., 2016). Such complex and multifaceted effects of
climate change on stream CO, dynamics warrant further investigations.

It is important to emphasize that the primary controlling factor in regulating riverine pCO, and pCH, is river
ecosystem metabolism. Other factors, including geomorphology, land use, and hydrological connections, are
intricately linked to nutrient and carbon (i.e., different carbon species) inputs into rivers, thereby modulating
aquatic ecosystem metabolism and water chemistry. These catchment-specific factors exhibit distinct charac-
teristics that contribute to the dynamic nature of aquatic ecosystem metabolism, resulting in significant spatial and
temporal variability in riverine CO, and CH, dynamics (Battin et al., 2023). Furthermore, it is noteworthy that the
observed pCO, and pCH, levels in the Pearl River system are limited to discrete daytime sampling. Recent
research has underscored the diel fluctuation in CO, and CH, concentrations and emissions attributed to varia-
tions in light availability and temperature in inland waters (e.g., Chen, Wang, et al., 2021; Gémez-Gener
et al., 2021; Potter & Xu, 2023). For instance, a global study revealed that the nocturnal CO, emissions from
rivers were 27% higher than those estimated using diurnal CO, data only, which is primarily due to light
availability (Goémez-Gener et al., 2021). Given the likely substantial diel changes in pCO, and pCH, within
subtropical rivers, especially during summer months (Potter & Xu, 2023; Reiman & Xu, 2018; Zhang, Li,
et al., 2020), future research in the Pearl River system is needed to mechanistically understand the diel variation in
its dissolved CO, and CH, dynamics.
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5. Conclusions

This study provides, for the first time, a comprehensive examination of basin-wide influencing factors for carbon
emissions in the subtropical monsoon PRB. Our results demonstrate that the spatial and temporal variations in
riverine CO, and CH, concentrations are governed by catchment geomorphology, soil characteristics, land use,
hydrology, and climate, all of which control in-stream metabolism and biogeochemical processes. Given the
intercorrelation among these factors, disentangling their individual roles in regulating riverine carbon dynamics
poses a significant challenge. Our findings indicate that land use is a major predictor for both pCO, and pCH,,
while temperature exerts significant effects solely on CH,. Moreover, the robustness of the model across diverse
catchments suggests the wide applicability of the model in simulating the effects of land use and water tem-
perature on pCO, and pCH,. The remarkable predictive capability of the multiple linear regression models
explicitly suggests that they are powerful tools for future predictions of pCO, and pCH, in the Pearl River system
as well as in other subtropical monsoon rivers. With ongoing urbanization and projected future warming
worldwide, our research highlights the likelihood of enhanced CH, and CO, emissions from river systems.
However, the increase in CO, may not be as pronounced as that in CH,. Future studies incorporating mea-
surements with higher spatial and temporal resolution (including diel fluctuation) as well as investigations into
CH, ebullition can offer further insights into the intricate relationships between anthropogenic perturbations,
climate, and riverine carbon emissions.
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Erratum

The originally published version of this article contained a typographical error. In the Acknowledgments, the
grant number 17300624 should be changed to 17306224. The error has been corrected, and this may be considered
the authoritative version of record.

CHEN ET AL.

15 of 15

858017 SUOWWOD A0 8|qed! dde au Ag peuleAob ke S3(o1e YO ‘85N JO S3INJ 10} A%euq 1 8UIIUO AB|IA UO (SUORIPLIOD-PLE-SLLBYL0D A8 | 1M AtRIq 1 BUI|UO//SANU) SUOHIPUOD PUe SWB | 3U3 89S *[G202/2T/60] Uo ARiqiTauliuo A3 |1 ‘TrEBE0HMFZ02/620T OT/I0p/L00 Ao 1M Afeiq 1 puljuo'sqndnBe//:sdny wouy papeojumod ‘T ‘5202 ‘€L6.7v6T


https://doi.org/10.1002/lno.11716
https://doi.org/10.1038/s41467-022-31559-y
https://doi.org/10.1111/j.2041-210X.2009.00001.x
https://doi.org/10.1038/s41597-022-01489-x
https://doi.org/10.1016/j.scib.2019.03.002
https://doi.org/10.1016/j.scib.2019.03.002
https://doi.org/10.1029/2012gc004370
https://doi.org/10.1371/journal.pone.0105992
https://doi.org/10.1016/j.isprsjprs.2013.11.002
https://doi.org/10.1016/j.isprsjprs.2013.11.002
https://doi.org/10.1038/s41597-022-01834-0
https://doi.org/10.7927/h4np22dq

	description
	Anthropogenic and Hydroclimatic Controls on the CO2 and CH4 Dynamics in Subtropical Monsoon Rivers
	1. Introduction
	2. Materials and Methods
	2.1. Study Area and Sampling Overview
	2.2. Field Sampling and Laboratory Analysis
	2.3. Statistical Analyses

	3. Results
	3.1. Spatial and Temporal Variations in Water Quality and Riverine CO2 and CH4 Dynamics
	3.2. Predictors of pCO2 and pCH4 and Their Relative Importance
	3.3. Direct and Indirect Effects of Key Factors on pCO2 and pCH4

	4. Discussion
	4.1. Complex Environmental Effects on and Common Drivers of pCO2 and pCH4
	4.2. Role of Anthropogenic Activities and Hydrology in Modulating CO2 and CH4 Dynamics
	4.3. Climate Impacts on Riverine Carbon Emissions and Future Implications

	5. Conclusions
	Conflict of Interest
	Data Availability Statement

	Erratum


