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1 | INTRODUCTION
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Abstract

Dissolved carbon (DC) transported from headwater streams on the eastern Tibetan
Plateau is a crucial component of the carbon cycles in the regional river. However,
the spatiotemporal variability and sources of DC in these remote headwater streams
remains unclear. An investigation into dissolved organic carbon (DOC) and dissolved
inorganic carbon (DIC) was conducted with high temporal resolution from a glacier
terminus, a forest catchment, and the catchment outlet located on the eastern flank
of Mt. Gongga, Southwest China. The results showed that (1) the mean DOC concen-
tration at the glacier terminus (2.38 + 0.71 mg L™%) was significantly higher than at
the forest catchment (2.13 + 049 mgL™%) and at the catchment outlet (2.17
+0.58 mg L™1), while the DIC concentration increased by 21.6% at the forest catch-
ment and by 18.7% at the catchment outlet relative to that in the glacier terminus.
(2) Compared to the monsoon season, DOC concentrations in the forest catchment
decreased by 24.6% postmonsoon, and the seasonal variation of DOC concentrations
was minor either at the glacier terminus or at the catchment outlet; relative to mon-
soon values, postmonsoon DIC concentrations increased by 14.9% and 28.8% at the
forest catchment and catchment outlet, respectively. Precipitation and stream pH
were identified as important factors influencing the seasonal variability of
DC. (3) Silicate and carbonate weathering contributed 52.9 + 12% and 44.4 + 9%,
respectively, to DIC generation in the forest catchment according to 3C analysis.
This study provides a valuable dataset on the dynamics of DC in a region where data
is sparse, which improves our understanding of DC transport in alpine regions. The
unexpected spatiotemporal stability of DC suggests that less frequent rates of sam-

pling might be adequate to estimate carbon export.
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processes develop, such as the mineralization of a portion of dissolved
organic carbon (DOC) into CO, emissions that is released into the

Headwater streams are where the lateral transport of dissolved car-
bon (C) from landscapes to rivers originates, which is an important
and active part of the C cycle (Chan et al., 2021; Downing et al., 2012;
Jantze et al., 2015). The environment they provide is where metabolic

atmosphere (Argerich et al., 2016), and are also an important source
of nutrients for downstream regions (Cole et al., 2007; Wang
et al., 2021). However, compared to large rivers, headwater streams

remain underinvestigated in terms of the patterns of C transport
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between different landscapes, which impedes an accurate under-
standing of the ‘boundless carbon cycle’ (Battin et al., 2008).

Studies of headwater carbon transport have been largely focused
on tropical and temperate streams in association with rainstorm
events (Fellman et al., 2020; Perdrial et al., 2014; Wang et al., 2021)
and Arctic and subarctic regions during freeze-thaw events (Giesler
et al,, 2014; McClelland et al., 2016; Wild et al., 2019). In comparison,
headwater streams residing in alpine regions that are heavily affected
by glacial meltwater have been less studied. Glaciers have been
shown to provide nutrients and dissolved organic matter (DOM) with
unique compositions and high degrees of bioavailability to headwater
streams (Hemingway et al., 2019; Hood et al., 2015; Yu et al.,, 2021).
Despite this importance, our understanding of how C transport
responds to changing glacier conditions remains limited. For example,
seasonal precipitation trends are likely important drivers of DOC
dynamics, but these controls have not yet been fully assessed. Addi-
tionally, downstream changes in catchment landscape, soil thickness,
and water residence time could reset the headwater C signals
(Bernhardt et al., 2005; Perdrial et al., 2014), and more interpretation
of C transport in this geomorphic context is needed.

Dissolved forms of carbon include dissolved inorganic carbon
(DIC) and DOC, both of which have profound influences on aquatic
food web processes and ecosystem sustainability (Chen et al., 2021;
Tank et al., 2010). Below the tree line, terrestrial vegetation and soils
constitute a major source of DOC found in streams (Lafreniere &
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Sharp, 2004), while in the alpine catchment above the tree line, moun-
tain glaciers are an important alternative source because of poorly
developed soils (Boix Canadell et al., 2019). Riverine DIC can mainly
be categorized as geogenic and biogenic (Campeau et al., 2018). Geo-
genic DIC originates from carbonate weathering, while biogenic DIC
originates from organic carbon mineralization and silicate weathering
by H,COj3 (Song et al., 2020). Studies of major global rivers have
shown that carbonate weathering contributes most of the DIC fluxes
(Gaillardet et al., 1999; Goldscheider et al., 2020), but the source of
DIC in headwater streams is still not fully understood, especially for
glaciated catchments.

The Tibetan Plateau (TP), known as the ‘Asian water tower’, is
the cradle of 10 large Asian rivers and is the largest cryosphere out-
side the Arctic and Antarctic (Chen et al., 2013; Yao et al., 2012). This
region is covered by mountain glaciers, which contribute more melt-
water to the streamflow during the summer as the temperature rises
(Su et al., 2022; Wang et al., 2021). In addition, this region has a conti-
nental monsoon climate and is therefore significantly affected by
intense  precipitation during the summer monsoon (Zhang
et al., 2020). Extensive glacier coverage, combined with the influence
of the summer monsoon (Figure 1), makes this region an ideal location
to assess the relative importance of precipitation and glacier melt as
drivers of dissolved carbon transport in mountainous streams. To
accomplish this, we conducted high-frequency water sampling along
the Hailuogou (HLG) River on the eastern TP and investigated the
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FIGURE 1

Catchment Outlet

Forest catehment
lacier

(a) Location of the study area in Hailuogou of the Southeast Tibetan Plateau. Red arrows indicate the Indian summer monsoon
(ISM) and East Asian summer monsoon (EASM) that dominates in summer. (b) Schematic of catchment sampling sites in the Hailuogou River.
(c) and (d) The glacier terminus and forest catchment, respectively.
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seasonal dynamics of DOC and DIC in streams at the glacier terminus,
forest catchment, and catchment outlet, and the source of DIC was
assigned using *3C isotopes. First, we monitored water chemistry and
DOC and DIC concentrations daily over a 6-month period to estimate
the effects of catchment characteristics on DOC and DIC. Second, we
compared variations in DOC and DIC between catchments to analyse
the potential impact of seasonal changes on dissolved carbon in

streams. Third, the source of DIC was explored.

2 | DATA AND METHODS

21 | Studyarea

The HLG Glacier (29°34'21” N, 102°59'42" E) has a length of 13 km
and an area of 25 km? and is a typical marine mountain glacier located
on the eastern TP. The observed and continuous recession of the HLG
Glacier began in ~1823 (He & Tang, 2008). The study area falls within
a monsoon temperate region with distinct rainy (June-October) and
dry (November-May) seasons. According to records from the local
meteorological station, the mean annual precipitation is 1949 mm, most
of which (over 70%) falls between June and October, with an average
annual potential evaporation of 264 mm. The mean monthly tempera-
ture ranged from —4.5°C in February (coldest) to 12.7°C in July (warm-
est). Soil parent materials in the basin are predominantly biotite schist,
granodiorite, and quartzite, with lesser amounts of phyllite, slate and
chlorite schist (He & Tang, 2008). The study area is mostly covered by
glaciers and forests, and the vegetation consists of Abies fabri (Mast.)

Craib, Rhododendron simsii Planch, and Sorbus pohuashanensis.

2.2 | Sample collection and measurements

To remove the effect of snowmelt on runoff, stream water was col-
lected at least daily during the monsoon (July-September) and post-
monsoon (October-December) seasons in 2021 from the two
subcatchments (glacier terminus and forest catchment) and catchment
outlet (Figure 1). Unfortunately, we lost some samples from the catch-
ment at the glacier terminus, but this did not affect our assessment of
solute output from the whole catchment. Samples from the forest
catchment were taken from two adjacent streams (Site 1 and Site 2),
and samples from the other catchments were collected from a single
site in the catchment, which allowed for the compilation of a large
dataset that could be used for seasonal analysis.

The pH and electrical conductivity (EC) values of the water sam-
ples were measured with a pH electrode (HASH, HQ30D, American)
and an EC electrode (LEICI, DDS-307A, China), respectively. Duplicate
water samples were collected in prewashed high-density polyethylene
(HDPE) bottles. The HDPE bottles were cleaned with soapy water,
soaked in 10% HCI solution for 24 h, rinsed three times using hyper-
pure water before drying, and re-rinsed three times with field stream
water prior to sampling. Samples for DOC, total dissolved nitrogen
(TDN), and ion analysis were filtered through a 0.45 um acetate

disposable syringe and into 60 mL HDPE bottles on the same day.
Water isotope samples were collected in 20 mL centrifuge tubes with-
out headspace. All samples were immediately stored in the dark at
4°C until further processing. Daily discharge at the catchment outlet
was obtained from the Gonghecun (GHC) Hydrological Station. Tem-
perature and precipitation data used in this study were obtained from
the Gongga weather station.

DOC and TDN concentrations were measured using a liquid C/N
analyser equipped with an autosampler (Elementar Vario TOC,
Germany). Specifically, water samples for DOC analysis were manually
acidified to pH <2 with hydrochloric acid and subjected to automated
oxygen (O,) bubbling to remove inorganic carbon prior to DOC mea-
surement. This was done using a high-temperature catalytic oxidation
procedure on a liquid C/N analyzer (Elementar vario TOC, Germany),
and the analytical precision (SD for repeated measurements of stan-
dards) was +1%. Total alkalinity was measured on three parallel sam-
ples via titration using a titrimeter with 0.02 mol/L hydrochloric acid
(Telmer & Veizer, 1999). In general, the stream water was slightly alka-
line, with pH values ranging from 7.88 to 8.21 (Table 1), indicating
that the stream carbonate system was dominated by HCO3™, which is
the major component of DIC. The concentrations of ammonia nitro-
gen (NH,4"-N) and nitrate nitrogen (NO3-N) were measured using an
autoanalyzer (Skalar San++, Netherlands). Dissolved organic N (DON)
was calculated by subtracting all inorganic N from the dissolved N.

Stream DIC stable isotopes were measured only in forest catch-
ments, to which we added the end-member isotope values of poten-
tial sources (Table 2). Stream DIC stable isotopes were analysed using
a GasBench Il system interfaced with a Delta V Plus isotope ratio
mass spectrometer (Thermo Scientific, Bremen, Germany). Water
samples were injected into helium-filled 12 mL septum-capped vials
containing 1 mL of 85% phosphoric acid to convert any dissolved CO,
or H,CO;3 to gaseous CO,. All equilibrated gaseous CO, was trans-
ferred into a helium carrier stream and sampled using a six-port rotary
valve. The measurement precision was greater than 0.3%o., and the
final data were reported using delta (8) notation relative to the Vienna
Pee Dee Belemnite (V-PDB) in per mil (%o) as follows:

513C (%o) = {M— 1} « 1000 (1)

standard

where R is the ratio of 3C-2C isotopes in the sample and V-PDB ref-
erence standard (Reiman & Xu, 2019).

2.3 | Statistical analysis and DIC source
apportionment

Daily discharge was combined with measured DOC and DIC concen-
trations at the catchment outlet to estimate their fluxes during the
study period, and it was assumed that the DIC and DOC concentra-
tions were constant for an entire day.

A linear mixed model (LMM) analysis was used to analyse the

main effects that specific sites and seasons had on DOC and DIC. The
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TABLE 1 Basic statistics of water quality parameters at the study sites.
Parameter Glacier terminus (n = 57) Forest catchment (n = 152) Catchment outlet (n = 166)
DOC (mg LY 2.38+0.71a 2.13 +0.49b 2.17 £ 0.58b
DIC (mg L™} 19.21 + 5.92c 23.36 +4.33b 28.74 + 9.51a
DOC:DON 154.49 + 66.18a 66.39 + 7.14b 117.66 £ 49.81a
pH 8.01 +0.21b 8.21 + 0.36a 7.88 £0.41c
EC (uScm™?h) 134.78 £ 70.15c¢ 214.54 + 117.14a 183.08 + 84.31b

Note: Row-wise nonmatching letters indicate significant differences between sites (p < 0.05).

Abbreviations: DIC, dissolved inorganic carbon; DOC, dissolved organic carbon; DON, dissolved organic nitrogen; EC, electrical conductivity; NA, not

analysed.

TABLE 2 Carbon isotopic values of potential DIC sources used in
the Bayesian tracer mixing models (MixSIAR) and relative contribution
of sources.

Sources 513C (%o) Mean contribution (%)
Atmospheric CO, -8.6 719+ 11

Carbonate dissolution -0.5 222+8

Soil CO, -253 32+2

OM respiration —-25.2 272

Note: Atmospheric CO, and soil CO, source end-members were measured
in the forest catchment of the study area (data un-published). Carbonate
dissolution and OM respiration source end-members were adopted from
Shan et al. (2021).

Abbreviations: DIC, dissolved inorganic carbon; OM respiration, stream
organic matter respiration.

site variable could be assigned three values (including glacier terminus,
forest catchment and catchment outlet) while there were two values
for the season (monsoon and postmonsoon) and their interactions
were treated as fixed factors. The sampling date (a subset of the sea-
son) was treated as a random factor. In addition, a LMM was also used
to assess the environmental control of seasonal DOC and DIC. Here,
sampling site and date were included as random effects, and environ-
mental variables, including pH, EC, precipitation, and air temperature,
were included as fixed effects (Barton, 2018). The LMM was estab-
lished using the R package ‘lme4’, and the dataset was logarithmized
if the residuals of the model did not conform to a normal distribution.
Multiple iterations of the Monte Carlo Markov Chain (MCMC)
method were used to obtain the source apportionment of DIC (see
Data S1 for more details). Models were run with a Bayesian tracer mixing
model using the R package ‘MixSIAR’ (Stock et al., 2018). MixSIAR is
increasingly used to study DIC source estimation in various freshwater
ecosystems (Keskitalo et al., 2022; Shan et al., 2021; Song et al., 2020).

3 | RESULTS
3.1 | Hydrochemical characteristics and carbon
fluxes

The average annual discharge of the HLG River was 11.29 x 10 m®
from 2021 to 2022. Its daily discharge ranged from 22.04 to

[ Catchment outlet discharge = Air temperature —— Precipitation
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FIGURE 2 Time series of discharge, air temperature, and
precipitation during the year of study.

88.39 m®s~! and followed a normal distribution with a maximum of
88.39 +17.81 m3 st during the monsoon season (Figure 2). DIC con-
centrations at the catchment outlet showed a large degree of variabil-
ity from 11.23 to 57.17mgL™! with a mean value of 28.74
+9.51 mg L. Conversely, the DOC concentrations at the catchment
outlet were relatively constant and fluctuated by approximately 1.14-
4.79 mg L™%, with a mean value of 2.17 + 0.58 mg L. Accordingly,
the HLG River DIC and DOC fluxes were estimated to be 20.4 and
1.6 Gg C (1 Gg = 10° g) from July to December 2021, respectively,
both of which were highest in the monsoon season (July-September),

accounting for 59%-65% of the corresponding monitoring period.

3.2 | Comparison of DOC and DIC concentrations
among different catchments

Differences in stream C concentrations were influenced by landscape
heterogeneity and seasonal variation (Figure 3). During the monsoon
season, DOC concentrations at the catchment outlet were 2.12
+ 0.42 mg L%, which was significantly lower than those in the glacier
terminus and forest catchment (2.45+0.34mglL™! and 2.37
+0.44 mg L%, respectively) (Figure 4a; p < 0.05), and there was no
significant difference between the glacier terminus and forest
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catchment (p > 0.05). During the postmonsoon season, DOC concen-
trations at the catchment outlet were significantly higher than in the
forest catchment (Figure 4a; p < 0.05) and not significantly different
from the glacier terminus. DIC concentrations were significantly
higher at the catchment outlet than at the glacier terminus and in the
forest catchment in both the monsoon and postmonsoon seasons
(Figure 4b; p < 0.05). There was no significant difference in DIC

Forest Catchment Glacier Terminus

concentrations between the glacier terminus and forest catchment
(Figure 4b; p > 0.05).

Overall, DOC concentrations decreased longitudinally from 2.38
+0.71 mg L™! at the glacier terminus to 2.17 + 0.58 mg L™! at the
catchment outlet (Table 1), and conversely, DIC concentrations
increased longitudinally from 19.21 + 5.92 mg L~! at the glacier ter-
minus to 28.74 + 9.51 mg L™ at the catchment outlet.
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DOC: Marginal R? = 0.21, conditional R? = 0.22

DIC: Marginal R? = 0.11, conditional R? = 0.48

TABLE 3 Linear mixed-effect model
results of environmental controls on

Variables Estimate t p Variables Estimate t p seasonal DOC and DIC.
EC 0.068 1.57 0.117 EC 0.191 4.457  <0.001
Temperature —0.029 —-0.627 0.531 Temperature  —0.054 —1.236 0.218
pH 0.191 4.79 <0.001 pH 0.206 4815 <0.001
Precipitation 0.412 9.26 <0.001 Precipitation -0.296 —-6.2 <0.001

Note: Variables are Temperature, average daily air temperature (°C), precipitation, average daily
precipitation (mm), EC, and electrical conductivity (uS cm™2). Significant variables are shown in bold.

Abbreviations: DIC, dissolved inorganic carbon; DOC, dissolved organic carbon.

3.3 | Temporal patterns of DOC and DIC
concentrations and associated factors

DOC concentrations were generally higher during the monsoon sea-
son at all sites and lower during the postmonsoon baseflow periods
(Figures 3 and 4a), especially in forest catchments. The pattern of sea-
sonal DIC concentrations was opposite to that of DOC, with higher
postmonsoon DIC values than during the monsoon season at all sites.

LMM results showed that the seasonal variation in both DOC and
DIC was influenced by pH and precipitation, with EC providing
explanatory power for DIC. DOC concentrations were positively cor-
related with pH and precipitation (p < 0.05), whereas DIC concentra-
tions were positively correlated with pH and EC and negatively
correlated with precipitation (p < 0.05, Table 3).

3.4 | Carbon source apportionment of DIC

The 6*3C-DIC values ranged from —11.2%o to —4.4%o, with the most
depleted 6'3C-DIC occurring in the postmonsoon season and the
most enriched during the monsoon season. According to the results
from the MixSIAR model, the chemical weathering of rocks that con-
sume atmospheric CO, was a dominant source of stream DIC regard-
less of the season, contributing 52.1%-89.2% of stream DIC with a
mean value of 71.9 + 11% (Table 2). Silicate and carbonate weather-
ing contributed 52.9 + 12% and 44.4 + 9% of the DIC (more details in
Data S1), respectively.

4 | DISCUSSION

4.1 | Variation in DOC and DIC concentrations
between catchments

DOC concentrations in the glacier terminal outflow (Table 1) were
higher than those in other mountain glaciers in Asia (0.54 mg LY (Li
et al,, 2018) and higher than the global glacier average (0.97 mg L™
(Hood et al., 2015). In contrast, DIC concentrations were similar to
those of other glaciers in Asia (Hindshaw et al., 2011; Vargas
et al.,, 2018; Yu et al., 2021). The ice of mountain glaciers has higher
DOC concentrations, receives more external OC inputs, and has

higher in situ productivity compared with other glaciers (Hood
et al., 2015; Stibal et al., 2012). Observations have shown that cryoco-
nite holes are widely distributed in the ablation areas of the HLG gla-
ciers, and they undoubtedly have a major influence on biogeochemical
cycling in glacial ecosystems (Li et al., 2018). Cryoconite holes are the
most active microbial habitats on melt ice and are fertilized by mineral
species, and meltwater flushing may have provided additional DOC to
both subglacial and supraglacial ecosystems (Hodson et al., 2008;
Singer et al., 2012).

DOC concentrations in the forest catchment are similar to those in
European alpine streams (1.1-3.5 mg L) (Peter et al., 2014) and lower
than those in boreal streams and wetlands (3.9-18.3 mg L™ 1) (Billett
et al., 2004; Dawson et al., 2001), while DIC concentrations in the for-
est catchment are significantly higher than those in boreal streams and
wetlands (1.5-13.2 mg L™%). The lower concentrations of DOC in rivers
on the TP may be due to easily labile and attenuated DOC in the region
(Qu et al., 2017). Higher stream DIC concentrations could be associated
with upstream glacial meltwater recharge. Although storm and high-
flow events have been shown to dilute stream DIC concentrations in
forests (Peter et al., 2014), chemical denudation in glacial catchments
has similarly increased chemical weathering within catchments (Yu
et al., 2021). Therefore, the DIC concentrations delivered to the down-
stream forest catchments were high.

Hydrological connectivity is directly related to the export of dis-
solved carbon into the aquatic network (Eimers et al., 2008; Senar
et al,, 2018). Our study showed that as the catchment scales up from
the glacier terminus to the forest catchment, the ability to predict the
DOC concentrations within a stream using only the major landscape
signal was reduced (Table 1). Although soil C pools are good predic-
tors of stream DOC concentrations, this relationship is likely to be
stronger in small catchments (Aitkenhead et al., 1999; Fellman
et al., 2014). Higher concentrations of DOC from the glacier terminus
could be related to the widespread distribution of cryoconite holes on
the glacier surface, which provide a stable source of DOC for the gla-
cier terminus catchment (Li et al., 2018). The spatial pattern of DIC
concentrations was opposite to that of DOC, with higher postmon-
soon DIC values than during the monsoon season at all sites, which is
related to the high chemical weathering rates on the TP (Zhang
et al., 2013). The distinct lithology within the HLG River catchment
results in high carbonate and silicate weathering rates (He &

Tang, 2008), which are important sources of DIC in river water.
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4.2 | Seasonal variation in stream DOC, DIC, and
associated factors

During the monsoon season, when the water table is elevated in the
soil surface horizons, the dominant flow paths for water moving into
the stream switch from predominantly deeper flow paths to the upper
soil horizons, resulting in the flushing of abundant DOC by surface
waters (Raymond et al., 2016; Senar et al., 2018). As stream flow
recedes after the monsoon, deeper groundwater could become the
dominant contributor to stream discharge (Tiwari et al., 2014), which
causes higher seasonal variability in DOC in the forest catchment.
DOC from the HLG glacier terminus showed slightly higher concen-
trations during the postmonsoon season when significant seasonality
was absent. Previous studies have shown that DOC concentrations
are high in glacial rivers in the northern TP due to summer permafrost
melt, while DOC decreases significantly after the monsoon (Gao
et al., 2019). In this study, there was no significant seasonal variation
in glacier terminus DOC, probably due to dilution of stream DOC by
monsoon precipitation (Hodgkins, 2001). A previous study noted that
precipitation contributed ~22.7% of HLG River discharge (Liu
et al., 2010). DIC concentrations exhibited maxima during postmon-
soon baseflow conditions, supporting previous research showing that
elevated DIC concentrations typically occur during periods of low
streamflow when soil water tables are depressed, and hydrologic flow
paths are predominantly located in deeper soil horizons (Fellman
et al., 2020; Leach et al., 2016; Wang et al., 2021).

Previous studies have shown that discharge, temperature, and
precipitation are the main drivers of seasonal variability in river carbon
(Tian et al., 2015; Wang et al., 2020; Winterdahl et al., 2014). In this
study, pH and precipitation were important variables for predicting
the seasonal variability of DOC and DIC (Table 3). Both DOC and DIC
concentrations were positively related to pH. The study by Groene-
veld et al. (2020) supports this finding, in that higher pH leads to
fewer available DOM adsorption sites and then reduces soil adsorp-
tion of DOM into rivers. This is particularly noticeable in the Uppland
region, which is characterized by calcareous soils (as in our study
area). In contrast, water in headwater streams has a shorter residence
time, weak buffering capacity, and spends an insufficient time in con-
tact with rocks. Therefore, high pH increases the contribution of soil
and atmospheric CO, to DIC and should be considered when calculat-
ing their contributions, even though their contribution may be low
(Gaillardet et al., 2019; Qin et al., 2019).

Precipitation is the primary meteorological element that influ-
ences soil erosion and the subsequent lateral movement of soil
organic carbon (Kim et al., 2009; Wang et al., 2020). Globally, high
runoff and the corresponding high carbon flux are associated with
river basins subjected to high precipitation (Meybeck, 1982). The cli-
mate of the southern TP is projected to become warmer and drier
(Yao et al,, 2012; Zhang et al., 2020), which will have a variety of
impacts on hydrological fluxes. These projections imply that the subal-
pine ecosystems in the region will suffer from a continued decline in
precipitation and accelerated glacial melt, leading to greater winter

runoff and more pronounced summer drying (Kang et al., 2010;

Kuang & Jiao, 2016). Our findings suggest that future changes in pre-
cipitation intensity will reduce DOC loss from forest catchments (see
section 4.1), further limiting downstream DOC transport. In contrast,
DIC in stream water increases with decreasing precipitation, as rain-
water typically has lower DIC concentrations than stream water (Song
et al., 2020), and the increase in DIC with runoff during winter base-
flow can be attributed to the input of subsurface flow and groundwa-
ter rich in weathering products (Giesler et al.,, 2014; Walvoord &
Striegl, 2007). Therefore, future climate change may lead to an
increase in the contribution of DIC to dissolved carbon in the water-
shed. All of these expected changes in hydrological forcing are likely
to have significant and largely unquantified impacts on dissolved car-
bon in the HLG watershed.

4.3 | Potential sources of DIC

Carbonate weathering has been reported to account for ~68% of the
alkalinity measured in the solute loads of large rivers worldwide
(Gaillardet et al., 1999), despite the comparatively small proportion
(15.2%) of carbonate rock outcropping on continents (Goldscheider
et al., 2020). The relatively slow dissolution kinetics of silicates limits
their rate of weathering compared to carbonate (Liu et al., 2011). For
the Yangtze and Yellow Rivers, which originate from the TP, a study
showed that the chemical weathering of carbonate rocks contributed
95 + 5% of the riverine DIC in the headwaters of the Yangtze River,
whereas chemical weathering of silicate rocks contributed 55 + 17%
of the DIC in the headwaters of the Yellow River (Shan et al., 2021).
This suggests that the potential sources of riverine DIC are largely
dependent on the environmental and geological settings of each river
catchment.

The contributions to DIC from the weathering of carbonate rocks
and silicate rocks were 44.4 + 9% and 52.9 + 12%, respectively, indi-
cating that the consumption of atmospheric and soil CO, during sili-
cate rock weathering is an important source of DIC in the HLG
catchment. Glacial runoff has a high flushing rate and short residence
time, and this runoff regime favours the dissolution of carbonate min-
erals (Anderson et al., 1997), although it could be inhibited by higher
pH (>8.0). In addition, the study area is covered by large glaciers, and
the subglacial bedrock is generally silicate-rich, which is transported
to the downstream catchment; therefore, the contribution of silicate
weathering to DIC is greater in the forest catchment.

5 | CONCLUSIONS

Our findings highlight the importance of catchment characteristics for
the export of dissolved carbon from glacial runoff. Glacial meltwater
and precipitation increase the lateral transport of DOC within the
HLG catchment during the monsoon season, whereas DOC concen-
trations tended to decrease following the monsoon, especially in the
forest catchment. The seasonal pattern of DIC concentrations was

opposite to that of DOC, and postmonsoon DIC concentrations
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increased at all sites compared to the monsoon season. Anticipated
climate change (Chen et al., 2013) and glacier retreat are likely to sig-
nificantly affect carbon transported within glacier runoff, which has
critical implications for downstream river biogeochemical cycling.
Therefore, in the future, high-temporal-resolution information during
storms and more in-depth analyses are needed to understand these
processes and mechanisms and to better estimate carbon fluxes in
alpine headwater catchments.

Available data on the carbon isotopes of DIC measured in moun-
tain glacier runoff around the world are very limited. The stream &3C
of DIC (§**C-DIC) varied from —11.2%o to —4.4%s, with a mean value
of —7.5 % 2.2%o. Our results suggest that the consumption of atmo-
spheric and soil CO, during silicate rock weathering is an important
source of stream DIC. This finding is crucial for a better understanding
of the sources of DIC in alpine catchments that have undergone gla-

cial retreat.

ACKNOWLEDGEMENTS

This work was supported by the Second Tibetan Plateau Scientific
Expedition and Research Program (STEP) (2019QZKK0606); the Natu-
ral Science Foundation of China (41977398, 42271123), the Youth
Innovation Promotion Association CAS (Y2022096), and a Start-up
Research Grant of the Institute of Mountain Hazards and Environ-
ment CAS (to Tao Wang).

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Dong Liu "= https://orcid.org/0009-0003-1502-5657

Ruiying Chang "= https://orcid.org/0000-0002-0534-4502

REFERENCES

Aitkenhead, J. A., Hope, D., & Billett, M. F. (1999). The relationship
between dissolved organic carbon in stream water and soil organic
carbon pools at different spatial scales. Hydrological Processes, 13,
1289-1302. https://doi.org/10.1002/(SICI)1099-1085(19990615)13:
8%3C1289::AID-HYP766%3E3.0.CO;2-M

Anderson, S. P., Drever, J. ., & Humphrey, N. F. (1997). Chemical weather-
ing in glacial environments. Geology, 25(5), 399-402. https://doi.org/
10.1130/0091-7613(1997)025%3C0399:CWIGE%3E2.3.CO;2

Argerich, A., Haggerty, R., Johnson, S. L, Wondzell, S. M., Dosch, N.,
Corson-Rikert, H., Ashkenas, L. R., Pennington, R., & Thomas, C. K.
(2016). Comprehensive multiyear carbon budget of a temperate head-
water stream. Journal of Geophysical Research: Biogeosciences, 121(5),
1306-1315. https://doi.org/10.1002/2015JG003050

Barton, K. (2018). MuMIn: Multi-Model Inference. R Package (Version
1.42.1).

Battin, T. J., Kaplan, L. A, Findlay, S., Hopkinson, C. S., Marti, E.,
Packman, A. I., Newbold, J. D., & Sabater, F. (2008). Biophysical con-
trols on organic carbon fluxes in fluvial networks. Nature Geoscience, 1,
95-100. https://doi.org/10.1038/ngeo101

Bernhardt, E. S., Likens, G. E., Hall, R. O, Buso, D. C., Fisher, S. G,
Burton, T. M., Meyer, J. L, McDowell, W. H., Mayer, M. S,
Bowden, W. B., Findlay, S. E., Macneale, K. H., Stelzer, R. S., &
Lowe, W. H. (2005). Can't see the forest for the stream? In-stream

processing and terrestrial nitrogen exports. Bioscience, 55(3), 219-230.
https://doi.org/10.1641/0006-3568(2005)055[0219:ACSTFF]2.0.CO;2

Billett, M. F., Palmer, S. M., Hope, D., Deacon, C., Storeton-West, R.,
Hargreaves, K. J, & Flechard, C. (2004). Linking land-
atmosphere-stream carbon fluxes in a lowland peatland system. Global
Biogeochemical Cycles, 18, GB1024. https://doi.org/10.1029/2003G
B002058

Boix Canadell, M., Escoffier, N., Ulseth, A. J,, Lane, S. N., & Battin, T. J.
(2019). Alpine glacier shrinkage drives shift in dissolved organic carbon
export from quasi-chemostasis to transport limitation. Geophysical
Research Letters, 46, 8872-8881. https://doi.org/10.1029/2019G
L083424

Campeau, A., Bishop, K., Nilsson, M. B., Klemedtsson, L., Laudon, H.,
Leith, F. I, Oquist, M., & Wallin, M. B. (2018). Stable carbon isotopes
reveal soil-stream DIC linkages in contrasting headwater catchments.
Journal of Geophysical Research: Biogeosciences, 123, 149-167. https://
doi.org/10.1002/2017JG004083

Chan, C. N, Tsang, C. L, Lee, F., Liu, B., & Ran, L. (2021). Rapid loss of dis-
solved CO, from a subtropical steep headwater stream. Frontiers in
Earth Science, 9, 741678. https://doi.org/10.3389/feart.2021.741678

Chen, H., Zhu, Q,, Peng, C., Wu, N., Wang, Y., Fang, X,, Gao, Y., Zhu, D.,
Yang, G., Tian, J., Kang, X., Piao, S., Ouyang, H., Xiang, W., Luo, Z.,
Jiang, H., Song, X., Zhang, Y., Yu, G,, ... Wu, J. (2013). The impacts of
climate change and human activities on biogeochemical cycles on the
Qinghai-Tibetan Plateau. Global Change Biology, 19(10), 2940-2955.
https://doi.org/10.1111/gcb.12277

Chen, L., Zhong, J., Li, C,, Liu, J., Wang, W., Xu, S., & Li, S. L. (2021). Coupled
effects of hydrology and temperature on temporal dynamics of dis-
solved carbon in the Min River, Tibetan Plateau. Journal of Hydrology,
593, 125641. https://doi.org/10.1016/j.jhydrol.2020.125641

Cole, J. J., Prairie, Y. T., Caraco, N. F., McDowell, W. H., Tranvik, L. J.,
Striegl, R. G. Duarte, C. M. Kortelainen, P., Downing, J. A,
Middelburg, J. J., & Melack, J. (2007). Plumbing the global carbon cycle:
Integrating inland waters into the terrestrial carbon budget. Ecosystems,
10(1), 172-185. https://doi.org/10.1007/s10021-006-9013-8

Dawson, J. J. C,, Billett, M. F., & Hope, D. (2001). Diurnal variations in the
carbon chemistry of two acidic peatland streams in north-east Scot-
land. Freshwater Biology, 46(10), 1309-1322. https://doi.org/10.1046/
j.1365-2427.2001.00751.x

Downing, J., Cole, J. J., Duarte, C. M., Middelburg, J. J., Melack, J. M,,
Prairie, Y. T., Kortelainen, P., Striegl, R. G., McDowell, W. H., &
Tranvik, L. J. (2012). Global abundance and size distribution of streams
and rivers. Inland Waters, 2(4), 229-236. https://doi.org/10.5268/IW-
2.4.502

Eimers, M. C,, Buttle, J., & Watmough, S. A. (2008). Influence of seasonal
changes in runoff and extreme events on dissolved organic carbon
trends in wetland-and upland-draining streams. Canadian Journal of
Fisheries and Aquatic Sciences, 65(5), 796-808. https://doi.org/10.
1139/f07-194

Fellman, J., Spencer, R. G. M., Raymond, P. A, Pettit, N., Skrzypek, G.,
Hernes, P. J., & Grierson, P. (2014). Dissolved organic carbon biolabil-
ity decreases along with its modernization in fluvial networks in an
ancient landscape. Ecology, 95(9), 2622-2632. https://doi.org/10.
1890/13-1360.1

Fellman, J. B., Hood, E., Behnke, M. ., Welker, J. M., & Spencer, R. G. M.
(2020). Stormflows drive stream carbon concentration, speciation, and
dissolved organic matter composition in coastal temperate rainforest
watersheds. Journal of Geophysical Research: Biogeosciences, 125,
€2020JG005804. https://doi.org/10.1029/2020JG005804

Gaillardet, J., Calmels, D., Romero-Mujalli, G. Zakharova, E., &
Hartmann, J. (2019). Global climate control on carbonate weathering
intensity. Chemical Geology, 527, 118762. https://doi.org/10.1016/j.
chemgeo.2018.05.009

Gaillardet, J., Dupr'e, B., Louvat, P., & Allegre, C. (1999). Global silicate
weathering and CO, consumption rates deduced from the chemistry

85U80| 7 SUOLUWIOD BAIeR1D) 8|qedl|dde aup Ag pausenob 8e s3jofe O ‘88N 40 S3INJ 104 ARiq 1T 8UIIUO AB]IM UO (SUORIPUOO-PUE-SWRI 00" AB| 1M AReaq1 U1 IUO//SAIY) SUORIPUOD PUe SWIB | 84} 88S *[7202/T0/.2] U0 ARIgIT8UIUO ABIM 'SAYYZYH NIVLNNOW 40 3LNLILSNI NADNIHD Ad Tv6+T dAU/Z00T OT/10p/wio0" 3| 1m A ReIq1jeul|uo//Sdny Wwo.y pepeojumod *L ‘€202 ‘SB0TE60T


https://orcid.org/0009-0003-1502-5657
https://orcid.org/0009-0003-1502-5657
https://orcid.org/0000-0002-0534-4502
https://orcid.org/0000-0002-0534-4502
https://doi.org/10.1002/(SICI)1099-1085(19990615)13:8%3C1289::AID-HYP766%3E3.0.CO;2-M
https://doi.org/10.1002/(SICI)1099-1085(19990615)13:8%3C1289::AID-HYP766%3E3.0.CO;2-M
https://doi.org/10.1130/0091-7613(1997)025%3C0399:CWIGE%3E2.3.CO;2
https://doi.org/10.1130/0091-7613(1997)025%3C0399:CWIGE%3E2.3.CO;2
https://doi.org/10.1002/2015JG003050
https://doi.org/10.1038/ngeo101
https://doi.org/10.1641/0006-3568(2005)055%5B0219:ACSTFF%5D2.0.CO;2
https://doi.org/10.1029/2003GB002058
https://doi.org/10.1029/2003GB002058
https://doi.org/10.1029/2019GL083424
https://doi.org/10.1029/2019GL083424
https://doi.org/10.1002/2017JG004083
https://doi.org/10.1002/2017JG004083
https://doi.org/10.3389/feart.2021.741678
https://doi.org/10.1111/gcb.12277
https://doi.org/10.1016/j.jhydrol.2020.125641
https://doi.org/10.1007/s10021-006-9013-8
https://doi.org/10.1046/j.1365-2427.2001.00751.x
https://doi.org/10.1046/j.1365-2427.2001.00751.x
https://doi.org/10.5268/IW-2.4.502
https://doi.org/10.5268/IW-2.4.502
https://doi.org/10.1139/f07-194
https://doi.org/10.1139/f07-194
https://doi.org/10.1890/13-1360.1
https://doi.org/10.1890/13-1360.1
https://doi.org/10.1029/2020JG005804
https://doi.org/10.1016/j.chemgeo.2018.05.009
https://doi.org/10.1016/j.chemgeo.2018.05.009

LIU ET AL

WILEY_| 2%

of large rivers. Chemical Geology, 159, 3-30. https://doi.org/10.1016/
S0009-2541(99)00031-5

Gao, T. G, Kang, S. C., Chen, R, Zhang, T. G,, Zhang, T. J,, Han, C. T,,
Tripathee, L., Sillanpd3, M., & Zhang, Y. L. (2019). Riverine dissolved
organic carbon and its optical properties in a permafrost region of the
Upper Heihe River basin in the Northern Tibetan Plateau. Science of
the Total Environment, 686, 370-381. https://doi.org/10.1016/j.
scitotenv.2019.05.478

Giesler, R., Lyon, S. W., Morth, C.-M., Karlsson, J., Karlsson, E. M,
Jantze, E. J., Destouni, G., & Humborg, C. (2014). Catchment-scale dis-
solved carbon concentrations and export estimates across six subarctic
streams in northern Sweden. Biogeosciences, 11(2), 525-537. https://
doi.org/10.5194/bg-11-525-2014

Goldscheider, N., Chen, Z., Broda, S., Auler, A. S., Bakalowicz, M., Drew, D.,
Hartmann, J., Jiang, G. H., Moosdorf, N., Stevanovic, Z., & Veni, G.
(2020). Global distribution of carbonate rocks and karst water
resources. Hydrogeology Journal, 28, 1661-1677. https://doi.org/10.
1007/510040-020-02139-5

Groeneveld, M., Catalan, N., Attermeyer, K., Hawkes, J., Einarsdottir, K.,
Kothawala, D., Bergquist, J., & Tranvik, L. (2020). Selective adsorption
of terrestrial dissolved organic matter to inorganic surfaces along a
boreal inland water continuum. Journal of Geophysical Research: Bio-
geosciences, 125, e2019JG005236.  https://doi.org/10.1029/
2019JG005236

He, L., & Tang, Y. (2008). Soil development along primary succession
sequences on moraines of Hailuogou Glacier, Gongga Mountain, Sich-
uan, China. Catena, 72(2), 259-269. https://doi.org/10.1016/j.catena.
2007.05.010

Hemingway, J. D., Spencer, R. G. M., Podgorski, D. C., Zito, P., Sen, I. S., &
Galy, V. V. (2019). Glacier meltwater and monsoon precipitation drive
Upper Ganges Basin dissolved organic matter composition. Geochimica
et Cosmochimica Acta, 244, 216-228. https://doi.org/10.1016/j.gca.
2018.10

Hindshaw, R. S., Tipper, E. T. Reynolds, B. C., Lemarchand, E.,
Wiederhold, J. G., Magnusson, J., & Bernasconi, S. M. (2011). Hydro-
logical control of stream water chemistry in a glacial catchment
(Damma Glacier, Switzerland). Chemical Geology, 285(1-4), 215-230.
https://doi.org/10.1016/j.chemgeo.2011.04.012

Hodgkins, R. (2001). Seasonal evolution of meltwater generation, storage
and discharge at a non-temperate glacier in Svalbard. Hydrological Pro-
cesses, 15(3), 441-460. https://doi.org/10.1002/hyp.160

Hodson, A., Anesio, A. M., Tranter, M., Fountain, A., Osborn, A. M.,
Priscu, J., & Laybourn-Parry, J. (2008). Glacial ecosystems. Ecological
Monographs, 78(1), 41-67. https://doi.org/10.1890/07-0187.1

Hood, E., Battin, T., Fellman, J., O'Neel, S., & Spencer, R. G. M. (2015).
Storage and release of organic carbon from glaciers and ice sheets.
Nature Geoscience, 8, 91-96. https://doi.org/10.1038/nge02331

Jantze, E. J., Laudon, H., Dahlke, H. E., & Lyon, S. W. (2015). Spatial vari-
ability of dissolved organic and inorganic carbon in subarctic headwa-
ter streams. Arctic, Antarctic, and Alpine Research, 47(3), 527-546.
https://doi.org/10.1657/AAAR0014-044

Kang, S. C.,, Xu, Y. W,, You, Q. L., Flugel, W. A, Pepin, N., & Yao, T. D.
(2010). Review of climate and cryospheric change in the Tibetan Pla-
teau. Environmental Research Letters, 5, 015101. https://doi.org/10.
1088/1748-9326/5/1/015101

Keskitalo, K., Broder, L.-M., Jong, D., Zimov, N., Davydova, A., Davydov, S.,
Tesi, T., Mann, P. J., & Haghipour, N. (2022). Seasonal variability in par-
ticulate organic carbon degradation in the Kolyma River, Siberia. Envi-
ronmental Research Letters, 17(3), 1-15. https://doi.org/10.1088/
1748-9326/ac4f8d

Kim, M. K., Flanagan, D. C., Frankenberger, J. R., & Meyer, C. R. (2009).
Impact of precipitation changes on runoff and soil erosion in Korea
using CLIGEN and WEPP. Journal of Soil and Water Conservation
March, 64(2), 154-162. https://doi.org/10.2489/jswc.64.2.154

Kuang, X., & Jiao, J. J. (2016). Review on climate change on the Tibetan Pla-
teau during the last half century. Journal of Geophysical Research: Atmo-
spheres, 121(8), 3979-4007. https://doi.org/10.1002/2015jd024728

Lafreniere, M. J., & Sharp, M. J. (2004). The concentration and fluores-
cence of dissolved organic carbon (DOC) in glacial and nonglacial
catchment. Artic, Antarctic, and Alpine Research, 36(2), 156-165.
https://doi.org/10.1657/1523

Leach, J. A, Larsson, A., Wallin, M. B., Nilsson, M. B., & Laudon, H. (2016).
Twelve year interannual and seasonal variability of stream carbon
export from a boreal peatland catchment: Peatland stream
carbon export. Journal of Geophysical Research: Biogeosciences, 121(7),
1851-1866. https://doi.org/10.1002/2016JG003357

Li, X., Ding, Y., Xu, J,, He, X, Han, T., Kang, S., Wu, Q. W., Mike, S,
Yu, Z., & Li, Q. (2018). Importance of mountain glaciers as a source of
dissolved organic carbon. Journal of Geophysical Research: Earth Sur-
face, 123, 2123-2134. https://doi.org/10.1029/2017JF004333

Liu, Q. Liu, S. Y., Zhang, Y., Wang, X., Zhang, Y., Guo, W. Q., & Xu, J.
(2010). Recent shrinkage and hydrological response of Hailuogou Gla-
cier, a monsoonal temperate glacier in east slope of Mount Gongga,
China. Journal of Glaciology, 56(196), 215-224. https://doi.org/10.
3189/002214310791968520

Liu, Z., Dreybrodt, W., & Liu, H. (2011). Atmospheric CO, sink: Silicate
weathering or carbonate weathering? Applied Geochemistry, 26, S292-
S$294. https://doi.org/10.1016/j.apgeochem.2011.03.085

McClelland, J. W., Holmes, R. M., Peterson, B. J., Raymond, P. A, Striegl, R. G.,
Zhulidov, A. V., Zimov, S. A, Zimov, N., Tank, S. E., Spencer, R. G. M,,
Staples, R., Gurtovaya, T. Y., & Griffin, C. G. (2016). Particulate organic
carbon and nitrogen export from major Arctic rivers. Global Biogeochemi-
cal Cycles, 30, 629-643. https://doi.org/10.1002/2015GB005351

Meybeck, M. (1982). Carbon, nitrogen, and phosphorus transport by world
rivers. American Journal of Science, 282, 4-450. https://doi.org/10.
2475/ajs.282.4.401

Perdrial, J. N., Mclntosh, J., Harpold, A., Brooks, P. D., Zapata-Rios, X,
Ray, J., & Meixner, T. (2014). Stream water carbon controls in seasonally
snow-covered mountain catchments: Impact of inter-annual variability
of water fluxes, catchment aspect and seasonal processes. Biogeochem-
istry, 118, 273-290. https://doi.org/10.1007/s10533-013-9929-y

Peter, H., Singer, G. A,, Preiler, C., Chifflard, P., Steniczka, G., & Battin, T. J.
(2014). Scales and drivers of temporal pCO, dynamics in an Alpine
stream. Journal of Geophysical Research: Biogeosciences, 119, 1078-
1091. https://doi.org/10.1002/2013JG002552

Qin, C,, Li, S., Yue, F., Xu, S., & Ding, H. (2019). Spatiotemporal variations
of dissolved inorganic carbon and controlling factors in a small karstic
catchment, southwestern China. Earth Surface Processes and Land-
forms, 44, 2423-2436. https://doi.org/10.1002/esp.4672

Qu, B, Sillanpaa, M., Li, C., Kang, S., Stubbins, A, Yan, F., Aho, K. S.,
Zhou, F., & Raymond, P. A. (2017). Aged dissolved organic carbon
exported from rivers of the Tibetan Plateau. PLoS One, 12(5),
e0178166. https://doi.org/10.1371/journal.pone.0178166

Raymond, P. A., Saiers, J. E., & Sobczak, W. V. (2016). Hydrological and
biogeochemical controls on watershed dissolved organic matter trans-
port: Pulse- shunt concept. Ecology, 97(1), 5-16. https://doi.org/10.
1890/14-1684.1

Reiman, J. H., & Xu, Y. J. (2019). Dissolved carbon export and CO, outgas-
sing from the lower Mississippi River - Implications of future river car-
bon fluxes. Journal of Hydrology, 578, 124093. https://doi.org/10.
1016/j.jhydrol.2019.124093

Senar, O. E., Webster, K. L., & Creed, I. F. (2018). Catchment- scale shifts
in the magnitude and partitioning of carbon export in response to
changing hydrologic connectivity in a northern hardwood forest. Jour-
nal of Geophysical Research: Biogeosciences, 123(8), 2337-2352.
https://doi.org/10.1029/2018JG004468

Shan, S., Luo, C., Qi, Y., Cai, W. J,, Sun, S., Fan, D., & Wang, X. (2021). Car-
bon isotopic and lithologic constraints on the sources and cycling of

85U80| 7 SUOLUWIOD BAIeR1D) 8|qedl|dde aup Ag pausenob 8e s3jofe O ‘88N 40 S3INJ 104 ARiq 1T 8UIIUO AB]IM UO (SUORIPUOO-PUE-SWRI 00" AB| 1M AReaq1 U1 IUO//SAIY) SUORIPUOD PUe SWIB | 84} 88S *[7202/T0/.2] U0 ARIgIT8UIUO ABIM 'SAYYZYH NIVLNNOW 40 3LNLILSNI NADNIHD Ad Tv6+T dAU/Z00T OT/10p/wio0" 3| 1m A ReIq1jeul|uo//Sdny Wwo.y pepeojumod *L ‘€202 ‘SB0TE60T


https://doi.org/10.1016/S0009-2541(99)00031-5
https://doi.org/10.1016/S0009-2541(99)00031-5
https://doi.org/10.1016/j.scitotenv.2019.05.478
https://doi.org/10.1016/j.scitotenv.2019.05.478
https://doi.org/10.5194/bg-11-525-2014
https://doi.org/10.5194/bg-11-525-2014
https://doi.org/10.1007/s10040-020-02139-5
https://doi.org/10.1007/s10040-020-02139-5
https://doi.org/10.1029/2019JG005236
https://doi.org/10.1029/2019JG005236
https://doi.org/10.1016/j.catena.2007.05.010
https://doi.org/10.1016/j.catena.2007.05.010
https://doi.org/10.1016/j.gca.2018.10
https://doi.org/10.1016/j.gca.2018.10
https://doi.org/10.1016/j.chemgeo.2011.04.012
https://doi.org/10.1002/hyp.160
https://doi.org/10.1890/07-0187.1
https://doi.org/10.1038/ngeo2331
https://doi.org/10.1657/AAAR0014-044
https://doi.org/10.1088/1748-9326/5/1/015101
https://doi.org/10.1088/1748-9326/5/1/015101
https://doi.org/10.1088/1748-9326/ac4f8d
https://doi.org/10.1088/1748-9326/ac4f8d
https://doi.org/10.2489/jswc.64.2.154
https://doi.org/10.1002/2015jd024728
https://doi.org/10.1657/1523
https://doi.org/10.1002/2016JG003357
https://doi.org/10.1029/2017JF004333
https://doi.org/10.3189/002214310791968520
https://doi.org/10.3189/002214310791968520
https://doi.org/10.1016/j.apgeochem.2011.03.085
https://doi.org/10.1002/2015GB005351
https://doi.org/10.2475/ajs.282.4.401
https://doi.org/10.2475/ajs.282.4.401
https://doi.org/10.1007/s10533-013-9929-y
https://doi.org/10.1002/2013JG002552
https://doi.org/10.1002/esp.4672
https://doi.org/10.1371/journal.pone.0178166
https://doi.org/10.1890/14-1684.1
https://doi.org/10.1890/14-1684.1
https://doi.org/10.1016/j.jhydrol.2019.124093
https://doi.org/10.1016/j.jhydrol.2019.124093
https://doi.org/10.1029/2018JG004468

10 of 10 Wl LEY

LIU ET AL

inorganic carbon in four large rivers in China: Yangtze, Yellow, Pearl,
and Heilongjiang. Journal of Geophysical Research: Biogeosciences, 126,
€2020JG005901. https://doi.org/10.1029/2020JG005901

Singer, G. A., Fasching, C., Wilhelm, L., Niggemann, J., Steier, P.,
Dittmar, T., & Battin, T. J. (2012). Biogeochemically diverse organic
matter in Alpine glaciers and its downstream fate. Nature Geoscience,
5,710-714. https://doi.org/10.1038/ngeo1581

Song, C., Wang, G., Mao, T., Huang, K., Sun, X., Hu, Z, Chang, R. Y.,
Chen, X. P., & Raymond, P. A. (2020). Spatiotemporal variability and
sources of DIC in permafrost catchments of the Yangtze River source
region: Insights from stable carbon isotope and water chemistry. Water
Resources Research, 55, e2019WR025343. https://doi.org/10.1029/
2019WR025343

Stibal, M., Sabacka, M., & Zarsky, J. (2012). Biological processes on glacier
and ice sheet surfaces. Nature Geoscience, 5, 771-774. https://doi.
org/10.1038/ngeo1611

Stock, B. C., Jackson, A. L., Ward, E. J., Parnell, A. C., Phillips, D. L., &
Semmens, B. X. (2018). Analyzing mixing systems using a new genera-
tion of Bayesian tracer mixing models. PeerJ, 6, €5096. https://doi.
org/10.7717/peerj.5096

Su, B., Xiao, C. D., Chen, D. L., Huang, Y., Che, Y. J.,, Zhao, H. Y., Zou, M. B.,
Guo, R.,, Wang, X. J,, Li, X,, Guo, W. Q,, Liu, S. Y., & Yao, T. D. (2022).
Glacier change in China over past decades: Spatiotemporal patterns
and influencing factors. Earth Science Reviews, 226, 103926. https://
doi.org/10.1016/j.earscirev.2022.103926

Tank, J., Rosi-Marshall, E., Griffiths, N., Entrekin, S., & Stephen, M. (2010).
A review of allochthonous organic matter dynamics and metabolism in
streams. Journal of the North American Benthological Society, 29(1),
118-146. https://doi.org/10.1899/08-170.1

Telmer, K., & Veizer, J. (1999). Carbon fluxes, pCO, and substrate
weathering in a large northern river basin, Canada: Carbon isotope
perspectives. Chemical Geology, 159, 61-86. https://doi.org/10.1016/
S0009-2541(99)00034-0

Tian, H. Yang, Q., Najar, R. G, Ren, W., Friedrichs; M. A. M,
Hopkinson, C. S., & Pan, S. (2015). Anthropogenic and climatic influences
on carbon fluxes from eastern North America to the Atlantic Ocean: A
process-based modeling study. Journal of Geophysical Research: Biogeos-
ciences, 120(4), 752-772. https://doi.org/10.1002/2014jg002760

Tiwari, T., Laudon, H., Beven, K., & Agren, A. M. (2014). Downstream
changes in DOC: Inferring contributions in the face of model uncer-
tainties. Water Resources Research, 50, 514-525. https://doi.org/10.
1002/2013WR014275

Vargas, C. A, Cuevas, L. A, Silva, N., Gonzalez, H. E., De Pol-Holz, R., &
Narvaez, D. A. (2018). Influence of glacier melting and river discharges
on the nutrient distribution and DIC recycling in the Southern Chilean
Patagonia. Journal of Geophysical Research: Biogeosciences, 123, 256~
270. https://doi.org/10.1002/2017JG003907

Walvoord, M. A,, & Striegl, R. G. (2007). Increased groundwater to stream
discharge from permafrost thawing in the Yukon River basin: Potential
impacts on lateral export of carbon and nitrogen. Geophysical Research
Letters, 34, L12402. https://doi.org/10.1029/2007gl030216

Wang, S., Wang, X. Y., He, B., & Yuan, W. P. (2020). Relative influence of
forest and cropland on fluvial transport of soil organic carbon and

nitrogen in the Nen River basin, northeastern China. Journal of Hydrol-
ogy, 582, 124526. https://doi.org/10.1016/j.jhydrol.2019.124526

Wang, X,, Liu, T., Wang, L., Liu, Z., Zhu, E., Wang, S., Cai, Y., Zhy, S. S., &
Feng, X. J. (2021). Spatial-temporal variations in riverine carbon
strongly influenced by local hydrological events in an alpine headwater
stream. Biogeosciences, 18(10), 3015-3028. https://doi.org/10.5194/
bg-18-3015-2021

Wild, B., Andersson, A., Broder, L., Vonk, J. E., Hugelius, G.,
McClelland, J. W., & Song, W. (2019). Rivers across the Siberian Arctic
unearth the patterns of carbon release from thawing permafrost. Pro-
ceedings of the National Academy of Sciences of the United States of
America, 116(21), 10280-10285. https://doi.org/10.1073/pnas.
1811797116

Winterdahl, M., Erlandsson, M., Futter, M. N., Weyhenmeyer, G. A., &
Bishop, K. (2014). Intra-annual variability of organic carbon concentra-
tions in running waters: Drivers along a climatic gradient. Global Bio-
geochemical Cycles, 28(4), 451-464. https://doi.org/10.1002/
2013gh004770

Yao, T., Thompson, L., Yang, W., Yu, W., Gao, Y., Guo, X, Yang, X,
Duan, K., Zhao, H., Xu, B., Pu, J., Lu, A, Xiang, Y., Kattel, D. B., &
Joswiak, D. (2012). Different glacier status with atmospheric circula-
tions in Tibetan Plateau and surroundings. Nature Climate Change, 2(9),
663-667. https://doi.org/10.1038/NCLIMATE1580

Yu, Z. L., Wu, G. J, Li, F., Chen, M. K, Tran, T. V,, Liu, X. M., & Gao, S. P.
(2021). Glaciation enhanced chemical weathering in a cold glacial
catchment, western Nyaingéntanglha Mountains, central Tibetan Pla-
teau. Journal of Hydrology, 597, 126197. https://doi.org/10.1016/j.
jhydrol.2021.126197

Zhang, F., Jin, Z. D,, Li, F. C,, Yu, J. M., & Xiao, J. (2013). Controls on sea-
sonal variations of silicate weathering and CO, consumption in, two
river catchments on the NE Tibetan Plateau. Journal of Asian Earth Sci-
ences, 62, 547-560. https://doi.org/10.1016/].jseaes.2012.11.004

Zhang, L. W, Xia, X. H,, Liu, S. D., Zhang, S. B., Li, S. L., Wang, J. F.,
Wang, G. Q., Gao, H., Zhang, Z. R,, Wang, Q. R., Wen, W,, Liu, R,
Yang, Z. F., Stanley, E. H., & Raymond, P. A. (2020). Significant meth-
ane ebullition from alpine permafrost rivers on the East Qinghai-Tibet
Plateau. Nature Geoscience, 13, 349-354. https://doi.org/10.1038/
s41561-020-0571-8

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Liu, D., Wang, T., Liu, X, Ao, J., Tang,
H., & Chang, R. (2023). Source, pattern and flux of dissolved
carbon in an alpine headwater catchment on the eastern
Tibetan Plateau. Hydrological Processes, 37(7), e14941. https://
doi.org/10.1002/hyp.14941

85U80| 7 SUOLUWIOD BAIeR1D) 8|qedl|dde aup Ag pausenob 8e s3jofe O ‘88N 40 S3INJ 104 ARiq 1T 8UIIUO AB]IM UO (SUORIPUOO-PUE-SWRI 00" AB| 1M AReaq1 U1 IUO//SAIY) SUORIPUOD PUe SWIB | 84} 88S *[7202/T0/.2] U0 ARIgIT8UIUO ABIM 'SAYYZYH NIVLNNOW 40 3LNLILSNI NADNIHD Ad Tv6+T dAU/Z00T OT/10p/wio0" 3| 1m A ReIq1jeul|uo//Sdny Wwo.y pepeojumod *L ‘€202 ‘SB0TE60T


https://doi.org/10.1029/2020JG005901
https://doi.org/10.1038/ngeo1581
https://doi.org/10.1029/2019WR025343
https://doi.org/10.1029/2019WR025343
https://doi.org/10.1038/ngeo1611
https://doi.org/10.1038/ngeo1611
https://doi.org/10.7717/peerj.5096
https://doi.org/10.7717/peerj.5096
https://doi.org/10.1016/j.earscirev.2022.103926
https://doi.org/10.1016/j.earscirev.2022.103926
https://doi.org/10.1899/08-170.1
https://doi.org/10.1016/S0009-2541(99)00034-0
https://doi.org/10.1016/S0009-2541(99)00034-0
https://doi.org/10.1002/2014jg002760
https://doi.org/10.1002/2013WR014275
https://doi.org/10.1002/2013WR014275
https://doi.org/10.1002/2017JG003907
https://doi.org/10.1029/2007gl030216
https://doi.org/10.1016/j.jhydrol.2019.124526
https://doi.org/10.5194/bg-18-3015-2021
https://doi.org/10.5194/bg-18-3015-2021
https://doi.org/10.1073/pnas.1811797116
https://doi.org/10.1073/pnas.1811797116
https://doi.org/10.1002/2013gb004770
https://doi.org/10.1002/2013gb004770
https://doi.org/10.1038/NCLIMATE1580
https://doi.org/10.1016/j.jhydrol.2021.126197
https://doi.org/10.1016/j.jhydrol.2021.126197
https://doi.org/10.1016/j.jseaes.2012.11.004
https://doi.org/10.1038/s41561-020-0571-8
https://doi.org/10.1038/s41561-020-0571-8
https://doi.org/10.1002/hyp.14941
https://doi.org/10.1002/hyp.14941

	Source, pattern and flux of dissolved carbon in an alpine headwater catchment on the eastern Tibetan Plateau
	1  INTRODUCTION
	2  DATA AND METHODS
	2.1  Study area
	2.2  Sample collection and measurements
	2.3  Statistical analysis and DIC source apportionment

	3  RESULTS
	3.1  Hydrochemical characteristics and carbon fluxes
	3.2  Comparison of DOC and DIC concentrations among different catchments
	3.3  Temporal patterns of DOC and DIC concentrations and associated factors
	3.4  Carbon source apportionment of DIC

	4  DISCUSSION
	4.1  Variation in DOC and DIC concentrations between catchments
	4.2  Seasonal variation in stream DOC, DIC, and associated factors
	4.3  Potential sources of DIC

	5  CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


