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Abstract: The carbon release and transport in rivers are expected to increase in a warming climate
with enhanced melting. We present a continuous dataset of DOC in the river, precipitation, and
groundwater, including air temperature, discharge, and precipitation in the source region of the
Yangtze River (SRYR). Our study shows that the average concentrations of DOC in the three end-
members are characterized as the sequence of groundwater > precipitation > river, which is related
to the water volume, cycle period, and river flow speed. The seasonality of DOC in the river is
observed as the obvious bimodal structure at Tuotuohe (TTH) and Zhimenda (ZMD) gauging stations.
The highest concentration appears in July (2.4 mg L−1 at TTH and 2.1 mg L−1 at ZMD) and the
secondary high value (2.2 mg L−1 at TTH 1.9 mg L−1 at ZMD) emerges from August to September. It
is estimated that 459 and 6751 tons of DOC are transported by the river at TTH and ZMD, respectively.
Although the wet deposition flux of DOC is nearly ten times higher than the river flux, riverine
DOC still primarily originates from soil erosion of the basin rather than precipitation settlement.
Riverine DOC fluxes are positively correlated with discharge, suggesting DOC fluxes are likely to
increase in the future. Our findings highlight that permafrost degradation and glacier retreat have
a great effect on DOC concentration in rivers and may become increasingly important for regional
biogeochemical cycles.

Keywords: DOC; groundwater; precipitation; river water; Yangtze River

1. Introduction

The dissolved organic carbon (DOC) amounts in river ecosystems are potentially
increasing with global warming as the extensive release from permafrost and glaciers
occurs [1,2]. Previous studies have shown that the soil organic carbon (SOC) reserves
in the Arctic and sub-Arctic regions are about 1700 pg, which is twice the carbon in the
atmosphere at present [3,4], accounting for 23 to 48% of the global soil organic carbon
reserves [5]. Affected by global warming, the organic carbon sequestered in permafrost
is released gradually as the active layer thickens [6], which, in turn, aggravates climate
change. Glacier ablation causes the release of glacier organic carbon (OC) and enhances
water soil/rock interaction and microbial activity by changing the hydrological process in
cold regions, affecting the ecological environment and carbon cycle, and reacting on the
climate [7,8]. This process depends on the environmental characteristics of the basin, the
occurrence conditions, melting sensitivity, and degradation mode of glacier elements [9].
The study shows that the current OC reserved in mountain glaciers accounts for about 2.2%
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of the global OC reserves in glaciers, while the OC (1.28 pg/year) released by meltwater
runoff from mountain glaciers is about 42.5% of the global OC emissions in glaciers [10].

OC is released from the frozen soil and glacier by dissolving in water and then flows
into the river with the meltwater [11]. It is not only an important part of the carbon
cycle in the cryosphere but affects the structure and function of the river ecosystem [12].
Recent investigation demonstrates that, in riverine export, 41% of terrestrially derived
DOC is delivered to the coastal ocean, 21% is buried in sediment, and the remaining
38% is returned to the atmosphere through outgassing from inland waters [13,14]. DOC
in river water has a close impact on the dynamic of the aquatic biogeochemical cycle,
light penetration, transportation of trace metals, secondary production, and the flow of
nitrogen [15–19]. It is also considered to increase the solubility of some organic pollutants in
water [20]. DOC levels change over time and space due to the complexity of catchments and
aquatic ecosystems. Many variables may affect riverine DOC concentrations, for instance,
discharge, basin precipitation, air temperature, metabolism of phytoplankton, atmospheric
carbon dioxide concentration, internal production, and mineralization of carbon [21–26].
Anthropogenic activities play a substantial role in the transport of riverine DOC, e.g., acid
deposition, nitrogen deposition, and agricultural activities [27–30]. In particular, land use
and cover change, fire, and forest species greatly affect the variation of SOCs, which further
alter the riverine DOC amount [31–34].

The annual runoff from the source region of the Yangtze River (SRYR) has been
increasing due to the recession of glaciers and permafrost [35]. As one of the world’s largest
rivers, information on the nature and quantity of carbon transported by the Yangtze River
has attracted research interests in past years [23,36–38]. It is concluded that the export
of total organic carbon (TOC) from the Yangtze River at the end of the 20th century is
approximately equivalent to that of the Zaire River [23]. Soil erosion and vascular plant
input separately dominate the main source in tributaries north and south of the Yangtze
River trunk stream. The DOC concentration is lower in the sparsely populated area but is
higher in the downstream, dominated by anthropogenic input mainly [38]. To determine
the sources and ages of organic matter, the stable carbon (13C) and natural radiocarbon (14C)
abundances are measured for riverine OC [23,39,40]. The results indicate that the isotopic
signature of particulate organic matter (POM) is similar to that of the surface soil along the
riverbank [23], reflecting the typical stable carbon isotope source signatures of terrestrial
organic matter [39]. The OC fluxes and their control factors are also discussed widely, and
a relatively consistent result is obtained that the magnitude and seasonal variability of the
TOC fluxes are evidently controlled by the discharge and suspend sediment concentrations
(SSC) [36].

Most studies of OC transport in the Yangtze River have concentrated on the down-
stream reaches and estuary to examine the fluxes of OC entering the coastal oceans. How-
ever, less attention is focused on the SRYR based on limited sampling events. To obtain a
comprehensive understanding of the DOC in the SRYR, we need to make clear how much
DOC is transported and allocated under the impact of the meteorological and hydrological
factors. In this study, we carry out field collection of river, precipitation, and groundwa-
ter samples at Zhimenda (ZMD) and Tuotuohe (TTH) gauging stations in 2014 and 2015.
Considering that the Tibetan Plateau has been greatly affected by climate change in the
past few decades, we employ discharge, precipitation, and air temperature data, for which
profound changes have taken place under the influence of global warming, to compare the
spatiotemporal distributions of DOC in different end-elements and explore its potential
relationship with the hydrometeorological factors. The aim of this work is obtaining the
seasonal characteristics of the DOC concentration in the SRYR and quantifying the DOC
deposition flux and river transport flux in the watershed to help elucidate the role of future
climate-driven glacier retreat and permafrost degradation and DOC export in regional
biochemical elemental cycles. An important feature of the research is high frequency (once
every two days) water sampling at sampling points, which makes it possible to acquire a
detailed understanding of both seasonal variations in the DOC concentrations and potential
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influence factors. This is the first study that collects and compares the DOC concentrations
from rivers, precipitation, and groundwater in a basin simultaneously, thereby providing a
research path to understand the delivery and allocation of DOC in the SRYR.

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

The SRYR (90◦43′–96◦45′ E and 32◦30′–35◦35′ N) located in the central east part of the
Tibetan Plateau is defined as the area north of ZMD station (Figure 1). The mean altitude
reaches 4000 m with a decreasing elevation from west to east [40] that covers an area of
approximately 12.24 × 104 km2, dominating 7.8% of the total area of the Yangtze River
basin (Figure 1b). The glaciers in the SRYR spread a total area of 1496 km2, primarily along
the north-oriented slopes of the Tanggula Mountains, Sedir Mountains, and the south-
oriented slopes of the Kunlun Mountains, with annual ablation of 11.87 × 108 m3 [41].
In addition to the large-scale distribution of wetlands, permafrost accounts for 77% of
the total basin area, with a thickness of 10–120 m (Figure 1a). Most surface soils freeze
during winter and thaw in summer, and active layer thicknesses range from 1–4 m [42].
Controlled by a typical cold plateau climate, the annual average temperatures in the SRYR
fluctuate from 3 to 5.5 ◦C, and the annual precipitations range from 222 to 515 mm; roughly
80% of the annual precipitations occur in summer [43,44]. Fieldwork was conducted at
the Tuotuohe (TTH) (34◦23′′ N, 92◦45′′ E, 4533 m a.s.l.) and Zhimenda (ZMD) (33◦01′′ N,
97◦24′′ E, 3681 m a.s.l.) hydrological stations, located in the hinterland and east of the
SRYR, respectively, occupying an area of approximately 1.5 × 104 km2 above the TTH, and
13.2 × 104 km2 above the ZMD.

2.2. Sample Collection

Bulk river samples were taken at two-day intervals from May to October of 2015 at TTH
and ZMD to observe the seasonal process of DOC concentrations and relevant drainage
system in the SRYR. Precipitation samples were collected from May to October of 2014
at TTH and same period in 2015 at ZMD when precipitation occurred. In consideration
of the relative stability of groundwater, samples were taken at five-day intervals from
the well water near the hydrological station from May to October of 2015 at both sites.
The samples used for DOC analysis were immediately filtered through precombusted
Whatman glass fiber membranes (pore size 0.7 µm) once sampling finished. We pre-cleaned
the sampling and storage containers using 10% hydrochloric acid and MilliQ deionized
water [45]. Field samples were kept frozen in a refrigerator and then transported to the
State Key Laboratory of Cryospheric Science (SKLCS) of Chinese Academy of Sciences
(CAS) and Environmental Comprehensive Analysis Laboratory (ECAL) of Tianshui Normal
University (TNU) for chemical analysis (Li et al., 2018). Total of 438 samples were collected
and analyzed. Furthermore, discharge, temperature, and precipitation data were provided,
respectively, by TTH and ZMD hydrological stations and Tuotuohe (TTHW) (34◦22′ N,
92◦43′ E) and Yushu (YS) (33◦02′ N, 97◦02′ E) national weather stations (Figure 1).

2.3. Laboratory Analysis

All samples used for DOC testing were filtered before analysis in the laboratory using
precombusted Whatman glass fiber membranes of 0.45 µm of pore size. Then, they were
analyzed by Vario EL TOC/TNb analyzer (Elementar, Hanau, Germany) in the ECAL of
TNU. The system was calibrated using potassium hydrogen phthalate standards for DOC.
The detection limits were below 30 µg L−1, and the reproducibility was lower than 5% [45].
Mean blank value was detected as 76 µg L−1, which was subtracted by the measured
DOC value. Concentration of cations (Ca2+) and anions (Cl– and NO3

–) were analyzed by
Dionex-600 and Dionex-2500 ion chromatography, respectively, separately using a CS12A
separation column, 20 mM MSA eluent, and CSRS-ULTRA-II suppressor and an IonPac
AS11-HC column, 25 mM KOH eluent, and ASRSULTRA-II suppressor in the SKLCS of
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CAS. The detection limits were below 10 µg L−1 and the precision was better than ±1% for
all measured ions [46].
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2.4. Flux Calculation and Ion Ratio

To calculate the daily DOC fluxes (Fd) from rivers at TTH and ZMD, we used daily
runoff (Qd) multiplied by daily DOC concentrations (Cd) to produce daily DOC fluxes
(Equation (1)). Annual DOC flux (Fy) was estimated by the product of annual runoff (Qc)
and mean DOC concentration (Cd) in the investigation period (Equation (2)). The ap-
proaches are simplistic but provide an estimate of DOC fluxes on the regional scales [10,47].

Fd = Qd × Cd (1)

Fy = QC × Cd (2)
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Equally, daily wet deposition fluxes of DOC at sampling sites were calculated by
daily precipitation multiplied by DOC concentration. Annual wet deposition flux was
obtained through annual mean DOC concentration in precipitation multiplied by the
annual precipitation. The deposition flux of DOC in the whole basin was estimated as
the DOC annual deposition flux multiplied by the watershed area. The approaches taken
assumed that the available data are representative of entire drainage area, which is unlikely
given the differences in climate, hydrology, and land cover. That was the possible error.

This paper utilized ratios of [Ca2+]/[Cl−] and [NO3
−]/[Ca2+] to track water path-

ways [48]. Cl− was considered as relatively conservative ion in aquatic environments,
rarely participating in biological and geochemical processes, and mainly coming from rain-
water [49]. Dissolved Ca2+ mainly originated from the weathering of carbonates, silicates,
and evaporites [50–52]. As such, [Ca2+]/[Cl−] ratios can be used to compare the relative
mobilization of chemical weathering products during the different seasons. In contrast,
NO3

− was strongly linked to nutrient cycling in organic matter in near surface soils. We,
therefore, employed [NO3

−]/[Ca2+] ratio to assess the relative influence of organic matter
cycling versus mineral weathering [48]. Ions and DOC in rivers have different natural
sources; however, both are affected by atmospheric and hydrological processes. Discussing
the relationship between them could help us to further comprehend the seasonal variation
and influence factors of riverine DOC.

3. Results

The monthly mean concentrations of DOC from the three end-members are presented
in Figure 2. The DOC concentrations in river water and groundwater range from 0.7 to
2.5 mg L−1 and 1.0 to 1.9 mg L−1 at TTH, respectively; they fluctuate between 0.2 and
2.8 mg L−1, 0.6 and 2.0 mg L−1 as well as 0.5 and 2.6 mg L−1 from the river, groundwater,
and precipitation at ZMD. High concentrations are clearly distinguished during the period
from May to August at both sites, when they reach the maximum of 1.85 mg L−1 (August),
1.68 mg L−1 (August), and 1.65 mg L−1 (July) at TTH, 1.54 mg L−1 (July), 1.51 mg L−1

(July), and 1.62 mg L−1 (May) at ZMD in the three end-members (Figure 2).
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Figure 2. Monthly mean concentrations of dissolved organic carbon (DOC) in precipitation, river,
and groundwater from May to October at Tuotuohe (TTH) and Zhimenda (ZMD) gauging stations.

In order to explore the impact of meteorological and hydrological factors on DOC
concentration, Figure 3 shows the daily DOC concentration in the different end-members
compared with the daily mean air temperature, precipitation amount, and discharge at
TTH and ZMD, respectively. The mean riverine DOC concentrations at TTH and ZMD are
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1.24 mg L−1 and 1.16 mg L−1, respectively, based on data from May to October in 2015. The
concentrations are lower and more stable from May to June at TTH, then exhibit two large
fluctuations in July and August–September; finally, they drop back and keep stable again
after October (Figure 3a). For ZMD, the concentrations are lower and more stable in May
and June before reaching their highest at the end of June. Then, they drop to their lowest
in early August before reaching to the sub-peak in September; finally, they decrease and
fluctuate slightly in October (Figure 3b). Evidently, the runoff indicates similar seasonal
variation. At TTH, the river discharge increases from 14 to 38 m3 s−1 in May and June up to
the maximum of 35 to 171 m3 s−1 in late June and early July with a distinct enhance in DOC
concentrations from 0.8 to 1.2 to 1.5 to 2.4 mg L−1 (Figure 3c). One notable discharge peak
is observed from the end of June to early July (1537 m3 s−1) at ZMD, which is consistent
with the first fluctuation of riverine DOC. While the river flow from mid-August to late
September is not obvious (ranges from 401 m3/s to 619 m3/s), it still gives rise to the
fluctuation in riverine DOC concentration (Figure 3d). Two intense precipitation events,
from the middle of May to the middle of July and from August to the middle of September,
correspond well to the two runoff peaks and DOC concentration peaks at both stations.
At ZMD, the mean DOC concentration in the precipitation is 1.3 mg L−1 in 2015, which is
comparable with that in Lhasa (1.10 mg L−1) [53], and slightly lower than that in Beijing
(3.5 mg L−1) [54]. Compared with the river and precipitation, the DOC concentration in the
groundwater is rather stable and shows a slow downward trend during the observation
period, which could be well fitted by exponential function with the fitting degrees of 0.8
(n = 58, ZMD) and 0.6 (n = 34, TTH), respectively.

Sustainability 2022, 14, x FOR PEER REVIEW 7 of 18 
 

DOC concentration in the groundwater is rather stable and shows a slow downward 
trend during the observation period, which could be well fitted by exponential function 
with the fitting degrees of 0.8 (n = 58, ZMD) and 0.6 (n = 34, TTH), respectively. 

 
Figure 3. Seasonal variations of DOC concentration, air temperature, discharge, and precipitation 
from May to October of 2015. (a) DOC concentration in river and groundwater at TTH; (b) DOC 
concentration in river, precipitation, and groundwater at ZMD; (c) daily air temperature, dis-
charge, and precipitation at TTH; (d) daily air temperature, discharge, and precipitation at ZMD. 

4. Discussions 
4.1. Controls of Meteorological and Hydrological Elements on DOC Concentration 

The average concentrations of the riverine DOC at TTH and ZMD are comparable 
with the values detected in 1997 (1.26 mg L−1) and 2003 (1.29 mg L−1) [23] based on the 
whole main stream of Yangtze River. The value is slightly lower than the rivers in the 
Tibetan Plateau (2.09 ± 0.41 mg L−1) [37], and much lower than those in the tropical area 
(5.2–9.0 mg L−1) [24], Arctic regions (12 mg L−1) [55], and the global average (5.9 mg L−1) 
[56]. The lower DOC concentration in the SRYR is likely related to the lower river tem-
perature since a significant negative relationship exists between the DOC concentrations 
and water temperature in Yangtze River [57]. The unproductive vegetation is probably 
another reason for the lower DOC concentration. In the catchment areas of TTH and 
ZMD, the vegetation is sparse, dominated by desert, bare ground, and less than 50% of 
coverage grassland (Figure 1a). Generally, a watershed with low vegetation cover usu-

Figure 3. Seasonal variations of DOC concentration, air temperature, discharge, and precipitation
from May to October of 2015. (a) DOC concentration in river and groundwater at TTH; (b) DOC



Sustainability 2022, 14, 2441 7 of 17

concentration in river, precipitation, and groundwater at ZMD; (c) daily air temperature, discharge,
and precipitation at TTH; (d) daily air temperature, discharge, and precipitation at ZMD.

4. Discussions
4.1. Controls of Meteorological and Hydrological Elements on DOC Concentration

The average concentrations of the riverine DOC at TTH and ZMD are comparable
with the values detected in 1997 (1.26 mg L−1) and 2003 (1.29 mg L−1) [23] based on
the whole main stream of Yangtze River. The value is slightly lower than the rivers in
the Tibetan Plateau (2.09 ± 0.41 mg L−1) [37], and much lower than those in the trop-
ical area (5.2–9.0 mg L−1) [24], Arctic regions (12 mg L−1) [55], and the global average
(5.9 mg L−1) [56]. The lower DOC concentration in the SRYR is likely related to the lower
river temperature since a significant negative relationship exists between the DOC con-
centrations and water temperature in Yangtze River [57]. The unproductive vegetation is
probably another reason for the lower DOC concentration. In the catchment areas of TTH
and ZMD, the vegetation is sparse, dominated by desert, bare ground, and less than 50% of
coverage grassland (Figure 1a). Generally, a watershed with low vegetation cover usually
means a colder climate and inert biological activities, which may prevent the generation of
DOC [58–60].

The results show that the variation trend of the DOC concentration at both sites could
be explained well by the change in discharge, which follows many previous research
studies [37,38,46]. The first flow peak accompanied by the rapid increase in air temperature
in July initiate the prominent rise in DOC concentration at TTH and ZMD, which is believed
to be caused by both precipitation and glacier/permafrost/frozen soil melting [36,45].
Increasing snowmelt and/or runoff at the beginning of the ablation period (spring or early
summer) causes sharp accumulation and input in allochthonous DOC [61]. The meltwater
runoff is limited on the soil surface due to the still frozen soils and immersion with decrepit
plants and detritus, while the meltwater concentrates near the snow–soil interface or
soil surface. This process that facilitates the separation of DOC from senescent plants
would lead to the DOC concentration peak in early summer [62]. The flow sub-peak from
August to September is probably caused by increasing temperature, frequent precipitation,
and more ablation, which brings about the fluctuation in the DOC concentration once
again and produces the sub-peak in the DOC concentration at both sites (Figure 3). More
meltwater infiltrates into the deeper soil layers and makes OC transformation and transport
possible [63]. However, the bulk DOCs in the surface soils have been delivered in the first
flow peak, leading to an apparent weakening of the second DOC peak.

The DOC in the groundwater is relatively stable, with higher values in early May and
lower values in October. In late spring, the snow cover and permafrost active layer are
gradually melting as temperatures rise, which increases the hydrogeologic connectivity,
enhances the drainage of the surface soil [64], and leads to the temporary increase in
the water storage capacity [65,66]. Consequently, organic soils can be undersaturated
prior to refreezing again. Under this regime, bulk meltwater infiltrates the soils in spring
rather than entering streams as surface runoff [66]. The meltwater fully mingles with the
microorganisms and organic residues in the soil layer, resulting in a high DOC concentration
in the groundwater. As the temperature and precipitation go up from June to August,
ablation is further intensified and the melting depth of the permafrost active layer is
approximately > 80 cm [46,67]. Moreover, percolating meltwater supplies sensible heat to
the soil, bringing about the further thawing of the upper permafrost table and the expansion
of hydrologically connected pathways [68,69]. Organic-rich material concentrated below
the active layer can be mobilized by this subsurface flow of water, and subsequently
increase the discharge of groundwater to the surface river flow [69–71]. A slight increase in
the DOC concentration in the groundwater caused by precipitation recharge is observed in
Figure 3, providing an idea to understand DOC migration under the influence of the local
water cycle. Despite several slight fluctuations existing, the DOC in groundwater generally
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takes on a downward trend, signifying that the increase in the groundwater volume has a
dilution effect on the DOC concentration.

Generally, rainwater DOC has multiple sources, including precipitation, mineral dust,
fossil fuel, and biomass burning activities [53,72,73]. In our study, the DOC concentrations
in the precipitation may be concerned with precipitation amount and frequency because the
area is sparsely populated and human activities are limited. Our conclusion is also based on
the fact that 80% of the precipitation is concentrated in July and August, with a higher mean
DOC concentration (1.6 mg L−1) (Figure 3). The variation trend of DOC concentration in
precipitation and groundwater shows great similarity (Figure 3c), suggesting the significant
supply of precipitation to the groundwater. The mean DOC concentration indicates the
sequence of underground > precipitation > river at both sites. The reason for the lower
riverine DOC concentration could be understood as its large water volume and fast river
flow speed. Owing to the weak hydraulic connection with the surface water, slow water
renewal cycle, and flow velocity, the DOC concentration in the groundwater is relatively
higher since slow flow velocity provides more chance for the groundwater immersing
with decrepit plants in the soil, which is beneficial for DOC separating from senescent
plants [62].

4.2. Fluxes of DOC in River and Precipitation

Figure 4 shows the daily and cumulative river discharges, precipitations, and DOC
fluxes at the TTH and ZMD stations. The precipitation amounts and fluxes at TTH come
from the data of 2014. Noticeably, the DOC fluxes in the river are closely correlated with
river discharge. The cumulative discharge and fluxes ascend rapidly when the first runoff
peak arrives in July, with the largest values of 17.3 tons at TTH and 342.9 tons at ZMD,
respectively. The DOC fluxes at TTH present an apparent bimodal structure, which is
also consistent with the change of runoff (Figure 4c). After the first peak appears in early
July (17.3 tons), the DOC fluxes decrease significantly to 1.4 tons by the end of July. The
second flux peak occurs in mid-August (the maximum is 16.1 tons), and then continues to
decline and gradually stabilize. The first and second flux peaks account for 22% and 21%,
respectively, of the gross DOC flux during the sampling period at TTH. At ZMD, the daily
DOC fluxes of the river indicate a single peak style; the maximum presented in early July
accounts for 35% of the gross flux. They decrease and remain at a relatively lower level after
the highest value emerges, which is basically synchronized with the change in river runoff
(Figure 4d). The annual discharges are 3.7 × 103 m3 at TTH and 58.2 × 104 m3 at ZMD,
which transport an estimated 459 and 6751 tons of DOC, respectively, at the two sites.

The determination of the DOC deposition fluxes gives us a chance to understand the
wet deposition of the DOC in the watershed and its possible relationship with that delivered
by river water. The daily wet deposition of DOC ranges from 0.76 to 55.4 mg m−2 day−1

at TTH, with the mean value of 9.0 mg m−2 day−1, slightly higher than the values at
ZMD, which fluctuate between 0.14 to 22.3 mg m−2 day−1, with the mean value of
6.6 mg m−2 day−1. Based on the calculation method described in Section 2.4, we try to
estimate the annual deposition flux in two catchments. The results show that the annual
deposition fluxes are 4050 tons at TTH basin and 40,920 tons at ZMD basin. The possible
errors generated from the fact that a limited sampling point is insufficient to represent
the average of the whole watershed. Although the mean daily DOC fluxes at ZMD are
less than those at TTH, the annual deposition flux is much higher than the latter, which is
related to its larger drainage area and greater precipitation. There are not enough proofs
to confirm that direct relevance exists between the precipitation amounts and DOC fluxes
even though the natural source of precipitation is probably the important source of the
DOC concentration [73] (Figure 4a,b). For example, the DOC deposition flux at Beijing is
2.7 g m−2 year−1, larger than the values in the SRYR, mainly because of its large number of
DOCs produced by critical air pollution [54].
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The concentration of the DOC in precipitation is comparable with that in river water;
however, its flux is much greater than the latter. Even if we ignore the errors that may be
caused by the calculation method, the ten times difference between the two still implies that
the DOC deposition flux is much greater than the river transport flux, which may conflict
with the existing research that global carbon exports from the terrestrial biosphere to rivers
by leaching from plants and soil erosion [22]. In fact, direct transportation of DOC to rivers
by precipitation is limited, most of which is carried to the land surface by rainfall and
redistributed with the local water circulation. As shown in Figure 5, a portion of the DOCs
are brought by surface runoff straight into the river together with those from the scouring
and erosion of precipitation and surface flow; the other portion of them is filled into the soil
layer through downward infiltration and soil water flow. For the latter, the DOC loaded by
water blends fully with the soil layer, making biochemical reactions possible, and further
alters the occurrence state of DOC [74]. Consequently, the heavy rains in late summer and
autumn contribute to the washout of organic matter from fresh plants, which leads to an
increase in the allochthonous DOC concentration in the river [75]. Additionally, the influx
of terrigenous dissolved organic matter with groundwater during periods of low river
runoff is one of the main sources of DOC concentration in river water [76]. In general, the
water circulation and intricate hydraulic connection have a great impact on the occurrence
status and quantity of DOC besides the complex biological effects and surface erosion in
the catchment.
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Figure 5. Schematic diagram of riverine DOC transportation in the SRYR. The blue arrows indicate
the possible transportation of DOC under the influence of glacier/permafrost/frozen soil meltwater;
the orange arrows indicate the moving process of DOC affected by precipitation.

Besides the allochthonous DOC, the amount of autochthonous DOC in rivers should
not be underestimated, which may affect the DOC concentration in the river due to the
internal production and carbon mineralization [26]. The research concludes that the internal
production of DOC and mineralization to CO2 may contribute up to 28% of the total CO2
efflux in rivers [77]. That means the DOC concentration tested by us is actually the result of
a combination of allochthonous and autochthonous processes. A part of them is emitted to
the atmosphere in the form of carbon dioxide, part is buried in sediment, and the remaining
part is carried to the downstream. In this analysis, we are unable to explore the internal
production and consumption of carbon within aquatic systems based on the available data,
but the effect of this process will reduce the mass of terrestrial carbon needed to support
these flux estimates. However, further work is needed to partition the contribution of
internal production and external transport within inland waters spatially to distinguish the
source across terrestrial and aquatic ecosystems better.

4.3. Spatial Distribution of DOC Concentration in Yangtze River

The DOC concentrations at ZMD in the river water, precipitation, and groundwater
are slightly lower than those at TTH (Table 1). At TTH, the daily air temperature was 4.1 ◦C
from May to October in 2015, ranging between −6.7 ◦C and 11.6 ◦C. During the same
period in 2014, 439 mm precipitation occurred in total. The mean discharge was 43.3 m s−1,
with a variation range of 8.34 to 121 m s−1. At ZMD, the daily air temperature was 9.4 ◦C,
fluctuated between −0.4 ◦C and 17.1 ◦C. The precipitation and discharge were 364 mm
and 529 m s−1 (varied from 240 to 2010 m s−1), respectively. Combined with regional
hydrological and climatic characteristics, the reason for the higher DOC concentrations
at TTH may be the more effective export of C-rich organic compounds from upstream
permafrost and glacier ablation.
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Table 1. Mean concentration of DOC in river water, precipitation, and groundwater at different
sampling sites in the Tibetan Plateau.

Site Altitude
(m)

Latitude
(◦N)

Longitude
(◦E)

Precipitation
(mg L−1)

River
(mg L−1)

Groundwater
(mg L−1)

TTH 4533 34.23 92.45 1.34 1.24 2.44
ZMD 3681 33.01 97.24 1.22 1.16 1.23
YZ-1 * 4717 33.43 92.04 - 1.02 -
YZ-2 * 4547 34.39 92.75 - 1.32 -
YZ-3 * 2958 31.41 98.54 - 0.67 -
YZ-4 * 2368 29.39 99.54 - 1.87 -

* Data from Qu et al., 2018 [57].

The DOC concentrations analyzed by Qu et al. at four sampling sites in the Tibetan
Plateau are comparable with our study [57]. Figure 6 indicates the spatial distribution
of DOC along the main stream of the SRYR. According to the latitude position of the
sampling points and the DOC concentrations, the points are divided into four groups from
north to south. As with the two northernmost points, closer to the source of the Yangtze
River with the altitude more than 4500 m, the DOC concentrations at ZMD and YZ-2 are
relatively large, most probably affected by the ablation of glaciers and permafrost. TTH
and YZ-1, located between 33–33.5◦ N, have rather comparable concentrations, which are
lower than ZMD and YZ-2. The DOC concentration at YZ-3 presents the lowest value
of 0.67 mg L−1 with the maximal flow rate, suggesting that dilution effects of the river
water play a significant role. The decreasing trend in the DOC concentrations from north to
south is terminated at YZ-4, in which the maximal concentration is observed (1.87 mg L−1).
In contrast to the high population density and pollution input in the middle and lower
part of Yangtze River, the SRYR is characterized by sparse population and unproductive
vegetation. The DOC most likely acts to follow the natural quality; in other words, it
is mainly influenced by natural factors: for instance, discharge, precipitation, air, and
water temperature, etc. [78]. Compared with other sampling points, YZ-4 is situated at the
southernmost point (29.39◦ N) and the lowest altitude (2368 m), so relatively warmer air
and water temperature and wider vegetation cover may enhance the DOC concentrations
in the river [58,79].

Concluded by the previous research, the DOC concentrations are the lowest in the
upper reach of the Yangtze River and increase in the middle and lower reaches, which is
followed closely by the patterns of population density and pollution input along the river
basin [23,38,78]. However, the DOC concentrations in our research are comparable with the
value of the lower reaches reported in 2003 (1.29 mg L−1). This implies that, attributed to the
profound changes that have occurred in the Tibetan Plateau, the DOC concentrations have
evidently increased in the past years. With global warming, the climate-sensitive glaciers
on the Tibetan Plateau have shrunk ~10% between the years of 1970 and 2000 [38,80],
which promotes evapotranspiration and positively affects local precipitation [81]. We can
extrapolate that the rivers in the SRYR may release and transport more DOC in the future.
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River trunk stream. The histogram and solid circle represent the discharge and DOC concentration
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4.4. DOC Concentration and Inorganic Ion in River Water

To better understand the DOC activities in the SRYR, we examine dissolved ions
that originated from mineral weathering and organic matter cycling at ZMD (Figure 7).
The nitrate concentrations ([NO3

−]) in spring freshet (440 µg L−1) are lower than the
whole year observations (519 µg L−1) and much lower than the winter values (782 µg L−1).
The relationship between the DOC concentrations and [NO3

−] are variable in different
seasons (Figure 7a). In spring and autumn, the variation amplitudes of [NO3

−] and
DOC are small and indicate a reverse trend. In summer, although the [NO3

−] fluctuated
at a lower level, it had a positive trend with DOC. Identical with previous studies, the
maximal [NO3

−] appeared in the winter, a relatively cold season [82,83], which could be
comprehended as a complicated biochemical process. As previously mentioned, waters
that access and go through soils near the permafrost table serve as a possible source of
DOC in the summer; meanwhile, the increased input of NO3

− to high latitude basins has
been associated with warming conditions [84–86], which is why a weak positive correlation
is captured in the summer. However, the fate of NO3

− transfer from permafrost soils
to streams depends on abiotic and biotic processes, complex interactions within the soil
matrix, and residence times [85,87]. In winter, NO3

− can accumulate as a result of continued
microbial remineralization and reduced plant absorption due to the temperature decrease
and biological activity weakening [82,83]. In addition, extractions from permafrost show
that both Ca2+ and NO3

− can be immobilized by freezing and enriched relative to other
ions just below the active layer [88,89].
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Rivers do not exhibit higher abundances of Ca2+ relative to Cl− in different seasons
(Figure 7b), suggesting that the variation in Ca2+ concentration ([Ca2+]) is not remarkable
during the observation period. Higher abundances of NO3

− relative to Ca2+ in winter are
presented, which may be related to the observable enrichment of NO3

−. As a representative
product of mineral weathering, Ca2+ is primarily derived from calcite and dolomite weath-
ering. [NO3

−] could be reflected by the organic matter cycling owing to its close association
with the nutrient elements in near surface soils. Although the [NO3

−] is much lower than
[Ca2+], the changes in [NO3

−] dominate the ratios of both, implying that organic matter
cycling guided by biological action is more significant to affect the soluble components in
rivers compared with mineral weathering.

5. Conclusions

This paper presents the temporal and spatial variations of DOC concentrations and
their hydrometeorological influence factors in the source region of the Yangtze River
(SRYR) based on the continuous data from Tuotuohe (TTH) and Zhimenda (ZMD) gauging
stations. The seasonal variations of both DOC concentrations and fluxes in different three
end-members (river, precipitation, and groundwater) are considered in detail combined
with the data of runoff, precipitation, and air temperature. The highest concentrations of
riverine DOC appear in spring floods, which are closely related to the glacier ablation and
permafrost thaws. With the continuous increase in melting and precipitation, bulk DOC is
moved to the river around August by soil erosion. DOC concentrations in precipitation
indicate certain variability related to the change in amount and frequency of precipitation.
Although the DOC concentration in the groundwater is relatively stable, its hydraulic
connection with precipitation and surface water make it fluctuate slightly. An estimated
459 and 6751 tons of DOC are transported by the river, respectively, at TTH and ZMD, which
are far less than the deposition flux from precipitation. The deep exploration of the DOC
redistribution with the water flow indicates that the direct transportation of DOC to rivers
by precipitation is limited: most are carried to the land surface by rainfall and redistributed
with local hydrological processes. The spatial variation in the DOC concentration along
the main stream in the SRYR completely shows the attributes closely related to glacier and
permafrost retreat, climate, and hydrological characteristics. Further exploration regarding
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the detailed aspects on controlling factors of DOC fluxes quantitatively would provide
more information for the regional carbon cycle.
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