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Abstract: Rivers as the link between terrestrial ecosystems and oceans have been demonstrated
to transport a large amount of dissolved organic carbon (DOC) to downstream ecosystems. In
the source region of the Yellow River (SRYR), climate warming has resulted in the rapid retreat of
glaciers and permafrost, which has raised discussion on whether DOC production will increase
significantly. Here, we present three-year data of DOC concentrations in river water and precipitation,
explore the deposition and transport processes of DOC from SRYR. Results show that annual mean
concentrations of riverine DOC ranged from 2.03 to 2.34 mg/L, with an average of 2.21 mg/L. Its
seasonal variation is characterized by the highest concentration in spring and summer (2.65 mg/L
and 2.62 mg/L, respectively), followed by autumn (1.95 mg/L), and the lowest in winter (1.44 mg/L),
which is closely related to changes in river runoff under the influence of precipitation and temperature.
The average concentration of DOC in precipitation (2.18 mg/L) is comparable with riverine DOC,
while the value is inversely related to precipitation amount and is considered to be the result of
precipitation dilution. DOC deposition flux in precipitation that is affected by both precipitation
amount and DOC concentration roughly was 86,080, 105,804, and 73,072 tons/year from 2013 to
2015, respectively. DOC flux delivered by the river ranged from 24,629 to 37,539 tons/year and was
dominated by river discharge. Although permafrost degradation in SRYR is increasing, DOC yield is
not as significant as previously assumed and is much less than other large rivers in the world.

Keywords: DOC; precipitation; river; source region of the Yellow River

1. Introduction

Dissolved organic carbon (DOC) in surface water has crucial implications as a source of
biological production [1,2]. It also has a close impact on dominant mechanisms leading the
dynamic of the aquatic biogeochemical cycle or on other factors including light penetration,
transportation of trace metals, secondary production, or the flow of nitrogen [3-8]. Due
to the formation of DOM organic pollutant colloid, DOC is considered to increase the
solubility of some organic pollutants, thus affecting the distribution of organic pollutants
in water [9]. Every year, rivers probably carry up to 0.38-0.5 Gt of organic carbon (OC) to
the oceans globally, and 55% of the carried OC is in the dissolved form [10,11]. The pursuit
of new cognition of migration characteristics of DOC in rivers and determine its sources is
of great significance to understand the global carbon cycle and its application mechanism.

To date, many studies conducted on rivers around the world have reported that
DOC levels change over time and space due to complex sources of catchments and aquatic
ecosystems [12-18]. Factors such as river discharge, basin precipitation, air temperature, the
metabolism of phytoplankton, and atmospheric carbon dioxide concentration affect both
the quality and quantity of DOC [12]. For instance, several studies on rivers in the US and
China have proved that DOC is related to river discharge and basin precipitation [19,20].
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In rivers in the UK, the increase in DOC concentration is associated with an increase in
the temperature and the frequency of severe droughts [21]. In addition to climatic and
hydrological factors, anthropogenic activities also have a great impact on the transport of
DOC inrivers, e.g., acid deposition, nitrogen deposition, and agricultural activities [22-27].
In particular, land use and cover change will greatly affect the variation of riverine DOC
due to its profound impact on the surrounding ecosystem [21]. Some studies have shown
that DOC amount in river ecosystem is potentially increasing with global warming as an
extensive release from permafrost degradation and glacier retreat [28,29].

The Tibetan Plateau (TP) is one of the most vital and susceptible regions in the global
climate system [30]. Global warming has resulted in the rapid shrinkage of glaciers
and permafrost in this region [30-32], which has had a significant impact on carbon
balance [33-35]. As the “water tower” of Asia, TP holds the headwaters of numerous large
rivers, and the Yellow River is one of them. The Yellow River is located in the middle
latitude and flows through arid and semi-arid areas, which is famous for a large amount
of sediment delivery. Carbon in rivers mainly exists in dissolved form, except during
the flood period [36]. DOC involving the spatiotemporal distribution, seasonal fluxes,
and source variation has been studied in the middle and lower reaches of the Yellow
River [36-39], in which DOC production is closely related to soil erosion and human
activities [33,37]. Subjected to the influence of topographic features, lithology, hydrology,
and climate, the output, and transportation of DOC in the different sections of the Yellow
River are discrepant. Previous studies showed that a profound change has occurred in the
source region of the Yellow River (SRYR). For example, annual runoff has decreased from
the late 1980s to the 2000s owing to precipitation decline, and permafrost degradation has
exerted more influence on surface runoff than glacier retreat [40]. These processes may
affect soil/rock erosion and solute release [41]. However, research on DOC concentration
level and its influencing factors in SRYR is limited, and only a few studies are based on a
single sampling event. Therefore, to obtain a comprehensive understanding of DOC in the
Yellow River basin, we need to make clear how much DOC is transported downstream,
and under the considerable impact of climate change, what influence could be produced
by hydrological and meteorological factors on DOC in SRYR.

Herein, we present continuous data set of the concentrations and fluxes of DOC
in river and precipitation in SRYR during three consecutive years (2013-2015). These
data, combined with river discharge, temperature, and precipitation amount, provide a
comprehensive understanding of the temporal evolution of riverine and precipitation DOC
in a warming climate. This paper primarily focused on the seasonal and annual variations
of DOC concentrations, fluxes, and yields estimation in SRYR, the potential influence of
hydrological and meteorological factors, as well as a comparison with other watersheds
around the world.

2. Data and Methods
2.1. Study Area

SRYR lies in the eastern Tibetan Plateau, covering an area of 121,972 km? (Figure 1).
Glaciers and frozen soil mostly covered the areas above Huangheyan hydrological station,
with a glacier area of 134.2 km? in total [42]. The continuous sampling point was at
the Jungong gauging station (JGS) (34°68"" N, 100°65"" E, 3719 m), which is situated in
the eastern part of SRYR. Its catchment area is 98,414 km? and is controlled by a typical
continental climate, with daily average air temperature ranging between —33 °C and 28 °C
during the sampling period. Negative temperatures generally continued from October to
the following April. Average annual precipitation in the area ranges from 300 to 350 mm,
mostly concentrated from July to September in the form of rainfall. Snowfall is the main
type of precipitation during January-May and October-December, occupying 33.2% of
annual precipitation.
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Figure 1. Map showing the sampling site—Jungong gauging station (JGS)—along with the Guoluo
weather station (GLS) in the source region of the Yellow River (SRYR) in the northeastern Ti-
betan Plateau.

2.2. Sample Collection

River water (n = 614) was collected at ~10 cm beneath the water surface at 8:00 a.m.,
with an interval of two days at JGS in SRYR from 2013 to 2015. Sampling was absent
from January to February in 2013, January in 2014, and November to December in 2015.
Precipitation (n = 146) was sampled from May to September in 20132015, with 44 samples
in 2013, 72 samples in 2014, and 30 samples in 2015. After sampling, river water was
immediately filtered through precombusted Whatman glass fiber membranes (pore size
0.7 pm) for DOC analysis and Whatman nitrate cellulose filters for ion analysis. The
sampling and storage containers were precleaned, using 10% hydrochloric acid and MilliQ
deionized water [43]. Field samples were kept frozen in a refrigerator and then transported
to the State Key Laboratory of Cryospheric Science (SKLCS) of the Chinese Academy
of Sciences (CAS) and Environmental Comprehensive Analysis Laboratory (ECAL) of
Tianshui Normal University (TNU) until laboratory analysis. Data of river discharge, air
temperature, and precipitation were provided by JGS and the Guoluo weather station.

2.3. Laboratory Analysis

DOC concentrations were analyzed by Vario EL TOC/TNb analyzer (Elementar,
Hanau, Germany) in the ECAL. The system was calibrated using potassium hydrogen
phthalate standards for DOC. The limit of detection was 30 pg/L, and the reproducibility
was better than 5% [43]. The mean blank value was detected as 76 pg/L, which was
subtracted by all the DOC concentration data. Concentrations of cations (Ca?t, Mg2+, K,
Na*) were analyzed by Dionex-600 ion chromatography, using a CS12A separation column,
20 mM MSA eluent, and CSRS-ULTRA-II suppressor in the SKLCS. Concentrations of
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major anions (C1~, NO3~, SO42~) were analyzed by Dionex-2500 ion chromatography,
using an IonPac AS11-HC column, 25 mM KOH eluent, and ASRSULTRA-II suppressor.
The detection limit of these ions was below 10 pg/L, with a precision of +1% [44].

2.4. Flux Calculation and Statistical Analysis

Daily flux (F;) of riverine DOC from SRYR was calculated by daily DOC concentration

(Cy) multiplied by daily average discharge (Q;). The annual flux (F,) of DOC was reckoned

with the accumulation of daily flux in one year. The errors in DOC budgets were defined

as the standard deviations of DOC concentration multiplied by river runoff. This method

has been adopted in recent estimates [45,46]. The calculation formula is as follows in
Equation (1):

Fp=CyxQy @

Flux emphasized DOC output throughout the watershed; however, the impact from
the watershed area was not considered. In recent years, yield (mer) is often used to express
the DOC production capacity of a watershed, which can be obtained from annual flux (Fy)
divided by watershed area (Syater). Compared with flux, yield can eliminate the influence
of the watershed area and better contrast with the other basins in the world on DOC output
capacity (Equation (2)).

erar = Z(Fd X Qd)/swater (2)

The monthly wet deposition flux of DOC at JGS was calculated by monthly precipita-
tions multiplied by monthly mean DOC concentrations. Annual wet deposition flux was
obtained through the annual average DOC concentration in precipitation multiplied by the
annual total precipitation. The sediment flux of DOC in the whole basin was approximately
estimated from the DOC annual deposition flux multiplied by the watershed area.

Correlation analysis was carried out using Pearson correlation for exploring the impact
of meteorological and hydrological factors on DOC. Statistically significant values were
determined at p < 0.05 unless stated otherwise. All statistical analyses were performed
with Origin Pro 9.0 (OriginLab, Inc., Northampton, MA, USA).

3. Results and Discussion
3.1. Seasonal Variations in DOC Concentrations in the River

Annual mean DOC concentrations in SRYR were 2.3 & 1.1 mg/L in 2013,2.2 & 1.4 mg/L
in 2014, and 2.0 £ 0.5 mg/L in 2015 (Table 1). It was much lower than those in tropical areas
(5.2 — 9.0 mg/L) [15], Arctic regions (12 mg/L) [47], and the global average (5.9 mg/L) [48],
and was comparable with rivers in the Tibetan Plateau (2.09 £ 0.41 mg/L) [49].

Table 1. DOC concentrations in river (mg/L) and precipitation (mg/L), DOC fluxes in river
(tons/year) and precipitation (tons/year), and DOC yield (tons/km?/year) during 2013 to 2015.

2013 2014 2015
DOC concentration in river 23+1.1 22+1.3 20+ 05
DOC concentration in 20+14 28425 18412
precipitation
DOC flux from river 26,0582+ 1741  37,539.6 + 100.1 24,629.3 + 153.2
DOC deposition fluxfrom g0 421 1 4513 1058045 + 887.4 73,072.6 + 364.2
precipitation
DOC yield 0.2 04 0.3

The temporal variations in river discharge, air temperature, precipitation, and riverine
DOC concentration from SRYR during 2013 to 2014 are shown in Figure 2, in order to
present the seasonal and interannual characteristics of DOC concentration and its rela-
tionship with meteorological and hydrological elements. With the seasonal variation of
precipitation, temperature, and runoff, the concentration of DOC in the river displayed
obvious seasonality. The average ion concentrations in spring, summer, autumn, and
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winter were 2.65, 2.62, 1.95, and 1.44 mg/L, respectively, indicating a significant trend with
the maximum in summer and the minimum in winter. Specifically, three decreasing peaks
of DOC could be observed. In 2013, they were displayed in the middle of May (4.6 mg/L),
the end of July (4.1 mg/L), and a small peak in October (1.9 mg/L). In 2014, three peaks
were found at the end of April (5.4 mg/L), in the middle of June (3.5 mg/L), and October
(2.8 mg/L) (Figure 2). The first concentration peaks appeared in the period of rapidly
climbing temperatures, during which the daily average temperature increased rapidly from
0 °C to more than 10 °C roughly from mid-April to the end of May. Frequent precipitation
occurred (127.5 mm), and the runoff formed a small peak (1065 m?3/s) in the same duration
of 2013. However, this DOC peak did not correspond to runoff and precipitation in 2014.
The second concentration peak, occurring from June to August, corresponded very well to
the runoff peak in both 2013 and 2014, during which the temperature reached its maximum
in a year (above 20 °C), and more than 40% of precipitation of the year dropped. Although
the third DOC peaks that appeared in October were small, they still obtained a better
response from runoff, especially in 2014 (the runoff reached its maximum in that year, with
the value of 2170 m3/s).
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Figure 2. Seasonal and annual variations in the daily concentration of dissolved organic carbon in
river water (DOCjiyer) and precipitation (DOCyp) in comparison to daily changes in air temperature
(T), river discharge (Q), and precipitation (P) during 2013 to 2014.

Correlation analysis indicates that a significant positive correlation between DOC
concentration and discharge (R = 0.5, p < 0.05) exists (Table 2), even though the occurrence
time and strength of both DOC and discharge peaks are not completely consistent. In
2013, maximum DOC concentration appeared, accompanied by the first small peak of
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discharge in June, and the highest discharge was synchronous with the relatively lower
DOC concentration in August. In 2014, the strongest indication of DOC arrived ahead
of the first peak of discharge and the smallest peak of DOC was reached, along with the
largest peak of discharge in October. This is consistent with a previous study, in which
maximum DOC concentrations were observed up to a few days ahead of peak runoff.
It may suggest either a large amount of DOC is easily mobilized with the arrival of the
first peak of discharge, or that a concentrated large amount of runoff produces a dilution
effect [50].

Table 2. Correlation coefficients among DOC concentrations (C), DOC fluxes (F), daily discharges (Q), air temperatures (T),

precipitations (P), and major ions over 2013.

C Q T Na* K* Mg?* Ca?* Cl- SO42~ NO;~
C 100 072*% 050* 055*  —0.01 —0.16* —0.06 -020*  —041*  —019*  —051*%
F 1.00 094* 054* —027*% —0.10 —0.12 —0.03 —049*  —017*  —036*
P —0.04 0.11 —0.18 —0.17 —0.17 —0.04 —-0.13 —0.16 —0.19
Q 1.00 057* —0.38* —0.04 —0.23* —0.01 —0.52* —0.11 —0.23*
T 1.00 —037* —0.05 —0.32*  —0.39*  —048* —0.01 —0.29*
Na* 1.00 0.73* 0.90 * 0.29 * 0.51* 0.17* 0.04
K* 1.00 0.80* 0.48* 0.17* 0.08 0.03
Mg?* 1.00 0.52* 0.37* 0.12 0.04
Ca* 1.00 0.01 —0.04 0.27 *
Cl- 1.00 0.71* 0.27*
SO,42~ 1.00 0.44 *
NO3~ 1.00

* indicates a significant correlation at the 0.05 level.

Variations in DOC concentrations are closely associated with the biogeochemical
processes [51,52]. At the beginning of ablation seasons (spring or early summer), the
temperature rises to more than 0 °C, and frozen soil and glaciers begin to melt. Increasing
snowmelt and/or runoff causes sharp accumulation and input of allochthonous DOC [50].
Meltwater runoff is limited on the soil surface due to the still frozen soils, then it immerses
with decrepit plants and detritus when it is concentrated near the snow—-soil interface or
soil surface. This process that facilitates the separation of DOC from the senescent plant
would lead to the first peak of DOC in the spring or early summer [53]. Runoff also has
a small peak during this period, indicating that DOC concentration from April to May
is mainly related to the recharge of the glacier and frozen soil meltwater. In the summer
(roughly from June to August), runoff, daily average temperature, and precipitation reach
their maximum value, and therefore, more meltwater causes soil erosion and stronger
flushing, which carries the water into deeper soil layers, and then OC transformation and
transport are possible. Increasing temperature and more ablation enhanced river flow and
formed the second discharge peak, suggesting that DOC produced in this period may have
mainly come from soil erosion driven by precipitation and meltwater. However, a large
amount of DOC in surface soils was delivered in the first peak flow, leading to an obvious
reduction in DOC concentration in the river. Previous research indicated that once melt
flow penetrated into deeper soil layers, increased capability for trapping DOC rather than
eluviation of DOC would result as a consequence of adsorption [53]. In the autumn, a
small peak of DOC is completely related to the last summit of discharge, which may be
induced by frequent precipitation or the lag effects of deeper frozen ablation, suggesting
that precipitation deposition may mainly contribute to DOC in the river water during
this period.

3.2. DOC Fluxes in the River

Figure 3 shows the temporal variation in the daily and cumulative DOC fluxes from
2013 to 2014. Cumulative discharge and fluxes raised rapidly when the first peak runoff
arrived in early May 2013 and early July 2014. The largest daily fluxes appeared during
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August in 2013 (740.8 tons) and September in 2014 (524.2 tons), and the smallest ones
appeared during December (11.9 tons in 2013 and 13.3 tons in 2014) (Figure 3). Total daily
cumulative discharges were 9.4 x 10° m® in 2013, 1.7 x 10'° m? in 2014, and 8.6 x 10° m?
in 2015, which transported an estimated 26,058 tons, 37,539 tons, and 24,629 tons of DOC,
respectively (Table 1). A previous study estimated that 60,000 tons/year of DOC were
transported to the ocean by the Yellow River [39], which means that nearly half of DOC is
produced in the upper part of the Yellow River and delivered downstream. The significant
seasonality of DOC fluxes from SRYR is closely related to river discharge. Fluxes from
runoff in the late ablation period (roughly from September to October) are significant,
compared with those from the water carried by melt snow or soil water during the early
ablation period (roughly from the end of April to early May). At the beginning of the
ablation period, DOC fluxes occupied only 11.3 % (2013) and 8.2 % (2014) of total DOC
fluxes despite higher DOC concentrations. At the end of the ablation period, although
DOC concentrations were lower, DOC fluxes accounted for 94.6 % (2013) and 79.2 % (2014)
due to high discharge (Figure 3). Previous studies also concluded that DOC fluxes were
dominated more by water discharge than DOC concentrations [6,20].
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Figure 3. Seasonal variations in the daily (F) and cumulative (CF) dissolved organic carbon fluxes in
comparison to the daily (Q) and cumulative (CQ) river discharges during 2013 (a) to 2014 (b).

We established a database of DOC fluxes and yields in rivers from major world
temperate zones (Table 3). Most of the drainage basin covers multiple climatic zones, but
only the dominated climate type is considered in this paper. Although DOC fluxes in
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SRYR are totally very small, compared with other large rivers in the world, especially
the rivers in the tropical wet area represented by the Amazon (26.3 x 10° tons/year),
Zaire (9.1 x 10° tons/ year) [54-56], and Orinoco (3.3 X 10° tons/ year) rivers [7], the yields
exceed that of many rivers in the tropical and temperate dry zones (Table 3), indicating
a potential DOC output capacity in SRYR. For instance, the fluxes in SRYR are less than
the Nile River, but the yield is much greater than the latter. Moreover, Tundra and Taiga
zones also provide adequate sources of DOC, such as Ob (1.4 tons/km?/year), as well as
the Yukon River basin (1.8 tons/km?/ year), which has lower air temperature but could
release massive DOC, only less than tropical wet climate [57]. This means that DOC is
more likely to be generated in the environment condition characterized by higher coverage
of vegetation, extensive permafrost distribution, and a humid environment. DOC in rivers
are generally subdivided into allochthonous carbon produced by the terrestrial biosphere
on land and autochthonous carbon produced by the phytoplankton in lakes and in the
river itself, the soil is the major allochthonous contributor to riverine DOC [58,59]. The
humid climate and environment nourish plants more, but also leach the organic matter
from the soil more easily. Furthermore, the developed hydrological connectivity in the
humid climate area easily discharges the organic matter from the soil into the stream,
resulting in a higher riverine DOC concentration [60]. The reason that SRYR has a higher
DOC yield than other temperate regions is likely to be the contribution from frozen soil
degradation. For instance, the DOC flux in SRYR is far less than that in the whole Yellow
River, but the yield is comparable to it (Table 3). The permafrost area is regarded as one of
the largest DOC reservoirs on the continent [61]. In the past few decades, similar to other
permafrost areas, SRYR has experienced more swift warming [62,63]. As a consequence,
glacier shrinkage and permafrost degradation are accelerating [64-66], and thus, the water
environment has undergone profound changes [67,68]. The temperature of permafrost has
increased [69], and the soil active layer has deepened [70], resulting in the increase in runoff
and DOC concentration in the water body. That is why the potential ability of frozen soil to
release DOC in SRYR has attracted more attention. However, thus far, DOC released from
SRYR is not considered as we have expected; with the intensification of global warming,
we can speculate that the permafrost distribution area represented by SRYR will play a
more important role in DOC release.

Table 3. Comparison of the fluxes (10° tons/year) and yields (tons/km? /year) of DOC in SRYR with some of the world
rivers in different climate zones.

Area Flux Yields

Rivers 10° km?) (10° tonslyear) (tons/km?/year) Temperature Zone Source

Yellow 823 396 4.81 Temperate wet [71]
Changjiang 1817 1580 0.87 Temperate wet [33]
Ob’ 2990 4119 1.40 Tundra and Taiga [57]
Yukon 830 1472 1.77 Tundra and Taiga [57]
Mackenzie 1780 1377 0.82 Tundra and Taiga [57]
Orinoco 1000 3280 3.28 Tropical wet [7]
Amazon 5903 26,333 4.46 Tropical wet [55]
Zaire 3704 9130 247 Tropical wet [54]
Mississippi 3243 4278 1.32 Temperate wet [72]
Orange 716 179 0.25 Tropical dry [73]
Brazos 127 31 0.24 Tropical dry [74]
Nile 1874 167 0.09 Tropical dry [75]

SRYR 122 29 0.31 Sub cold zone dry This study
Gambia 63 17 0.26 Tropical dry [76]

3.3. DOC Concentrations and Fluxes in Precipitation

Mean DOC concentration in precipitation was 2.2 mg/L during 2013-2015, ranging
from 0.59 to 12.1 mg/L. Compared with the human settlements, it is higher than in Lhasa
(1.10 mg/L) [77] and slightly lower than in Beijing (3.5 mg/L) [78]. DOC concentrations
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in a single precipitation event showed a great fluctuation. In 2013, they waved from
1.1 to 8.2 mg/L in July and 0.7 to 4.9 mg/L in September; in 2014, two fluctuations
occurred in May and September, separately with the range of 1.1 to 4.7 mg/L and 0.7
to 12.1 mg/L. Evidently, these four fluctuations corresponded to the DOC concentration
peak in the river, respectively (Figure 2). There was no significant correlation between
DOC concentration and the precipitation amount in a single rainfall event, yet the monthly
average concentration had the opposite trend with the monthly precipitation (Figure 4).
Similar results were also found in the study of Lhasa [77], which is probably related to the
fact that the fossil fuel and biomass-burning activities in this area are limited, and more
precipitation may dilute DOC concentrations. This is also an indication of the discrepancy
of DOC sources between precipitation and river water: previous studies have stated
clearly that DOC concentrations in precipitation are primarily controlled by atmospheric
conditions, e.g., mineral dust, fossil fuel, and biomass-burning activities [79,80].

160 - . 27 Q
—=— DOC E
~ 140 —a—P N B A 24 E
=) =)
E 1204 2.1 -2
o - s
(o) —
s 1001 SERN-
= 2
5 80 1 | 1.5 o
o H » 2
e 604 / 12 &
- . =~ 2013 @)
40 , . . ; : 0.9
5 6 7 8 9
140 40 ~
=
_._ » w
£ . gt 132§
= 1004 l/ a b=
.% - a 2.8 .E
‘é’_ 804 \ N 8
= 2.4 &
Q (@]
2 = 2
& 60 2.0 5)
2
0 o 2014 i B
5 6 7 8 9
3.0
140 - o
P —a—DOC l27 @
= /- " g
£ 1204 =P l24 ¢
= S
s =
1) 21 £
5 100 =
5y =1 o L
B F1.8 2
[a W = 1.5
Q
g
601 a—-" T~ 2015 12 %
S 6 7 8 9
Month

Figure 4. Relationship between monthly DOC concentration in precipitation (DOC) and simultaneous
monthly precipitation amount (P) during 2013 to 2015.

DOC fluxes in precipitation give us a chance to understand the wet deposition of
DOC in the watershed basin and its possible relationship with that delivered by river
water. According to approximate estimation (detailed in the part of flux calculation and
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statistical analysis), from 2013 to 2015, about 86,080, 105,804, and 73,072 tons of DOC were
brought to SRYR, by 485.4, 487.1, and 463.1 mm precipitation, respectively (Table 1). This
estimation result ignores the discrepancy of precipitation and its DOC concentration in
different areas of the basin. The error is that the precipitation and DOC concentration
in JGS do not reflect the actual situation of the whole basin. Nevertheless, we collected
the precipitation data from the other meteorological stations in SRYR 2013, such as Dari
and Xinhai stations, and their average values are comparable with JGS. Figure 5 indicates
the variation in precipitation, accumulated precipitation, DOC wet deposition fluxes,
and DOC-accumulated deposition fluxes from 2013 to 2015. The cumulative curve of
precipitation and DOC flux are identical basically, illustrating that DOC deposition flux is
remarkably controlled by precipitation. However, the effect of increment/decrement of
monthly precipitation on DOC concentration is not prominent, demonstrating that the wet
deposition flux is also controlled by DOC concentration. DOC deposition flux at Beijing
is roughly 2—4 times higher than the value in SRYR mainly because of its large number
of DOC produced by critical air pollution [78]. At Araraquara, it is about 6-12 times
larger than the value reported here [81] owing to both larger DOC quantity and heavier
precipitation. The value in this study is comparable to that of Lhasa in the central Tibetan
Plateau [77], which reveals limited precipitation amount and lower DOC concentration,
probably also reflecting low levels of air pollution (Figure 5).
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Figure 5. Monthly wet deposition flux (F) and cumulative wet deposition flux (CF) of DOC from
precipitation in comparison to precipitation (P) and cumulative precipitation (CP) in 2013, 2014,
and 2015.

The concentration of DOC in precipitation is comparable with that in the river water;
however, its flux is much greater than the latter. Then, two questions are worth exploring;:
how is the DOC allocated after it settles to the ground? and does this mean that DOC in
rivers dominantly comes from precipitation rather than catchment? Based on the above
research, we assert that there is a certain correlation between precipitation and DOC
concentration in river water. On account of the dilution effect of precipitation on rainfall
DOC, we can speculate that precipitation does not increase DOC concentration mainly
by carrying DOC to river water but under the influence of the precipitation scouring and
surface erosion controlled by rainfall and/or slope flow. On the one hand, DOC enters the
river directly through wet deposition, which brings comparable DOC concentration with
that in the river water. On the other hand, DOC is carried to the land surface by rainfall and
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is redistributed with the local water circulation. In addition to the DOC that is brought by
surface runoff straightly into the river (together with the ones from scouring and erosion
of precipitation and surface flow), some of them are filled into the soil layer through
downward infiltration and soil water flow. In this process, the DOC loaded by water blends
fully with the soil layer, make biochemical reactions to be possible, and further alter the
occurrence state of DOC [53]. In general, the water circulation and intricate hydraulic
connection have a great impact on the occurrence status and quantity of DOC, and the
complex biological effects and surface erosion in the catchment also have a potential effect
on it.

The fact that the DOC flux in precipitation is greater than in the river reminds us
that DOC concentration in the river water is not a simple combination of wet deposition
and catchment scouring; its migration from the atmosphere to land surface is much more
complex than we believed, and it is necessary to distinguish and quantify the contribution
of different sources in further research.

3.4. DOC and Inorganic Ions

The sources of ions in rivers have been widely studied. If the relationship between
DOC and ions in rivers could be established, the influencing factors of DOC concentration
in the river water can be further discussed. For this purpose, DOC, major ions, discharge,
precipitation, and air temperature were adopted to understand the possible effects of
riverine DOC from in SRYR by establishing the relevance matrix (Table 2). Generally
speaking, Ca?* ions are primarily derived from calcite and dolomite weathering [41], while
Na* and K* mainly come from weathering of silicate minerals (e.g., montmorillonite,
illite, and feldspar), which may also contribute a certain amount of Mg?* ion. This could
be supported by significant correlations among Na*, K*, and Mg?* ions in this paper
(Table 2). The close relationships between Cl~ and SO4%~ ions (r = 0.5, p < 0.05) and weak
relationships between SO42~ and NO; ~ ions (r = 0.4, p < 0.05) prove that they may have the
same source of atmospheric aerosol output [82-84], except for the SO,4%~ ion released from
weathering of sulfide minerals [84]. Most inorganic ions are not related to DOC, aside from
NOs™ and ClI~ ions, relatively having an inverse correlation with the r value of 0.5 and 0.4
(p < 0.05), which could also be found in the temporal variation of ions and DOC (Figure 6).
In 2013, the riverine DOC concentration increased swiftly, along with the rapid reduction
in NO3~ and Cl~ ion concentrations from April to May; the low DOC concentration from
June to July corresponded to the high ion concentration; after August, accompanied by the
rapid decrease in DOC concentration, the two ions” concentrations increased in fluctuation.

Previous studies have shown that variation in the chemistry of atmospheric deposition
provided the only regionally consistent explanation for widespread upward trends in sur-
face water DOC concentration [23]. Monteith et al. concluded that atmospheric deposition
can affect soil organic matter solubility through at least two mechanisms—by changing
either the acidity of soils or the ionic strength of soil solution or both. The first mechanism
is declining acid deposition, and a decline in the frequency and intensity of sea salt episodes
may increase DOC concentrations by increasing soil PH directly. A second mechanism
involves the effect of ionic strength on the coagulation of DOC [35]. Decreasing inputs of
acidic deposition or sea salt should lead to lower concentrations of a suite of multivalent
ions found in soil solution that exert a large influence on ionic strength. Relevant studies
have shown that increasing the ionic strength of soil solutions will reduce the rate of DOC
flux [85,86]; conversely, a reduction in ionic strength (for example, through decreasing
atmospheric deposition) should lead to a DOC increase. This is the only correlation we
can conclude between inorganic ions and DOC concentration in river water, indicating
that chemical action in river water is also a potential and important impact mechanism in
addition to climatic, hydrological, and environmental factors. This fully demonstrates the
complexity of changes in DOC concentrations in the river.
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Figure 6. Relationships between DOC and CI~ and NO3; ™ ion concentrations in the river water from
April to December 2013. The dotted solid box indicates the period from May to August 2013, during
which DOC concentrations were higher, while CI~ and NO;3; ™ ion concentrations were low.

4. Conclusions

Combined with the data of discharge, precipitation, air temperature, and ion concen-

tration, concentrations of DOC from river and precipitation at Jungong gauging station
(JGS) in the source region of the Yellow River (SRYR) were continuously monitored and
analyzed from 2013 to 2015; some results are as follows:

1.

Annual mean DOC concentrations in the river during the three years were 2.3 + 1.1,
22+ 14, and 2.0 £ 0.5 mg/L, respectively. Closely related to the local biogeochemical
and hydrographic processes, a significant seasonal variation could be observed, with
the maximum in summer (2.65 mg/L) and the minimum in winter (1.44 mg/L). Runoff
and precipitation, involving glacier and frozen soil meltwater are the main reasons
affecting riverine DOC concentration. Concentrations of DOC in rainfall ranged from
0.59 to 12.1 mg/L, with an inverse relationship with precipitation amount, illustrating
that heavier precipitation could dilute DOC concentrations.

Transportation of DOC by the river was estimated as 26,058 tons in 2013, 37,539 tons
in 2014, and 24,629 tons in 2015, which was dominated by river discharge. Compared
with the rivers in other climatic zones in the world, it is transparent that humid
climate, high rate of vegetation coverage, and developed water system can increase
the riverine DOC concentration; DOC yield in SRYR is much less than that of rivers
in tropical humid climate areas, also less than the cold areas covered by Tundra and
Taiga but greater than tropical and temperate dry areas, suggesting that the melting
of glaciers and frozen soil is an important factor affecting the DOC yield in SRYR.
About 86,080, 105,804, and 73,072 tons of DOC during 2013 to 2015 respectively were
brought to SRYR by rainfall, which was controlled both by DOC concentrations and
precipitations. Although the DOC levels deposited by rainfall were far greater than
that of river delivery, only a small part of DOC in precipitation directly entered the
river, and most of it fell on the land surface and was distributed under the influence
of the local water cycle. Therefore, the main source of riverine DOC was catchment
scouring, including both surface runoff and precipitation flushing. The intricate
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hydraulic connection and complex biological processes also had a potential effect
on it.

4. The variation trend of DOC concentrations was contrary to that of ions in the river,
especially for NO3~ and Cl~ ions (r = 0.5, p < 0.05 for NO3~; r = 0.4, p < 0.05 for C17),
which confirms the previous studies indicating that a possible relationship exists
between DOC concentration and acid deposition.
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