ﬁ water m\py

Article
Impact of Land Cover Types on Riverine CO,
Outgassing in the Yellow River Source Region

Mingyang Tian 1200, Xiankun Yang 2, Lishan Ran 3, Yuanrong Su !, Lingyu Li !, Ruihong Yu 1,

Haizhu Hu * and Xi Xi Lu 14*

1 Tnner Mongolia key laboratory of river and lake ecology, School of ecology and environment, Inner

Mongolia University, Hohhot 010021, China; tianmingyang1992@163.com (M.T.);
suyuanrong@hotmail.com (Y.S.); 18504846955@163.com (L.L.); thyu@imu.edu.cn (R.Y.)

2 School of Geographical Sciences, Guangzhou University, Guangzhou 510006, China; yangxk@gzhu.edu.cn
3 Department of Geography, The University of Hong Kong, Hong Kong, China; Isran@hku.hk
4 Department of Geography, National University of Singapore, Singapore 117570, Singapore
*  Correspondence: haizhuhu@163.com (H.H.); geoluxx@nus.edu.sg (X.X.L.)

check for
Received: 3 September 2019; Accepted: 24 October 2019; Published: 26 October 2019 updates

Abstract: Under the context of climate change, studying CO, emissions in alpine rivers is important
because of the large carbon storage in these terrestrial ecosystems. In this study, riverine partial pressure
of CO; (pCO,) and CO; emission flux (FCO;) in the Yellow River source region (YRSR) under different
landcover types, including glaciers, permafrost, peatlands, and grasslands, were systematically
investigated in April, June, August, and October 2016. Relevant chemical and environmental
parameters were analyzed to explore the primary controlling factors. The results showed that most
of the rivers in the YRSR were net CO, source, with the pCO, ranging from 181 to 2441 uatm and
the FCO, ranging from —50 to 1574 mmol m~2 d~!. Both pCO, and FCO, showed strong spatial
and temporal variations. The highest average FCO, was observed in August, while the lowest
average was observed in June. Spatially, the lowest FCO, were observed in the permafrost regions
while the highest FCO, were observed in peatland. By integrating seasonal changes of the water
surface area, total CO, efflux was estimated to be 0.30 Tg C year~!. This indicates that the YRSR
was a net carbon source for the atmosphere, which contradicts previous studies that conclude the
YRSR as a carbon sink. More frequent measurements of CO, fluxes, particularly through several diel
cycles, are necessary to confirm this conclusion. Furthermore, our study suggested that the riverine
dissolved organic carbon (DOC) in permafrost (5.0 + 2.4 mg L) is possibly derived from old carbon
released from permafrost melting, which is equivalent to that in peatland regions (5.1 + 3.7 mg L™1).
The degradation of DOC may have played an important role in supporting riverine CO,, especially
in permafrost and glacier-covered regions. The percent coverage of corresponding land cover types is
a good indicator for estimating riverine pCO, in the YRSR. In view of the extensive distribution of
alpine rivers in the world and their sensitivity to climate change, future studies on dynamics of stream
water pCO, and CO, outgassing are strongly needed to better understand the global carbon cycle.
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1. Introduction

As an important pipe in linking terrestrial ecosystems and the ocean, river systems play a critical
role in the global carbon cycle [1]. Prior studies have made great progress on the spatial and temporal
dynamics of the partial pressure of steam water CO, (pCO,) and CO, emission flux (FCO,) [2,3] as
well as the origin of the degassed CO, [4-6]. Many researchers have argued that river water CO,
is primarily derived from respiration of terrestrial ecosystems and decomposition of organic matter
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in the river [2,7-9]. For example, Abril et al. [3] pointed out that wetlands are the primary source
of riverine CO, emissions in the Amazon river. However, the sources and underlying mechanisms
of riverine CO, dynamics for many rivers remain largely unknown. Therefore, to more accurately
estimate riverine CO, outgassing and understand its driving factors, more studies focusing on rivers
in certain climates (e.g., alpine climate) and regions (e.g., headwater regions or intermitted rivers) are
strongly needed to gain deeper insights into the global carbon cycle.

With respect to global CO, outgassing, available estimates are characterized with great uncertainty.
For example, recent global CO, outgassing fluxes from rivers and streams range from 0.65 to
3.2 Pg C year™! [2,10-12], which are considerably higher than the earlier estimate by Cole et al. [13]
(i.e., 0.23 Pg C year~!). A major reason for this huge range is likely the absence of global CO, outgassing
data, which includes direct CO, emission measurements over different rivers and under different
climate and land cover types [1,2,12,13]. More direct field measurements are, therefore, needed for
providing precise evaluations of riverine carbon dynamics under specific regions and for greater
understanding of the global carbon cycle, which depends on accurate global CO; efflux estimates.

Yet, few studies have investigated CO, effluxes of rivers in alpine or arctic regions that typically
exhibit considerably different CO, emission fluxes [14-17]. Land cover type could make a huge
difference to riverine CO,. For example, the coverage of permafrost limits the source of CO, by
controlling the hydrological flow path in Alaska’s rivers [14]. In Swedish boreal lakes, inorganic carbon
that is sensitive to land use is the primary source of riverine CO,, and lake internal CO, production
accounts for only half of the emitted CO, [15]. The research conducted by Serikova et al. [16] suggested
that warm temperatures and long transit times of river water are the main control factors of high riverine
CO; emission in the permafrost boundary of Western Siberia. A recent study in the arctic Miellajokka
catchment also shows that landscape processes could highly control the water-atmosphere exchange
and soil-stream connectivity through catchment topography shapes, which drives the patterns of CO,
evasion [17].

Additionally, with increasing temperature, the carbon stored in permafrost layers and glaciers are
likely to be mineralized and emitted into the atmosphere from river networks [16,18]. Recent studies
on the Yellow River source Region (YRSR) showed inconsistent findings from a carbon source [19] to a
carbon sink [20].

Overall, little work has been conducted regarding the alpine rivers on the Tibetan Plateau, which is
composed of a variety of land cover types [20]. The permafrost and glacier covered regions within the
Tibetan Plateau are extremely sensitive to climate change as a result of global warming. These alpine
rivers warrant a thorough understanding of their implications for global climate change [21-23]. For the
upper Yellow River on the Tibetan Plateau, Ran et al. [20] tentatively calculated its pCO, from pH,
alkalinity, and water temperature and further estimated its FCO, by using a model of Alin et al. [24].
Qu et al. [19] have assessed the pCO, of the alpine rivers on the eastern Tibetan Plateau by using the
headspace method and estimated their FCO, with a model of Raymond et al. [25], but only for the
permafrost and grassland regions. However, there are no seasonal and spatially resolved field-based
direct measurements of CO, emissions from these alpine rivers, which has prohibited a comprehensive
understanding of the spatial and temporal dynamics of their riverine CO, outgassing.

To determine the magnitude of riverine CO, outgassing and understand its underlying control
mechanisms in this region, we conducted in situ measurements of riverine CO, emissions under
different land cover types, including grassland, peatland, glacier, and permafrost, in the upper Yellow
River on the Tibetan Plateau. The objectives of this study were to examine the spatiotemporal patterns
of CO, emissions under different land cover types, the magnitude of the stream of CO, emissions,
and the possible sources of riverine CO; in the alpine river system. Clearly, the findings will lead to a
deeper understanding of riverine carbon export and CO, emissions for mountainous rivers in alpine
regions, which are currently under-represented in global carbon cycle studies.
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2. Materials and Methods

2.1. Site Description

The Yellow River source region (YRSR) is located between 95.83-103.50 E and 32.33-36.17 N
(WGS1984) (Figure 1). In this region, most of the tributaries flow through the Tibetan Plateau at an
altitude ranging from 3000 to 4000 m with meandering river channels. Its drainage area is about
1.22 x 10° km?, which accounts for 16.2% of the Yellow River basin. The YRSR is characterized by a
typical plateau continental climate that shows a pronounced seasonal variation with the wet season
starting from June to September and the dry season starting from October to next May. Its lithology is
homogeneous and predominantly composed of shale and granite rocks [26]. Major land cover types of
the source region include glacier, permafrost, peatland, and grassland, which account for 0.1%, 29%,
4.2%, and 66.7% of the total drainage area, respectively [27,28] (Figure 2).

96°0'0"E 98°0'0"E 100°0'0"E 102°0'0"E
-z T T T T 'Z
=] =3
#r 13
3 The Aemye Ma-chhen Range e n A
Y - ‘\\ P \ ) \—,: " . d " . - 1
i -:‘ f ,‘ e \—"‘_“\4 3 poa o 4 w
e o @l o
| RS ]
" o o = -L e e
z - Ko :
(=] ol - " y .3
= ol g & E
o - y o
bs 1 z <
“|  Legend (g, = y "
egen %'!:ijf!'i:f;\ \ . oR t O
® Permafrost (6 sites) v o T vige Peatland |
e Glacier (6 sites) Elevation (m) h e ®
® Peatland (10 sites) o High: 6025 -
. 02040 80 120 160 200
® Grassland (11 sites) 2567 km
z — ? \ X \ |
;g_ A A The Aemye Ma-chhen Range sampling sites
g -t g &) A - 4
z . L s .
/ = s z
Source Region =)
z g
:g n The Yellow River Basin . &
15 N ¥ |
L ¥ o 3
C ‘ &
Z CHINA * " ¢ g
=1 ’ i =
=7 A o
T Ll T T ] L :
80°0'0"E 100°00"E 120°00"E 140°00"E 99°20'0"E 99°40'0"E 100°0'0"E

Figure 1. Map of sampling sites in the Yellow River source region (YRSR).

Precipitation is the dominant source of runoff in the YRSR. Its annual average precipitation
and pan evaporations are 520 mm [29] and 836.8 mm [30], respectively. Although the drainage area
of the YRSR represents only 16.2% of the whole Yellow River basin, its annual average runoff was
1.99 x 10* km? during the period from 1956 to 2010, which accounts for 42% of the total runoff of the
Yellow River [31]. In recent decades, precipitation in the YRSR has slightly increased due to accelerating
glacier melting, which further increases its relative importance of the water flux [32].
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Figure 2. Major land cover types of the YRSR. Ran et al. modified information on land cover type [27]
and Wang modified the distribution of permafrost [28].

2.2. Field Measurement and Laboratory Analyses

In this study, four field work campaigns were conducted in the YRSR in April, June, August,
and October 2016. The riverine pCO, and related environmental parameters, including water
temperature, pH, and dissolved oxygen (DO), were monitored in the field. In total, 36 sampling sites
(Figure 1) were visited, which were then categorized on the basis of the river network structure and the
four land cover types (Dataset S1). In addition, two groundwater samples in grassland that covered
sub-catchments were also collected to determine the pCO, from groundwater. The temperature, pH,
and DO were measured by using a Multi 3420 analyzer (WTW GmbH, Weilheim, Germany) with the
accuracy of +0.2 °C, +0.004, and +1.5%, respectively. The pH probe was calibrated with three pH
buffers (i.e., pH4.01, pH7.00, and pH10.01, respectively) before each measurement.

Prior studies suggested that HCO3;™ represents 96% of alkalinity when pH ranged from 7 to 10.
We, therefore, consider alkalinity as dissolved inorganic carbon (DIC) [33]. DIC was determined by
on-site titration in this study. The collected water samples were subjected to low-pressure suction
filtration through a pre-fired glass fiber filter (pore size: 0.7 um, Whatman GF/F, GE Healthcare Life
Sciences, USA). For each water sample, the DIC was titrated with 0.1 mol L1 HCI within 12 hours
after sampling. Triplicate titrations with Methyl orange as the indicator suggest an analytical error
below 3%. After DIC analysis, the remaining filtered water was transferred into 100 ml amber glass
vials, poisoned with nitric acid, and preserved in the refrigerator at 4 °C for a dissolved organic carbon
(DOC) measurement. DOC was analyzed using a total organic carbon (TOC) analyzer (Elementar
Analysensysteme GmbH, Langenselbold, Germany) that has a precision better than 3%.

The FCO, was measured using the floating chamber method [9] with a Li-7000 CO,/H,0 gas
analyzer (Li-Cor, Inc, Lincoln, NEB, USA), which has precision better than 1%. The Li-7000 gas
analyzer was calibrated with standard CO, gases of 500 ppm and 2000 ppm before each measurement.
The rectangular floating chamber has a volume of 17.8 L and a water surface area of 0.09 m?. The chamber
walls were lowered 3 cm into the water and mounted with plastic foams that had streamlined ends to
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limit artificial disruptions to near-surface turbulence. The chamber is covered with aluminum foil to
reduce the influence of sunlight. Before each deployment, the chamber was first placed in air to record
ambient air pCO,. When the chamber was carefully placed on the water surface, the accumulating CO,
concentration inside the chamber was recorded every 2 seconds for 6-10 min to get a linear relationship.
In large rivers with favorable flow conditions, the chamber deployment was performed on a small
boat, which freely drifted with flow to measure FCO,. In contrast, we used the static chamber method
to measure FCO; on small tributaries or streams, which may have caused an overestimation of CO,
evasion [34]. While the chamber was freely drifting at 32 sampling sites, we used the static deployment
method only at four sampling sites.

2.3. Determination of CO, Emission

The areal CO; efflux (FCO;) from water was calculated using the following equation [35].
FCO, = 1000 x (dpCO,/dt) (V/RTS) 1

where dpCO,/dt is the slope of CO, change within the chamber (Pa d~!, converted from patm min!),
V is the chamber volume (17.8 L), R is the gas constant, T is the chamber temperature (K), and S is the
area of the chamber covering the water surface (0.09 m? in this study).

Surface water pCO, was calculated using the headspace equilibrium method [9]. By using an
1100 mL conical flask, 800 mL of water were collected 10 cm below the water surface and the remaining
volume of 300 mL was filled with ambient air. The flask was immediately closed with a lid and
vigorously shaken for 1 min to equilibrate the gas in water and air. The equilibrated gas was then
injected into the calibrated Li-7000 gas analyzer. Triplicate measurements were performed at each
site and the average was calculated (analytical error below +3%). Surface water pCO, was calculated
based on the equations from Dickson et al. [36] (see Supplementary Materials).

pcozwater,i — pcozheudspace,f + (Vh/Vw) (pCOZheadspace,f _ pCOZheudspacf, 1)/ [KO (1 + K]/[H+] + K] ’KZ/ [H+]2) RT] (2)

where the superscripts i and f represent the initial and final pCO, (natm), Vi and Vw are the headspace
volume and water volume, respectively, and Kj is the solubility of CO, in water calculated on the
basis of solubility constants for CO, from Weiss [37]. K; and K, are the thermodynamic reaction
constants [38]. [H*] represents the total concentration of hydrogen ions in the final solution. R is the
universal gas constant (8.314 J mol~! K1), and T is the water temperature (K). Temperature in the
flask after equilibration was measured to correct for temperature changes relative to that of in situ
river water. The initial pCO, was taken as the CO, concentration in ambient air before the headspace
equilibration measurement.
Conventionally, FCO, can also be estimated from the following equation.

FCO, = k- K- apCO, 3)

where k is the gas transfer velocity (m d~!), Ky is Henry’s constant for CO; at a given temperature,
and the ApCO;, is the difference between the surface water and the atmosphere. Using the field-measured
pCO; in surface water and air, k can be computed by rearranging Equation (3). To compare our
calculated k value with other studies, it was standardized to a Schmidt number of 600 (k400) by assigning
the Schmidt number exponent to be 0.5 [39].

We also predicted the kgpp (m dh through Model 5 developed by Raymond et al. [25].

Kgoo = VisSg X 2841 + 107 + 2.02 + 0.209 @)

where Vg is the stream velocity (m s~1) and Sy is the slope of rivers (unitless).
Previous studies indicate that kg is affected by a number of environmental factors, such as wind
speed, channel slope, flow velocity, and discharge [25,40,41]. Additionally, the extremely high keg
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values calculated from Equation (3) were excluded from the comparison between our calculated kg
and the modeled kgq.

2.4. Quantification of Percent Land Coverage

To quantify the percent coverage of each land cover type, we extracted the sub-catchments using
ESRI ArcMap 10.5 (Arcgis, Esri, Redlands, CA, USA). Based on the Multi-source Integrated Chinese
Land Cover Map [27] and the 1:4000000 Map of the Glaciers, Frozen Ground and Deserts in China [28],
we then calculated the percent coverage of corresponding landcover types for each sub-catchment
through ArcMap 10.5.

3. Results

3.1. Characteristics of the Hydro-Chemical Variables

Water temperature (Tw) varied from 0.1 to 27.7 °C with an average of 11.9 + 5.7 °C. Average Tw in
June (15.1 + 3.5 °C) and August (17.0 + 5.4 °C) was considerably higher than that in April (8.4 + 3.8 °C)
and October (7.3 + 2.4 °C). A seasonal Tw difference was more significant at the peatland (14.4 + 6.4 °C)
and grassland (12.5 + 5.4 °C) sites than that at the glacier (7.5 + 4.1 °C) and permafrost (10.0 + 4.0 °C)
sites. Spatial variability of the air temperature was consistent with that of the water temperature at
almost all the sites, even though it could be as high as 33 °C. The annual average air temperature of
rivers in YRSR in 2016 was 16.7 + 6.3 °C.

Water pH ranged from 6.97 to 9.02 with an average of 7.89 + 0.64 (Datasets S2, S3, 54, and S5).
Mean pH based on all the stream samples was 8.26 + 0.36, 8.55 + 0.45, 7.24 + 0.19, and 7.52 + 0.36 in
April, June, August, and October, respectively. A slight decreasing trend can be observed with the land
cover types in the order permafrost > glacier > grassland > peatland, with the average pH at 8.13 + 0.93,
7.93 + 0.55,7.85 + 0.59, and 7.71 + 0.52, respectively. DIC ranged from 0.6 to 7.6 mmol L~! with an average
0f 2.9 + 1.4 mmol L™!. DIC was higher in the cold months (3.4 mmol L7lin April and 2.9 mmol Llin
October) than in the warm months (2.6 mmol L™! in June and 2.3 mmol L™! in August). DO ranged
from 2.7 to 12.1 mg L™! and the basin-wide mean DO was 7.8 + 0.6 mg L' in April, 7.1 + 1.4 mg L' in
June, 6.7 + 0.7 mg L™! in August, and 7.7 + 0.7 mg L~! in October, respectively. The highest DO were
observed at the glacier sites, with the annual average at 7.6 + 0.8 mg L~!, followed by the permafrost
(74+14mg L), the grassland (7.3 + 0.9 mg L), and the peatland (7.2 £ 1.1 mg L.

DOC ranged from 0.2 to 12.2 mg L™! with an average of 4.7 + 2.7 mg L™! (Datasets S2, S3,
54, and S5). DOC exhibited strong seasonality across the rivers. The highest DOC concentration
occurred in April (5.0 + 1.6 mg L™!), followed by August (4.9 + 3.6 mg L™!) and June (4.7 + 2.9 mg
L7!). The lowest DOC concentration occurred in October (4.0 + 2.2 mg L™!). Regarding the land
cover types, the highest DOC concentrations were observed in peatland with the annual average at
5.1 + 3.7 mg L™, which was followed by permafrost (4.9 + 2.4 mg L™!), grassland (4.6 + 2.3mg L™1),
and glaciers (3.4 + 1.1 mg L71).

3.2. Spatial and Temporal Variations of pCO,

The pCO, ranged from 181 to 2441 patm with an average of 774 + 377 patm, which is nearly
two-fold the ambient air pCO,. To better illustrate the spatial variability pCO,, Figures 3a, 4a,c and 5a
showed its changes with the land cover type. The mean pH, DO, DOC, pCO,, and FCO, of four land
cover types are listed in Dataset S6, and the Spearman correlation (r?) between riverine pCO, and pH,
DIC, DO, and DOC are listed in Table 1. Detailed data are presented in Datasets S2, S3, 54, and S5.
The highest average pCO, appeared in peatland (937 + 466 patm), which is followed by grassland
(818 + 394 patm), glacier (645 + 253 patm), and permafrost (600 + 212 patm).



Water 2019, 11, 2243

96°0'0"E 9R0'0"E HHF'O"E 102°0°0"E
T T T T
z
gL (a) =}
g
b4
Py
o
2
X A z J/‘\
LS LS
h
£ 3=
s L . .
H L
b=
£ 99°360"E 99°44'0"E
Z / 4
= The Aemye Ma-chhen Range K -3
sampling sites
~
E E Legend
z z
= FE
= H .
3 &[] Grassland .
. B peatiand  Partial pressure of CO;,
i« ¢ [_Permafrost I 680 0 30 60 120 180 240
2 5 s Jlaci O S m—— km
g — = I Glacier patm
- =1
T L}
99°36'0"E 99°44'0"E
1 1 1 1
96°0'0"E 98°0'0"E 100°0'0"E 102°0°0"E
20°0'0"E ORNOE TP0E MW2°00"E
T T T T
{0 - ?
. & 4z
g oo £
5 - 5
< -
= L s
2 3
e 99°36'0"E 99°440"E £
3 1 L E
&7 Z
E ‘The Aemye Ma-chhen Range
M sampling sites
ra z
£ £ Legend
P L&
g ¢ || Grassland
s B Peatland €02 efflux ¢
S % « [ Permafrost [] ,9q 0 30 60 120 180 240 f
" H H jlaci - km T
B e FE I Glacier mmol m2 d-!
3 3
WWSG"U"E 'J')"4~;'IJ"E
1 1 1 1
9%6°0'0"E 98°0'0"E 100°0'0"E 102°0'0"E

36%0"0"N

34°0°0"N

32°0°0"N

7 of 18

Figure 3. Spatial and temporal variations of annual average pCO; (a) and FCO2 (b) within the YRSR

in 2016.

The pCO, showed different temporal variation characteristics for the four land cover types (Dataset S6
and Figures 3a, 4a,c and 5a). In grassland, the average river pCO, in April, June, August, and October
was 836 + 258 patm, 609 + 297 patm, 1086 + 551 patm, and 734 + 253 patm, respectively. In comparison,
the average pCO, for peatland in April, June, August, and October was 875 + 436 patm, 792 + 436 patm,
1156 + 630 patm, and 926 + 285 patm, respectively. The pCO, in these two land cover types showed a
similar temporal pattern with the highest pCO, occurring in August and the lowest in June.
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Figure 4. The box plots of pCO, and FCO, under four different land cover types within the YRSR,
expressed in the order of April, June, August, and October of 2016 (a,b). The riverine pCO, expressed
in the order of grassland, peatland, glacier, permafrost, and groundwater (c). The FCO, expressed in
the order of grassland, peatland, and glacier (d).

Unlike the peatland and grassland results, the riverine pCO; from the glacier and permafrost
showed relatively small variations but similar seasonal variation. In the glacier covered area, the average
river pCO; in April, June, August, and October was 635 + 122 patm, 506 + 31 patm, 738 + 449 patm,
and 632 + 132 patm, respectively (Dataset S4). In the permafrost covered area, the average river
pCO, in April, June, August, and October was 465 + 216 patm, 586 + 227 patm, 591 + 74 patm,
and 756 + 231 patm, respectively (Dataset S5).
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Table 1. Spearman correlation (r;) between riverine pCO, (natm) and pH, DIC (mmol L~1), DO (mg L™1),
and DOC (mg L™1). Detailed data are presented in Datasets S2, S3, S4, and S5.

Land Cover Type pH DIC DO DOC
Permafrost —0.308 * (n = 18) 0.113 (n=17) 0.0003 (n = 20) 0.2480 * (n = 18)
Glacier —0.057 (n = 18) 0.026 (n = 15) 0.039 (n = 20) 0.575 ** (n = 17)
Peatland -0.19* (n=37) 0.109 (n = 34) 0.03 (n =38) 0.022 (n = 34)
Grassland —0.135* (n = 43) 0.071 (n = 40) 0.001 (n = 43) —0.121 * (n = 38)

* means statistically significant at 0.05 and ** means statistically significant at 0.01.

3.3. Spatial and Temporal Variations of FCO,

CO; emissions exhibited pronounced spatial and seasonal variations among the 36 stream sites
(Datasets S2-56 and Figures 3b, 4b,d and 5b). The CO, effluxes ranged from -50 to 335 mmol m24-!
in April, 6 to 185 mmol m~2 d! in June, =33 to 1574 mmol m2 d~! in August, and -8 to 530 mmol
m~2 d~! in October. While the highest FCO, was measured at the peatland sites (Site Pt 3 in August,
1574 mmol m~2 d~1) (Dataset S3), and the lowest FCO, was observed at permafrost sites (Site Pm 3 in
April, =50 mmol m~2 d_l) (Dataset S5). The average FCO; of all sites was 109 + 100, 60 + 47, 199 + 279,
and 163 + 145 mmol m~2 d~! in April, June, August, and October, respectively. Clearly, rivers in
the YRSR were net carbon sources for the atmosphere, despite the great spatial and seasonal FCO,
variations. When grouped by land cover types, the mean CO; efflux shows a clear decreasing trend
from peatland (175 + 375 mmol m~2 d ') through grassland (155 + 139 mmol m~2 d~!) and glacier
(116 + 134 mmol m~2d~1) to permafrost (69 + 80 mmol m~2 d~1) (Dataset S6). Because degassing of
CO; depends largely on riverine pCO,, the FCO, showed a similar spatial and temporal pattern for the
pCO; even though the highest and lowest pCO, and FCO, were not found at the same sampling site.
This also implies that the gas transfer velocity affected by topography may have played an important
role in the riverine CO, emission of the YRSR.
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4. Discussion

4.1. Impact of Land Cover Types on Riverine pCO; and CO, Outgassing

In a permafrost covered region, the riverine pCO, exhibited a statistically significant and negative
linear relationship with pH (Table 1), which is likely because the dissolved CO; itself acts as an acid in
water [42]. In poorly buffered systems like the YRSR, pH can be a strong indicator of the dissolved
CO, [14,19]. The DOC concentrations in the permafrost rivers (mean: 5.0 + 2.4 mg L~!) were relatively
higher than in the glacier rivers (mean: 3.6 + 1.1 mg L™!) and the grassland rivers (4.6 + 2.3 mg L™}),
but were comparable to the peatland rivers of 5.1 + 3.7 mg L™!. In addition, the DOC was positively
related to pCO, (r? = 0.248, p < 0.05) (Table 1). This may reflect the soil property of permafrost that is
characterized by higher organic carbon input from soils [43], which can support the higher riverine
DOC export. One potential reason of the high DOC and low pCO; is because of its low temperature
(annual average: 9.9 °C) which may have constrained soil respiration and degradation of riverine
organic matter [44]. Furthermore, it may be difficult for CO, to degas in view of the low temperature
(thus, strong solubility) and low flow velocity (average: 0.8 + 0.5 m s7!) [24]. The lower temperature is
likely the major reason for the high riverine DOC concentrations while low CO, outgassing occurs in
the permafrost region [16].

The glacier region exhibited similar temperature and elevation to the permafrost, and its pCO,
and FCO, were also relatively low with the average only at 600 + 212 patm and 150 + 55 mmol m~2
d~1, respectively. The DIC of the glacier rivers constantly showed the lowest level throughout the
study period (Datasets S4 and S6), due largely to the low coverage of carbonate rocks [26]. A potential
explanation of its low CO, emission is that the sampling sites are located on the 1-2 order streams that
are characterized by the gravel river bed and the absence of carbon-rich soil on the river bank [45],
which together limit the CO, supply from groundwater even though they have a strong hydrologic
connection with the terrestrial landscape [46,47]. For the glacier rivers, only the DOC was significantly
related to pCO, (Table 1, 12 = 0.56, p < 0.001), but the sampled glacier rivers showed the lowest
annual average DOC concentration among the four land cover types (3.6 + 1.1 mg L™!). This is likely
because the sub-catchments around the Aemye Ma-chhen Range (Figure 1) do not have sufficient
vegetation coverage as a result of high elevation and low temperature, which limits the terrestrial
source of DOC [45,48]. Furthermore, the rivers flowing down snow mountains cut deep into the B
horizon of soils because of strong glacial erosion and retreat. Almost all the glacial sampling sites are
characterized by the gravel channel, which limits the supply of terrestrial organic carbon into the river
carbon pools. As a result, the measured DOC concentrations in most of the sampled glacier rivers
were substantially low.

Using a discharge of 4 m® s7!, flow velocity of 0.5 m s~!, average pCO; of 665 patm, and FCO,
of 116 mmol m~2 d71, it indicates that the current dissolved CO, pool is to be exhausted within 2
hours. If all the DOC (3.4 mg L™!) is also mineralized to 0.28 umol L~! of CO, and degassed, the total
CO; pool is to be exhausted in several hours, which is still much shorter than the water residence
time (2-10 d). This suggests that the CO, produced by DOC degradation in the glacial rivers cannot
maintain such a high CO; efflux. Modern snow and ice, which are important water sources in the
Aemye Ma-chhen Range, do not have enough input of DOC, DIC, or dissolved CO; [48]. Although the
DOC has a good correlation with pCO,, it could not sustain the CO, outgassing even if all DOC
had been degraded to produce CO,. Clearly, this indicates that, except DOC, the DIC comes from
chemical weathering, which has likely played an important role in providing riverine CO, in glacial
regions [49,50]. According to Hood et al. [23], globally, approximately 13% of the annual flux of
glacier dissolved organic carbon is a result of glacier mass loss. These losses are expected to accelerate,
which lead to a cumulative loss of roughly 15 teragrams (Tg) of glacial dissolved organic carbon by
2050. Studies on glacial respiration show that CO; is also trapped in the glacial pore, and, with the
activity of microorganisms in glaciers, the FCO; is about 14 kg C km~2 year~! [51]. Although glacial
pore CO, was not investigated in our research, prior studies have shown that glaciers contain large
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amounts of DOC [52,53], which suggests that glaciers are potentially important sources of DOC and
CO,, for these rivers.

Our results in peatland regions showed that the peatland rivers have the highest DOC and pCO,
levels and the second highest DIC among the four land cover types. The relationship between various
parameters and pCO, is not very significant. We inferred that peatland degradation may vary in
sub-basins [54], and peatland rivers are largely controlled by groundwater discharge, especially during
floods [55]. The combined effects of these complex processes have resulted in higher DOC and FCO,
in peatlands. Overall, more studies are needed to quantify the contribution of each carbon component
in the peatland rivers of YRSR.

By comparison, the grassland rivers have been substantially affected by human activities, especially
grazing. Consequently, besides the physical erosion, the pollutants (e.g., Yak excreta) produced by
human activities are also important sources of degradable DOC [56], which may have been decomposed
to enhance riverine CO; evasion [57]. Moreover, the DIC is also an important source of riverine CO; in
grassland areas. While the stream DIC source is highly variable across space and time [47], most of the
HCO;™ in the YRSR is derived from weathering of carbonate and silicate rocks [49,50,58], which largely
reflects the contribution of groundwater inflow [59]. Our groundwater samples from the grassland
region show an average pCO; of 1976 patm, which is 2.5 times the average pCO, of the whole YRSR.
Therefore, the CO, excess in the grassland rivers is more likely maintained by both the terrestrial
organic carbon input and the inorganic carbon from groundwater.

Furthermore, we observed a statistically significant correlation between pCO, and the
corresponding percent coverage of grassland, peatland, and permafrost in the grassland, peatland,
and permafrost regions in August. The pCO, showed a statistically positive relationship with
corresponding percent coverage in August (grassland: Figure 6a, 12 = 0.74 p < 0.01, peatland: Figure 6b,
12 = 0.83 p<0.01). While in the permafrost region, the pCO, showed a weak, negative correlation with
permafrost percent coverage (Figure 6¢; 12 = 0.85, p < 0.05). The occurrence of the strong correlation in
August is likely because the short period from June to September in the YRSR is the only season for its
plant growth [60]. As a result, its riverine CO, might originate from plants. In comparison, the negative
relationship between the percent coverage of permafrost and pCO, in the permafrost sub-catchment
demonstrated that, although the carbon locked in permafrost may have been exported into rivers
during summer floods [24], it remains difficult to degrade due to the low temperature [44] and, thus,
tends to transport downstream. While in the glacier regions, the percent coverage of the glacier
exhibited a strong, despite not statistically significant, correlation with pCO, in October (Figure 6d,
12 = 0.53, p > 0.05), which indicates a potential source of their riverine CO, from glaciers in October.

With respect to the kqgg, the computed kgop showed statistically significant but weak correlation
with the modeled results (Figure 7a) when the high kg values (>70 m d~!) were removed from analysis.
Given the dampening effect of wind [61], there was no statistically significant relationship between
wind and kg for streams. In comparison, flow velocity can explain approximately 15% of its variability
(Figure 7b). Although we deployed the floating chamber very carefully, the statistical analysis could
not reflect the complex interactions of various environmental factors except the four land cover types
through our 36 sampling sites. In addition, it is worth noting that Model 5 of Raymond et al. [25] has
likely overestimated the k4o, especially for mountainous rivers, which is likely because the steeper
channel slope has caused stronger flow turbulence [44]. Therefore, it is necessary to reconsider the
application of Model 5 of Raymond et al. [25] in alpine mountainous rivers in the YRSR.
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in August, and percent coverage of glacier (d) with riverine pCO; in October within the YRSR in 2016.
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predicted kggp using the Model 5 of Raymond et al. (2012) for streams. (b) Correlation between
standardized (based on in situ pCO, and FCO,) gas transfer velocity (kgnp) and flow velocity over the
four campaigns of field sampling.

4.2. Significance and Implications for Riverine Carbon Budgets

This study demonstrates that the annual average pCO, and FCO, in the YRSR was 771 + 380 patm
and 135 + 175 mmol m~2 d~}, respectively. The pCO, and FCO; are lower than the middle and lower
reaches of the Yellow River and other headwaters (Table 2). In comparation, Ran et al. [20] estimated a
considerably lower pCO, of 241 + 79 patm and an aerial CO; efflux of -50 + 26 mmol m~2d~!, which is
indicative of a strong carbon uptake from the atmosphere. If we used April and October to represent
the dry season and June and August to represent the wet season, then the average FCO, in the dry and

wet seasons was 143 and 136 mmol m~2 year~

1

, respectively. Combining the seasonal difference of the
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water surface area between the wet season (770 km? and 122 days) and the dry season (560 km? and
243 days) assuming a frozen period of 90 days in the dry season, we re-estimated a total CO; efflux from
the YRSR at 0.30 Tg C year~'. This suggests a net carbon source for the atmosphere, which is in contrast
with the earlier estimate by Ran et al. [20] that reported a carbon sink of 0.17 + 0.08 Tg C year~!.

Table 2. Representative pCO, and FCO, in the Yellow River and the headwater of other rivers.

River/Region Method pCO; (uatm) (mi(zlzrﬁfgu;—l) Source
YRSR Floating Chamber 771 + 380 135 + 175 This study
YRSR Empirical model 214 + 79 ppm -50.4 +25.6 Ran et al. [20]
YRSR Empirical model 1083 + 348 521 + 309 Quetal. [19]
Middle reach of Yellow River ~ Empirical model 2338 + 974 ppm 1015 + 501 Ran et al. [20]
Lower reach of Yellow River =~ Empirical model 3687 + 1638 ppm 886 + 339 Ran et al. [20]
Headwater in Alaska Floating Chamber 570 to 2600 450 Crowford et al. [14]
Headwater in Uruguay Empirical model 385 to 3962 1002 to 4225 Sorribas et al. [46]
Headwater in Sweden Empirical model 920 to 6401 408 to 5358 Kokic et al. [62]
Boreal streams Empirical model 1300 ppm 128 Aufdenkampe et al. [1]
Global rivers Empirical model 2400 359 Lauerwald et al. [10]

Unlike our systematic sampling within the YRSR, Ran et al. [20] estimated its riverine CO,
outgassing by using results at five sites only, which may have caused the huge CO, efflux difference.
The sampling by Ran et al. [20] was confined to the mainstem and major tributaries, while lower-order
headwater streams that usually present strong CO, degassing [63]. Our study suggested that both
pCO, and FCO, showed a declining trend from first to fifth orders. For example, our sampling in
the Zoige peatland rivers demonstrated that the lower-order rivers exhibit substantially higher FCO,
(175 + 261 mmol m~2 d~1) than the Yellow River mainstem (80 + 70 mmol m~2 d~!). Numerous studies
reported that stream pCO, generally decreases with increasing stream discharge as a result of enhanced
CO; loss due to greater stream turbulence and/or dilution of riverine pCO, [14,64-66]. Our study
also supports that, with the steam order increasing from 1 to 5, the pCO, shows a decreasing trend,
which likely reveals a dilution effect from increased runoff or increased turbulent flow conditions [14].
Earlier studies on the groundwater impact in grassland covered regions showed that the changing
groundwater level is consistent with the surface runoff, especially in autumn, which suggests that
groundwater has a huge impact on surface runoff [67,68]. We measured the pCO, at two groundwater
springs in the grassland covered region, which presented 2.5 times higher pCO, than in rivers
(1976 patm vs. 771 + 380 patm). Hence, we concluded that groundwater might make a huge difference
to riverine CO, outgassing. Because the CO, derived from groundwater can be quickly emitted to the
atmosphere within a short distance [7,69-71], it would result in huge uncertainties in CO, emission
estimates if the groundwater input is not taken into account.

While the YRSR occupies 16.2% of the whole Yellow River basin, it accounts for only 3.8% of
the basin’s total CO; efflux [20]. Nevertheless, there is potential for a large carbon emission in the
coming decades due to future climate change. Since the permafrost and peatland in the YRSR store
huge quantities of carbon [41,72], continuously increasing temperature due to global warming will
accelerate not only the mobilization of organic carbon in soils, but also the degradation of organic
carbon by soil microorganisms. Therefore, increasing riverine CO, effluxes are highly anticipated and
warrant further studies to comprehensively understand their implications for the global carbon cycle.

For the first time, we comprehensively evaluated the riverine carbon dynamics within the
YRSR by means of in situ measurements of CO, emissions under four different land cover types.
However, it must be noted that there are still great uncertainties to be properly addressed. Continuous
sampling involving the diel dynamics of riverine carbon export and floods are lacking. Recent studies
suggest that CO; efflux during the daytime would be completely different from that at night. Therefore,
floods may have a huge shift in CO, emissions [44,73,74]. Furthermore, due to the cold environment
at high altitudes, the performance of some of the used instruments may have been slightly reduced.
For example, the working temperature for the Li-7000 CO,/H,O gas analyser and dissolved oxygen
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probe ranges between 0 and 50 °C, but the air temperatures during the April and October sampling
campaigns could be below 0 °C.

5. Conclusions

Based on four field campaigns of CO; outgassing measurements within the YRSR by deploying
float chambers, the average pCO; in the study area was measured at 771 + 380 patm and the average
FCO, was 135+175 mmol m~2 d~!. The FCO, and pCO; are lower than in many rivers in the world and
also lower than the other reaches of the Yellow River. Regardless, the results showed that the rivers
in the YRSR were net sources of atmospheric CO,, which is inconsistent with previous studies that
conclude the YRSR as a net carbon sink. Both the pCO, and FCO, showed strong spatial and temporal
variations. The largest riverine CO, efflux was found in August, which was followed by October and
April, and the lowest was observed in June. When grouped into different land cover types, the FCO,
in the permafrost river was the lowest among the studied four land cover types. The highest FCO,
was found in peatland rivers, which was followed by rivers in the grassland and glacier regions.

For the YRSR with an alpine climate, the low temperature conditions have played a crucial role in
limiting its biological activity and reducing CO, emissions, especially in permafrost covered regions.
As a consequence, these processes controlled both the riverine CO, sources and gas transfer velocity
across the water-air interface. In addition, DOC was an important control for riverine CO, dynamics
under all the four land cover types. Moreover, groundwater inflow and chemical weathering played
an important role in supporting riverine CO, for the whole YRSR. For the first time, we quantified
the relationship between the percent coverage of corresponding land cover types and riverine pCO»,
and found that the percent coverage is a good indicator to evaluate riverine pCO,, especially for August
in the YRSR.

By integrating the seasonal changes of the water surface area, the riverine CO; efflux of the entire
YRSR was re-estimated at 0.3 Tg C year™!, which suggests that the YRSR was a net carbon source for
the atmosphere. To date, very few studies have focused on the dynamics of riverine carbon cycling on
the Tibetan Plateau river systems. This study provides insight into the riverine CO, outgassing in
the YRSR, which will improve our current understanding of CO, emissions from alpine rivers in the
world. This is especially true for those located on the Tibetan Plateau.
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