Open Access Article. Published on 22 June 2026. Downloaded on 6/23/2026 3:21:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental
Science
Processes & Impacts

I ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal

Dynamic variability of CO, emissions from
agricultural canal-lake systems in cold and arid
regions

{ ") Check for updates ‘

Cite this: DOI: 10.1039/d5em00912j

*ab

Ying Wang,®® Wenzhu Yang 22° and Yan Jiao

Agricultural canal-lake systems are potential hotspots for greenhouse gas (GHG) emissions; however,
existing studies have largely focused on natural water bodies or single-type water bodies, with limited
research on the continuum. Therefore, this study analyzed the dynamics of CO; flux (Fco,) in the
agricultural canal-Lake Ulansuhai continuum within the Hetao Irrigation District of Inner Mongolia and
quantified the annual CO, emissions (Fco,total) from agricultural canals and lakes on the Inner Mongolia
Plateau. The results showed that agricultural canals were persistently supersaturated with CO, and
released it to the atmosphere, with their average Fco, (49.43 £+ 37.28 mmol per m? per day) being
significantly higher than that of the connected Lake Ulansuhai and the average level of Chinese lakes.
Although the average Fco, of Lake Ulansuhai was higher than that of major freshwater lakes in China,
some areas of the lake acted as a net CO, sink during the autumn irrigation period, revealing a dynamic
shift between a carbon source and sink in cold-arid lakes. The annual CO, emissions from agricultural
canals and lakes on the Inner Mongolia Plateau were 0.0097 Tg C per year and 0.22 Tg C per year,
respectively, providing key baseline data for regional carbon budgeting. This study transcends the
limitations of traditional fragmented research approaches by systematically quantifying the differences in

CO, emissions between canals and lakes within the continuum and highlights the role of agricultural
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Accepted 28th April 2026 canal-lake systems as regional carbon emission hotspots. The findings provide a scientific basis for

salinization control, eutrophication prevention, and water environment protection of the Yellow River,

DOI: 10.1039/d5em00912j and also offer critical data support for regional ecological management and carbon accounting in cold

rsc.li/espi and arid regions.

Environmental significance

Agricultural canal-lake systems are potential hotspots for greenhouse gas (GHG) emissions, yet existing studies have largely focused on single-type water bodies,
with limited research on the continuum. This study systematically elucidated the CO, emission dynamics of agricultural canal-lake systems in cold and arid
regions. The findings provided a data foundation for carbon accounting of inland waters in typical agricultural areas of China and offered scientific
management support for the restoration of the “mountains-waters-forests—farmlands-lakes—grasslands-deserts” system on the Inner Mongolia Plateau, as well
as for addressing salinization and eutrophication in Lake Ulansuhai.

1 Introduction increase with agricultural activities, reaching peak levels

particularly in agriculturally intensive regions.®®

Carbon is widely distributed across various spheres of the Earth,
including the atmosphere, rocks, organisms, and water bodies,
and plays a central role in biogeochemical cycles. Global inland
waters, encompassing rivers, lakes, reservoirs, estuaries, and
coastal wetlands, cover 2.67% of the Earth's surface and
represent a crucial source of greenhouse gas (GHG)
emissions.'” Furthermore, GHG emissions from inland waters

“College of Chemistry and Environmental Science, Inner Mongolia Normal University,
No. 81 Zhaowuda Road, Hohhot 010022, China. E-mail: jiaoyan@imnu.edu.cn
*Inner Mongolia Key Laboratory of Environmental Chemistry, Inner Mongolia Normal
University, No. 81 Zhaowuda Road, Hohhot 010022, China

This journal is © The Royal Society of Chemistry 2026

China accounts for 8.64% of the global arable land area.’
With the expansion of agricultural production and the increase
in fertilization and irrigation activities, the number and area of
agricultural canals have also expanded. These canals serve as
transitional zones between irrigation, drainage, farmland
runoff, and rivers and lakes. Their prominent characteristics
include frequent wet-dry alternation, high sediment content,
and the transport of large amounts of soluble nutrients such as
carbon and nitrogen. As such, they are sites of highly active
biogeochemical processes.*'**> Furthermore, they exhibit
morphological features similar to small still water bodies.
Compared to natural systems (streams, lakes, and ponds),
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canals have higher emissions per unit area."® Specifically, the
global warming potential (GWP) of agricultural canals (10.9 g
CO,-eq per m”> per days) is more than double that of global
ponds (4.7 g CO,-eq per m? per days) and comparable to that of
agricultural reservoirs (11.1 g CO,-eq per m” per days).® Previous
research had indicated that global methane emissions from
ditches account for approximately 1% of all anthropogenic
methane emissions. However, the relative contributions of
ditch systems to CO, emissions at regional and global scales
remain unknown.' In addition, the factors related to carbon
emissions from ditches were also unclear.' The Hetao Irriga-
tion District in Inner Mongolia is a large irrigation district
located upstream of the Yellow River. Within the entire irriga-
tion and drainage engineering system, there are over 80 000
water intake canals used for irrigation. Part of this irrigation
water leaks into the ground, while the rest flows through nearly
20 000 drainage canals and eventually enters Ulansuhai Lake via
major drainage canals. This region serves as a typical area for
studying carbon emissions from agricultural canals in the cold
and arid regions of China.*®

Lakes, as critical components of freshwater ecosystems,
account for only 3.7% of the global non-glaciated land area, yet
they accumulate substantial carbon pools. By regulating the
cycling balance between surface water, groundwater, and
precipitation, they serve as critical nexuses in regional carbon
cycles. Furthermore, these water bodies function not only as vital
sites for carbon storage, migration, and transformation but also
as key emission sources of CO, and CH,."” Globally, lakes release
0.11-0.57 Pg C per year into the atmosphere, constituting
a significant source of atmospheric CO,."** The lakes in Inner
Mongolia are mainly divided into five watersheds based on water
resource zoning: the Songhua River Basin, the Liao River Basin,
the Hai River Basin, the Yellow River Basin, and the northwestern
river basins. According to the Water Resources Census of Inner
Mongolia Autonomous Region, the List of Lakes in Inner Mon-
golia Autonomous Region, and the Handbook of River and Lake
Characteristics in Inner Mongolia Autonomous Region, there are
a total of 655 lakes in the region. The lakes within the river basins
of Inner Mongolia Autonomous Region mainly include 163 lakes,
such as Ulansuhai Lake, Hongjiannao Lake, and Hasuhai Lake.
In the 2010s, the total area of lakes larger than 10 km? on the
Inner Mongolia Plateau was 4213.24 km”.

The Inner Mongolia Plateau has a complex climate system,
a unique geographical location, sensitive environmental
responses, and a fragile ecosystem, which together give it
a distinctive position in global change research. However,
uncertainties remain in estimating CO, emissions from the
agricultural canal-lake continuum within this region. There-
fore, this study focused on the agricultural canal-lake Ulansuhai
continuum within the Hetao Irrigation District. The objectives
were to (1) elucidate the dynamic characteristics of the carbon
dioxide flux (Fco,) in this continuum and its driving factors; and
(2) quantify the total CO, emission flux (Foo,tota) from both the
agricultural ditch system of the Hetao Irrigation District and
lakes across the Inner Mongolia Plateau. The findings will
provide critical data support for assessing CO, emission fluxes
from inland waters in a typical agricultural watershed in China.
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2. Materials and methods

2.1 Study area

The Hetao Irrigation District in Inner Mongolia (106°10’ to 109°
30'E, 40°10’ to 41°20'N) is located in the arid and semi-arid zone
of northwest China. Influenced by the Mongolian high-pressure
system, the area experiences strong winds and scarce precipi-
tation. The annual average wind speed ranges from 2.5 m s~ " to
3.4ms ', and the annual average temperature is between 3.7 °C
and 7.6 °C. The soil in the irrigation district is formed from the
Yellow River alluvial parent material, primarily consisting of
salinized light-colored meadow soil and saline soil. The irriga-
tion district is shaped like a curved fan. Due to its unique
natural conditions and geographical location, natural rivers
rarely form within this area. Therefore, the runoff in the irri-
gation district mainly consists of water from the Yellow River
system that flows into the intake and drainage canals within the
district. With the Ulansuhai Lake serving as the terminal
receiving basin, agricultural runoff, industrial wastewater, and
domestic sewage from nearly the entire Hetao Irrigation District
flow into the lake via the Main Drainage Canal, Tongji Canal,
Eighth Drainage Canal, Changji Canal, Ninth Drainage Canal,
and Tabu Canal®** (Fig. 1a). The Ulansuhai Lake is elongated in
shape, with an average water depth of 0.9 m, reaching
a maximum depth of 4 m. Most of the lake area has a water
depth between 0.5 and 1.5 m. The total area of the lake is 305.7
km?, and the open water surface area is 117.5 km?.? It is one of
the few shallow lakes located in the arid and semi-arid climatic
zones in northern China.*

2.2 Sample collection

Between 2023 and 2024, during typical irrigation periods, water
samples were collected from 73 sampling points (Fig. 1c) at the
surface water layer (0-40 cm) using water samplers, specifically
from agricultural canals (C1-C8) and various locations within
the Ulansuhai Lake (W1-WS5) (Fig. 1b). No extreme weather
events occurred during the sampling dates. The water samples
were transported to the laboratory under refrigerated condi-
tions for preprocessing and analysis. Water quality parameters
such as water temperature (Ty), pH, electrical conductivity (EC),
salinity (SA), and dissolved oxygen (DO) were measured in situ
using a portable water quality analyzer (PONSEL, ODEON,
France). The concentrations of total nitrogen (TN) and total
phosphorus (TP) in the water samples were determined using
a continuous flow analyzer (Alliance Futura, France). Addition-
ally, the total alkalinity of the water samples was measured
using the double-indicator titration method. The concentra-
tions of dissolved organic carbon (DOC) and dissolved inor-
ganic carbon (DIC) in the water samples were determined
separately using a total organic carbon analyzer (Teledyne
Tekmar TOC Torch, USA).

2.3 Calculations of CO, partial pressures and fluxes

The Pco, in water was estimated using the pH-DIC relationship
equation:****

This journal is © The Royal Society of Chemistry 2026
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where Cr represents the concentration of DIC, [H] = 10 P¥, Ky
is the solubility constant, and K; and K, are the dissociation
constants of carbonic acid.”® They are calculated as follows:

PKy=—7 x 107°T% + 0.016T + 1.11 (2)

PK; = 1.1 x 107*T% — 0.012T + 6.58 3)

PK> =9 x 10772 + 0.0137T + 10.62 (4)

In Ky = —58.0931 4 90.5069 x (IT—O:)> +22.294 x In (%) (5)
where PK = —lgK, T represents the water temperature in

degrees Celsius (°C), and Ty represents the Kelvin temperature
of the water (K).

CO, flux was quantified only during the non-ice-covered
period and estimated using a shallow boundary layer model:***”

(6)

where the conversion factor is 0.24. Fco, represents the CO,
exchange flux per unit area, mmol per m” per day. P,, denotes
the partial pressure of CO, in the surface water, patm. P,
represents the partial pressure of CO, in the atmosphere at
water-air equilibrium (400 patm). Ky is Henry's constant for
CO,, measured in mmol per m® per patm and corrected by using
eqn (5). K represents the gas exchange coefficient, cm h™".

The gas exchange coefficient was calculated by using the
following equation:

FCO2:0.24X(Pw—Pg)><K><KH

Keoo = 2.07 + 0.215,0"7 (Vo< 3ms™) 7)

This journal is © The Royal Society of Chemistry 2026
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Keoo = 0.72V19 (Vi< 3.7ms ) (8)

Keoo =0215V1> Bms™' < Vip<15ms™h (9)
Keoo = 0.31V10> (V1o > 3.7ms™ ) (10)

Keoo = 0.455V> B3m s~ < Vi< 5Sms™") (11)
Koo = 0.168 + 0.228V1¢>2 (V10 no requirements) (12)

After calculating the values of K at different wind speeds,
the average is taken as the final K.

Scicop "
600

Scico, = 1911.1 — 118.11¢ + 3.4527¢* — 0.041327°

K = K500 X < (13)

(14)

where V;, represents the wind speed at 10 meters above the
water surface, m s™; Sc(co,) denotes the Schmidt number for
CO, in the surface water; the value of x depends on V;,, when
Vio<3.7ms ', x=—2/3,and when V;,>3.7ms ', x = —1/2; ¢
represents the temperature of the water, °C.

2.4 Estimation of regional CO, emissions

The CO, emissions from agricultural canals in the Hetao Irri-
gation District and lakes across the Inner Mongolia Plateau
were estimated by multiplying the respective Fco, by the
number of days during the ice-free period and the total water
surface area, as shown in eqn (15).*® The total area of the
corresponding lakes in the Inner Mongolia Plateau region
ranges from 3625.35 to 4962.06 km>.>* We estimated the total
water surface area of the canals by multiplying the total length
of the canals by their average width. Based on annual temper-
ature data and previous studies, we assumed that the non-ice-

Environ. Sci.. Processes Impacts


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em00912j

Open Access Article. Published on 22 June 2026. Downloaded on 6/23/2026 3:21:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Processes & Impacts

covered period lasts for 150 days. Additionally, due to inter-
mittent drying of agricultural canals during both irrigation and
non-irrigation periods, we assumed that these canals have only
been storing water for 120 days of the non-ice-covered period.

Fcooml = Fco, x SA x N x 12+10" (15)
where Fco,total FEpresents the total CO, emissions, Tg C per year;
Fco, denotes the CO, emission flux per unit area, mmol per m?>
per day; SA stands for the water surface area, m”; N represents
the number of days in the non-ice-covered period, days; 12 is the
molar mass of carbon, 12 g mol™"; 10" is the conversion factor
from mg to Tg.

2.5 Statistical analyses

Statistical analysis was performed using SPSS 27. First, data
normality was verified using the Shapiro-Wilk test. Spearman
correlation analysis was employed to examine the correlations
among various indicators. Following one-way analysis of vari-
ance (ANOVA), Tukey's Honestly Significant Difference (HSD)
post hoc test was applied for significance testing. Data visuali-
zation was conducted using Origin 2022 and ArcMap 10.8. Data
presented with the “+” symbol represent the mean + standard
deviation.

3. Results

3.1 Continuum environmental variables

Table 1 systematically presents the spatiotemporal variations of
key water environmental parameters within the agricultural

View Article Online
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ditch-Lake Ulansuhai continuum, including water temperature
(Tw), dissolved oxygen (DO), pH, electrical conductivity (EC),
salinity (SA), bicarbonate (HCO; ) concentration, and total di-
ssolved solids (TDS). The observed variations in these parame-
ters reflected the dynamic hydrogeochemical processes
occurring in the continuum.

Tw in agricultural canals (drainage and irrigation canals) was
significantly higher than in the lake, with temperature differ-
ences reaching up to 3.5 °C during the spring irrigation period
and 4.0 °C during the autumn irrigation period. Overall, DO
concentrations were higher during the autumn irrigation
period and lower during the spring irrigation period. DO levels
in the lake area were consistently higher than those in the
canals. The overall increase in DO concentration during the
autumn irrigation period (33.6% in the lake area and 18.2% in
the canals) was associated with the concurrent decrease in water
temperature. The pH values across the three water body types
within the continuum displayed a distinct alkaline gradient: the
highest in the lake (7.8-8.2), followed by irrigation canals (7.5-
7.9), and the lowest in drainage canals (7.2-7.6). Lake pH was
consistently higher than that in agricultural canals. Further-
more, the pH of all water bodies increased from the spring to
the autumn irrigation period. During the spring irrigation
period, HCO3;™ concentration in drainage canals (666 + 175 mg
L") was significantly higher than that in irrigation canals (326
+ 18 mg L") and that in the lake (482 £ 112 mg L"), con-
firming that the drainage system acted as a key conduit for
regional salt transport. HCO;  concentrations decreased
significantly during the autumn irrigation period, with mean
values of 206 &+ 51 mg L™ " (lake), 338 4+ 149 mg L~ " (drainage

Table 1 Dynamic variations of physicochemical parameters for different water types in the continuum across hydrological periods

Period
Types Parameter Spring irrigation Autumn irrigation
Ulansuhai (W1-WS5) Tw (°C) 20.1 £ 0.3 11.4 £ 0.7
DO (mg L) 6.39 + 1.36 8.54 + 0.86
pH 8.21 £ 0.20 8.77 £ 0.36
EC (mS em ™) 2.61 £ 1.33 2.81 £ 1.15
SA (g kg™) 1.46 + 0.27 1.53 £ 0.55
HCO; (mg L) 482 £ 112 206 + 51
TDS (ppm) 1557 =+ 316 1558 + 649
Drainage canal (C1-C4) Tw (°C) 23.6 + 1.1 15.4 + 1.8
DO (mg L) 6.59 + 1.56 7.79 + 0.72
pH 7.83 £ 0.60 8.07 &+ 0.49
EC (mS cm™%) 10.83 + 7.14 3.06 £ 2.27
SA (g kg™) 6.45 + 5.07 3.36 + 2.85
HCO; (mgL™?) 666 + 175 338 + 149
TDS (ppm) 5681 =+ 3385 3316 + 2828
Diversion canal (C5-C8) Tw (°C) 22.2 + 0.9 15.0 + 1.5
DO (mg L™ 6.78 + 0.25 7.55 + 0.31
pH 8.00 £+ 0.38 8.17 £ 0.24
EC (mS cm™%) 0.96 =+ 0.48 1.19 £ 1.10
SA (g kg™) 0.42 £ 0.037 0.84 £ 0.0.81
HCO; (mgL™) 326 + 18 243 + 83
TDS (ppm) 400 + 35 661 =+ 653
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canals), and 243 + 83 mg L™ * (irrigation canals). Parameters EC
(>1 mS em™"), SA (0.37-13.57 g kg™ '), and TDS (359-9999 ppm)
exhibited consistent trends, following the pattern: drainage
canals > lake > irrigation canals.

3.2 Spatiotemporal variation characteristics of TN, TP, and
dissolved carbon within the continuum

During the spring irrigation period, the mean TP concentra-
tions in lakes, drainage canals, and diversion canals were 0.16 +
0.0095 mg L™, 0.0095 + 0.0067 mg L™*, and 0.0071 + 0.0096 mg
L™, respectively. During the autumn irrigation period, the
mean concentrations were 0.023 + 0.0075 mg L™, 0.026 +
0.0095 mg L', and 0.018 4 0.0090 mg L™, respectively. Across
both irrigation periods, lakes consistently had relatively high TP
concentrations, diversion canals had relatively low concentra-
tions, and drainage canals had intermediate concentrations
(Fig. 2a). For TN, during the spring irrigation period, the mean
TN concentrations in lakes, drainage canals, and diversion
canals were 0.42 + 0.16 mg L™, 0.70 + 0.44 mg L™, and 1.79 +
0.16 mg L™, respectively. During the autumn irrigation period,
the mean concentrations were 1.09 + 0.12 mg L™ ", 1.83 4 0.72
mg L', and 1.88 + 0.40 mg L', respectively. Within each
irrigation period, diversion canals had the highest TN concen-
trations, lakes had the lowest, and drainage canals had inter-
mediate concentrations (Fig. 2b).
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The spatiotemporal variation characteristics of dissolved
carbon in the agricultural canals and lakes within the
continuum are shown in Fig. 2c. Overall, the content of DIC in
the continuum was significantly higher than that of DOC, and
the two exhibited a significant positive correlation (R* = 0.75; p
< 0.001) (Fig. 2d). Both DOC and DIC concentrations displayed
distinct seasonal differences across the continuum. Concen-
trations during the spring irrigation period were significantly
higher than during the autumn irrigation period, reaching 1.4-
2.1 times the levels observed in autumn. The average concen-
trations of DOC and DIC in Lake Ulansuhai (35.16 + 15.99 mg
L' and 60.07 & 11.53 mg L', respectively) were significantly
higher than the averages reported for freshwater lakes in China
(5.80 mg L™ " and 29.38 mg L™"). The average DOC concentra-
tion (23.92 + 14.71 mg L") in agricultural canals was lower
than in Lake Ulansuhai (35.16 + 15.99 mg L"), while their
average DIC concentration (70.55 + 32.29 mg L") was higher
than in the lake (60.07 & 11.53 mg L™ '). The spatial distribution
pattern revealed that DOC and DIC concentrations in the
northern inflow zone of Lake Ulansuhai were higher than those
in the southern drainage zone. Within the agricultural canals,
the highest concentrations of DOC and DIC were found in the
Eighth Drainage canal, Ninth Drainage canal, and Tenth
Drainage canal.
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Fig. 2 Spatiotemporal variations of total phosphorus (TP) (a), total nitrogen (TN) (b), and dissolved carbon in the agricultural ditch-lake
continuum (c); and the correlation between DIC and DOC (blue dots in (d) represent the continuous system'’s average values; green dots

represent all data).
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3.3 Spatiotemporal variations in Pgo, and Fco, within the
continuum

During the irrigation periods, there were significant differences
in Pco, among lakes and different types of canals (p < 0.05). The
Pco, in lakes ranged from 701 patm to 1981 patm, with an
average of 1346 & 360 patm. In agricultural canals, Pgo, varied
between 525 patm and 3366 patm, with an average of 1538 +
887 patm. The Pgo, in canals was significantly higher than the
atmospheric average (400 patm) during both irrigation periods.
However, Pco, in the Ulansuhai Lake was undersaturated during
the autumn irrigation period. Overall, Pco, in both canals and
lake waters was higher during the spring irrigation period than
during the autumn irrigation period, with higher Pco, in agri-
cultural canals than in lakes (Fig. 3).

Regarding the area-based Fo,, during the spring irrigation
period, the Fo, in lakes ranged from 14.33 mmol per m? per day
to 72.51 mmol per m” per day, with an average of 43.85 + 16.30
mmol per m* per day. In drainage canals, Foo, varied between
56.07 mmol per m> per day and 121.05 mmol per m> per day,
averaging 93.63 & 22.13 mmol per m> per day. For diversion
canals, Foo, ranged from 5.76 mmol per m> per day to 43.15
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mmol per m? per day, with an average of 25.41 4 9.61 mmol per
m” per day (Fig. 4a). The Fgo, values were all greater than 0,
showing a trend of drainage canals > lakes > diversion canals.
During the autumn irrigation period, the Fco, in lakes ranged
from —11.50 mmol per m” per day to 18.27 mmol per m” per
day, with an average of —0.69 + 11.89 mmol per m* per day. In
drainage canals, Fco, varied between 7.60 mmol per m? per day
and 97.70 mmol per m? per day, averaging 46.09 + 34.42 mmol
per m*> per day. For diversion canals, Fco, ranged from 5.12
mmol per m® per day to 53.95 mmol per m” per day, with an
average of 18.68 + 16.47 mmol per m” per day (Fig. 4b). During
the autumn irrigation period, the Fco, in agricultural canals was
greater than 0, showing a trend of drainage canals > irrigation
canals, indicating CO, emissions to the atmosphere. However,
in the Ulansuhai Lake, negative Fco, values were observed
(Fig. 4b). Overall, there were significant differences in Fgo,
among different types of water bodies (p < 0.05) (Fig. 4). Fco,
during the spring irrigation period was higher than that during
the autumn irrigation period, and the area-based Fco, observed
in canals was higher than in lakes, indicating widespread and
persistent emissions of CO, to the atmosphere.

Significance Level: 0.05
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Environ. Sci.; Processes Impacts

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em00912j

Open Access Article. Published on 22 June 2026. Downloaded on 6/23/2026 3:21:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
a *p<=0.05 **p<=0.01 ***p<=0.001 .
Tyy|rm =
POl »o Los T
3
PH|™ F06
- P g
E i g
SA P 0.4 2
Heo; | Lo - 0.2
DS pos - . '
fol T 1=
poc| |+ L0
TN £ * - _-”.4 s
TP e »* §
K - g
I’m. EOEE ) :5
F('(L ; o on e we B e - r Y
ESX O S nR U R &8
NEQE‘CSEEEJ“KMSE
g

~

View Article Online

Environmental Science: Processes & Impacts

y=-36.73x+339.85 y=0.84x-13.23 B C
R*=0.33 r=-0.57 100} R?=0.57 r=0.75 .\
100 s 7 o
\E o o
350 Pg 0 @
50 H pég% 8
& @%5°
B ol
o
0 <0 -
6 7 8 9 0 50 100 150
pH DIC (mg/L)
d y=17.60x-40.40 Vy=0.67x+21.88 e
00 o R=011 =033 ° 100/ R?=0.15 r=0.39
o ° 3
o .
50 o ,;8 § 50
o o &
8 %0 g
0 o o < g
]
3.5 4.0 4.5 5.0 0 10 20 30 40 50 60 70 86

K (cm/h) DOC (mg/L)

Fig.5 Correlation analysis of Fco, during the ice-free period in the continuum. (a) Correlation heatmap between Fco, and environmental factors;
(b)-(e) represent the correlation analysis between Fco, and each major environmental factor, respectively.

3.4 Driving factors influencing CO, emissions in the
continuum

When the Pgo, in water exceeds the atmospheric equilibrium
value, CO, is emitted at the water-air interface. Fgo, is nega-
tively correlated with pH (R* = 0.33, p < 0.001) (Fig. 5b), posi-
tively correlated with DIC (R* = 0.57, p < 0.001) (Fig. 5¢), and
positively correlated with HCO;™ (p < 0.05) (Fig. 5a). It is also
positively correlated with DOC (R* = 0.15, p < 0.01) (Fig. 5€),
potassium (K) (R* = 0.11, p < 0.05) (Fig. 5d), EC, and SA (p < 0.01)
(Fig. 5a). These environmental factors jointly regulate Fco, in
the continuum.

3.5 Regional CO, emissions from the continuum and lakes
across the Inner Mongolia Plateau

Agricultural canals are ubiquitous in global agricultural
regions, covering up to 7% of drained croplands and serving as
a significant source of greenhouse gas emissions. In the Hetao
Irrigation District of Inner Mongolia, various types of canals
and Lake Ulansuhai constitute important greenhouse gas

sources (Fig. 4). The total CO, emissions from the entire
continuum reached approximately 0.023 Tg C per year. Lake
Ulansuhai alone contributed 0.013 Tg C per year, accounting for
57% of the continuum's total emissions. Agricultural canals
emitted 0.0097 Tg C per year (43% of the continuum), with
drainage canals (0.0054 Tg C per year) exhibiting higher emis-
sions than irrigation canals (0.0043 Tg C per year) (Fig. 6a). For
context, lakes across the Inner Mongolia Plateau emitted 0.22
Tg C per year, representing about 2.6% of China's total lake CO,
emissions. This emission level was lower than those from lake
systems in Northeast China, Northwest China, the Yangtze
River Basin, the Huang-Huai-Hai Plain, and the Tibetan Plateau
region (Fig. 6b).

4. Discussion

4.1 Physicochemical factors affecting CO, emissions in the
continuum

The solubility pump and the biological pump jointly influence
the CO, exchange rate at the water-air interface.* The solubility
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Fig. 6 Total CO, emissions in (a) the watershed continuum and (b) Inner Mongolian Plateau lakes.
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pump is influenced by factors such as wind speed, water
temperature, alkalinity, and carbonate decomposition.** In
contrast, the biological pump primarily relies on the photo-
synthesis and respiration of aquatic organisms, especially
phytoplankton.*

Aquatic CO, flux is influenced by multiple factors, exhibiting
high complexity and variability.*® In aquatic ecosystems, DIC is
the sum of inorganic carbon species (HCO;~, H,CO;, CO;>7,
and CO,,q), and the balance among these components depends
on temperature and pH. In this continuum, with a pH range of
7.51 to 8.94, DIC is dominated by HCO; .** Driven by intense
soil erosion and chemical weathering in the Yellow River basin,
the carbonate system composed of DIC and water pH is one of
the factors controlling the high Pco, in the water bodies of this
continuum.* Fo_ is negatively correlated with pH (R* = 0.33, p
<0.001) (Fig. 5b) and positively correlated with DIC (R* = 0.57, p
<0.001) (Fig. 5¢). Changes in pH disrupt the carbonate reaction
equilibrium, thereby affecting the Pco, of the water body and
the Fco, at the water-air interface, which alters the amount of
CO, efflux. The pH level is negatively correlated with both Pco,
and Fco, (Fig. 5a), indicating the importance of the carbonate
buffer as a source and sink of CO,.* The study by Zhou et al.®
reveals a significant negative exponential relationship between
river Fco, and pH. The primary reason behind this phenomenon
is that pH regulates the carbonate balance in water, thereby
affecting the CO, partial pressure and CO, emissions of water.
Under the action of the “biological carbon pump”, aquatic
organismes fix inorganic carbon into organic carbon, resulting in
the burial of some carbon, which reduces the DIC concentration
in the water body, leading to a decrease in water CO, concen-
tration and subsequently a decrease in Fgo,. Conversely, when
DIC concentration increases, it causes more CO, to escape from
the water body. The HCO;  produced by the dissolution of
carbonate rocks by H,COj; also causes an increase in Pco, and
Fco,. In the weakly alkaline continuum, the high concentration
of HCO;~ forms a buffering system. When water temperature
increases, pH fluctuates, or water-air disturbance intensifies,
and the carbonate equilibrium shifts to the right: 2HCO; ™ =
CO;*>™ + CO,1 + H,0, resulting in CO, degassing. Therefore,
carbonate weathering indirectly promotes an increase in Pco,
and CO, emission by supplying HCO; , rather than directly
producing CO,. This mechanism is particularly pronounced in
the high-DIC, high-pH water bodies of the study region.

The sources and transformation processes of DIC signifi-
cantly influence CO, emissions. Exogenously input DIC directly
affects the Pco, in water bodies, often leading to a supersatu-
rated state of CO,. This supersaturation subsequently drives the
release of CO, into the atmosphere.’*** For example, research
in Lake Taihu has shown that in areas dominated by exogenous
inputs of DIC and DOC, the P, at estuaries can reach twice
that in open water areas. This phenomenon primarily stems
from high-intensity exogenous carbon inputs.** Our recent
study confirms that the DIC in the agricultural canal-lake water
system of the Hetao Irrigation District originates mainly from
exogenous inputs.** After entering the water body, this DIC may
undergo a series of biogeochemical processes, such as photo-
synthesis-respiration and carbonate precipitation/dissolution.
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These processes not only alter the concentration and compo-
sition of DIC but also affect the water's pH, thereby indirectly
influencing Feo,. Similarly, Lv et al.*® also found a significant
positive correlation between Fgo, and alkalinity-DIC in the Nihe
Reservoir.

Furthermore, Fco, is positively correlated with K (R*=0.11,p
<0.05) (Fig. 5d). CO, emissions depend on the water body's Pco,
and the gas transfer velocity K. Pqo, influences the direction of
CO, diffusion at the water-air interface, thereby controlling the
carbon emission rate. Fgo, exhibits significant spatiotemporal
variability. The Inner Mongolia Plateau has a flat terrain,
allowing cold front winds and cyclonic winds to flow freely,
resulting in a high annual average wind speed. High wind
speeds can reduce the thickness of the water boundary layer,
thereby increasing the diffusion rate of carbon in surface
waters. When K increases, surface water disturbance intensifies,
leading to an increase in the gas exchange interface area
between the water and the atmosphere, which facilitates the
escape of CO, from the water body into the atmosphere.*****

4.2 The impact of human activities on CO, emissions in the
continuum

Anthropogenic-induced changes in the water balance will lead
to alterations in carbon storage and carbon flux within the
watershed, with changes in vegetation cover and irrigation
playing significant roles in regulating the carbon cycle. The
widespread adoption of agricultural activities and chemical
fertilizers, coupled with irrigation drainage, conveys substantial
agricultural pollutants (livestock manure) and nutrients (e.g.,
nitrogen and phosphorus) into water bodies within agricultural
watersheds.®'*> This process provides sufficient substrates for
CO, production, thereby establishing agricultural irrigation-
drainage channels as carbon emission hotspots.>*>**** DOC
from terrestrial sources to aquatic environments constitutes
a significant external input pathway of organic carbon into
freshwater ecosystems. Simultaneously, it represents a key
process releasing CO, to the atmosphere. The load of external
DOC input regulates the dynamic changes in aquatic CO,
emissions by acting as a substrate for microbial metabolism.
Elevated DOC concentrations provide abundant organic carbon
substrates to the water body. This imported DOC can undergo
photodegradation and is subsequently degraded by aquatic
microorganisms, such as bacteria and phytoplankton. Within
lake systems, DOC is typically the organic carbon component
most readily mineralized and converted into CO,. This process
significantly influences dissolved CO, concentrations and their
subsequent flux to the atmosphere.*® Further supporting this
mechanism, research by Zhou et al.® found significant positive
correlations between riverine Fco, and concentrations of Total
Organic Carbon (TOC), DOC, and TN. Similarly, this study also
observed a positive correlation between aquatic Pco, and DOC (p
< 0.05) (Fig. 5a), and between Fgo, and DOC (p < 0.01) (Fig. 5e).
Collectively, this evidence indicates that DOC decomposition is
a key driver of aquatic CO, emissions. Substantial inputs of
organic matter and agricultural practices lead to excessive
nutrient loads entering the aquatic continuum. Concurrently,
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Table 2 Fco, in major rivers and lakes in China“®

Basin name Fco, (mmol per m” per day)  References
Hongze Lake —17.3-310.29 (43.5 + 63.5) 57
Chaohu Lake 5.61 + 6.35 58
Dongting Lake —12.97 59

Poyang Lake 19.49 59
Baiyangdian Lake —16.19-623.54 (25.52 £ 60

3.60)

Dianchi Lake —9.79 59

Taihu Lake —23.6-808.1 (18.2 £ 8.4) 24
Qinghai Lake 1.29 61
Ulansuhai Lake 35.99 This study
Global saline lakes 81-105 (80) 26
China’'s lakes —35.56-111.6 (38.05) 62

Global lakes 28.8 63

Global artificial reservoirs  41.5 64

Hetao Irrigation District 47.91 This study
Songhua River 255.3 28 and 43
Liao River 362.6 28 and 43
Hai River 47.5 43

Yellow River 855.8 43 and 65
Huai River 515.7 28 and 43
Yangtze River 38.9 43 and 66
Yarlung Zangbo River 180.3 28 and 43
Pear] River 158.9 28 and 43
All rivers 384 28 and 43

“ DLC, QHL, CHL, PYL, TL, DTL, ULS, HZL, and BYD represent the
Dianchi Lake, Qinghai Lake, Chaohu Lake, Poyang Lake, Taihu Lake,
Dongting Lake, Ulansuhai Lake, Hongze Lake, and Baiyangdian Lake.
HID, HHR, PR, YZR, SHR, LHR, HR, YR, and CJ represent agricultural
canals in the Hetao Irrigation District, Haihe River, Pearl River,
Yarlung Zangbo River, Songhua River, Liaohe River, Huaihe River,
Yellow River, and Yangtze River.

ditch systems are characterized by high nutrient levels, low flow
rates, and active biogeochemical interactions between nutri-
ents. These conditions may enhance carbon transformation
and emission processes."* Additionally, salinity (typically
measured as electrical conductivity) exerts a particularly
significant influence. High salinity itself can promote the
diffusive flux of CO,. Agricultural drainage and regional soil

90°0'0"E 100°00"E. 110°0'0"E 120°00"E.
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characteristics lead to elevated salt and alkali content in ditch
water. Furthermore, substantial external inputs contribute not
only salts but also abundant organic matter. This increased
organic matter directly provides a carbon source through
decomposition or mineralization processes, significantly stim-
ulating CO, production and emission.”® The data from this
study indicate a positive correlation between Fco, and SA (p <
0.001) (Fig. 5a). High salinity may promote the anaerobic
decomposition of organic matter and subsequent CO, produc-
tion by inhibiting the activity of nitrifying bacteria. Under
alkaline conditions (pH > 8), the chemical degradation of
organic matter is accelerated. Simultaneously, these conditions
promote the reaction between CO, and OH™ to form HCO;
establishing a dynamic equilibrium system involving CO,-
HCO; -CO,> .78

4.3 Agricultural canals and lakes in high-latitude regions are
hotspots for CO, emissions

Both natural and human-made inland waters are often affected
by intermittent droughts. Such ecosystems may temporarily dry
up partially or completely, and in some cases, they may even dry
up permanently.” The irrigation-drainage channels in the
Hetao Irrigation District of Inner Mongolia, which experience
temporary drying up after irrigation periods, are characteristi-
cally intermittent agricultural canals. During the sampling
period, they were supersaturated and served as sources of CO,
emissions throughout the year. The total annual CO, emissions
amounted to 0.0097 Tg C per year. Their average Fco, (49.43 +
37.30 mmol per m” per day) was much lower than the average
Fo, of rivers in China (384 mmol per m” per day) and also lower
than those of China's major rivers (Yangtze River, Yellow River,
Huai River, Liao River, Songhua River, Yarlung Zangbo River,
and Pearl River) (Table 2 and Fig. 7). However, this value was
higher than the average Fco, of lakes (standing waters) in China
(38.05 mmol per m”> per day) (Table 2). Field observations
revealed significantly higher Fco, in agricultural canals than
that in the Ulansuhai Lake, likely attributable to fertilizer
application and organic matter decomposition within the soil-
vegetation system. Concurrently, irrigation activities enhance
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Fig.7 Spatial characteristics of Fco, in major Chinese rivers (a) and changes in FCOz emission flux per unit area (b). (HID, HHR, PR, YZR, SHR, LHR,
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Fig. 8 Spatial characteristics of Fco, in major Chinese lakes (a) and changes in Fco, emission flux per unit area (b). (DLC, QHL, CHL, PYL, TL, DTL,
ULS, HZL, and BYD represent, respectively, Dianchi Lake, Qinghai Lake, Chaohu Lake, Poyang Lake, Taihu Lake, Dongting Lake, Ulansuhai Lake,
Hongze Lake, and Baiyangdian Lake. GLOL represents the average Fco, value of global lakes, CHNL represents the average Fco, value of lakes in
China, and GLOSL represents the average Fco, value of global salt lakes).

hydrological connectivity across the aquatic continuum, facili-
tating increased inputs of terrestrial carbon and dissolved CO,
into ditch networks.**** Previous research conducted in the
western Chengdu Plain-a vital agricultural region in south-
western China-further demonstrated that rice-cultivation ditch
systems in this area persistently utilize traditional agricultural
amendments (e.g., chemical fertilizers, fungal residues, and
manure). This agricultural practice constitutes a key contrib-
uting factor to elevated carbon emissions.™

The average Fco, of the Ulansuhai Lake (29.68 + 25.69 mmol
per m? per day) was slightly higher than that of China's major
freshwater lakes (Taihu Lake, Chaohu Lake, Poyang Lake,
Dongting Lake, and Dianchi Lake) and was comparable to the
average global lake emissions (28.8 mmol per m> per day) and
the average emissions of lakes in China (38.05 mmol per m” per
day) (Fig. 8 and Table 2). During the observation period, the
total annual CO, emissions from the Ulansuhai Lake amounted
to 0.013 Tg C per year. The Ulansuhai Lake has a relatively small
area (293 km?) and shallow water, which results in weak strat-
ification of temperature and dissolved oxygen. This promotes
aerobic respiration in the bottom water and sediments, thereby
increasing CO, production. The study by Zhou et al.® indicates
that most of the high F¢o, values in lake systems occur in lakes
with a water surface area of less than 400 km?, while extremely
high Fco, values are found in lakes with a water surface area of
less than 10 km?. Existing studies have confirmed significant
positive correlations between CO, concentrations in freshwater
ecosystems and both the proportion of cultivated land and
agricultural intensity within watersheds. Agricultural activities
enhance the input efficiency of organic matter and nutrients
into aquatic systems, potentially activating microbial metabolic
processes that drive CO, production.”®* Agriculture occupies
a significant portion of the global ice-free land surface.” In the
context of greenhouse gas emission research, agricultural
canals remain the least understood type of waterways.® As the
world's second-largest irrigated agricultural country, China's
multi-level artificial ditch system holds typical research value
due to its complexity." Therefore, there is an urgent need to

Environ. Sci.; Processes Impacts

quantify CO, emissions from agricultural canal-lake systems in
typical regions, deepen the understanding of their regulating
environmental factors, and improve the monitoring frequency
of greenhouse gases.*

From a spatial perspective, the Fco, of natural rivers in China
decreases from the south to the north (Fig. 7a), with high values
occurring in the Yangtze River basin. High F¢o, values for lakes
in China are concentrated mainly in the Qinghai-Tibet Plateau
and the Huang-Huai-Hai region, while low values are mainly
distributed in the eastern lake regions. The Fo, levels of rivers
and lakes in high-latitude regions are higher than those in the
eastern and Yunnan-Guizhou lake regions (Fig. 8a). The typical
characteristics of lakes in Inner Mongolia include relatively
small areas, shallow water depths, and severe salinization
pollution. Lakes on the Inner Mongolia Plateau are generally
characterized by relatively small surface areas, shallow water
depths (with an average depth ranging from 0.4 to 1.1 m), water
quality ranging from fresh to brackish, and severe salinization.
The total CO, emissions from these lakes are estimated at
approximately 0.22 Tg C per year, which is higher than that of
the Pearl River Basin, comparable to that of the Huang-Huai-
Hai Basin, but considerably lower than those of the Yangtze
River Basin, and the northwestern, northeastern, and Qinghai-
Tibet Plateau regions (Fig. 6b). The main factors contributing to
these differences include (1) the Inner Mongolia Plateau expe-
riences low annual mean temperatures and a long ice-covered
period. Low temperatures limit primary productivity, while the
ice-covered period promotes the accumulation of organic
matter, which subsequently forms carbon metabolism hotspots
after ice breakup. High-latitude lakes generally exhibit high CO,
fluxes.*® Shallow lakes on the Inner Mongolia Plateau follow this
pattern, whereas lakes on the Qinghai-Tibet Plateau, despite
being cold, are larger in area and have higher salinity, leading to
different driving mechanisms. (2) Lakes on the Inner Mongolia
Plateau have high salt and alkali contents. High salinity may
inhibit nitrifying bacterial activity and thereby promote anaer-
obic decomposition of organic matter and CO, production.
Alkaline conditions (pH > 8) accelerate chemical degradation of

This journal is © The Royal Society of Chemistry 2026
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organic matter and shift the CO,~HCO; -CO;>" equilibrium,
affecting CO, emission. In contrast, lakes in eastern and
southern China are mostly neutral to weakly acidic, and their
carbonate system behavior differs. (3) The water bodies of Inner
Mongolian lakes are shallow, resulting in weak thermal and
oxygen stratification, which enhances aerobic respiration in
bottom water and sediments and thus increases CO, produc-
tion (characteristics and influencing factors of CO, emission
from inland waters in China). Large eastern lakes (e.g., Lake
Taihu and Lake Poyang) are deep and expansive; stratification
and hypoxic zones there mainly affect CH, emissions, with
different patterns of CO, contribution. (4) The intensity of
agricultural fertilization and irrigation around Inner Mongolian
lakes is lower than that in the eastern lake region. Intense
human activities in the eastern region cause widespread
eutrophication, leading to massive algal blooms; the resulting
high photosynthetic uptake of CO, reduces the average Fco,.

4.4 Uncertainty in the estimation of Pco, and Fo,

In waters with high conductivity and high pH, HCO;™ contrib-
utes the primary portion of the total alkalinity. In such hard
waters, dissolved CO, constitutes only a minor fraction of DIC
compared to HCO;3™ . Pgo, can be calculated using the dissoci-
ation constants of carbonic acid (as a function of temperature)
and either of the paired measurements: pH-total alkalinity or
pH-DIC. However, organic acid anions within DOC may
contribute significantly to alkalinity in some water bodies,
particularly those that are acidic, poorly buffered, and organic-
rich. In these cases, Pco, calculated based on pH and alkalinity
will be significantly overestimated.”® This overestimation
primarily stems from the contribution of organic acids to
alkalinity as well as the reduction in the buffering capacity of
the carbonate system under low pH conditions.** Furthermore,
in alkaline rivers, 53% of the measured alkalinity values were
below 0.07 meq L', resulting in substantial uncertainty in
alkalinity-based CO, quantification.’® Variations in pH
measurement precision are typically the primary driver of
discrepancies between measured and calculated Pco,. In this
study, the pH values at all sampling sites exceeded 7 (Table 1),
and DOC concentrations were low (Fig. 2). These conditions
indicate that the contribution of organic acids to alkalinity and
the consequent overestimation of calculated Pco, are likely to
have minimal impact within the context of this study.* Previous
research has also shown a strong correlation between Pco,
values calculated based on pH and DIC and those measured
using the headspace equilibration method.*® Similar findings
have also been reported in studies on the Hudson River.**
Estimates of Fco, likewise carry uncertainty. This study
employed a wind speed-based model to calculate Fco,. However,
the gas transfer velocity (K) is influenced by multiple factors
(e.g, wind speed, boundary layer stability, surfactants, and
bubble-mediated transfer), and k values derived from different
methods exhibit variation. Consequently, approaches relying
solely on wind speed to predict gas transfer velocity have
inherent limitations.”® Nevertheless, gas transfer velocity is
primarily governed by wind-driven turbulence at the air-water
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interface.*® Consequently, this study still estimated k based on
its relationship with wind speed, specifically adopting
a parameterization approach that links the normalized gas
transfer velocity (Kso0) to environmental drivers such as wind
speed. Specifically, K¢ values were calculated under six distinct
wind speed conditions, and their average was adopted as the
final Ky, value.

5. Conclusion

Agricultural irrigation/drainage canals and lakes in high-lati-
tude regions are hotspots for greenhouse gas emissions.
However, their carbon evasion processes remain understudied
and urgently need to be quantified and incorporated into the
global carbon budget. This study reveals the dynamic charac-
teristics of CO, emissions in a typical agricultural irrigation
water system-lake continuum in cold and arid regions of
northern China. The average Fco, in drainage canals was higher
than that in irrigation canals. The average Fco, from agricultural
canals was significantly higher than that from the connected
Lake Ulansuhai and the average level of Chinese lakes, but
lower than that of major Chinese rivers. The average Fco, of
Lake Ulansuhai was comparable to the average level of Chinese
lakes, with local net CO, uptake occurring during the autumn
irrigation period. CO, emissions were jointly regulated by the
physicochemical properties of the water bodies and anthropo-
genic activities (e.g., fertilization and irrigation). The estimated
annual CO, emissions from agricultural canals in the irrigation
district and lakes on the Inner Mongolia Plateau were 0.0097 Tg
C per year and 0.22 Tg C per year, respectively, which were
comparable to the carbon emissions from the Huang-Huai-Hai
River Basin in China. This study provides fundamental data for
carbon cycle research in cold and arid regions and offers
a scientific basis for the management of salinization and
eutrophication, and the protection of the water environment of
the Yellow River.
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