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Abstract: Dam construction greatly changes river hydrodynamics, making reservoirs key sources of global greenhouse gas emissions.
However, existing reservoir emission estimates still have large uncertainties. This study conducted field observations in August 2025
across 11 typical cascade reservoirs on the main stem of the Lancang River. It systematically examined the spatial variations in diffusive
fluxes and gas transfer velocities (k) of methane (CH4) and carbon dioxide (CO2), and analyzed their potential driving factors, including
gas types, elevation gradients and reservoir spatial positions. The results showed clear differences in the spatial emission patterns of the
two gases among the 11 cascade reservoirs. The average CHa diffusive flux was 1.23 + 2.53 mmol/m?-d, and hotspots of CH4 emission
occurred in the middle reaches of the reservoirs. CO. diffusive fluxes ranged from —287.25 to 143.46 mmol/m?-d. The middle and
downstream reservoir reaches served as carbon sources with a median flux of 23.10 mmol/m?-d, while the dam adjacent zone acted as a
carbon sink due to enhanced photosynthesis, with a median flux of —11.69 mmol/m?-d. The measured k values showed a significant
statistical difference, with k(CH4) (mean = 8.02 cm/h) higher than k(CO2) (mean = 5.46 cm/h) (P < 0.05). In high-flow reaches with
intense air entrainment near reservoir tailwaters, the large difference in solubility between CHs and CO2 dominated the physical
enhancement effect of air entrainment on CH4 emission. Altitudinal gradients could physically regulate gas transfer coefficients by
changing atmospheric pressure and gas solubility. k(CH4) showed strong spatial heterogeneity, with a mean value of 8.02 = 5.81 cm/h.
The uncertainty of CH4 flux estimation caused by spatial variations in k (coefficient of variation = 72.4%) was comparable to that derived
from spatial heterogeneity of dissolved CH4 concentrations (71.4%—73.1%). Traditional k empirical models based only on wind speed
largely underestimated CH4 diffusive fluxes from Lancang River reservoirs by about one order of magnitude. In contrast, models
incorporating flow velocity greatly improved the prediction accuracy of k values. This study verifies that spatial heterogeneity of gas
transfer velocity is a core source of uncertainty in reservoir carbon emission estimation. Future carbon budget assessments should
comprehensively consider the synergistic effects of hydrodynamic gradients and gas solubility differences.
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Fig.1 Overview and physical-hydrological characteristics of the study area in cascade reservoirs along the
Lancang River mainstream. (a) Elevation and dam distribution in the Lancang River basin; (b) Conceptual
diagram of the coupled hydrodynamic gradient and greenhouse gas diffusion model for the Lancang River
cascade reservoirs; (c) Daily-scale relative water level hydrographs for the Gongguoqiao and Xiaowan reservoirs.
Red triangles indicate the gradual decrease in flow velocity with progressive dam impoundment

R 1RV TIAS SR B RS
Tab.1 Overview of the cascade reservoirs in the Lancang River
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Fig. 2 Spatial Distributions of (a) spatial distributions of water temperature, flow velocity, and wind speed;(b)
dissolved gas concentrations in surface water; (c) diffusive fluxes of greenhouse gases. Letters in the boxplots
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Fig. 3 (a)-(b) Spatial distribution of apparent water-air exchange coefficient (k) across different reservoir zones
and proportional relationships between gases. The letter "a" in the boxplot indicates no significant difference
among zones (pre-dam zone, middle reservoir zone, and inflow zone) (P > 0.05), where N denotes the sample
size of each group. (c) The scatter plot illustrates the magnitude comparison between k(CH4) and k(CO2) in
different reservoir zones, with the gray dashed line representing the 1:1 ratio line. The X-axis in (a) corresponds
to the Distance Ratio (DR), defined as the ratio of the distance from the sampling site to the dam to the total
length of the reservoir

23 AMIRESA(CH. COK-SFASBENERAYSIMER FHEX S

TEAE X AR HT (B 4a), KA k(CHa) 5 XUIH 2 B35 IEAHIE(N=53, P<0.01), FM k(CO2) 5%
BB ZE M K(P<0.05), HihE(FNU)EEF EMEP<0.05). W HHrET X 5\ EXIREMR k (HIRE)
FT, RIS X FSAAREI k HIRS I R (B 4): BT X IR k(CHa) 5 RGE . s AK
R TREINE, MRM k(CO)NS/KE . pH 28 EH MAFRW=27, P<0.01); ANFEXFEM k(CHs)5 X
TRAFAE B3 IEARSR(N=26, P<0.05), 57Kk 2EZEAMHRP<0.05), SRENAGLLRZMIME, MR
k(CO2) M 5 JIAN A EE K 7170 S 3 A M (P>0.05) . TR IR E Tl ORI SRR P, S g & fig B s
FACT M, FMS kER N EFEH.
24 RRIIHBKESHRAERAR « L0 TUNEE A0S T

[FELCAERBAN]



W K EEAE BER M k(CHa) SEMME 454 2018 4F Liu 25 AN YL BE 2 /K E Seil 3¢ 2 K AR Vi A7 F e 4
¥, WHZBIRTIESBKE CHa Y BCHE OB & AT T EH 5. B Sa-c v, BTS2 & EH5H I EUS0
Wl e T 2 B E BB TG o AN 5 RS UTE I & A% AR A Liss & Merlivat 21, Crusius & Wanninkhof 1]
ARG =AKE CHe I OB EE 50 NMUER). %R TN Raymond 5N 2EAY, DL [ %
FERH . IR Borges ZIPHEAITE B F SR SLMERM £ E MR HOB RS B, RIH B
WL TE .

(a) E X (b) HHT X (c) AFEIX
ken, kcn, Ken,

kcn, Mco, w(coz Wco: 10 3
kco, emp N’emp emp 5
Temp * ﬁ’low ﬂﬂ?]ow * ﬁ"low 0.5 E
Flow ERVind ERVind EVind E
Wind [** gy P * i PH 00§
pi | @ ™ v :
FNU | % G+ % ERalinity Eatinity F e Eatinity -0.5 g
LIy . - (=%
Aty = ol nm i,

*p<0.05 ** p<0.0l ***p<000l *p<0.05 **p<0Ol ***p<0.00l *p<005 ** p<0.0l *** p<0.001
K 4 iR = SRR MAL G R Bk 5IF4E KT Spearman AHSPEIE . #EBIE A Spearman AH5¢ R EL p(4L
tBONIEARDE, W NI, BSRREEZMAKT(+* P <0.001, ** P <0.01,* P <0.05). (@) (b).
()73 A A EEIX . WUAETIX 5 A EE X 3RS R 1 43 A 4
Fig. 4 Spearman correlation heatmap between apparent greenhouse gas exchange coefficients and environmental
factors. Colors represent Spearman's correlation coefficient p (red for positive, blue for negative), with asterisks

indicating significance levels (*** P < 0.001, ** P < 0.01, * P < 0.05). Panels (a), (b), and (c) show the
differentiation of driving factors across the entire reservoir, pre-dam, and upstream zones, respectively.
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Fig. 5 Comparison of measured F(CH4) and predicted values from different empirical models with relative
distance from the dam (DR) in typical cascade reservoirs. (a-c) Spatial distributions of F(CH4) along the relative
distance from the dam in three representative reservoirs, with different symbols representing measured values and
various empirical models; (d) Statistical comparison of the distribution discrepancies between measured and
predicted values across the reservoirs (P<0.05).
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