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Abstract Carbon dioxide (CO2) emission from the river-

type reservoir is an hotspot of carbon cycle within inland

waters. However, related studies on the different types of

reservoirs are still inadequate. Therefore, we sampled the

Three Gorges Reservoir (TGR), a typical river-type reser-

voir having both river and lake characteristics, using an

online system (HydroCTM/CO2) and YSI-6600v2 meter to

determine the partial pressure of carbon dioxide (pCO2)

and physical chemical parameters in 2013. The results

showed that the CO2 flux from the mainstream ranged from

26.1 to 92.2 mg CO2/m2 h with average CO2 fluxes of

50.0 mg/m2 h. The CO2 fluxes from the tributary ranged

from -10.91 to 53.95 mg CO2/m2 h with area-weighted

average CO2 fluxes of 11.4 mg/m2 h. The main stream

emits CO2 to the atmosphere the whole year; however, the

surface water of the tributary can sometimes act as a sink of

CO2 for the atmosphere. As the operation of the TGR, the

tributary became more favorable to photosynthetic uptake

of CO2 especially in summer. The total CO2 flux was

estimated to be 0.34 and 0.03 Tg CO2/year from the

mainstream and the tributaries, respectively. Our emission

rates are lower than previous estimates, but they are in

agreement with the average CO2 flux from temperate

reservoirs estimated by Barros et al. (Nat Geosci

4(9):593–596, 2011).

Keywords CO2 emissions � Three Gorges Reservoir �
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1 Introduction

The river systems have a major biogeochemical role in the

global carbon cycle because they export the total organic

and inorganic carbon from the terrestrial environment to

the ocean (Zhao et al. 2012). Actually, river systems can

also exchange CO2 with the atmosphere at the water–air

interface. Early estimates suggested that the outgassing

amount is 1.2 ± 0.3 MgC/ha yr as CO2 from rivers and

wetlands of the central Amazon Basin (Richey et al. 2002).

According to conservative estimates, the terrestrial land-

scape input 1.9 Pg C/y to inland waters, of which about 0.2

Pg C/y is buried in aquatic sediments, 0.9 Pg C/y is

delivered to the oceans, while at least 0.8 Pg C/y is returned

to the atmosphere via gas exchange (Cole et al. 2007).

According to recent estimates by Raymond, 1.8 Pg C/year

from streams and rivers was released into the atmosphere

(Raymond et al. 2013). The carbon emission estimates

from river systems has counter-balanced the terrestrial

carbon sink and thus deserve attention. However, these

global estimates still have a lot of uncertainty due to lim-

ited data, bias in data distribution, and difficulties in

assigning specific areas for upscaling to specific types of

inland waters. More importantly, a comprehensive body of

published data reveals that human activities have greatly

changed the carbon exchange between land, freshwater

bodies, the atmosphere and the ocean (Regnier et al. 2013).

For example, terrestrial land can convert to an aquatic area
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after a reservoir impoundment, bringing with this conver-

sion the related issues of greenhouse gas (GHG) emission

and carbon cycle change (St. Louis et al. 2000). The

research results have shown that CO2 emissions from

reservoir surfaces account for approximately 4% of all

anthropogenic sources (Barros et al. 2011; Kemenes et al.

2011). Thus, the human-induced carbon emission from

hydropower reservoirs represents a crucial integrant in

global carbon cycling and has gained much more scholarly

attention (Bastviken et al. 2011). Barros estimated the

carbon emissions to be 48 Tg C/year as CO2 and 3 Tg

C/year as CH4 from global hydroelectric reservoirs, which

was clearly downgraded from earlier estimates due to

taking into account the surface area (321 Tg of carbon per

year for all types of reservoir). The GHG emission flux

from hydropower reservoirs was 7.3 Tg C/year as CH4 and

76 Tg C/year as CO2 based on recently revised work

(Hertwich 2013). This large range of estimates reflects both

data paucity and inherent differences in the various meth-

ods for extrapolation. Thus, more detailed information for

upscaling is needed when further testing global estimates at

the regional level.

Although hydroelectricity is considered a substitute for

high carbon-emitting coalfired generation, released green-

house gases, especially CH4 from the reservoirs, may

impair the climate benefits. Research results based mainly

on Brazilian hydropower reservoirs revealed that green-

house gas emissions from hydropower may be comparable

or higher than that from fossil-fuelled power stations under

the same power capacity. Low greenhouse gases claims of

the hydropower have been vitiated (Fearnside 2002). But,

this view is still open for debate. The characteristics of the

individual dam have a significant impact on the relative

greenhouse gases emissions (Tremblay et al. 2005). How-

ever, the specific characteristics of the reservoir are not

well reflected in some models (Delsontro et al. 2011; Sobek

et al. 2003). Additionally, more dams will be constructed

as a result of increased water demands due to continued

population increase. Therefore it is essential to understand

the effect that creating and maintaining dams has upon the

global carbon cycle. Detailed and perfect models with

robust, accurate and the widest coverage of circumstances,

will play a key role when deciding to construct the addi-

tional hydro-power reservoirs in the future (Zhao et al.

2012). Most of all, the emission data obtained from rep-

resentative reservoirs can calibrate the models.

The TGR on the Changjiang River in the Hubei province

of China is the largest hydroelectric power station in the

world, and it has the second-largest annual power output

after Itaipu in Brazil. The TGR is a typical river-type

reservoir with characteristics of rivers and lakes. There are

certain differences between river-type reservoirs and nor-

mal reservoirs or lakes: the lengths of river-type reservoirs

are much greater than their widths and depths, and they act

as reservoirs during the dry seasons and as rivers during the

flood seasons (Wang et al. 2009). Furthermore, the TGR

includes 40 large reservoir-bays (watershed

area [ 100 km2) and these bays’ surface area accounts for

1/3 of the total surface area (Wang et al. 2010). When the

TGR acts as a river in flood season, favorable hydrody-

namic conditions and water quality appear in the main

region of the reservoir,. However, flow velocities of

tributaries near the reservoir are usually very slow because

of the effects of the low discharge and high water level in

the tributaries. With favorable sunlight, temperature, and

wind speed conditions, algae are able to develop more

easily, leading to eutrophication in these reservoir-bays.

The balance of respiration and photosynthesis by phyto-

plankton along the water column in the TGR are inevitably

influenced by the high spatial and temporal heterogeneity

of the TGR aquatic ecosystem, thus manipulating the CO2

concentration levels and the CO2 flux at the water–air

interface (Wang et al. 2009).

After the Three Gorges Dam was constructed, related

research work conducted by national teams has provided

some critical underlying information on the understanding

of greenhouse gases emissions from the TGR (Xiao et al.

2013; Zhao et al. 2013; Zhao et al. 2012), but more thor-

ough reservoir ‘‘greenhouse effect’’ assessments are still

required. The goal of our study was to (1) explain the

seasonal and spatial variation and the net balance of CO2

flux between the reservoir and atmosphere, and (2)

understand how the ecosystem processes regulate the CO2

flux/pCO2 variation in the TGR. The results of CO2 dif-

fusive emissions from the TGR are an attempt to improve

the quality and quantity of available data, then provide

support for ecological operations and decisions for similar

river-type reservoirs.

2 Materials and methods

2.1 Study area

TGR (E106�500–E110�500, N29�160–N31�250) is one of the

largest manmade lakes in the world, with a capacity of

3.93 9 1010 m3 and a watershed area of over

1.00 9 106 km2. The TGR is a river-type reservoir with a

total surface area of 1084 km2 (782 km2 main steam and

302 km2 tributary) when the water level is 175 m. The

geography of the reservoir area is complex, with 74% being

mountainous area, 21.7% being hilly area, only 4.3% being

plain terrain in the river valley (Zhao et al. 2012), and

22.3% being forest coverage rate of the drainage area. The

average wind speed is fairly constant and is about 1.2 m/s

(Liu et al. 2016), and the mean annual temperature is
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16.5–19 �C. Average annual precipitation is about

1100 mm with 80% falling in rainy seasons (Apr. to Oct.)

(Ye et al. 2011). The Meixi River (N31�70–N31�110,
E109�190–E109�210) rises in Fengjie County and has

drainage in an area of 1932 km2 before joining the

Changjiang River. The main channel is 117 km long, and

the total elevation fluctuation is 1610 m. Annual mean

temperature is 16.5 �C, and the annual discharge of the

river is 40.9 m3/s in the catchment. More precipitation

occurrs in the wet seasons, which last from May to

September, and the mean annual value of 1151 mm. After

operation of the Three Gorges Dam began, the Meixi River

developed a perennial backwater area, which is located

where the conflux area with the Changjiang River is and

has a water surface of 8.7 km long.

After impoundment, the water residence time greatly

differed within a year due to the TGR being operated in

the mode of ‘‘storing clear and releasing muddy’’ water.

During the flood seasons, the water residence time is less

than 6 days maximum and more than 30 days during early

summer period when the water level of the dam is drawn

down to the minimum (145 m). Then, the ecosystem of

the mainstream is more like a river system (Zhao et al.

2013). In the upper mainstem (310–660 km away from

the dam), the water velocity remains above 2 m/s. In the

310 km stretch closest to the dam, the velocity is pre-

dicted to be about 0.5 m/s (Zhao et al. 2013). The flow

velocity of its tributaries became very slow after the

impounding of the TGR. Consequently, the phytoplankton

in the tributaries may grow quickly, and the suitable water

temperature, flow velocity, and other biological factors

even can cause an ‘‘algae bloom’’ (Yang et al. 2012).

Then, CO2 can be fixed to organic carbon through pho-

tosynthesis, and the epilimnion is generally well aerated.

Since the reservoir impounded in Jun. 2003, algal blooms

frequently occur in its bays such as in the Meixi, Xiangxi,

Daning, and Pengxi Rivers (Liu et al. 2016). Since the

Meixi River is representated in most eutrophic bays of the

TGR, CO2 emissions from this river also should be of

concern.

2.2 Sampling and analysis

Sampling sites are located at the upstream (MX03), middle

reach (MX02), and downstream (MX01) of the tributary

and the mainstream (Changjiang River; CJ01 and CJ02) in

the central reservoir, respectively. Each month, we sampled

the TGR in 2013 (except for August, because of instrument

repair). Underway-pumping sampling began from the

upstream (MX03) to middle reach (MX02), and finished at

the estuary (MX01) (Fig. 1).

In each underway measurement, surface water was

pumped into a barrel to continuously measure the

physicochemical parameters such as water temperature (T),

Chlorophyll a (Chl-a), and pH using a YSI-6600v2 and

pCO2 was determined using an automated analyzer

equipped with a carbon dioxide sensor (Hydro CTM/CO2).

In the Meixi River, a diving pump was used to pump deep

water on board with the sampling interval of 5 m. The

Hydro CTM/CO2 and YSI was also used to determine pCO2

along the water column and in situ parameters. HCO3
- was

determined by titration with HCl in situ.

Based on a theoretical diffusion equation, the CO2 flux

(FCO2) across the water–air interface can be estimated:

(Soumis et al. 2008);

F ¼ kðpCO2water � pCO2airÞKH ð1Þ

where k is the piston velocity of CO2, pCO2 water is the

partial pressure of CO2 in the surface water, and pCO2 air

is the partial pressure of CO2 in equilibrium with atmo-

sphere. KH is the solubility of CO2 corrected using tem-

perature (T) (Demarty and Bastien 2011).

ln KH ¼ �58:0931þ 90:5069� ð100=TÞ þ 22:294

� lnðT=100Þ ð2Þ

Different basin physical factors can affect the k (cm/h)

of CO2 at the water–air interface but this is largely deter-

mined by wind speed and water turbulence (Alin et al.

2011). Considering the relatively low flow velocity in the

Changjiang River (range from 0.049 to 0.809 m/s) and

Meixi River (about 0.079 m/s) during the sampling period,

the following equations were used to calculate the k

(Borges et al. 2004; Crusius and Wanninkhof 2003; Soumis

et al. 2008).

k ¼ k600

600

ScT

� �0:67

ð3Þ

ScT ¼ 1911:1� 118:11Tþ 3:45277T2 � 0:04132T3 ð4Þ

k600 ¼ 2:07þ 0:215u1:7
10 ð5Þ

U10 ¼ 1:22:U1 ð6Þ

where ScT is the Schmidt number for temperature T, k600

is the gas exchange coefficient normalized for CO2 at

20 �C in fresh water with Schmidt number 600, U10 is the

wind speed at 10 m above the water surface.

The TGR is a low-wind environment, with wind speeds

below 2–3 m/s. In our study, the wind speed values were

not directly determined but were instead based on the

monthly average wind speeds in the sampling region

(Fig. 2) (Yan et al. 2010).

After the operation of TGR began, three typical flow

patterns of the Meixi River appear from the upstream to the

estuary: the river pattern, the pattern of the transition zone

from the river to the bay, and the pattern of the bay. The

area was divided into three regions based on the three flow
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patterns (Li et al. 2014). The area of different regions was

taken into account when estimating the mean CO2 flux of

the Meixi River. One-dimensional water flow pattern of the

mainstream appears from the upstream to downstream of

the dam (Li et al. 2002). Therefore, we used the mean

fluxes of the CJ01 and CJ02 to estimate the average CO2

flux of the mainstream. The estimation of the diffusion flux

does not take the variation of water surface area into

account, so this may produce some uncertainty in the

calculations.

Fig. 1 The sampling sites of the study area
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3 Results and discussion

3.1 Spatial variation of water temperature

and turbidity

In the TGR mainstream, the mean water temperature of

CJ01 and CJ02 was 19.65 and 20.68 �C, ranging from

13.07 to 24.92 and 13.01 to 25.15 �C, respectively. The

water temperature of the surface water in the Meixi River

ranged from 13.07 �C in the winter to 28.75 �C in the

summer, with an average of 21.5 �C. An obvious temper-

ature discontinuity (more than 5 �C) developed between

the mainstream and the tributary in July. As can be seen

from Fig. 3a, at the transitional zone (about 0–4 km), the

water temperature in the surface water showed an

increasing pattern except in December, which was caused

by the backflow of mainstream. The temperature in the

middle of the Meixi river remained relatively steady but

higher than that in the upper and lower reaches of Meixi

river. The water temperature of the mainstream remained

basically stable from the CJ01 to CJ02 of the study area.

The data shown in the figures of the mainstream comes

from the average of the two sampling points in TGR.

Results show that the water body in the mainstream was as

a complete mixing pattern (river-type) most of the year.

The flow velocity of the TGR mainstream was too fast and

turbulent mixing was too rigorous to develop the stratifi-

cation. In addition, the development of stratification also

can be limited by short residence time. As a result, the

mainstream has no thermal stratification during the whole

year.

Different to the mainstream, the water columns for Meixi

River were stratified throughout the summer and were not

stratified between Oct–Dec, Jan–Feb. As can be seen from

Fig. 3c, there were three different patterns based on monthly

surveys: (1) transition period when the water column

transformed from mixing to stratification (from Mar. to May),

(2) stratification period when the stratification condition

could be observed discontinuously (from May to Sep.). The

flow velocity in the Meixi River near the reservoir was usually

very slow because of the effects of the high water level of the

mainstream and low discharge in the tributaries. The low flow

velocity and warm air temperatures of late spring and summer

contributed to a strong thermal stratification of the Meixi

River. The thermal stratification of Meixi Bay created a layer

of warm water, the epilimnion, (MX01:27.00 �C,

MX02:27.65 �C, MX03:29.30 �C, Jul.) and a layer of cold

water, the hypolimnion, (MX01:24.52 �C, MX02:24.90 �C,

MX03:24.92 �C, Jul.). A strong temperature gradient of the

thermocline prevented the epilimnion from mixing any dee-

per, thus isolating the hypolimnion waters from the water

body’s surface (Nõges et al. 2010). The Meixi river may be

considered to have a well-developed stratification due to the

prolonged residence time during the warm seasons. (3) The

mixing period (from October, to March next year, when water

column was completely mixed).

The turbidity was found to have a significant temporal

and spatial variation in the TGR. From May to September,

low transparency (high turbidity) occurred in the study area

when major inflows and rainfall events happened (Fig. 3b).

The drainage basin input particles through surface runoff,

thus decreasing the transparency but increasing the dis-

solved and particulate allochthonous carbon. These

degradable organic carbons enhanced CO2 production and

this stock of organic matter was subsequently submerged

and oxidized during the high-water stage, leading to high

pCO2. In addition, higher decomposition rates of organic

carbon were caused by the higher water temperature during

this period, and the temperature dependence can explain

why pCO2 was lower during cold seasons (Oct. to Dec.,

Jan. to Feb.) in the mainstream. But, in highly transparent

lakes, photosynthesis was supported in the epilimnion

where light could possibly penetrate (Nõges et al. 2010)

and photosynthetic uptake of CO2 could reduce the net

flux. In the Meixi Bay, the stratification along the water

column provided ample light for phytoplankti to develop

during warm seasons (Jul. to Sep). Thus, the pCO2 was

much lower during warm seasons.

3.2 Variations of chlorophyll-a and dissolved

oxygen in the TGR

Chl-a is a main pigment for photosynthetic process in

phytoplankton and through its analysis, either amount of

biomass can be estimated or can be considered as an index

for the trophic level of aquatic ecosystem. The phyto-

plankton biomass (represented as Chl-a) was higher in the

Meixi River than that in the mainstream, and it varied from

0.38 to 28.13 lg/L. In March, most of the tributary surface

Fig. 2 The monthly average wind speeds in Chongqing from 1961 to

2007. (Fengjie, a County of Chongqing)
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has Chl-a concentrations smaller than 2 lg/L. In the fol-

lowing months (Apr to Jul), the Chl-a concentration

increased and the upper and lower reaches of the river were

dominated by values above 5 lg/L. However, the middle

of the river and the estuary returns to chlorophyll-a con-

centration below 3 lg/L. In September, the main body of

the tributary, from upstream to downstream, showed con-

centrations up to 25 lg/L. In December, the Mei River

displays a high Chl-a concentration, whose values are far

below 1 lg/L. The mainstream showed basically consistent

Chl-a concentrations between 0.26 and 4.6 lg/L with no

pronounced seasonality (Fig. 4a). Although nutrient con-

tents were high, Chl-a was usually lower than 5 lg/L and

no algal bloom occurred in the mainstream (Yang et al.

2010). Phytoplankton growth was prevented by high flow

velocity due to the short residence time during spring and

summer, which were the seasons of algal growth in the

mainstream (Xu et al. 2011). Thus, phytoplankton may be

insignificant in the C dynamics in the mainstream of the

TGR. However, the situation in the Meixi River was dif-

ferent because of its prolonged residence time, thermal

stratification, and extremely small velocities. The slow

Fig. 3 Temporal and spatial variation in temperature (a), (c) and turbidity (b) at the TGR
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Fig. 4 Temporal and spatial variation in Chl-a (a), (c) and DO (b), (d) concentration in the TGR
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flow-velocity, long residence time, relatively high water

transparency, and high stratification provide the right

environment for aqueous biogenic activities. Coupled with

TN, TP, and other nutrients in the bay accumulate, algae

grew rapidly, and Chl-a concentration rose rapidly. The

highest Chl-a concentration (5.4–24.62 lg/L; Fig. 4c) was

seen during the warm seasons (Jul. to Oct.) with lower

water turbidity (2.96–13.37 NTU) than that during the cold

seasons (Chl-a: 0.64–1.04 lg/L), suggesting that the

aquatic environment promoted the growth of phytoplank-

ton during this period.

The spatial–temporal variation of DO was the same with

those of Chl-a along the Meixi River (Fig. 4b). In the

Meixi River, the DO levels decreased from 9.06 (Jan.) to

7.75 (Apr.) mg/L and from 16.25 (Sep.) to 7.74 (Dec.) mg/

L, suggesting dominant heterotrophic activity. During the

spring to autumn period, photosynthesis prevailed in the

water, and the epilimnion was supersaturated with DO,

ranging from 7.75 mg/L (Apr.) to 16.25 mg/L(Sep.). Dur-

ing the cold seasons, the collapse of thermal stratification

could result in the disappearance of the stratification of DO

(Fig. 4b, d).

3.3 Variations in pH and pCO2 in the TGR

The average pH across the mainstream and the Meixi River

was 7.95 and 8.49, respectively. As the above result shows,

the turbidity depressed distinctly and Chl-a, DO increased

from the mainstream to the Meixi River. The variation in

pH was identical with that of Chl-a along the Meixi River,

and high pH was often associated with supersaturated DO.

At the region of the transition zone, the concentration of

the Chl-a, DO, and pH had been changed obviously due to

the interactions of the mainstream and the tributary

(Fig. 5a). In the Meixi River, pH showed a declining trend

due to the greater respiration during the cold seasons and

an increasing trend during the warm seasons, which was

consistent with a increased net ecosystem production

(Fig. 5c). The higher pH occurred from June to September

(8.43–9.24) and then decreased by December (8.38). The

increase from 8.43 to 9.24 in pH during the warm seasons

was associated with a high Chl-a concentration. Increasing

the dissolved oxygen to oversaturation indicated that

enhancing the photosynthetic intensity can lead to pH

increase. The low pH levels during the cold seasons was

associated with low Chl-a concentration and oxygen levels,

suggesting that significant organic matter decomposition

led to a decrease in pH.

On the contrary, the pCO2 decreased gradually from the

estuary to the Meixi River. In the confluent area, higher

pCO2 was measured at the water surface. After the con-

fluent area, the pCO2 decreased and was even lower than

that in the atmosphere, which corresponded to high

concentrations of DO and Chl a, representing the preva-

lence of primary production in the epilimnion. However,

there was no obvious longitudinal variation of pCO2 along

the the Meixi River during the cold seasons (Fig. 5b). The

average pCO2 in the mainstream was 1558.7 latm, a value

that was far away the atmospheric CO2 (394 latm) (Pan-

neer Selvam et al. 2014), with a range from 704 to 2646

latm. The Meixi River as well as the mainstream had high

pCO2, that varied from 500 to 1781 latm due to the high

occurrences of respiration/decomposition along the water

column in the cold seasons. Significant differences in pCO2

levels were found during the warm seasons, resulting in

significantly lower pCO2 values (from 143.1 to 271.5

latm) in the Meixi River, which was associated with a high

Chl-a concentration. During this period the high phyto-

plankton biomass, and therefore high primary production,

led to low pCO2 levels in the epilimnion and high pCO2

levels in the hypolimnion, which was attributed to the

mineralisation of organic matter. In late autumn, the

decreasing temperature and impoundment of the TGR

destroyed the stable stratification. Until the following

spring, a vertical stratification of pCO2 was created with

increasing water temperature, recovery of planktonic and

microbial activities, and then the stratification prevented

the water column from mixing (Fig. 5b).

In the Meixi Bay, pCO2 declined due to biological

uptake during the warm seasons when net photosynthe-

sis was expected to be greatest. However, during the

winter, the heterotrophic respiration by phytoplankton

prevailed in the water due to the limitation of light and

temperatures, resulting in higher pCO2 (Fig. 5d). Addi-

tionally, the sediment, nutrients, and buried organic matter

could be potentially decomposed by pelagic bacteria and

transferred from the bottom of the Meixi River to the

surface via mixing, resulting in higher pCO2. In contrast,

the mainstream showed no seasonal variations in Chl-a

concentrations and had higher pCO2.

3.4 CO2 emissions from the TGR

The area-weighted average CO2 flux was 11.4 mg/m2 h of

the Meixi River, and the annual average CO2 flux was

50.0 mg/m2 h of the mainstream. Figure 6 shows that the

mainstream had high positive FCO2 throughout the year as

it ranged from 26.1 mg/m2 h (Jan.) to 92.2 mg/m2 h (Jul.).

The surface water was a source of CO2 for the atmosphere

throughout the year. However, in the Meixi River, the CO2

fluxes were negative from April (-3.4 mg/m2 h) to

September (-10.9 mg/m2 h). During this period, CO2 was

absorbed by photosynthesis, leading to the CO2 infiltration

of the water from the atmosphere. The minimum CO2 flux

occurred in September and had a value of -10.9 mg/m2 h,

representing an significant invasion of atmospheric CO2.
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Fig. 5 Temporal and spatial variation in pH (a), (c) and pCO2 (b), (d) at the TGR
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During the cold seasons, the Meixi River also had positive

FCO2 with the highest value of 53.4 mg/m2 h in October.

The surface water of the Meixi River acted as sources or

sinks of CO2.

The results of variability in the same reservoir may have

resulted from the different methods used to measure CO2

flux. Our results, which were obtained through calculations

based on equations for diffusion at the water–air interface,

were much lower than those obtained with static chambers

by Zhao, Yang, etc. (e.g., 176 and 163 mg/m2 h, respec-

tively) (Yang et al. 2013; Zhao et al. 2013). The CO2 flux

rates obtained with SC were highly variable within sites,

measured time, and they showed no spatial autocorrelation.

Factors such as chamber operation, sampling time and

location, sample storage or problems in the gas analysis all

can increase the uncertainties in the flux estimation

(Christiansen et al. 2011). In Zhao and Yang’s studies, the

air samples were manually collected at 10 min intervals

after the deployment. The long interval time for sampling

may have overestimated the CO2 flux. Furthermore, this

study used an online system to determine the pCO2 in

water at the main stream and tributary of the TGR, thus

improving the sampling density. Soumis et al. (2008)

estimated an average of CO2 flux *58 mg/m2 h and 146

from temperate and tropical hydroelectric reservoirs,

respectively. Also, an average of CO2 flux estimated by

Barros was 16 mg/m2 h from temperate reservoirs (Li and

Zhang 2014). Our estimated CO2 efflux (50 mg/m2 h of the

mainstream and 11.4 mg/m2 h of the tributary, respec-

tively) from the TGR surface area was in agreement but

previous results were higher and better matched the tropi-

cal reservoirs. Greenhouse gases emissions from aquatic

systems were due to the degradation of the organic matter

present in or entering the systems. The average CO2 flux of

the Global river was 55 mg/m2 h. Tropical reservoirs

generally had high organic matter content, high

temperature, and an anoxic bottom layer, all contributing to

Greenhouse gas (CO2 and CH4) production (Demarty and

Bastien 2011). Most large rivers, such as the Parana,

Amazon, have higher pCO2 than atmospheric CO2 levels

due to internal microbial respiration of the riverine organic

matter (Depetris and Kempre 1993). High pCO2 translated

to large CO2 evasion fluxes from water to atmosphere.

Previous measurements in the TGR illustrated that pCO2 in

the mainstem of the Changjiang River was close to

5000 latm (Zhao et al. 2013). This pCO2 level was higher

than that of the Amazon (4350 ± 1900 atm), but dissolved

organic carbon (108 lmol/L) of the Changjiang River was

lower than that of the Amazon (averaged from 333 to

500 lmol/L in the mainstem). (Cole et al. 2001; Marcelino

et al. 2015; Richey and Forsberg 1990; Wu et al. 2007).

This indicates that previous studies may have overesti-

mated the CO2 evasion from the TGR. In addition, when

compared to other reservoirs worldwide, our estimated

CO2 emission flux was similar to other temperate reservoirs

but far below the CO2 fluxes of tropical reservoirs

(Table 1).

Although previous studies overestimated the CO2 eva-

sion, the results still show that the average CO2 fluxes

remain basically stable from upstream to downstream of

the dam (Table 2). The focus of our work is about the

difference between the mainstream and tributaries, so small

changes in CO2 fluxes of the mainstream from the

upstream to the downstream can be ignored. A one-di-

mensional mathematical model has been applied to calcu-

late the holistic hydraulic characteristics in the natural

condition of the TGR (Wu 2013; Zhang et al. 2006).

Therefore, using the results in our study to estimate the

CO2 efflux from the reservoir was feasible in practice and

worthy of research and dissemination. In addition, the

surface water of the mainstream is a source of CO2 for the

atmosphere throughout the year. However, the surface

Fig. 6 Diffusion fluxes of CO2

from the Changjiang and the

Meixi river, 2013
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water of the tributary acts as both sources and sinks of CO2.

Therefore, the CO2 efflux from the mainstream and tribu-

taries should be estimated separately when estimating the

total CO2 emission from the TGR surface. Considering the

area of 782 km2, the total diffusive CO2 flux from the

mainstream was 0.34 Tg CO2/year and 0.03 Tg CO2/year

from the tributaries, when considering the total area of

302 km2. The total diffusive CO2 emission from the TGR

was estimated to be 0.37 Tg CO2/year.

4 Conclusion

Our analysis shows that the TGR emitted CO2 to the

atmosphere and that these emissions were 0.37 Tg/year.

The emission rates of CO2 from the reservoir surface

varied from 26.1 to 92.2 mg/m2 h with an mean value of

50.0 mg/m2 h (mainstream) and -10.9 to 54.0 mg/m2 h

with an mean value of 11.4 mg/m2 h (tributary). This

emission flux (boundary layer equations measurements)

was lower than previously estimated (static chamber

measurements) but in agreement with the average CO2 flux

from temperate reservoirs (25�–50� latitudinal belt) (Barros

et al. 2011). Our estimated CO2 emission flux was similar

to other temperate reservoirs but much lower than that of

the tropical reservoirs. In addition, a higher flow velocity

and a large amount of allochthonous import caused rela-

tively higher CO2 fluxes year round in the mainstream.

However, the surface water of the tributaries can also act as

a sink of CO2 for atmosphere Therefore, the spatial and

temporal heterogeneity should be taken into account when

studying similar river-type reservoirs in the future.
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