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Abstract The carbon cycle of global inland waters is
quantitatively comparable to other components in the
global carbon budget. Among inland waters, a significant
part is man-made lakes formed by damming rivers. Man-
made lakes are undergoing a rapid increase in number and
size. Human impacts and frequent algae blooms lead to it
necessary to make a better constraint on their carbon
cycles. Here, we make a primary estimation on the air—
water CO, transfer flux through an algae bloom year for a
subtropical man-made lake—Hongfeng Lake, Southwest
China. To do this a new type of glass bottles was designed
for content and isotopic analysis of DIC and other envi-
ronmental parameters. At the early stage of algae bloom,
CO, was transferred from the atmosphere to the lake with a
net flux of 1.770 g-C-m~2. Later, the partial pressure
(pCO,) of the aqueous CO, increased rapidly and the lake
outgassed to the atmosphere with a net flux of
95.727 g-C-m™ 2. In the remaining days, the lake again took
up CO, from the atmosphere with a net flux of
14.804 g-C-m~2. As a whole, Lake Hongfeng released
4527 t C to the atmosphere, accounting for one-third of the
atmosphere/soil CO, sequestered by chemical weathering
in the whole drainage. With an empirical mode decompo-
sition method, we found air temperature plays a major role
in controlling water temperature, aqueous pCO, and hence
CO; flux. This work indicates a necessity to make detailed
and comprehensive carbon budgets in man-made lakes.
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1 Introduction

The carbon cycle in inland waters, including lakes,
reservoirs, impoundments, rivers, and streams, is tightly
associated with that in terrestrial ecosystems, the atmo-
sphere and ocean ecosystems, and with human activities.
By estimation, the carbon dioxide evaded from inland
waters is about 2.1 Pg-C-year™' (Raymond et al. 2013),
which is comparable to the ocean sink of 3.0 Pg C or to
the land sink of 1.9 Pg C for year 2015 (Le Quéré et al.
2016). Thus, carbon dioxide dynamics from inland waters
is a significant component of the global carbon cycle
(Cole et al. 2007; Tranvik et al. 2009; Raymond et al.
2013).

Tropical and subtropical lakes are quite different from
temperate lakes in terms of CO, dynamics (Marotta et al.
2009; Pinho et al. 2016). These waters and their catchments
are characteristic of a major part of the world population,
strong human activities, intensive monsoon rain impacts,
origins of world main large rivers as well as increasing
hydropower development activities. Man-made lakes and
impoundments are continually increasing to meet enlarging
power need gaps (Zarfl et al. 2015). Moreover, there is a
general trend toward eutrophication for many inland waters
in tropical and subtropical areas (Ansari and Gill 2014).
Therefore, the carbon dioxide transfer from these waters is
elusive and needs a better constraint.

Here, we present a dataset to describe the carbon dioxide
dynamics during an algae bloom year for Lake Hongfeng
(a man-made lake), Southwest China. The main goal of this
study is to calculate air-lake CO, exchange flux and touch
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on the association of meteorological factors with aqueous
CO, partial pressures.

2 Methods
2.1 Lake Hongfeng

As a result of damming the Maotiao River, a tributary of
the Wujiang River in the Yangtze River Basin, Lake
Hongfeng was formed in 1960 for power generation, and
drinking/industrial/agricultural water use (Fig. 1). It has a
surface area of 57.2 km® (26°26/'N-26°36'N, 106°19'E—~
106°28'E) with a maximum length of 24 km and maximum
breadth of 5 km. Its average depth is 10.5 m with a max-
imum depth of 45 m. The lake contains 6.01 x 10® m® of
water at its highest elevation of 1240 m above sea level
while it has a dead storage of 1.59 x 10® m® at an eleva-
tion of 1227.5 m. The water levels are 1228, 1237, 1233
and 1230 m for the low-water stage (DJF), rising-flood

stage (MAM), high-water stage (JJA) and falling-flood
stage (SON), respectively (Yang et al. 2014). It annually
collects 9.51 x 10® m® of water from its drainage of
1596 km?>. Lake Hongfeng has a retention time of about
0.325 years. Its watershed is influenced by the East Asian
monsoon, with a hot and wet summer and a dry and cold
winter (Fig. 2).

2.2 Sampling bottles

The content of dissolved inorganic carbon (DIC) in envi-
ronmental waters is an essential parameter for the carbonic
acid equilibrium-based calculation of the partial pressure of
aqueous CO, and of the air—water CO, exchange flux.
Now, a vacuum line is generally equipped in an isotope
analysis lab. To use this line to synchronously determine
the content and isotopic ratio of DIC, we have designed a
new type of gas-tight glass bottles for in-site collection of
water samples of any size (Fig. 3). In addition to their use
in DIC analysis, these bottles can also be used for sampling

Fig. 1 Map showing Lake
Hongfeng, its tributary systems
and the sampling site. The inset
indicates the relative location of
Lake Hongfeng in China. Grey
dotted lines are county
boundaries
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Fig. 2 Monthly mean temperature (7), precipitation (P) and relative
humidity (RH) monitored at the Pingba Meteorological Station near
Lake Hongfeng (See Fig. 1 for the location of Pingba)
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Fig. 3 Depiction of a new type of gas-tight glass bottles for DIC
content and isotopic analysis as well as other uses in collecting air,
soil, plant and water samples for content and isotopic analysis. The
upper part of the bottle is made from a 4.5 mL round-bottomed
borosilicate vial (Labco Limited, UK). The lower part is from a
borosilicate tube of any diameter, depending upon a needed volume.
Two parts were sealed by a glass blower. The total height of the bottle
is 10 cm with a diameter of 2.8 or 4 cm for synchronous DIC content
and 'C analysis or for simultaneous DIC content, '*C and '*C
analysis, respectively

soil, gas, air, and water for greenhouse gas and isotopic
analysis. They can also be used for sampling soil and plants
for water extraction and subsequent hydrogen/oxygen iso-
topic determination. In contrast to the medical glass septum
tubes recommended by Atekwana and Krishnamurthy
(1998), these bottles are characteristic of easy operation,
reusability, rapid evasion of CO, due to low liquid level
and large liquid surface, capability of storing enough water
with low DIC content, and other broad applications in
collecting various environmental samples.

@ Springer

2.3 Sampling and DIC analysis

An algae bloom event occurred in Lake Hongfeng in
August of 2007. During the period from August 9 to
September 3, 2007, water samples were collected daily
near the drinking water intake site (Fig. 1). After that, the
sampling frequency was lowered to a 1-day interval
between September 7 and November 30, 2007. Finally, the
sampling frequency was lowered to once a week between
December 3, 2007 and January 7, 2008. Water samples
were collected near the surface at two o’clock in the
afternoon of each sampling day. Water temperature and pH
values were measured on site with a portable multi-pa-
rameter tester—Pionneer® 65 (Radiometer Analytical,
France).

For DIC analysis, 10 mL of water were injected on site
into the above-mentioned bottle through a 20 mL syringe
with a Hamilton needle (26S gauge). There was a 25 mm
Swin-Lok™ filter holder with a Whatman GF/F glass fibre
filter (0.65 pm) positioned between the syringe and the
needle. Each bottle was preloaded with 1 mL of 85%
phosphoric acid (analytical grade) and a magnetic bar and
evacuated to 4 Pa prior to water injection. The combination
of septum and screw cap (Fig. 3) adequately guarantees gas
tightness of sampling bottles. Parafilm wrapping between
the screw cap and the bottle neck is of no use to stop the
CO, in sampling bottles from evasion into the atmosphere.
It is also notable that, in no case, the bottles with samples
should be positioned upside down. If so, the phosphoric
acid solution on the rubber septum would clog the needles
upon puncture during CO, extraction.

In the lab, CO, was extracted in a vacuum line following
the procedure of Atekwana and Krishnamurthy (1998);
meanwhile its pressure and temperature were measured
with a Barocel 600 pressure transducer (BOC Edwards,
UK) and a digital thermometer (Ace Glass, USA),
respectively. Thus, the DIC concentration could be
obtained using the ideal gas law (scaled up to 1 L water):

ng(uM) =PV, / (RTg)
DIC(mM - L™") = n,/V,1000/1000 = n,/V,

where, n, is the number of micromoles for a gas (CO, gas
in this experiment). P, and T, are the pressure (mbar) and
absolute temperature (K) of CO, measured in the above-
mentioned vacuum line, respectively. R is the ideal or
universal gas constant (R = 0.083145 mbar mL-uM -
K™h. V, is the fixed volume (13.2 mL for our vacuum
line) of CO, captured in the pressure transducer assembly,
and Vj is the volume (10 mL for this study) of a DIC
sample. The figures (1000) in the numerator and in the
denominator are volume (1 L = 1000 mL) and mole
(1 mM = 1000 pM) conversion factors, respectively.
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2.4 Data availability and processing

All meteorological data for the Pingba Meteorological
Station (Fig. 1) cited in this work were downloaded from
China Meteorological Data Network (http://data.cma.cn/).
The monthly atmospheric CO, concentrations are available
from an independent, citizen-led initiative through a web-
site at https://www.co2.earth/.

The empirical mode decomposition (EMD) was utilized
to decompose a time series into cyclical components and a
long-term trend (Huang et al. 1998). Its upgraded version is
called the complete ensemble empirical mode decomposi-
tion with adaptive noise (CEEMDAN) (Torres et al. 2011).
CEEMDAN can be run on a computer through an R
package (Luukko et al. 2016).

2.5 Calculation of CO, flux
2.5.1 Partial pressure of aqueous CO»

In natural waters, DIC is mainly contributed to by three
components: aqueous CO,, carbonate, and bicarbonate
(Butler 1982). Their concentration relationship can be
described as:

DIC = [CO,] + [HCO;5] + [CO3 7] (1)
The dissolution of CO, in water can be represented with

the following chemical and ionization equations:

CO; + H,0 = H,CO3

H,CO; = HCO; +H"

HCO; = CO3” +H'

In freshwaters, the activity of a species is approximate to
its concentration. Thus, we have the following equations:

[CO,] x Ky = [HCO; | x [H] (2)
[HCO; | x K> = [CO3"] x [H'] (3)

The association between aqueous CO, concentration
and its partial pressure (pCO, in atm) can be illustrated by
Henry’s law:

[COQ] = Ky x pCO, (4)

Ky is the Henry’s law constant in moles-L™'-atm™'. Ky,
K, and K, are temperature-dependent and can be estimated
from empirical equations of Plummer and Busenberg
(1982).

Thus, aqueous CO, contents and partial pressures can be
obtained through Egs. (1)-(4).

2.5.2 CO, flux

The CO, exchange across the air—water interface of a lake
is tightly related with the CO, concentration gradient and
the gas transfer velocity, k (in cm-h™"). The former is also
deterministic to the direction of CO, gas exchange and can
be expressed as the difference between the actual concen-
tration (C,q) of CO, in the water and the concentration
(Ceq) of CO, in the water at equilibrium with the overlying
atmosphere. Then, combining Eq. (4), we have:

Flux = ¢k(Caq — Ceq) = ekKp (pCO22q—pCO24ir ) (5)

where ¢ is the chemical enhancement factor for CO,
exchange. Here, we assume ¢ =~ 1 (See Sect. 4.1). pCO; o4
and pCO, ,;, are partial pressures of CO, in water and in
air, respectively. k is related with kego through the fol-
lowing equation (Jdhne et al. 1987):

k600/kC02 = (600/.5‘6(:02 ) —05 (6)

where, kggo is the value of k& for CO, with a Schmidt
number (Sc¢) of 600 in freshwater at 20 °C. It is not related
to wind direction, rainfall, or relative humidity (Frost and
Upstill-Goddard 2002). keoo is linked to the wind speed
(Uyp in m-s_l) at 10 m above the water surface (Cole and
Caraco 1998):

keoo = 2.07 4+ 0.215U (7)

A Sc number (Scco,) for CO; in freshwater is associated
with temperature through an empirical equation (Wan-
ninkhof 1992):

Scco, = 1911.1 — 118.11¢
+ 3.45277—0.0413207 (¢ in degrees Celsius)

(3)

The meteorological data at a height of 10 m above the
lake surface were not available. The daily data at the
Pingba Meteorological Station (Fig. 1) were used for the
calculation of CO, flux covering the monitoring period
(August to December of 2007) and for further analysis. The
missing values for pCO, were obtained by linear interpo-
lation. For the period from January to July of 2008, we
used the relationship (pCO, = 6 x 10" x e 2314PH
R? = 0.993, n = 73) of pH with pCO, to infer the monthly
mean partial pressure of CO,, based on the pH and tem-
perature (for Ky estimation) data monitored in 2009 (Xia
et al. 2011).

Now, with Egs. (5)-(8), we were able to get the CO,
flux across the period from August of 2007 to July of 2008.

@ Springer
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Table 1 Temperature (), pH, contents of dissolved inorganic carbon (DIC), and calculated partial pressures of aqueous CO, for water samples
collected in Lake Hongfeng during the period from August 9, 2007 to January 7, 2008

Sample no. Date

T(¢C) pH DIC (mM L™ pCO; (ppm) Sample no. Date T(¢C) pH DIC (mM L™ pCO, (ppm)

2007

HFWO01 Aug. 9
HFW02 Aug. 10
HFWO03 Aug. 11
HFWO04 Aug. 12
HFWO05 Aug. 13
HFWO06 Aug. 14
HFWO07 Aug. 15
HFWO08 Aug. 16
HFW09 Aug. 17
HFW10 Aug. 18
HFW11 Aug. 19
HFW12 Aug. 20
HFW13 Aug. 21
HFW14 Aug. 22
HFW15 Aug. 23
HFW16 Aug. 24
HFW17 Aug. 25
HFWI18 Aug. 26
HFW19 Aug. 27
HFW20 Aug. 28
HFW21 Aug. 29
HFW22 Aug. 30
HFW23 Aug. 3
HFW24 Sept. 1
HFW25 Sept. 2
HFW26 Sept. 3
HFW27 Sept. 7
HFW28 Sept. 9
HFW29 Sept. 1
HFW30 Sept. 13
HFW31 Sept. 15
HFW32 Sept. 17
HFW33 Sept. 19
HFW34 Sept. 21
HFW35 Sept. 25
HFW36 Sept. 27
HFW37 Sept. 29

28.2
26.0
24.0
25.0
26.4
25.0
28.0
26.0
26.0
26.0
22.1
26.5
242
26.0
23.0
24.0
24.0
27.0
26.0
26.0
27.0
26.0
26.0
25.0
24.0
20.8
22.0
21.0
23.0
20.0
22.0
21.0
22.0
23.0
21.0
20.0
21.0

8.74
8.73
8.62
8.67
8.96
8.85
8.85
8.88
8.86
8.49
8.57
8.50
8.64
8.70
8.67
8.61
8.59
8.56
8.71
8.46
8.25
8.50
8.48
8.35
8.00
7.93
7.76
7.40
7.65
7.69
7.65
7.65
8.05
8.28
7.76
8.05
8.33

1.165
1.613
1.625
1.590
1.556
1.304
1.229
1.258
1.485
1.598
1.472
1.422
1.236
1.278
1.350
1.361
1.543
1.580
1.251
1.254
1.296
1.380
1.403
1.472
1.482
1.590
1.673
1.803
1.985
2.046
2.114
2.009
2.042
1.833
2.005
1.967
1.910

142.4
195.5
247.6
218.6
109.9
117.4
115.5
107.0
132.4
339.1
245.3
297.1
180.2
166.2
180.5
212.3
252.1
289.2
158.9
285.3
485.8
286.1
304.7
425.4
939.0
1126.1
1762.2
4084.4
2705.7
2443.5
2838.9
2657.5
1121.6
604.4
2081.7
1050.0
546.0

HFW38 Oct. 1 21.0 8.10 1917 927.1
HFW39 Oct. 5 24.0 820 1917 770.4
HFW40 Oct. 7 220 8.12 1.936 907.1
HFW41 Oct. 9 19.0 772 1.984 2185.7
HFW42 Oct. 11 21.0 7.83 2.038 1810.7
HFW43 Oct. 13 20.0 775 2.014 2106.9
HFW44 Oct. 15 175 734 2.116 5151.3
HFW45 Oct. 17 19.0 7.76  2.139 2157.1
HFW46 Oct. 19 19.0 8.01 2.168 1249.8
HFwW47 Oct. 21  19.0 791 2.124 1533.6
HFW48 Oct. 23 20.0 743 2.149 4500.8
HFW49 Oct. 25 19.0 7.55 2.125 3392.4
HFWs50 Oct. 27 19.0 7.87 2.047 1616.2
HFW51 Oct. 29 17.0 7.44  2.089 4096.0
HFW52 Oct. 31 17.0 7.41 2.088 4360.0
HFW53 Nov.2 17.0 7.44 2.167 4249.3
HFW54 Nov.4 12.0 7.46 2.095 3663.6
HFWS55 Nov.6 18.0 751 2121 3636.3
HFW56 Nov. 8 18.0 7.50 2.014 3527.1
HFW57 Nov. 10 15.8 7.71 2.151 2315.1
HFW58 Nov. 12 17.0 8.08 1.889 904.1
HFW59 Nov. 14 17.0 811 1.578 705.5
HFW60 Nov. 16 18.0 797 2137 1329.4
HFW61 Nov. 18 16.0 771 2137 2306.8
HFW62 Nov. 20 16.0 7.61 2.163 2903.8
HFW63 Nov. 22 11.0 7.63 2.155 2586.9
HFW64 Nov. 24 18.0 7.55 2.170 3413.7
HFW65 Nov. 26 16.0 7.58 2.191 3139.5
HFW66 Nov. 28 16.0 7.62 2.221 2918.2
HFW67 Nov. 30 16.0 7.66 2.189 2636.9
HFW68 Dec.3  16.0 7.61 2.206 2962.4
HFW69 Dec. 10 15.0 7.63 2212 2804.8
HFW70 Dec. 17 14.2 7.58 2.233 3119.1
HFW71 Dec. 24 10.5 7.56 2.324 3221.4
2008

HFW72 Jan. 2 6.0 7.46 2.320 3737.3
HFW73 Jan. 7 6.0 746 2.215 3567.1

HFW Hongfeng water

3 Results

3.1 pCO,

Temperature, pH values, and measured DIC contents of all
samples together with the calculated pCO, are listed in

Table 1.

@ Springer

The mean concentration of atmospheric CO, was
384.9 + 2.7 ppm with a range of 381.0-388.5 ppm from
August of 2007 to July of 2008. Based on these data, the
evolution of pCO, for Lake Hongfeng can be divided into
two stages (Table 1). The first stage started on August 9
and ended on the last day of August, with pCO, lower than
that in the atmosphere (Fig. 4). The second one began on
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September 1, 2007 and continued to the next year 2008,
with pCO, higher than that in the atmosphere.
Consequently, in the first stage, CO, was transferred
from the atmosphere to Lake Hongfeng, and during the
second stage CO, was transported from Lake Hongfeng to
the atmosphere. The partial pressure of CO, varied
between 107.0 and 485.8 ppm with a mean value of
2204 £ 91.5 ppm (n = 23) and between 425.4 and
5151.3 ppm with a mean value of 2416.0 + 1216.6 ppm
(n = 50) during the first stage and the second stage,
respectively. In the whole monitoring period, the partial
pressure of CO, in Lake Hongfeng presented distinct
fluctuations and an obvious increasing trend (Fig. 4).

3.2 CO, flux

From August of 2007 to July of 2008, the monthly CO,
flux covered a range of —3.42 to 33.06 g-m ™2 with a mean
value of 6.60 & 13.17 g-m ™2 (Fig. 5). It is clear that the
CO, flux from Lake Hongfeng to the atmosphere is much
higher than that from the atmosphere to Lake Hongfeng.
The net annual flux is up to 79.15 g-m™2.

With no considerations on changes in water level caused
by precipitation or artificial regulations, we scaled up this
annual flux to the whole lake (57.2 km?) so that the annual
net flux of CO, from Lake Hongfeng to the atmosphere
accounted for 4.527 x 10° g C or 4527 t C.

This flux is a very conservative estimation, based on the
following considerations. First, the pH data for months of
January to July of 2008 was unavailable, and the data
monitored in 2009 were used as a substitute. The latter had

6000.0

Original Cycle  weeeeeees Trend Air

4500.0

3000.0

1500.0

0.0

pCO; (ppm)

-1500.0

-3000.0
0 50 100 150

Days After The First Sampling

Fig. 4 Partial pressure (pCO,) of aqueous CO, during the sampling
period (The first sampling is on Aug. 9, 2007). With the CEEMDAN
method, the original time series was decomposed into a cyclical
component (Cycle) and a long-term trend (Trend). For the decom-
position, the number of 4 is used to stop the EMD procedure. The
maximum number of ensemble size is 250. The maximum number of
50 is used for stopping siftings. The value of 0.2 relative to the
standard deviation of the input signal is used as additional noise. The
horizontal line (Air) is the mean partial pressure (384.9 ppm) of the
atmosphere CO, during the period from August of 2007 to July of
2008

very high pH values and changed in a narrow pH span of
8.29-9.09 with a mean value of 8.73 + 0.28. Second, the
boundary layer gas transfer method used in this work
generally has an underestimation (Anderson et al. 1999;
Jonsson et al. 2008) or congruent (Eugster et al. 2003)
estimation of CO, flux compared to the eddy covariance
technique. Finally, we do not consider the alterations in
CO, transfer velocity during night. The nighttime CO,
transfer velocities could be enhanced due to water side
convection, and hence an elevated CO, flux should be
expected (Podfrajsek et al. 2016).

4 Discussion
4.1 Chemical enhancement of CO, exchange

Air-lake transfer of CO, can be enhanced chemically by
the hydration or dehydration reactions of CO, with
hydroxide ions and water molecules (Wanninkhof 1992;
Wanninkhof and Knox 1996). These reactions or processes
are also called chemically enhanced diffusion (CED) and
may be catalyzed by carbonic anhydrase. CED plays a
more important role in the CO, exchange across the air-
lake interface at low winds (<5 m-s~') and in eutrophic
lakes with high pH, and hence may exert an influence on
the estimation of CO, exchange flux.

During the period from August of 2007 to July of 2008,
almost all daily winds (with two outliers) were located in
this low wind interval. Therefore, the chemical enhance-
ment may distort our estimation. However, the recent work
by Bade and Cole (2006) shows that CED is accompanied
with chemically enhanced fractionation (CEF) of carbon
isotopes. CEF will lead to DIC with very low or more
negative carbon isotope ratios. CEF can alter the carbon
isotopic signal (8'*C) of DIC from —9%o to —21%o (Bade
and Cole 2006). But for Lake Hongfeng we did not capture

35
30 A
25
20 1
15 1
10 1
5
0 4
-5

Flux (g C m?)

Aug Sept Oct Nov Dec Jan Feb Mar Apr May June July

Months 0f2007 to 2008

Fig. 5 Monthly CO, flux from August of 2007 to July of 2008
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Fig. 6 Relationship of air temperature with water temperature and
the partial pressure (pCO,) of aqueous CO, in the sampling period
(The first sampling is on Aug. 9, 2007). Air or water temperature time
series was also decomposed into a cyclical component (Cycle) and a
long-term trend (Trend). The parameters applied in the CEEMDAN
method are the same as those in Fig. 4. A Water T Trend. B Air T
Trend. C pCO, Trend. D Air T Cycle. E pCO, Cycle

this CEF signal as DIC 8'C values of all samples are near
—9%o (unpublished data). Thus, the CED effect may be
negligible in our CO, flux estimation.

4.2 Controls of air temperature on water
temperature and pCO,

In monsoon areas, air temperature is controlled by mon-
soon circulations. It is a main driving force for changes in
water temperature and pCO, (Fig. 6). The long-term trend
of water temperature is almost identical to that of air
temperature (see curves A and B in Fig. 6: r = 0.999,
n =73, p < 0.001).

Moreover, it is interesting that air temperature played a
more important role in controlling the evolution of pCO,. Its
long-term trend is significantly related to that of pCO, (see
curves B and Cin Fig. 6: r = —0.943, n = 73, p < 0.001).
Meanwhile, the cyclical components of air temperature have
a contribution of 27% to the fluctuations of pCO, (see curves
D and E in Fig. 6: r = —0.516, n = 73, p < 0.001). In
contrast, water temperature only has a contribution of 7% to
the cyclical components of pCO, (r = —0.268, n = 73,
p < 0.05). It is notable that there is a temporal negative
relationship of temperature with pCO, in this study while
there is a spatial positive relationship between temperature
and pCO, present across different climate zones in the
Northern Hemisphere (Marotta et al. 2009).

4.3 Implications for the carbon budget of global
inland waters

Lake Hongfeng is a typical lake in tropical and subtropical
areas. Its watershed is underlain mainly by carbonate rocks.

@ Springer

Globally, exposed carbonate rocks account for 13.4% of
the continents surface, ranking fourth just after shield rocks
(27.6%), sands and sandstones (26.3%), and shales (25.3%)
(Amiotte-Suchet et al. 2003). In subtropical areas, their
distribution is more than 25%. Carbonate rocks have a
contribution of 24.4% in the total CO, consumed by the
chemical weathering of all rock types (Hartmann et al.
2009). The virtual number for this value (24.4%) will be
much higher due to the chemical weathering of carbonate
minerals contained in non-carbonate rocks (Blum et al.
1998). Input of inorganic carbon (mainly in the form of
bicarbonate HCO3 ™) produced by the chemical weathering
of carbonate rocks is a predominant driver for CO, out-
gassing from global inland waters (McDonald et al. 2013;
Marcé et al. 2015). Moreover, Lake Hongfeng has a mean
pH of 8.43 with a scope of 7.37-9.00 during the period of
2006-2008 (Guiyang Municipal Bureau of Environmental
Protection 2009), well inside the pH range of 7.3-9.2 for
global freshwater lakes (Nikanorov and Brazhnikova
2002).

The quantity and water surface area of man-made lakes
by damming rivers have been rapidly increasing due to
clean energy and drinking/irrigation needs. Their emer-
gence exerts a significant impact on the global carbon
cycle.

A man-made lake provides a site to transform or process
carbon species such as DIC species formed mainly by
chemical weathering. For instance, thinking of the
9.51 x 10® m® of water annually collected by Lake Hon-
gfeng, we could get a DIC flux of 2.853 x 10'° g C, given
a mean DIC content of 2.5 mM-L ™. Generally, half this
carbon, e.g. 1.427 x 10" g C, is expected to come from
the atmosphere or soil CO, taken up during chemical
weathering. Thus, the outgassed carbon from Lake Hon-
gfeng can account for one-third of this atmosphere/soil
carbon sequestered by chemical weathering. In many riv-
ers, such as the Maotiao River in this work, step man-made
lakes are constructed and carbon species will be continu-
ally reprocessed in these lakes on their way to the ocean. In
order to balance the global carbon budget, humans must
make new efforts to search for new carbon sinks to offset
the carbon released from these man-made lakes.

Carbon cycles in man-made lakes located in tropi-
cal/subtropical areas are frequently disturbed by algae
blooms. Since 1996 at least nine algae bloom events have
occurred in Lake Hongfeng (Table 2). Damming rivers
have also transformed the flows of rivers and altered their
carbon-releasing/-uptake pathways. A better constraint on
the carbon cycle of global inland waters is needed in terms
of their role in greenhouse gas emission both at a global
scale (Goldenfum 2012) and at a landscape level (Premke
et al. 2016), or in terrestrial carbon accounting (Butman
et al. 2016). A clear carbon budget on global inland waters
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Table 2 Algae bloom events

Year Month Year Month
for Lake Hongfeng since 1996
1996  June 2005 August
1997 March 2006 August
1998 March 2007 August
1999  June 2008  August
2015 July

is still an onerous task for the scientific community (Dee-
mer et al. 2016). As the carbon evaded from global inland
waters is a significant part in the global carbon cycle, then
the question is what biogeochemical processes are
responsible for balancing this carbon?

5 Conclusions

We have designed a new type of glass bottles to allow for
on-site collection of environmental water for DIC content
analysis and then for the calculation of the partial pressure
of aqueous CO, and of the air-water CO, exchange flux.
These bottles worked well in this study.

It is found that only at the early stage of this algae
bloom, the CO, in Lake Hongfeng was undersaturated with
respect to that in the atmosphere. As a whole even in an
algae bloom year, Lake Hongfeng is still a source of the
atmospheric CO, in terms of air-water CO, exchange. By a
conservative estimation, it annually releases at least 4527 t
C to the atmosphere.

Air temperature is a main factor controlling water
temperature and the partial pressure of aqueous CO,, based
on an upgraded empirical mode decomposition method. Its
long-term trend and cyclical components are significantly
correlated with those of water temperature and the partial
pressure of aqueous CO,.

The outgassed CO, from Lake Hongfeng is equal to
one-third of the carbon dioxide sequestered by chemical
weathering in the whole drainage. Further research is
needed to identify which biogeochemical processes are
responsible for DIC supply. The work also shows that a
comprehensive and detailed carbon budget is necessary in
order to ascertain if Lake Hongfeng as a whole is a carbon
source or a carbon sink.
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