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• After damming, carbon species devel-
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file.

• Carbon species showed larger variations
in reservoir than in corresponding river.

• After damming, biological activity be-
came key factor and accelerated carbon
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Currently, there is a lack of systematic knowledge concerning carbon (C) biogeochemical cycles in impounded
rivers. In this study, we investigated different C species and related environmental factors from July 2007 to
June 2008 and fromMay 2011 to May 2012 in the impoundedWujiang River, SW China to understand the influ-
ence of dam construction on the riverine C cycle. The results showed that average concentrations of dissolved
CO2, dissolved inorganic C (DIC), dissolved organic C, and particulate organic C (POC) were 81.73 μmol/L,
2283.55 μmol/L, 158.11 μmol/L, and 37.54 μmol/L, respectively. Meanwhile, δ13CDIC ranged from −10.07‰ to
−4.92‰ with an average of−8.33‰, while δ13CPOC ranged from−35.30‰ to −22.28‰ with an average of−
29.20‰. Thermal and chemical stratifications developed seasonally and exerted a significant influence on the C
cycle of the released water. The C species and related δ13C showed remarkable heterogeneity in time and
space. Evidence from δ13C demonstrated that the C system in this river was primarily influenced by carbonate
weathering, whereas in the reservoir, it was primarily controlled by algal activity. The coefficients of variance
for different C species in the reservoir and releasedwaterwere higher than those in the river. Our study indicated
that biological activity became a key controlling factor for the C biogeochemical cycle and accelerated it after
damming, especially in the warm seasons. The results of this study have important implications for understand-
ing the C cycle in elongated and deep reservoirs.
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Table 1
Main characteristics of the Wujiangdu Reservoir.

Running age (until 2017) (years) 39
Drainage area (km2) 27,790
Average annual discharge (m3/s) 502
Total storage capacity (108 m3) 23
Height of dam (m) 165
Hydrological retention time (days) 53
Normal water level (m) 790
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1. Introduction

Dam construction has become one of themost disturbing anthropo-
genic activities on natural rivers. Approximately 70% of the world's riv-
ers were intercepted by dams (Kummu and Varis, 2007) with 58,266
dams with heights over 15 m, among which 23,842 were in China by
the year of 2015 (http://www.icold-cigb.org/). Almost all rivers in
China were intercepted at various levels and became impounded rivers.
After cascading hydropower exploitation, the successional and gradual-
ly varied water line of a natural river turns to a stepped one. With river
impoundment, theflow rate becomes slower, and the residence time in-
creases. Meanwhile, under artificial regulation of reservoir water, the
magnitudes of flood peaks are reduced, the downstream flow regime
is altered, and the total runoff volume is affected, resulting in further
changes to the hydrological conditions in the river, floodplain and
even coastal delta (Mccartney et al., 2001). Therefore, large-scale dam-
ming interrupts the river continuum and destroys the ‘flood pulse’ pat-
tern. Damming also changes thematter and energy fluxes in the original
river ecosystem and thereafter directly affects the biogeochemical be-
haviour of nutrient elements, such as carbon (C), phosphorus, and sili-
con (Humborg et al., 2000; Zhou et al., 2013; Peng et al., 2014). The
changes caused by dams ultimately influence species composition, hab-
itat heterogeneity, and relevant ecological functions (Karr, 1991).

The fluxes of C in impounded rivers are an important part of the ter-
restrial C budget (Aufdenkampe et al., 2011; Regnier et al., 2013). As
such, fully understanding the processes and mechanisms of the C bio-
geochemical cycle is crucial for accurately estimating the C budget in
impounded rivers. However, there is still a lack of relevant knowledge.
For example, the choice of existing patterns, the age pattern or latitudi-
nal pattern, for estimating global reservoir CO2 emissions (Barros et al.,
2011) is still open to discussion, primarily because the effects of reten-
tion time on CO2 flux are generally not taken into account (Wang
et al., 2015).

The water chemistry of karst rivers is primarily affected by the
weathering of carbonate rocks (e.g., Chetelat et al., 2008), which can
consume atmospheric CO2. Therefore, the karst river system can be con-
sidered a carbon sink (Sironić et al., 2016; Zeng et al., 2016), and it may
act as a buffer against elevated atmospheric CO2 concentrations (Liu and
Dreybrodt, 2015). However, Cole et al. (2007) reported that streams and
rivers are the net input source of CO2 to the atmosphere. Khadka et al.
(2014) suggested that soil respiration and carbonate dissolution are
the primary controls on C fluxes in karst rivers. Nevertheless, it is still
unclear whether this phenomenon is observed in karst river-reservoir
systems. River erosion on karst landscapes generally results in the for-
mation of deep canyons, and deep and elongated reservoirs are prone
to formafter dam interception. These reservoirs not only have limnolog-
ical characteristics, such as water stratification, but also features of arti-
ficial regulation, such as discharge of bottom water and counter-
seasonal impounding (Liu et al., 2009; Wang et al., 2010). In addition,
cascading hydropower exploitation leads to more complex cumulative
effects. Given these features, the karst river-reservoir system forms a
unique C biogeochemical cycle.

In this study, we investigated the C system and related environmen-
tal factors in the impounded Wujiang River, SW China. The purpose of
this study was to understand the C biogeochemical cycle and to discern
the controlling factors in the karst river-reservoir system. This study
provides additional insights into the influence of dam construction on
the C biogeochemical cycle, aswell as the theoretical basis for accurately
estimating the C budget in impounded rivers of karst systems.

2. Materials and methods

2.1. Study area

The Wujiang River is the largest tributary on the south bank of the
upper reaches of the Changjiang (Yangtze) River and the largest river
in Guizhou Province, located in SW China. With a total length of
1037 km and a drainage area of 88,267 km2, the Wujiang River is one
of the most developed rivers for hydropower exploitation. This river
hasmany reservoirs with different histories and different trophic levels.
Carbonate rocks are widespread in theWujiang Basin, and the predom-
inant lithological characteristics of the upper reaches are basalt, Triassic
carbonate rock, and coal-bearing petrofabric (Wang et al., 2004). The
region has a subtropical monsoonal humid climate with an average an-
nual temperature of 12.3 °C. Precipitation occurs from May to October,
accounting for 75% of the total annual precipitation. In this study, the
Wujiangdu Reservoir (Table 1), located in the upper reaches of the
Wujiang River, was investigated, and the inflow, reservoir, and released
waters (W1–W3) were sampled (Fig. 1).

2.2. Sampling and analysis

Two field campaigns were conducted, one from 2007 to 2008 and
another from 2011 to 2012. From July 2007 to June 2008 (2007–
2008), the surface water (upper 0.5 m) was sampled monthly. Accord-
ing to thermal stratification, site W2 was also sampled at different
depths (i.e., 5 m, 15 m, 30 m, and 60 m) in July, October, January, and
April, representing summer, autumn, winter, and spring, respectively.
From May 2011 to May 2012 (2011−2012), only the surface water
was sampled twice per month. The pH, water temperature (T), and dis-
solved oxygen (DO) were measured in situ with an automated multi-
parameter profiler (model YSI 6600) that was calibrated on site, and al-
kalinity (ALK) was determined by titration with HCl in the field. The
concentration of chlorophyll (Chl) was measured with a YSI 6600 dur-
ing the 2007–2008 survey and with a Phyto-PAM (WALZ, Germany)
during the 2011–2012 survey. Water samples were filtered through
glass fibre filters (0.70 μm,Whatman GF/F) immediately after sampling.
The filtered water was divided for the analysis of anions, cations, dis-
solved organic C (DOC), and the C isotope composition of dissolved in-
organic C (δ13CDIC). A saturated HgCl2 solution was added to the vials
containing thefilteredwater for δ13CDIC, and the vialswere immediately
sealed with parafilmwithout any void space. The particulate matter left
on the filters was used for analysing the concentration and C isotope
composition of particulate organic C (δ13CPOC). For the 2007–2008 sur-
vey, δ13CPOC was only determined in July, October, January, and April.

Anions (SO4
2−, Cl−, and NO3

−) were analysed using high-
performance liquid chromatography ICS-90 (Dionex, USA), and major
cations (Ca2+, Mg2+, K+, and Na+) were analysed using inductively
coupled plasma-optical emission spectrometry (ICP-OES). These major
ions were used to determine ionic strength. HCO3

−, CO3
2−, and dissolved

CO2 were calculated using ALK, pH, T, and ionic strength according to
Maberly (1996) and Peng et al. (2014). POC concentrations were mea-
sured using an elemental analyser (Vario macro cube, Germany) and
were onlymeasured during the 2011–2012 survey. DOC concentrations
weremeasured using an Aurora 1030 TOC analyser (OI Analytical, USA)
and were only measured in the 2007–2008 survey. The δ13CDIC samples
were injected into closed evacuated glass vessels containing concentrat-
ed phosphoric acid and then heated at 50 °C to extract CO2 (Atekwana
and Krishnamurthy, 1998). The particulate matter on the filters was
acidified with dilute hydrochloric acid and oven-dried overnight at 60
°C for measuring δ13CPOC. POC was converted to CO2 using the high-
temperature (850 °C for 5 h) sealed-quartz combustion method with
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Fig. 1.Map showing study area and sampling sites.

Table 2
Means and ranges of major biogeochemical variables in the studied areas.

Term 2007–2008 2011–2012

W1 W2 W3 W1 W2 W3

T
(°C)

Max 21.34 28.63 20.80 24.37 29.66 24.62
Min 10.41 10.74 10.32 9.70 9.70 9.84
Mean 16.31 19.66 16.27 16.81 19.75 16.40
SD 3.76 5.86 3.73 4.14 5.97 4.76
CV (%) 23.06 29.79 22.9 24.63 30.22 29.02

pH Max 8.25 9.29 7.97 8.15 8.54 8.01
Min 7.63 7.61 7.12 7.69 7.53 7.36
Mean 7.86 8.38 7.65 7.93 7.95 7.70
SD 0.18 0.54 0.23 0.11 0.30 0.18
CV (%) 2.31 6.46 3.02 1.44 3.77 2.40

DO
(mg·L−1)

Max 10.58 15.43 11.63 10.68 12.38 10.19
Min 7.43 5.14 1.12 7.80 3.76 3.15
Mean 8.96 10.80 7.11 9.14 7.38 7.27
SD 0.99 3.36 3.16 0.72 2.56 2.09
CV (%) 11.02 31.13 44.40 7.88 34.69 28.75

Chl
(μg·L−1)

Max 2.90 81.40 9.30 3.51 40.64 4.94
Min 0.10 0.10 0.10 0.92 1.35 1.11
Mean 0.98 18.98 2.03 2.23 11.31 2.01
SD 1.00 22.92 3.08 1.28 10.11 0.90
CV (%) 101.92 120.79 151.65 57.40 89.40 44.78

CO2(aq)
(μmol·L−1)

Max 114.44 127.57 402.15 98.47 133.79 207.68
Min 34.05 2.03 62.98 38.28 10.18 51.81
Mean 77.72 42.41 141.22 60.01 62.48 106.54
SD 23.69 45.96 91.11 16.64 37.93 43.58
CV (%) 30.48 108.37 64.52 27.68 61.71 40.90

DIC
(μmol·L−1)

Max 2532.99 2598.45 3095.77 2911.19 2551.68 2922.13
Min 1999.01 2123.26 2217.29 1709.22 1623.94 1770.68
Mean 2335.75 2391.01 2502.88 2189.41 2089.16 2193.10
SD 163.45 151.82 222.91 340.92 223.29 269.75
CV (%) 7.00 6.35 8.91 15.57 10.69 12.30

POC
(μmol·L−1)

Max - - - 61.69 153.61 45.50
Min - - - 10.58 27.58 9.99
Mean - - - 26.04 62.32 24.25
SD - - - 11.52 34.31 11.51
CV (%) - - - 44.24 55.05 47.46

DOC
(μmol·L−1)

Max 236.42 389.92 266.33 - - -
Min 56.33 75.67 61.08 - - -
Mean 128.24 207.99 138.09 - - -
SD 50.93 98.95 49.92 - - -
CV (%) 39.71 47.57 36.15 - - -

δ13CDIC

(‰)
Max −7.71 −5.18 −7.94 −7.14 −4.92 −8.27
Min −9.47 −9.99 −10.07 −9.18 −9.49 −9.94
Mean −8.71 −7.63 −9.05 −8.24 −7.45 −8.88
SD 0.48 1.42 0.66 0.57 1.34 0.44
CV (%) 5.51 18.61 7.29 6.92 17.99 4.95

δ13CPOC

(‰)
Max −24.72 −22.28 −26.04 −25.98 −28.53 −27.17
Min −30.10 −31.91 −31.04 −30.78 −33.89 −35.30
Mean −27.97 −28.79 −29.27 −28.26 −30.96 −29.97
SD 2.38 4.40 2.25 1.26 1.49 2.03
CV (%) 8.51 15.28 7.69 4.46 4.81 6.77

-: not measured; SD: standard deviation; CV: coefficient of variance, a statistic that mea-
sures the variability of each value when the mean value or the unit is not the same. CV
= (SD / Mean) × 100%.
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copper oxide as the oxidant (Buchanan and Corcoran, 1959). The ex-
tracted CO2 was analysed on a MAT252 mass spectrometer. The δ13C
measurements were normalised to the Pee Dee Belemnite standard
(PDB) with an analytical precision of ±0.1‰: δ13C (‰) = [(Rsample −
RPDB) / RPDB] × 1000.

Statistical analysis of the data was conductedwith the software SPSS
(version 22.0; IBM SPSS). A Pearson's correlation coefficient analysis
was conducted.

3. Results

3.1. Basic physical, chemical and biological parameters

The average concentrations of T, pH, DO, and Chl were 17.53 °C, 7.91,
8.44 mg/L, and 6.26 μg/L, respectively. The measured parameter values
in the two surveys are listed in Table 2. The T of the inflow, reservoir,
and releasedwaters showed a similar trend, with T increasing from Jan-
uary and reaching a maximum in July. This finding was consistent with
our previous study (Wang et al., 2013). The pH and DO of the reservoir
showed a temporal pattern similar to the one for the T of the reservoir.
In the inflow and released waters, the temporal variations in pH in
2007–2008 were different from those in 2011–2012, but DO variations
were similar, with higher DO concentrations in the cold seasons than
in the warm seasons. The Chl concentrations also had similar variations
in 2007–2008 and in 2011–2012, with higher Chl concentrations in the
warm seasons than in the cold seasons.

Thermal stratification in the water column developed seasonally in
the Wujiangdu Reservoir (Fig. 2). T, pH, and DO became stratified in
April, and the stratification tended to disappear in October. The thermo-
cline was between the depths of 8 m and 23 m. T, pH, and DO displayed
large variation in the epilimnion and less variation in the hypolimnion.
Generally, Chl concentration decreased with increasing water depth.
During the stratification period, the variation was more obvious, and
the amplitude of variation in July reached 81 μg/L (Fig. 2d).

3.2. Dissolved CO2 (CO2(aq))

Average concentrations of CO2(aq) were 68.86 μmol/L in the inflow
water, 52.45 μmol/L in the reservoir, and 123.88 μmol/L in the released
water. There was little temporal variation in the CO2(aq) concentration
of the inflow water, but larger fluctuations existed in the reservoir and
released water, with amplitudes of approximately 130 μmol/L and 350
μmol/L, respectively (Fig. 3a, b). In the reservoir, CO2(aq) concentrations
showed a clear seasonal pattern and were lower in the warm seasons
than in the cold seasons. Mean CO2 concentrations for 2011–2012 com-
pared to 2007–2008 were lower in the river and released waters and
greater in the reservoir. As a whole, the released water had a distinctly
higher CO2(aq) concentration than the other water bodies (Table 2).

In the water column, the CO2(aq) concentration of the surface water
was highest in autumn,with a value of 127.57 μmol/L, and lowest in sum-
mer, with a value of 2.03 μmol/L. The stratification structure started to
emerge in spring. In summer, the CO2(aq) concentration was drastically
stratified such that the difference between the surface and bottomwaters
reached a maximum of 163.98 μmol/L. The stratification gradually disap-
peared in autumn, and the water was fully mixed in winter, with a stable
CO2(aq) concentration structure of approximately 52 μmol/L (Fig. 4a).

3.3. DIC

Average DIC concentrations were 2262.58 μmol/L in the inflowwater,
2240.09 μmol/L in the reservoir, and2347.99 μmol/L in the releasedwater.
The variations in the inflow water, reservoir, and released water differed



Fig. 2.Water profiles for T (a), pH (b), DO (c) and chlorophyll (d) in different seasons in the reservoir (W2).
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between 2007–2008 and 2011–2012, but both surveys showed that DIC
concentration varied similarly between sites (Fig. 3c, d). Average δ13CDIC
was −8.48‰ in the inflow water, −7.54‰ in the reservoir, and
−8.96‰ in the released water. δ13CDIC in the inflow and released waters
varied synchronously and slightly, but δ13CDIC in the reservoir fluctuated
greatly. In the reservoir, δ13CDIC was higher in the warm seasons than in
the cold seasons, with a maximum of−4.92‰ (Fig. 3e, f). Overall, the re-
leasedwater had thehighestDIC concentration andmost negative δ13CDIC.

In contrast to δ13CDIC, DIC concentration showed seasonal variation
in the water column (Fig. 4b, d). DIC concentration was highest in the
surface water with values of 2479.22 μmol/L in autumn and 2247.34
μmol/L in summer when it was the lowest. δ13CDIC was most negative
in autumn, with a value of −9.99‰, and most positive in spring, with
a value of −6.78‰. DIC concentration and δ13CDIC became stratified in
spring. In summer, when the stratification structure was most stable
and water depth increased, the DIC concentration increased by 435.25
μmol/L, and δ13CDIC decreased by 2.00‰. In autumn and winter, with
the collapse of thermal stratification, DIC concentration and δ13CDICfluc-
tuated slightly. The averages of δ13CDIC were−8.07‰ in April,−8.80‰
in July, −9.80‰ in October, and−8.99‰ in January.

3.4. POC

Average POC concentrations were 26.04 μmol/L in the inflow water,
62.32 μmol/L in the reservoir, and 24.25 μmol/L in the released water.
The concentrations varied slightly in the inflow and released waters and
greatly in the reservoir, where the concentration was higher in the
warm seasons than in the cold seasons (Fig. 3g). Average δ13CPOC was
−28.11‰ in the inflow water, −29.88‰ in the reservoir, and −
29.62‰ in the released water. There was no seasonal variation in
δ13CPOC in the river and released water, but δ13CPOC in the reservoir was
more negative in the warm seasons than in the cold seasons (Fig. 3h).

In the water profile, the δ13CPOC of the surface water was most pos-
itive in summer, with a value of −22.28‰, and most negative in au-
tumn, with a value of −31.91‰. In summer, there was a distinct
gradient in δ13CPOC, which decreased by 4.55‰ from the surface to the
bottom. The stratification did not completely disappear in autumn,
and δ13CPOC fluctuated greatly at the edge of the hypolimnion. Inwinter,
δ13CPOC was homogenized (Fig. 4e).

3.5. DOC

Average DOC concentrations were 128.24 μmol/L in the inflow
water, 207.99 μmol/L in the reservoir, and 138.09 μmol/L in the released
water. These concentrations are comparable to those from the
Hongfeng and Baihua reservoirs (Li et al., 2008a, b) but higher than
the concentration of Lake Baikal (Yoshioka et al., 2002). The amplitude
of the variation in DOC concentration in the reservoir was larger than
the amplitudes in the inflow and released waters, and there were two
peaks in April and July (Fig. 3i). DOC concentration usually decreased
with depth, and the average concentrationwas higher in the epilimnion
(248.99 μmol/L) than in the hypolimnion (148.18 μmol/L; Fig. 4c).

4. Theoretical background: C biogeochemical cycle in a canyon
reservoir

Carbon pools mainly include DOC, DIC (referring to the carbonate
system: CO3

2−, HCO3
−, and CO2), POC, and particulate inorganic C (PIC).

Riverine DIC mainly comes from the chemical weathering of rocks.
POC and DOC are primarily derived from soil erosion in drainage basins.
The oxidation of organicmatter produces a large amount of CO2, and the
partial pressure of CO2 is considerably higher in rivers than in the atmo-
sphere, making rivers a CO2 source (Wang et al., 2007). Fig. 5 illustrates
the C biogeochemical cycle in a canyon reservoir. The reservoir shows a
tendency of limnological development. Phytoplankton consumes DIC
and generates POC via photosynthesis. Some of the produced POC en-
ters the aquatic food web through zooplankton, and other particles set-
tle down due to gravity. During sedimentation, some POC is
transformed into DIC by microbial respiration, while a portion deposits
at the bottom of the reservoir. Autochthonous organic C can be
mineralised to inorganic C under both aerobic and anaerobic conditions,
but allochthonous organic C can only bemineralised under aerobic con-
ditions (Hulthe et al., 1998; Bastviken et al., 2004). Some DOC is rapidly
photodegraded to DIC in the epilimnion. Most DOC is consumed by mi-
crobes in the process of sedimentation, and only a small portion accu-
mulates for a long time before being decomposed (Stedmon and
Markager, 2005). The resuspension and degradation of sediment organ-
ic matter (SOM) can contribute to the formation of organic C. POC can
also generate DOC by microbial decomposition. Additionally, SOM can
generate CH4 under the action ofmicrobes. In the process of upwardmi-
gration, the majority of the CH4 is oxidized to CO2 (Rinta et al., 2015).
Riverine PIC is primarily derived from the erosion of basin rocks and
CaCO3 crystals with CO2 degassing (authigene PIC) (Meybeck, 1993;
Hellings et al., 1999). The consumption of CO2 by photosynthesis in
the reservoir can also lead to CaCO3 crystals, which are biogenic PIC.
The released water inherits the C biogeochemical characteristics of the
bottom water in the reservoir.

5. Discussion

5.1. Factors controlling the carbon cycle in theWujiang river-reservoir system

The C cycle in the karst river system demonstrates noticeable spatial
heterogeneity caused by dam interception. The fundamental reasons for



Fig. 3. Temporal variation in C concentrations and δ13C in the river, reservoir and released water. (a) CO2(aq), 2007–2008; (b) CO2(aq), 2011–2012; (c) DIC, 2007–2008; (d) DIC, 2011–
2012; (e) δ13CDIC, 2007–2008; (f) δ13CDIC, 2011–2012; (g) POC, 2011–2012; (h) δ13CPOC, 2011–2012; (i) DOC, 2007–2008.
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this phenomenon are thermal stratification, enhanced biological activi-
ty, and the discharge of bottomwater in the reservoir. In summer, the T
of the surface water in the reservoir continuously increases due to solar
radiation, and the warmer water T hinders the vertical mixing of the
waters. Therefore, the water body forms a seasonal thermal stratifica-
tion. With an increase in water depth, light intensity decreases and



Fig. 4. Water profiles for C concentrations and δ13C in different seasons in the reservoir (W2). (a) CO2(aq); (b) DIC; (c) DOC; (d) δ13CDIC; (e) δ13CPOC.
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biological stratification gradually appears (Wetzel, 2001; Boehrer and
Schultze, 2008). Furthermore, under biological action and thermody-
namic equilibrium, C concentrations and isotope composition in the
water profile gradually form a chemical stratification from April to Sep-
tember (Fig. 4). The reservoir surface water showed a higher POC con-
centration and a lower CO2(aq) concentration due to strengthened
photosynthesis, and the reservoir bottom water showed a higher
CO2(aq) concentration due to the intense microbial mineralisation of
organic C. Meanwhile, the released water containing the bottom water
in the reservoir had a higher CO2 concentration. Based on the correlation
analysis (Table 3), one can see that in the reservoir, an increase in T
stimulated phytoplankton growth, and the phytoplankton assimilated
more DIC. Biomass production accordingly increased, which was ac-
companied by an increase in pH and DO. However, for the river and
Fig. 5. Sketchmap for the carbonbiogeochemical cycle in a canyon reservoir. Degradation – due
Microbial respiration - under aerobic or anaerobic conditions, the process of microbial decompo
Methanogenesis - the process of generating CH4 via the decomposition of SOM by microbes.
releasedwater, these correlations did not exist (Table 3). These findings
suggested that the C cycle in the reservoir wasmainly driven by biolog-
ical activity (Fig. 5).

Reservoir DOCwas influenced by allochthonous terrestrial input and
autochthonous biological processes, which is consistent with the find-
ings for DOC in natural lakes (Sugiyama et al., 2004). The high DOC con-
centrations in April (the rainy season) and July may have derived from
terrestrial organic matter and the release of phytoplankton, respective-
ly. In the water profile, some DOC is rapidly photodegraded in the eu-
photic zone, and the rest is mineralised at depth (Sugiyama et al.,
2004; Kim et al., 2006). However, relatively high DOC concentrations
at shallow water depths were sometimes found, which might have
been due to the degradation of POC (Tranvik et al., 2009). The temporal
fluctuations of C pools (CO2, DIC, DOC, and POC) and their related
tomicrobes or other conditions, the transformation of organicmatter into inorganicmatter.
sition of organic matter. This process will continue during precipitation of organic matter.



Table 3
Results of Pearson's correlation coefficient analysis between chlorophyll and other variables in different sampling sites.

Sites T pH DO CO2(aq) DIC POC δ13CDIC δ13CPOC

W1 0.061 −0.008 0.15 −0.058 −0.012 0.367 0.32 −0.44⁎

W2 0.515⁎⁎ 0.701⁎⁎ 0.505⁎⁎ −0.57⁎⁎ −0.335⁎⁎ 0.929⁎⁎ 0.642⁎⁎ 0.105
W3 −0.269 0.281 0.349⁎ −0.266 −0.098 0.495⁎ 0.347⁎ −0.19

⁎⁎ Correlation is significant at the 0.01 level (2-tailed).
⁎ Correlation is significant at the 0.05 level (2-tailed).
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isotopic compositions (δ13CDIC and δ13CPOC) in the reservoir and re-
leasedwaterwere far greater than those in the inflowwater, and the co-
efficients of variance for different variables in the reservoir were
generally larger (Table 2). These results suggest that dam interception
dramatically enhances the C biogeochemical cycle, especially in warm
seasons.

5.2. Carbon isotope tracing in the Wujiang river-reservoir system

The δ13C of soil CO2 in the Wujiang basin was shown to be approxi-
mately−23‰ (Li et al., 2008a, b), and the dissolution of soil CO2 in soil
water leads to an average δ13C of−17‰ (Telmer and Veizer, 1999). As a
result, chemical weathering of marine carbonates (δ13C ≈ 0‰) by this
soil water (Andrews et al., 2001) generally produces DIC with a δ13C
of about−8.5‰. The δ13CDIC in the river varied slightly, with an average
of −8.48‰, suggesting that chemical weathering of carbonates mainly
affects the DIC in the river. Likewise, from November to February, the
δ13CDIC values of all samples in the reservoir and released water were
about −8.5‰ (Fig. 3e, f), indicating limits on carbonate weathering in
the cold seasons. δ13CDIC is mainly affected by two mechanisms. First,
CO2 exchange at the water-gas interface can affect δ13CDIC. The dissolv-
ing process of atmospheric CO2 has a fractionation of −1.29‰ to
−1.19‰ (Zhang et al., 1995), and CO2 outgassing may lead to 13C en-
richment in DIC (Doctor et al., 2008). Some samples in the river were
above and below the dissolution line of carbonate (Fig. 6a), indicating
the influence of CO2 outgassing and respired CO2, respectively (van
Breugel et al., 2005; Doctor et al., 2008). Second, Photosynthesis and
respiration can also affect δ13CDIC. Phytoplankton preferentially absorb
light C isotopes (12C), leading to 13C enrichment of residual inorganic
C. The process of DIC production in respiration has no large isotope frac-
tionation, but the decomposition of organic C preferentially releases 12C
(van Breugel et al., 2005), resulting in more negative δ13CDIC in the bot-
tom waters. This finding is clearly confirmed by the variation in δ13CDIC
in the vertical profiles (Fig. 4d). This pattern is consistent with several
meromictic lakes (Deevey et al., 1963; Rau, 1978) but inconsistent
with some small European lakes, where higher δ13CDIC in the bottom
was attributed to the dissolution of authigenic CaCO3 or acetotrophic
Fig. 6. Scatter plots of CO2(aq) versus δ13CDIC (a) and Chl ve
methanogenesis (Rinta et al., 2015). In spring and summer, due to the
different intensity of biological activity, δ13CDIC did not decrease to the
same degree. Photosynthesis and respiration were the major factors
controlling δ13CDIC in the reservoir, and δ13CDIC was therefore signifi-
cantly correlated with CO2 (n = 86, r =−0.673, p b 0.001. Fig. 6a).

There are three major sources of POC in the water: (i) Terrestrial
plants from the basin. The average δ13C of terrestrial C3 plants (3C com-
pound as the initial product in photosynthesis) and C4 plants (4C com-
pound as the initial product in photosynthesis) are −27‰ and −12‰,
respectively (Vogel, 1993). Riverine POC is mainly from terrestrial C3
plant debris, and the average δ13CPOC remained around −28‰
(Fig. 3h). (ii) Aquatic phytoplankton. The δ13C of freshwater phyto-
plankton ranges from −34.4‰ to −5.9‰ (Vuorio et al., 2006;
Brutemark et al., 2009). (iii) Microbial biomass. Microbes provide 13C-
depleted biomass. Chemoautotrophic and methanotrophic microbes
can provide biomass with a δ13C of about −45‰ and −65‰ to
−50‰, respectively (Whiticar et al., 1986; Freeman et al., 1990). In
summer, the POC in the surface water was extremely enriched in 13C
(Fig. 4e) mainly because HCO3

− was an inorganic C source under CO2

limitation during intense photosynthesis, which weakens the discrimi-
nation of 13C and enriches organic compounds with 13C (Fogel and
Cifuentes, 1993). In addition to photoautotrophic biomass settling
from the epilimnion, the POC in the hypolimnion also included 13C-
depleted microbial biomass due to intense biological activity. A
study in eutrophic Lake Mendota (USA) is consistent with this find-
ing (Hollander and Smith, 2001). The above reasoning explains
why the vertical variation in δ13CPOC in summer was distinct from
other seasons (Fig. 4e). In other seasons, phytoplankton assimilates
the isotopically light CO2 as a C source, resulting in 13C depletion in
the surface water POC. With an increase in water depth, a large
amount of organic matter is decomposed, and this process preferen-
tially releases 12C and leaves the residual organic C enriched in 13C
(van Breugel et al., 2005; Vähätalo andWetzel, 2008). Due to low bi-
ological activity associated with low water T in spring and winter,
the vertical δ13CPOC varied slightly. In autumn, an abrupt shift of
δ13CPOC in the hypolimnion (Fig. 4e) may be attributed to the contri-
bution of isotopically depleted algae.
rsus δ13CPOC (b) in the Wujiang river-reservoir system.
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These observations provide strong field evidence that δ13CDIC and
δ13CPOC are significantly influenced by biologically mediated processes.
Therefore, these metrics can be used to trace the C biogeochemical
cycle in the karst river-reservoir system.
6. Conclusions

The C species and related δ13C showed remarkable heterogeneity in
time and space in the Wujiang karst river-reservoir system. Thermal
and chemical stratifications had significant influences on the water re-
leased from the reservoir. Evidence from δ13C demonstrated that the C
system was primarily influenced by carbonate weathering in the karst
river and by algal activity in the reservoir. Compared to the water in
the river, the reservoir and released water showed higher coefficients
of variance for different C species, suggesting that after damming, bio-
logical activity became a key controlling factor and accelerated the C
biogeochemical cycle. The results of this study have important implica-
tions for understanding the C cycle in elongated and deep reservoirs.
Moreover, the temporal variation in C species suggests high-frequency
measurements would produce a more accurate and reliable estimation
of the C budget in impounded rivers.
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