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ABSTRACT

Cascade damming has seriously affected the hydrologic regimes and solutes transport of the river systems.
However, the effect of damming on carbon cycle and the underlying mechanisms are still unclear. In this study,
to reveal the effects of damming on riverine dissolved inorganic carbon (DIC) transport, the water chemistry and
stable isotopic signature of dissolved inorganic carbon (8'3Cpc) were analyzed in the tributaries and four
subtropical karst reservoirs on the Pearl River in southern China. From reservoir epilimnion to hypolimnion, DIC
concentrations increased from 183.2 to 229.4 mg L™ !, 167.6 t0 192.0 mg L ™%, 179.1 to 181.5 mg L. %, and 182.4
to 183.8 mg L~ " while 8"Cpy¢ decreased from —6.6%o0 to —9.7%o, —7.8%o to —10.4%o, —9.7%o to —10.0%0
and —9.9%o to —10.0%o in the Chaishitan (CST), Longtan (LT), Yantan (YT), and Dahua (DH) reservoirs, re-
spectively. Our analyses suggest that primary production and organic matter degradation were two dominant
processes in carbon evolution in the epilimnion and hypolimnion, respectively. However, there was no obvious
spatial heterogeneity of solutes’ concentration in the DH reservoir. Our results also suggested that cascade re-
servoirs had a regional damming effect and could be significantly weakened without damming or in daily
regulated reservoirs. Furthermore, 8'3Cpyc had a significant positive relationship with the reservoir effect index
(Ri), which was affected by hydraulic retention time and water temperature in the water column of reservoirs
and is useful to evaluate the thermal stratification strength. This study highlights that dam constructions affected
carbon transport and transformation significantly, and the degree of the damming effect on the carbon cycle can

be expressed by Ri.

1. Introduction

Reservoirs are used for flood control, irrigation, navigation, and
electricity generation, and are considered as green sources of energy
(Yoshikawa et al., 2014; Tockner and Stanford, 2002). Hydropower
contributes about 16.6% of the world’s electricity generation from re-
newable sources (REN21, 2016). Over the past several decades, the
number of dams constructed has increased dramatically at regional and
global levels, thereby rivers are under sustained pressure, such as the
losses of river connectivity, a rapid decline of biodiversity, increases in
sediment extraction, and emitting a significant amount of greenhouse
gases to the atmosphere (Cardinale et al., 2012; Grill et al., 2019;
Maavara et al., 2020; St. Louis et al., 2000). Therefore, the damming
effect has attracted substantial attention from researchers worldwide to
think about a sustainable environment in the future (Dams, 2000).
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Rivers are the main channel for material, especially carbon, trans-
portation from the land to the ocean (Cole et al., 2007). About
900 Tgyr ' (1 Tg = 1 x 10'? g) of terrestrial carbon is transported to
the ocean through rivers, of which inorganic carbon makes up about
450 Tg (Cole et al., 2007; John, 1992; Meybeck, 1982). However, due
to artificial regulation, free-flowing large rivers in the world are not
more than one third currently, which would contribute large shares to
the regional or global carbon budgets (Grill et al., 2019; Maavara et al.,
2017; Mendonca et al., 2017). St. Louis et al. (2000) reported that the
average fluxes of CO5 and CH,4 in tropical reservoirs are more than 4
times and 10 times higher than the global lake system, respectively. The
reservoir surface water samples loss 20% of DIC in the reservoir surface
water compared with the released water in the wet season of some karst
stratified reservoirs in the Wujiang River (Wang et al., 2020). It is
suggested that the damming effect seriously changed the geochemical
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Table 1
The salient characteristics of studied reservoirs.

Journal of Hydrology 591 (2020) 125590

Reservoirs Average air Average Elevation Age of the Hydraulic Average Average Capacity Catchment Stratified status Drainage basin

temperature sampling (m) reservoirs retention time  inflow annual (10°m®  (km?)

Q) depth (yr) (day) m3s™hH discharge

(m) m®s™h

CST 18.1 51 1640 20 103 31.5 48.4 4.37 4556 incomplete mainstream
LT 22.1 126 400 11 193 1777.8 1639.4 273 98,500 incomplete mainstream
YT 24.6 51 223 28 21 1464.6 1760.0 33.8 106,580 monthly mainstream
DH 24.6 34 155 34 5 1796.8 1990.0 9.64 112,200 daily mainstream

behavior of carbon, which formed a unique river-reservoir system and
has gained great attention from researchers worldwide (Barros et al.,
2011; Maavara et al., 2020). In recent years, many studies have been
carried out on hydrology, organic matter burial, sediment interception,
and GHGs in the river-reservoir systems (Barros et al., 2011; Best,
2018; Kondolf et al., 2014; Wang et al., 2018, 2019a). The literature has
revealed that hydraulic retention time (HRT), water depth, and nutrient
retention of rivers would be changed by damming, which may con-
tribute to the increase of bicarbonate fluxes from river to ocean (Olden
and Naiman, 2010; Wang et al., 2020). Although a few studies have
been reported to evaluate the impact of reservoirs with specific in-
dicators (Barros et al., 2011; St. Louis et al., 2000; Liang et al., 2019),
the influence of cascade reservoirs on the carbon cycle is still unclear. It
is an important way to integrate more studies into comparative analysis
to explore the damming effect on the carbon cycle. However, a lack of
good indicators would lead to the research on reservoirs being too
scattered to be effectively integrated. While compared with a single
reservoir, cascade reservoirs may have a regional damming effect,
which is mainly reflected in the great difference of water chemistry in
the different areas of the reservoir (Fan et al., 2015; Wang et al., 2020).
Therefore, it is urgent to understand the potential effect of river dam-
ming on carbon transportation and conduct systematic studies on
carbon biogeochemical processes in the river-reservoir system to un-
derstand the inherent processes and key factors affecting carbon dis-
tribution.

ICOLD (2018) reported that about 23,842 reservoirs with a dam
height of =15 m existed in China, of which more than 68% of dams
have been established in south China. Moreover, the largest karst area
in the world is in southwestern China, which accounts for 15.6% of the
world’s total karst area (Ford and Williams, 2007; Jiang et al., 2014).
Karst areas are more sensitive to climate change than non-karst areas,
which are regarded as an important carbon sink area through the
weathering of carbonate rocks (Beaulieu et al., 2012; Liu et al., 2016).
Carbonate weathering can consume carbon dioxide (CO,) from the at-
mosphere and release dissolved inorganic carbon (DIC) into the water
bodies (e.g., rivers, reservoirs, lakes), which is an important part of the
global carbon cycle (Gaillardet et al., 2019; Zhong et al., 2020). How-
ever, following the damming of the karst rivers, DIC was severely af-
fected by primary production, carbonate precipitation, CO, outgassing
and other biogeochemical processes (Liu et al., 2018; Wang et al.,
2019b). In this study, four typical karst reservoirs have been studied
which were on the Pearl River, the second largest river in China. This is
the first comprehensive study on the cascade reservoirs in the upstream
of the Pearl River where the air temperature is high all year round by
the influence of the subtropical monsoon climate. Further, systematic
analyses of water chemistry and the 8'3Cpyc were conducted to study
the carbon biogeochemical process in the river-reservoir system. This
study is useful to explore the carbon biogeochemical processes in karst
river-reservoir systems and key factors affecting them, which will fur-
ther support the building of global carbon cycle models under anthro-
pogenic disturbance.

2. Materials and methods
2.1. Site description

The Pearl River is the 2nd largest river in China and 13th largest
river in the world in terms of discharge, located at southern China at a
latitude of 21.31-26.49°N and longitude of 102.14-115.53°E, with a
drainage area of about 453,690 km? The annual flow can reach
330 km® year ! which is about seven times higher than that of the
Yellow River. The annual sunshine hours were 1282-2243 h and the
average temperature and sunshine hours increased from upstream to
downstream of the Pearl River. Moreover, the Pearl River basin is af-
fected by the subtropical monsoon climate, with average annual tem-
perature and precipitation of 14-22 °C and 1200-2200 mm, respec-
tively. And more than 80% of the annual runoff occurs in the wet season
(April to September) and < 20% occurs in the dry season (October to
March). As altitude decreased, the average annual discharge of CST
(48.4 m® s™), LT (1639.4 m® s™'), YT (1760 m® s~'), and DH
(1990 m® s~ 1) show a significant increase (Table 1). In the Pearl River
basin minerals outcrop from Precambrian metamorphic rocks to Qua-
ternary fluvial sediments. Permian and Triassic carbonate rock (e.g.,
limestone and dolomite) is widely distributed in the river basin and
support the karst topography (Pu et al., 2020; Zhong et al., 2018). In
this regard, we selected four reservoirs, viz. Chaishitan (CST), Longtan
(LT), Yantan (YT), and Dahua (DH) with different regulation modes for
the corresponding analysis. Out of four reservoirs under study
(Table 1), CST is the first reservoir in the upper reaches of the Pearl
River basin and LT is the second-largest reservoir in China. The short
distance between LT, YT, and DH reservoirs can help to explore the
cascading influence between the reservoirs. The reservoirs under study
are mainly used for power generation and water transportation. Also,
the Yunnan and Guangxi Province in the upstream area of the Pearl
River belong to karst landforms (Fig. 1). The adequate precipitation and
widely distributed canyon landforms in the karst river basins provide a
firm structure for building dams. By the year 2018, large-scale re-
servoirs (number: 93) with a capacity over 10® m® and medium-sized
reservoirs (number: 682) with a capacity from 107 to 10 m® have been
built in the Pearl River basin with total water storage of 6.2 billion
cubic meters (PRCMW, 2020).

2.2. Sampling and analysis

The water samples were collected at 15 locations (including two
from tributaries) during April, July, and October of 2019 and January
of 2020 to represent the spring, summer, autumn, and winter, respec-
tively. The collected samples in each season from the mainstream
(P1-P13) and its tributaries (T1, T2), of which P1, P4, P8, and P11 are
the inlets, P2, P5, P6, P9, and P12 are the reservoir sites, P3, P7, P10,
and P13 are the outlets of the reservoir (Fig. 1). The inflow and released
water were collected at 0.5 m below the surface layer of the river and
water profile samples were collected at different depths such as 0.5, 5,
15, 25, 30, 60, 90, and 135 m until reaching the bottom layer using a
Niskin Water Sampler (Model 1010, General Oceanics, USA). Further,
water pH, water temperature (T), dissolved oxygen (DO), and
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Fig. 1. Study area and sampling points in the Pearl cascade reservoirs of CST (Chaishitan reservoir), LT (Longtan reservoir), YT (Yantan reservoir), and DH (Dahua
reservoir). Among the sampling sites, the capital letters “P” and “T” indicate sites located at Pearl River mainstream and its tributaries.

chlorophyll (Chl) were determined in situ by an automated multi-
parameter profiler (model YSI EXO1). Water samples, except dissolved
organic carbon (DOC), were filtered through a 0.45 um membrane
(Whatman, Inc.), whereas water samples for DOC analysis were filtered
through 0.7 pm filter membrane (Waterman, GF/F), which was pre-
heated at 450 °C. The filtered samples were packed in HDPE bottles and
stored at —20 °C before analysis.

The total carbonate alkalinity was titrated with 0.02 mol L' hy-
drochloric acid within 12 h using a titrimeter (Brand 4760161) (Telmer
and Veizer, 1999; Wang et al., 2020). The cation samples for Ca%™
analysis were acidified with purified HNO3 to keep pH < 2 and then
the samples were tested by the Inductively Coupled Plasma-Optical
Emission Spectrometry (ICP-OES), with + 5% uncertainty. The con-
centrations of DOC was analyzed using the Aurora 1030 TOC analyzer
(OI Analytical, = 5% uncertainty) with two replicates. The 83Cpic
sample was filtered in the field through 0.45 um PTFE syringe filters
and then injected 2 mL into a 12 mL vacuumed Labco bottle (containing
1 mL of 85% phosphoric acid) with three replicates to reduce the un-
certainty. Further, 8'3Cp;c was tested by GasBench II device interfaced
with an isotopic ratio mass spectrometer (IRMS, Finnigan Delta V) in
the laboratory. The results were calibrated by the standards NBS-18 and
expressed as a %o deviation from the standard Vienna Pee Dee Be-
lemnite (V-PDB). The overall experimental accuracy for §'3C mea-
surements was + 0.3%o. All samples were analyzed in the School of
Earth System Science, Tianjin University. Flows and meteorological
data were obtained online from the Ministry of Water Resources (www.
mwr.gov.cn) and the China Meteorological Administration (www.cma.
gov.cn).

2.3. Calculations methods

According to Henry’s law, pCO, was expressed in patm and calcu-
lated according to the following equation (Raymond et al., 1997,
Telmer and Veizer, 1999):

pCO; = [H,COs#]/Kcoa (@)

where [H,CO3*] means total concentrations of hydrated CO,, and K¢oo
is the Henry constant of CO- at a given temperature.

To reveal the main influencing factors and processes related to DIC
migration and transformation in cascade reservoirs, the changing de-
gree of DIC and Ca®* was calculated according to the following equa-
tions (Wang et al., 2019b):

A[DIC] = 100 x ([ch]sample — [DIC]i5m)/[DIC]i5m (%) (2)

A[Ca?*] = 100 X ([Ca*|sample — [Ca**lism)/[Ca**ism (%) 3)

where A[DIC], A[Ca®>*] represent the changes of DIC and Ca®* in
depth-profiles compared with values at 15 m in the same water column.

The reservoir effect refers to the interaction between the reservoir
and its hydrological factors, whose changes may relate to water depth,
T, HRT, age, and other factors of the reservoirs (Li et al., 2018; Liang
etal., 2019; St. Louis et al., 2000). Among the above parameters, water
T and depth are used widely to indicate the reservoir effect and have
attracted much attention from researchers (Boehrer and Schultze, 2008;
Dubnyak and Timchenko, 2000). Previous studies determined the three
different layers (epilimnion, thermocline, and hypolimnion) based on
the variation of water T and have shown that the ratio of euphotic
depth to mixing depth (Ze./Znmix) can better indicate the strength of the
thermal stratification (Liu et al., 2012; Kirk and Press, 1994). Besides,
water depth is an important index affecting heat transfer and nutrient
circulation (Dubnyak and Timchenko, 2000). Therefore, according to
previous studies (Boehrer and Schultze, 2008; Wang et al., 2020; Liang
et al., 2019; Liu et al., 2012), the reservoir effect index (Ri, m~ ') was
calculated based on the following equation in this study:

Ri = A TX 100/ D= (Ts — Ty) X 100/(TsxD) 4)

where Ts is the surface temperature (°C), Ty represents bottom tem-
peratures (°C), and D is the depth (m) of the reservoir.
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Fig. 2. Variations of water chemical parameters in surface water along the four cascade reservoirs in Pearl River. Analyzed data are presented as mean *+ standard
deviation. Boxes and whiskers plots for T (°C), DO (mg LY, pH, DOC (mg L™1), and DIC (mg L™1) at 25th to 75th and 10th to 90th percentiles, respectively. The
central lines indicate that the median and outliers are not included. The x coordinate represents sampling points from P1 to P13 and tributaries of T1 and T2.

3. Results
3.1. Hydrological and physical characteristics

In the study year, the average inflow of CST (31.5 m® s~ 1), LT
(1777.8 m® s™1), YT (1464.6 m*® s™!), and DH (1796.8 m*® s~ ") re-
servoir were calculated and shown in Table 1. The HRT of CST, LT, YT,
and DH were 103 days, 193 days, 21 days, and 5 days, respectively. The
annual average air temperature ranged from 11 °C to 29.5 °C
(mean = 22.4 °C, SD = 5.1 °C) during the sampling period. As a re-
sponse, the surface water temperature ranged from 15.1 °C to 27.8 °C
(mean = 21.8 °C, SD = 3.0 °C, Fig. 2). In the studied reservoirs of CST,
LT, and YT, the average water temperature increased significantly from
the fluvial area to the reservoir area, while the average water tem-
perature remained stable in the DH reservoir (mean = 21.7 °C,
SD = 2.9 °C). The outflow water temperature decreased significantly in
the reservoirs of LT and YT but increased in the CST reservoir.

3.2. Spatiotemporal variations of water chemical parameters

The hydrochemical parameters of the cascade reservoirs from the
CST (upstream) to the DH (downstream) reservoir showed significant
spatiotemporal heterogeneities (Fig. 2). The DO concentrations ranged
from 4.4 to 13.0 mg L™ ! (mean = 7.6 mg L™', SD = 1.6 mg L™ 1).
Except for the DH reservoir, other reservoirs had a significant increase
in the reservoir area and a decrease in the released water. However, the
DO concentrations remained stable in the water column and ranged
from 6.1 to 7.2 mg L™ ! (mean = 6.8 mg L™, SD = 0.4 mg L™ 1) in the
DH reservoir (Figs. 2 and 3). The trend of reservoir surface water
chemical parameters such as Chl (mean = 9.2 ug L™

SD = 15.3 ug L™Y, DO (%) (mean = 86.9%, SD = 18.5%), pH
(mean = 7.9, SD = 0.3), and DOC (mean = 1.4 mg L%,
SD = 0.9 mg L~ 1) were similar to that of DO. However, the variations
of Ca®* (mean = 64.7 mg L™, SD = 8.4 mg L™') and pCO,
(mean = 2937.1 patm, SD = 1913.8 patm) showed a reverse trend,
whereas released water of the reservoirs with non-daily regulation in-
creased significantly.

In the studied reservoirs, water chemical parameters varied in the
lentic profiles (Fig. 3). In the wet season, the CST, LT and YT reservoirs
showed significant thermal stratification in the lentic area and water T
(mean = 19.3 °C, SD = 3.9 °C), DO (mean = 6.0 mg L%,
SD = 3.2 mg L™h, pH (mean = 7.8, SD = 0.3), Chl
(mean = 10.0 pg L7 SD = 169 ug LY and DOC
(mean = 1.6 mg L ™%, SD = 0.9 mg L.~ ') decreased significantly in the
thermocline and remained stable in the hypolimnion. However, the
concentrations of Ca*>* and pCO, were lower in the epilimnion and
increased in the hypolimnion. The lowest value of pCO, (446 patm) was
found at the air-water interface of the CST, which was equivalent to the
atmospheric value (i.e., ~400 patm), and the highest value in the hy-
polimnion was 7324 patm. In the dry season, the thermal stratification
effect of the reservoirs was weaker than it during the wet season.
Further, variation in the other water quality parameters such as water T
(mean = 20.6 °C, SD = 3.8 °C), DO (mean = 4.9 mg L%,
SD = 21 mg L™h, pH (mean = 7.8, SD = 0.2), Chl
(mean = 3.6 ug L™ 1,SD =56 ug L™ 1) and DOC (mean = 1.5 mg LY
SD = 0.8 mg L™ 1) fell with in a narrow range. The thermal stratifica-
tion of water was still evident in the CST and LT reservoirs, and the
highest value of pCO, (9804 patm) appeared at the bottom (130 m) of
the LT reservoir. As a whole, the hydrochemistry of the DH reservoir
was similar to the river system, and there was no obvious variation in
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Fig. 3. The variations of water chemical data in the four stratified sampling profiles in different seasons.

the inflowing, stratified water, and the released water in the studied
year.

3.3. DIC and 8"3Cpyc

The DIC concentration (mean = 185.1 mg L~%, SD = 21.5) in the
lentic water surface area decreased significantly along the flow direc-
tion of cascade reservoirs (CST, LT, and YT), while it increased sig-
nificantly in the released water. The highest value (129.8 mg LY and
the lowest value (254.2 mg L™ ) of DIC appeared in the CST and LT
reservoirs, respectively. DIC concentrations tended to be stable in the
YT (mean = 182.5 mg L™!, SD = 16.0 mg L™ ') and the DH reservoir
(mean = 183.8 mg L™ %, SD = 14.4 mg L™'). The DIC concentration
increased significantly along with the profiles of the CST, LT, and YT
reservoirs and remained stable in the hypolimnion. In the wet season,
the DIC concentration increased by 41.2% (129.8-183.2 mg L™ from

epilimnion to hypolimnion in the LT reservoir and increased by 0.7%
(194.0-195.4 mg L™Y) in the DH reservoir with shallow depth.
However, DIC concentration in the hypolimnion of CST (254.2 mg L™ 1)
was much higher than that in the LT reservoir (183.2 mg L™Y. 83Cpic
(mean = —9.1%o, SD = 1.7%o0) values decreased along the direction of
water flow, which was contrary to that of DIC variation. The values of
8'%Cpic  were significantly higher in the lentic surface area
(mean = —7.2%o, SD = 1.9%o) than the fluvial area (mean = — 8.5%o,
SD = 1.6%o) of the CST and the LT reservoirs, and it decreased sig-
nificantly in the released water (mean = —9%o, SD = 1.5%o). Further,
the highest value of 8'3Cpic was —4.8%o in the epilimnion of CST
whereas the lowest value was —13.4%o in the released water of the YT

reservoir. The average §'%Cp;c in the DH reservoir (mean = — 10.0%o,
SD = 1.0%o0) was significantly lower than that in the other reservoirs
(mean = —9.1%o, SD = 1.5%0) and with little variation.
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Table 2
Relationships between DIC concentrations, 8'3Cpyc, and related environmental parameters in the water column of studied reservoirs.
Depth (m) T (°C) pH DO (mg L™Y) DOC (mg L™ 1Y) Chl (ug L™Y)
R2 P n R2 P n R2 n R2 P n R2 P n R2 P n
CST DIC 0.764 <0.001 23 0.371 0.002 23 0.393 0.001 23 0.533 < 0.001 23 0.397 0.001 23 0.276 0.010 23
8!3CDIC  0.561 < 0.001 23 0.211 0.028 23 0.404 0.001 23 0.531 < 0.001 23 0.011 0.636 23 0.456 < 0.001 23
LT DIC 0.164 0.019 33 0.294 0.001 33 0.175 0.016 33 0.037 0.285 33 0.324 <0.001 33 0.137 0.034 33
8'3cpIC  0.430 < 0.001 33 0.382 < 0.001 33 0.245 0.003 33 0.343 < 0.001 33 0.501 < 0.001 33 0.621 < 0.001 33
YT DIC 0.030 0.420 24 0.050 0.293 24 0.001 0.887 24 0.000 0.947 24 0.005 0.745 24 0.126 0.089 24
813CDIC  0.016  0.560 24 0.142 0.069 24 0.564 0.001 24 0.345 0.003 24 0.374 0.001 24 0.353 0.002 24
DH DIC 0.005 0.779 19 0.028 0.496 19 0.068 0.283 19 0.537 <0.001 19 0.220 0.043 19 0.332 0.010 19
8'°CpDIC  0.003 0.816 19 0.241 0.033 19 0.261 0.025 19 0.028 0.496 19 0.581 <0.001 19 0.036 0.436 19

Where n: number of samples; p: significance level; *correlation was significant at the 0.01 level (marked in bold)

**correlation was significant at the 0.05 level (marked in italics).
3.4. Reservoir effect index

The correlation analysis was performed in related environmental
parameters with DIC concentrations and 8'3Cpyc in the studied cascade
reservoirs, and the results showed that water depth and temperature
were significantly correlated with DIC and 8§"3Cp,c in the reservoirs of
long HRT (CST and LT reservoirs) (Table 2). Moreover, there was no
significant correlation in the reservoirs of short HRT (YT and DH re-
servoir). The reservoir effect index (Ri) of the four reservoirs was esti-
mated as 0.66 (CST), 0.21 (LT), 0.10 (YT), and O (DH). Besides, Ri
values depended on seasonal variability and were found to be larger in
the wet season than in the dry season. The largest value (Ri = 1.02) was
observed in April at the CST reservoir and the lowest (Ri = 0) was in
the DH reservoir.

4. Discussion
4.1. Cascade damming effect on DIC concentrations and 8"3Cpyc

DIC and 8'3Cp;c values showed obvious spatial heterogeneities
along with the cascade reservoirs (Figs. 2 and 3). The ranges of DIC
concentrations and 8'3Cpc in the lentic area of reservoirs were much
wider than those in the fluvial area (Fig. 2). These variations suggest
that damming on karst river systems plays a significant role in carbon
biogeochemical processes. The relative mechanisms and underlying
processes are discussed below.

In natural karst rivers, DIC is mainly derived from weathering of
carbonate rocks, which leads to the higher DIC concentration than non-
karst rivers (Gaillardet et al., 2019; Liu and Han, 2020). The sampling
point P1 is not affected by damming and the average DIC concentra-
tions was higher than the reservoir surface samples in the study year,
which is similar to the inflow water of the Hongjiadu reservoir in the
Wujiang River (Wang et al., 2020). However, the construction of dams
hindered the water velocity, resulting in increased water surface tem-
perature with a long HRT (Wang et al., 2019b). The variations in
concentrations of DIC and Ca®* help in characterizing the migration
and transformation of carbon in rivers (Binet et al., 2020; Wang et al.,
2019b; Zhong et al., 2020). In this study, DIC and Ca?* showed similar
trends at different water depths, having a significant positive correla-
tion (R? = 0.64, Fig. 4(a)). The DIC and Ca?" concentrations in the
epilimnion of LT and CST reservoirs were lower than those in the hy-
polimnion. It suggested that the calcium carbonate (CaCOs3) precipita-
tion and dissolution are two important processes in the epilimnion and
hypolimnion, respectively. However, DIC and Ca®>* concentrations
were more concentrated, with seasonal differences in the YT and DH
reservoirs, which suggest that reservoirs with short HRTs may have
limited influence on water chemical parameters (Fig. 4(a)).

A pattern diagram has been presented to understand the biogeo-
chemical processes that affect the behavior of carbon (Fig. 4). It was
found that DIC, Ca®*, and 8'3Cp;c could be used to explain the exact

processes involved in the river-reservoir system (Wang et al., 2019b,
2020). In this study, the significant positive relationship of A[DIC] and
A[Ca?"] could help to understand the processes that affected the DIC
transport and transformation in different reservoirs (Fig. 4(b)). Due to
human regulation and air temperature increases, the water temperature
increased significantly in the epilimnion after forming a stable thermal
stratification in the reservoirs of CST, LT, and YT in the wet season. The
results showed that 8'3Cp;¢ values became heavy in the epilimnion of
the above three reservoirs, and the DIC and Ca2?™ decreased simulta-
neously. Moreover, the surface high Chl contents and DO (%) > 100 in
the wet season of the three reservoirs, indicating that the process of
phytoplankton photosynthesizes in the epilimnion. The photosynthesis
of phytoplankton can consume DIC (e.g., HCO3~ and CO, (aq)) and
prefer to use the lighter '°C, resulting in heavy 8'°Cp;c and high pH
(Maberly et al., 2012; Pu et al.,, 2020). The significant positive re-
lationship between Chl and 8'3Cpyc further indicates that the carbon
was influenced by the primary productivity in the DH, LT, and YT re-
servoirs (Table 2). Moreover, intense phytoplankton photosynthesis
would increase the absorption of shortwave light, which could slow
down the heat transfer in the profile (Dubnyak and Timchenko, 2000;
Boehrer and Schultze, 2008). Therefore, the epilimnion is much shal-
lower than other layers (Fig. 3), and the hydrochemical parameters
(e.g., water T, PH and DO) varied notably (Wang et al., 2020; Cui et al.,
2017). The saturated status of CaCO3; was formed under high pH and
water temperature conditions, which leads to a decrease of Ca?* and
DIC in the epilimnion (Liu et al., 2018; Wang et al., 2020). Further, the
rapid decrease of DIC content and the increase of pH could cause low
pCO,, due to the phytoplankton photosynthesis in the epilimnion of
CST, LT, and YT reservoirs (Jiang et al., 2020; Pu et al., 2020). How-
ever, all measured data was distributed around the origin of the DH
reservoir with a short HRT, indicating a weak damming effect on water
chemistry (Fig. 4(b)). The above results suggested that the epilimnion
of the LT, CST, and YT reservoirs with obvious thermal stratification
was mainly affected by phytoplankton photosynthesis, CaCO3 pre-
cipitation, and CO, outgassing, which were mainly distributed in the
first quadrant (Fig. 4(b)). In the second quadrant (Fig. 4(b)), A[DIC]
increased while A[Ca®>*] and 8'3Cpc decreased, indicating that DIC
may be affected by both groundwater input and OM degradation
(Vachon et al., 2020). In the third quadrant (Fig. 4(b)), pH, T, Chl and
DO decreased significantly, while DIC and pCO, increased significantly,
indicating that DIC in the water may be mainly from the degradation of
OM and dissolution of CaCO5; of samples from the thermocline and
hypolimnion (Binet et al., 2020). Besides, 8'3Cp;c was found to be ne-
gative in the thermocline and hypolimnion, which further proved that
OM degradation was one of the key processes affecting DIC con-
centration. Therefore, high pCO, in thermocline and hypolimnion
would lead to CO, outgassing and provid CO, for phytoplankton pho-
tosynthesis in the epilimnion. As a response, primary production also
produced DO and OM, which helped in the process of OM oxidizing and
decomposing in the thermocline and hypolimnion. In the fourth
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quadrant (Fig. 4(b)), decreased A[DIC] and increased A[Ca2*] may be
caused by rainfall and mixing of water in the process of water flowing
from river to reservoir area, which was mainly reflected in the lentic
surface of the CST reservoir (Wang et al., 2020; Zeng et al., 2020).

In the mainstream along the water flow direction of the cascade
reservoirs, pH, DIC, and DOC decreased while pCO, increased, in-
dicating that the regional damming effect with a long HRT and high air
temperature may enhance the carbon emission in the downstream
(Wang et al., 2020). Moreover, pH and DO decreased significantly
whereas pCO, increased rapidly in the released water of the CST, LT,
and YT reservoirs, indicating that the rapid influx of atmospheric O,
with a high air temperature will accelerate the degradation of OM and
cause a increase in pCO, (Pu et al., 2020). Due to the high air tem-
perature in July, thermal stratification was most obvious in reservoirs
with a long HRT and showed similar characteristics of cascade re-
servoirs built on the Wujiang River and Jialing River (Cui et al., 2017;
Wang et al., 2020). Taking the site P1 (8'3Cpic = —10.6%0) with no
damming effect as a reference, §'3Cp,¢ decreased to —13.4%o in the YT
reservoir in July. However, 813Cpyc increased to —11.3%o in the DH
reservoir where the annual average was —9.9 * 0.9%o. Our results
showed a similar trend with other karst cascade reservoirs in the Wu-
jiang river (—8.8%o to —10.1%o) and the Jialing river (—12.3%o to
—12.7%o0) (Cui et al., 2017; Wang et al., 2020). The above results
showed that dam construction may cause a regional damming effect
(the increase of pCO, and decrease both pH and §'3Cpc) and further
help to understand its effect on the carbon cycle. However, when
thermal stratification became weak in the downstream, the water
chemical characteristics would be similar to the natural river system. In
this case, the impact of the reservoirs on carbon biogeochemical pro-
cesses may depend on the reservoir itself, and the regional damming
effect was localized in the river-reservoir system.

4.2. The enlightenment of reservoir effect index on carbon biogeochemical
processes

Previous studies revealed that the effect of river damming on nu-
trients was influenced by HRT, reservoir age, latitude, climate, and
water depth (Grill et al., 2019; Maavara et al., 2020; St. Louis et al.,
2000; Kumar et al., 2019) but no clear standard for the impact assess-
ment of river damming has been reported yet. §'3Cp,c is widely used in
studying carbon evolution in inland waters as an indicator to

understand the geochemical behavior of carbon (Maberly et al., 2012;
Pu et al., 2020; Telmer and Veizer, 1999; Zhang and Liu, 2014). In this
study, hydrochemistry and isotope indicate that DIC was mainly af-
fected by the weathering of carbonate rocks in the fluvial area, due to
high DIC content and light 8'3Cpyc values (Li et al., 2008; Liu and Han,
2020; Zhong et al., 2018). In the reservoirs with obvious thermal
stratification, DIC was mainly influenced by primary productivity and
OM degradation in the epilimnion and hypolimnion (Maberly et al.,
2012; Wang et al., 2020). Moreover, most of the water is discharged
from the bottom of dams, which is mainly from the hypolimnion.
Therefore, DIC is mainly affected by CO, outgassing, OM degradation,
and carbonate dissolution (Kumar et al., 2019; Mendonca et al., 2017;
Wang et al., 2019b). In this study, we found that both water depth and
water temperature had positive relationships with DIC and 8'3Cpc in
the CST and the LT reservoir, displaying a thermal stratification effect
(Table 2). Water temperature is one of the most important drivers for
the formation of thermal stratification in river-reservoir systems (Elci,
2008; Liang et al., 2019). In this study, the water depth of the LT re-
servoir was up to 135 m, which is much deeper than that of fluvial area
(< 10 m), resulting in variability of water temperature at different
depths. Besides, the elevation difference between the CST and DH re-
servoirs is 1485 m, causing the annual average air temperature differ-
ence of 6.4 °C and then leading to difference in water column tem-
perature (Table 1). It further suggested that the reservoir effect cannot
be characterized directly by the different reservoirs’ water tempera-
tures.

From the above discussion, the damming effect on water thermal
stratification may be better characterized by the Ri (ratio of AT to
Depth) as shown in Eq. (4). And it is found that Ri has a strong linear
relationship with 8'Cp;c, which are found to be high in the reservoirs
with a long HRT (Fig. 5(a)). However, Ri and 8'3Cp;c values are not
found to be high in the LT reservoir with the longest HRT, which sug-
gests that although HRT is an important driver, it may not be the de-
termining factor. Since the 1990s, CO, emissions from reservoirs have
attracted much attention, and OC degradation was regarded as an im-
portant source of CO, (Duchemin et al., 1995; Kumar et al., 2019; Li
et al., 2018; Raymond et al., 2013; St. Louis et al., 2000). Moreover, the
DOC concentration is much higher than that of the Chishui River, which
is not influenced by the damming effect in the karst area (Xu et al.,
2020). In this study, Ri and DOC had a good linear relationship, and
with the increase of Ri, DOC concentration increased and pCO,
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decreased, indicating that Ri can be an important index to investigate
the strength of primary productivity which would further help to un-
derstand the processes behind the carbon cycle (Fig. 5(b)). To test the
indicative role of Ri in other karst reservoirs, we compiled data of
cascade reservoirs in the mainstream of the Wujiang River, Jialing
River, and the HF reservoir of the Maotiao river, and plotted them to-
gether with the data in this study (Cui et al., 2017; Wang et al., 2016,
2020). The results show that Ri and 8'Cp;¢ have a positive relationship
(R? = 0.65, p < 0.001) (Fig. 6), which reveal that §'°Cpc in the
surface water is distinctly different in the reservoirs with different
HRTs. Further, it indicates that §'®Cp;c of reservoirs with similar HRT
also have significant differences, which suggest that reservoir effect also
depends on the reservoir characteristics.

Generally, large Ri represents a strong reservoir effect, which is
mainly reflected in the significant thermal stratification of the reservoir.
The Ri can also help to explain why the highest value of pCO5 occurred
in the reservoir hypolimnion of LT reservoir in October. In October, the
stratification of the water may be more pronounced due to the longer
HRT, higher temperature, and less disturbance by precipitation in the
LT reservoir. The Ri value in January (0.14), April (0.20), July (0.40),
and October (0.33) further indicate that the LT reservoir still had a
strong reservoir effect in October (Fig. 4). Moreover, intensified

phytoplankton photosynthesis in the epilimnion and accelerated de-
gradation of OM in the hypolimnion, resulted in higher pCO, in the
released water, which suggest that Ri can better explore the reservoir
effect by combining the hydrochemical characteristics and geographical
characteristics. Therefore, compared with HRT, the application of both
Ri and isotopic signatures will help to investigate the strength of the
damming effect on the carbon cycle and further provide theoretical
support for the evaluation of the reservoir effect in karst areas.

5. Conclusion

In this study, four cascade reservoirs in the subtropical region were
selected to study the effect of damming on riverine carbon transport
and the underlying processes using water chemistry and stable isotopic
signatures of dissolved inorganic carbon (8'3Cpyc). Results revealed that
after cascade damming in karst rivers, the main influence processes of
DIC in karst rivers were transformed from carbonate weathering to the
jointly regulation by carbonate weathering, carbonate precipitation,
primary production, and OM degradation. After a comprehensive ana-
lysis of hydrochemistry and 8'Cp;c, we proposed the concept of re-
servoir effect index (Ri), which is a more sensitive indicator than HRT
and could provide a more accurate indication of damming effect on the
carbon cycle and inherent processes involved. By compiling 8'3Cp,c of
other karst reservoirs, it is proved that Ri can be used to represent the
stratification strength of reservoirs and further help to understand the
degree of damming effect on the carbon cycle. Our study can act as a
reference for other karst damming rivers to assess the impact of dam-
ming on the carbon cycle so that mitigation measures could be im-
plemented in advance to reduce its emission in the future. However,
numerous factors affect the carbon characteristics after building dams
on rivers, therefore, additional work needs to be done in the future such
as multi-isotope analyses, higher frequency monitoring, and application
of hydrodynamics, which will help to further understand the migration
and transformation of carbon in river-reservoir systems.
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