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ABSTRACT

Reservoirs have been constructed as clean energy sources in recent decades with various environmen-
tal impacts. Karst rivers typically exhibit high dissolved inorganic carbon (DIC) concentrations, whether
and how reservoirs affect carbon cycling, especially organic carbon (OC)-related biogeochemical processes
in karst rivers, are unclear. To fill this knowledge gap, multiple tracer methods (including fluorescence
excitation-emission matrix (EEM), ultraviolet (UV) absorption, and stable carbon (§'3C) and radiocarbon
(A™C) isotopes) were utilized to track composition and property changes of both particulate OC (POC)
and dissolved OC (DOC) along river-transition-reservoir transects in the Southwest China karst area. The
changes in chemical properties indicated that from the river to the reservoir, terrestrial POC is largely
replaced by phytoplankton-derived OC, while gradual coloured dissolved organic matter (CDOM) removal
and addition of phytoplankton-derived OC to the DOC pool occurred as water flowed to the reservoir.
Higher primary production in the transition area than that in the reservoir area was observed, which
may be caused by nutrient released from suspended particles. Within the reservoir, the production sur-
passed degradation in the upper 5 m, resulting in a net DIC transformation into DOC and POC and terres-
trial DOM degradation. The primary production was then gradually weakened and microbial degradation
became more important down the profile. It is estimated that ~3.1-6.3 mg L~! (~15.5-31.5 mg-C m~2
(~10-21%)) DIC was integrated into the OC pool through the biological carbon pump (BCP) process in the
upper 5 m in the transition and reservoir areas. Our results emphasize the reservoir impact on riverine
OC transport, and due to their characteristics, karst areas exhibit a higher BCP potential which is sensitive
to human activities (more nutrient are provided) than non-karst areas.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

2017). More than 48,000 reservoirs with a depth greater than 15 m
have been established globally since 1980 (Dams, 2000). With in-

Rivers comprise the major link between the land and ocean,
transporting up to 260 Tg yr—! of dissolved organic carbon (DOC)
and approximately 200 Tg yr-! of particulate organic carbon
(POC) to the ocean (Hedges, 1992; Raymond and Spencer, 2015).
However, due to the pressure exerted by human activities on
rivers, only 37% of the rivers worldwide remain free-flowing rivers
(Best, 2019; Grill et al., 2019). Approximately 60 Tg of organic car-
bon (OC) is buried globally in inland reservoirs each year, account-
ing for approximately 40% of the global OC burial (Mendonca et al.,
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creasing number of reservoirs, the environmental problems caused
by reservoirs become increasingly prominent (Maavara et al., 2017;
Wang, 2020). For example, a reservoir may change the light con-
ditions and hydraulic retention time of a river and may increase
the retention of nutrients and the burial of sediments, resulting in
different degrees of change in the transport and transformation of
organic matter (OM) over natural river systems (Matzinger et al.,
2007). However, systematic research on how reservoirs alter river-
ine OC cycling remains lacking.

Dissolved OM (DOM) plays an important role in all biologi-
cal and abiotic processes in aquatic ecosystems (Hansen et al.,
2016; Yang et al, 2014). DOM may be affected by many pro-
cesses, whereby photodegradation and biodegradation are among
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the two main processes in inland water bodies (Dittmar, 2015;
Hansen et al., 2016; Raymond and Spencer, 2015). Photodegrada-
tion of DOM produces active nitrogen (N) (Bushaw et al., 1996;
Teeling et al., 2012), which is beneficial to the growth of phyto-
plankton in the aquatic environment (Teeling et al., 2012). More-
over, during biodegradation, refractory DOM is produced, which
then forms a potential carbon sink after burial in sediments
(Jiao et al., 2010). Therefore, it is particularly important to inves-
tigate the sources and transport and transformation processes of
DOM.

Natural DOM is a complex mixture composed of tens of thou-
sands of different molecules (Dittmar, 2015). To better understand
the transport and transformation of DOM in river systems, multi-
ple methods are required. Ultraviolet (UV) absorption and the flu-
orescence excitation-emission matrix (EEM) technique are simple
and efficient methods that have been widely applied to character-
ize and quantify the composition of DOM in aquatic environments
(Derrien et al., 2019; Holland et al., 2018), while the (stable and
radioactive) isotopes of OC effectively track the sources and trans-
formations in water environments (Raymond and Bauer, 2001a).
Therefore, the combination of the optical properties and isotopic
composition of OM may help to explain its biogeochemical cycle
qualitatively and quantitatively and may further provide a perspec-
tive from the bulk to the molecular level.

Global karst areas account for 15% of the Earth land area
(IPCC Climate, 2007), which imposes a major effect on the ter-
restrial C uptake and environmental quality (Liu et al, 2018;
Piao et al.,, 2010). As a carbon sink, reservoirs play an important
role in the global carbon cycle, especially the reservoirs in karst
areas (Beaulieu et al.,, 2012; Cole et al., 2007). Since karst water
bodies usually contain 6-10 times higher concentrations of dis-
solved inorganic carbon (DIC) than do those in non-karst areas due
to weathering (Shih, 2018; Zhong et al., 2020), they provide more
favourable conditions for the biological carbon pump (BCP) pro-
cess. The BCP process is an important part of the OC cycle, which
often occurs on the surface of water bodies, including rivers, lakes,
reservoirs and oceans. The BCP process converts inorganic carbon
into OC in aquatic systems and thereby affects the carbon cycle
(Liu et al., 2018). Therefore, understanding the reservoir effect in
karst areas is significant in a global scale in terms of carbon cycle.

China contains the largest karst area worldwide, which is
mainly found in the southwest region. Due to the abundant water
resources and canyon-shaped terrain, the southwest region has be-
come an important hydropower development area with a notable
reservoir effect (Wang et al,, 2019). The Hongjiadu (HJD) reservoir
is the first reservoir with a multi-year regulation function in the
Wujiang River Basin. In addition to the reservoir effect, it is also
possible to intuitively observe the change in OC from the river to
the reservoir and exclude the influence of the cascade reservoir ef-
fect. Therefore, the HJD reservoir is an ideal site to study OC trans-
port and transformation in river-reservoir systems.

Our previous investigations focused on physical conditions and
bulk OC properties showed that the most intense stratification and
largest differences between rivers and reservoirs occurred in sum-
mer (supplementary file; Fig. S1 and S2); therefore, we focused our
study in the summer period due to the high dynamics of the wa-
ter environment (Wang et al., 2019). Multiple techniques (includ-
ing optical properties and (stable and radioactive) isotopes) were
applied. Our objectives are 1) to characterize the changes in the
sources and composition of OC in the river-reservoir continuum; 2)
to quantify how the reservoir affects the transport and transform
of OC; and 3) to propose a conceptual model of the effect of the
reservoir on carbon cycling. Our results not only reflect the impor-
tant role that reservoirs play in reservoir systems but also provide
a theoretical basis to analyze the transport and transformation of
OC from a systematic perspective.
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2. Materials and methods
2.1. Site description

The Wujiang River is the largest tributary of the Yangtze River,
in Guizhou Province, China. The Wujiang River has a total length of
1037 km with a watershed area of 87.92x10% km?. The climate in
the study region is classified as a subtropical humid monsoon cli-
mate, with an annual rainfall and mean temperature of ~1180 mm
and 15 °C, respectively (Gzqx, 2018). The river is located in a karst
area and features notable carbonate weathering. The depth of the
HJD is 125 m, and due to its water volume regulation function, the
average annual flow rate is 155 m3 s~1. The HJD reservoir exhibits
the longest water retention time and highest water level in sum-
mer, and the lowest values are observed in winter (Table S1). The
site has been classified to three regions (river region, transition re-
gion and reservoir region) according to the changes in the carbon
chemistry, which undergoes temporal changes throughout the year.

2.2. Sampling and analytical methods

Surface water samples (0.5 m) along the river-reservoir transect
in tributary, mainstream and a depth profile (ranging from the sur-
face (0.5 m) to near the bottom (125 m)) were collected from the
HJD reservoir in August 2018 using a Niskin water sampler (model
1010, General Oceanics, USA) (Fig. 1). The pH, Chlorophyll-a (Chl-
a), water temperature (T) and dissolved oxygen saturation (DO%)
were measured in situ with an automated multi-parameter profiler
(model YSI 6600), which was calibrated on site.

The water samples were filtered through glass fiber filters
(Whatman GF/F, pre-combusted at 450 °C for 4 h) immediately af-
ter sampling. The particulate matter retained on the filters were
stored at -20 °C until the analyze for the concentration and iso-
topes of POC. The filtrate was acidified with phosphoric acid to
pH = 2 and stored at 4 °C for DOC analysis, and were stored in
high-density polyethylene bottles at 4 °C and tested within two
days for UV and EEM analysis. For the DIC analysis, the water sam-
ples were first filtered in the field using 0.45-um polytetrafluo-
roethylene syringe filters and then 2-mL samples was injected into
10-mL LABCO bottles under pre-treatment vacuum, and 1 mL phos-
phoric acid was added with a syringe.

2.2.1. The concentration and isotope analysis of DIC, DOC and POC

The concentration of the DOC was determined on an Aurora
1030 total OC analyser (OI Analytical, USA) with duplicates (+£1.5%,
analytical error). In regard to the elemental and carbon isotope
analysis of the particulate samples, the GF/F filters were first acid-
ified to remove any inorganic carbon (Bao et al., 2014), and the
concentration of POC and total nitrogen (TN) was tested with an
elemental analyser (Euro Vector, EA3000, Italy) (+5%, analytical er-
ror). The C/N was then calculated as the weight ratio of POC to TN.
The concentration of DIC was determined by titration with HCI at
0.02 mol L1 in the field within 12 h (Telmer and Veizer, 1999).

For the isotopes of DOC, the filtrate (5 L) were first concen-
trated through rotary evaporation and oxidized into CO, gas in a
vacuum line system via wet oxidation (Leonard et al., 2013). The
generated CO, were then divided into two parts for §13C (§3Cpgc)
and A™C (A™Cpgc) analysis. The CO, partitioned for the §13Cpqc
analysis was directly tested with a 253 Plus instrument (Thermo
Fisher, £0.1%o, analytical error), and was converted into graphite
(Xu et al,, 2007) and tested in an accelerator mass spectrometry
(AMS) system (3%, analytical error) for A™Cpgc at Tianjin Uni-
versity.

For §13C of POC (8"3Cpgc), the sample after acidification was
directly tested in a Flash 2000 HT device coupled with the 253
Plus instrument (Thermo Fisher, +0.2%., analytical error), and the
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Fig. 1. Study area and sampling points in the river-reservoir system of the Hongjiadu (HJD) reservoir.

A™C sample was combusted at 850 °C for 2 h under vacuum and
evolved CO, was transformed into graphite and tested via AMS.
The A™Cpoc and AM™Cpgc were calibrated with the §13C value of
the sample (Stuiver and Polach, 1977). The §'3C of DIC (§3Cp;c)
were determined with a gas bench coupled with a Delta V Plus
instrument (Thermo Fisher, +0.3%o, analytical error) as previously
reported (Zhou et al., 2015).

2.2.2. Optical properties of DOM

A UV-visible (Vis) spectrophotometer (UV-2700, Shimadzu) was
used to estimate the absorbance of the filtered water samples
(A = 200-750 nm). Various optical parameters, including the ab-
sorption coefficient [a(A)] and specific UV absorbance at 254 nm
[SUVAy54 (L mg=! m~1)], were calculated (Griffin et al., 2018;
Helms et al., 2008).

EEMs were tested with a fluorescence spectrophotometer (F-
7000, Hitachi, Japan) using previously reported measurement pro-
cedures (Mostofa et al., 2019). The detailed procedure followed
in applying PARAFAC model to EEM spectra and the validation of
PARAFAC model is provided in supplementary text.

2.3. Statistical analyses
Pearson’s correlation between the different parameters was

analysed with R 4.0.2, where the 4 notation represents the stan-
dard deviation if not otherwise mentioned.

3. Results
3.1. Basic physical parameters

The physical conditions from the river to the reservoir area
changed significantly (Fig. 2(a)). Along the direction of water flow,
the temperature (20.8-27.6 °C), pH (8.2-9.0), Chl-a (1.6-3.3 ug
L-1) and DO% (102.2%-121.4%) all revealed clear increasing trends,
while they were all the lowest at the reservoir outlet (H15), which
were 16.8 °C, 7.7, 0.3 ug L' and 57.3%, respectively. The tempera-
ture profile (12.9-27.7 °C) showed a decreasing trend from the sur-
face to the 120 m depth (Fig. 3(a)). DO%, Chl-a and pH were 14.7-
121.4%, 0.1-10.3 pg L' and 7.6-8.5, respectively, which showed
similar trends, both first decreased from surface to 15 m, and then
gradually increased.

3.2. The concentration of the total suspended matter (TSM), DIC, DOC
and POC

TSM, DIC and POC were 1.2-48 mg L', 12.9-30.8 mg L~! and
0.4-14 mg L1, respectively, and all exhibited a general decreas-
ing trend along the river-reservoir continuum (Fig. 2(b)). At the
reservoir outlet, the TSM level (0.5 mg L~!) remained low, while
the DIC concentration (28.7 mg L~!) returned to a level close to
that observed at the river sites (Fig. 2(b)). DOC increased from the
river (0.940.1 mg L) to the reservoir (1.6+0.1 mg L~1) and de-
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Fig. 2. Diagram of the changes of different parameters in the surface water along the river-to-reservoir transect: a) The temperature, pH, chlorophyll-a and dissolved oxygen;

b) the concentrations of DOC, DIC, POC and TSM; c) variation of ays4 and SUVAjys4; d) the variations of different FDOM components (Peak C, M and T);

POC and DOC and POC%; f) changes in A™Cpoc and A™Cpoc.

creased to a concentration (1.0 mg L~!) similar to that observed at
the riverine sites at the outlet. The proportion of POC (POC%) was
the lowest in the river area (2+1%) and the highest in the reser-
voir area (34+4%) (Fig. 2(e)). The C/N ratio of POC was high in the
river area (9.3+0.8) but much lower in the transition and reservoir
areas (6.040.2).

In the reservoir profile, TSM, DIC, POC and DOC were 0.1-1.0 mg
L-1,201-30.8 mg L1, 0.1-0.4 mg L™, and 0.8-1.6 mg L1, respec-
tively (Fig. 3(b)). TSM, POC and DOC all showed decreasing trends
from the surface to the bottom layer, while DIC exhibited the op-
posite trend. The DIC and DOC concentrations from 60 to 80 m
were close to those at the riverine sites.

3.3. The optical properties of DOM

The a,s4 (indicating the content of CDOM) and SUVA;s4 (indi-
cating the aromaticity of DOM) (Griffin et al., 2018; Helms et al.,
2008) values demonstrated similar decreasing trends along the
river-reservoir transect (Fig. 2(c)) and were 1434 m~! to 12.3
m! and 1534 L mg~! m~! to 759 L mg~' m~!, respectively.
Both parameters then increased to values similar to those ob-
served at the riverine sites at the reservoir outlet. Three fluores-
cent DOM (FDOM) components were identified, including terres-
trial humic-like C-type substances, autochthonous humic-like M-
type substances and tryptophan-like T-type substances, in the sur-
face samples (Fig. S3). Peaks C, M, and T showed similar trends to
those of ays4 and SUVA,s4 and were all significantly higher in the
river area (H1-H4) and outflow area (H15) than they were in the
transition and reservoir areas (H5-H14) (Fig. 2(d)).

In the reservoir, ays4 attained the highest value (14.74 m=1)
from 15-45 m and relatively low values from 0-15 m (12.74+0.22
m~1) and 45-120 m (13.18+0.19 m~1) (Fig. 3(c)). SUVA,54 grad-
ually increased from the surface (763 L mg~! m~1) to 120 m
(1726 L mg~! m~1) (Fig. 3(c)) and remained relatively constant
below 60 m (16.61+0.99 L mg-! m~1). In the reservoir profile,

e) the §3C values of

all the fluorescent components were relatively low from 0-5 m
(Fig. 3(d)). Peak C exhibited a slight change from 15-120 m, while
peak M exhibited a much smaller change than did peak C from
15-80 m and then disappeared from 100-120 m. A new protein
peak (newly released protein-like substances, namely, peak Newly)
of phytoplankton origin with a strong signal (0.17+0.02) was gen-
erated from 100-120 m. Peak T was the highest from 100-120 m
(0.093+0.005), followed by 15-45 m (0.055+0.005), and it was the
lowest from 60-80 m (0.034+0.002).

3.4. The stable and radioactive isotopes of DIC, DOC and POC

The 83Cp;c and §13Cpge was -9.5 to -2.6%. and -28.6 to -26.8%o,
respectively, and showed similar trends, with most enriched val-
ues occurring in the transition area and most depleted values oc-
curring in the river area. The 83Cppc ranged from -29.5% to -
24.7%., which also exhibited the most enriched value (-22.1%.) in
the transition area and the most depleted value in the reservoir
area. The A™Cpgc became increasingly depleted from the river
area (-67+9%.) to the reservoir area (-140422%.), while A™Cpgc
became increasingly enriched from the river area (-495+43%.) to
the reservoir area (-186+£17%o).

In the reservoir profile, §3Cp;c was enriched at 0-10 m (-
3.1+0.1%) and then remained at a relatively depleted and in-
variable value below 15 m (-9.40.2%.) (Fig. 3(e)). 83Cpgc was -
28.5%0 to -27.1%o, and first showed an increasing trend from 0 m
to 15 m, followed by a decreased from 15 m to 80 m (-30.1%o),
and gradually increased to -27.7%. at 120 m. §13Cpgc was -32.9%o
to -29.5%., and exhibited almost the opposite trends to those of
DOC. The A™Cpgc andA™Cpgc also showed opposite trends in
the profile (Fig. 3(f)). A™Cpoc increased from 0 m (-131%o) to
120 m (-78%o), of which the most positive value occurred at 80 m
(-71%), while AM™Cpgc decreased from 0 m (-204%.) to 120 m
(-303%0), with the most negative value also observed at 80 m
(-330%).
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Fig. 3. Diagram of the changes of different parameters in the reservoir profile: a) The temperature, pH, chlorophyll-a and dissolved oxygen; b) the concentrations of DOC,
DIC and POC; c) variation of ays4 and SUVAys4; d) the variations of different FDOM components (Peak C, M, T and Newly); e) the §'3C values of POC and DOC; f) changes in

A¥Cpoc and A™Cpoc.

4. Discussion

4.1. Sources and transformation of organic carbon along the flow
path

A typical reservoir effect on POC is the removal of terrestrial
OM from the water column and the increase in phytoplankton-
derived OM due to the decrease in flow velocity, settling of sus-
pended particles and reduction in water turbidity, thus increas-
ing primary production (Matzinger et al., 2007). A continuous de-
crease in TSM was observed along the transition-reservoir transect
(Fig. 2(b)), reflecting the effect of reservoirs in trapping terrestrial
suspended particles and OM.

Phytoplankton mainly consumes water-soluble CO, for pho-
tosynthesis (Liu et al., 2018), which causes a reduction in the
DIC concentration and an enrichment in §3Cpc (Wang et al.,
2019). The DIC concentration in the river area was approx-
imately 30 mg L', which is a typical value observed in
karst regions but is more than 5 times higher than that
observed in non-karst areas (Shih, 2018). In the HJD reser-
voir, the DIC concentration decrease and §'3Cpc enrichment
along the river-reservoir transect suggested an enhanced pri-
mary production due to dam construction. The POC% was nearly
30%, which is a typical value for phytoplankton (Airoldi and
Cinelli, 1997), agreed with the increased contribution of in situ
production.



Y. Yi, J. Zhong, H. Bao et al.

Water Research 194 (2021) 116933

Sources
© HID-River area
@ HID-Transition area
© HID-Reservoir area
V Karstriver  (Sun et al. 2015)
V Surface soil (Zhu and Liu 2006)
V Deeper soil (Zhu and Liu 2006)

—154 o This Study”
¥ Other Stidy
! Bacteria C4 terrcs‘t}i»a_l_lil-z{ms
—20 1 : !
3 8 M
S AT v
$ 25 59\\?,.7?0 eV /
© Se i
@9 '. ;
\ . 05) ® / C3 terrestrial plants
_30 o \\\80 7/, B
“=--~"Freshwater algae
° -
15m
=351
0 5 10 15 20 25
Corg total

Fig. 4. Value of §3C and C/N ratio of POC in the HJD river - reservoir systems and
different depth karst soil (Zhu and Liu, 2006).

The values and ranges of 8§3Cpoc (-30.0%0 to -24.7%0) as well
as of the C/N weight ratio (6.0-10.1) further revealed a gradual
transition from the soil OM observed in the river area to the typ-
ical phytoplankton source in the transition- reservoir area (Fig. 4)
(Lamb et al., 2006). The soil OM source in the river area is likely
an aged deep soil layer, as reflected by the depleted A™Cpoc (-
550%,) value (Marwick et al., 2015). The changes in §'3Cpgc sug-
gested that the newly produced POC had a more enriched §13C
in the transition region than that in the reservoir. Earlier study in
the Greifen Lake found that §'3Cpoc of phytoplankton-derived OC
was much enriched during higher productivity season, and was at-
tributed to the different carbon sources utilized (CO,(aq) vs. bicar-
bonate) (Hollander and Mckenzie, 1991). The enriched §3Cppc in
the transition region than that in the reservoir was also in accord
with the higher productivity (see discussion in Section 4.3). Inter-
estingly, the A'Cpgc value of the surface water in the transition
reservoir region was more depleted than the “fresh” phytoplank-
ton signal observed in the other regions (Chen et al., 2018), which
could be caused by the depleted A™Cpc in karst areas (Liu et al.,
2017). Therefore, the changes in the POC properties all reflect a
typical reservoir effect on the POC sources in this head reservoir.

DOC in the river region indicated a much younger AC sig-
nal (-67+9%.) than did POC (Fig. 3(f)), which suggests that the
contribution of the main source was derived from the surface
soil (Fig. 5). Younger DOC than the POC were also observed in
other rivers, which were attributed to the pre-aging process of POC
in soil and the leaching of freshly produced OM (Raymond and
Bauer, 2001b). The SUVAys4 (~15 L mg~! m~1) values in the river
area were much higher than those observed for the phytoplankton-
derived DOM and even higher than the riverine DOM ranges ob-
served during flooding (mainly soil-derived OM) (Fellman et al.,
2013), suggesting the dominance of soil-derived OM, consistent
with the information retrieved from AMCpgc.

The increase in the DOC concentration (Fig. 2(b)) in the transi-
tion reservoir areas suggested a net addition of DOC in the wa-
ter column, which is unlikely caused by the input from tribu-
taries since DOC concentrations were similar between those tribu-
taries (Table S2) and mainstream. The slight enrichment in §13Cpqc
agreed with the enrichment in §'3Cpoc (Fig. 2(e)), suggesting that
the DOC increase had a similar source to that of POC, ie., in
situ production. The decrease in ACpgc in the transition reser-
voir areas was also consistent with the addition of “C-depleted

end-members nearby the study area, including POC in Karst river (Sun et al., 2015) and

phytoplankton-derived OC (Fig. 2(f)). Aquatic primary production
usually yields much lower a,s4 and SUVA,s,4 values than do higher
plants (Liu et al., 2019), which may have led to the low SUVA,s4
value in the transition and reservoir areas by mixing with riverine
DOM. He et al., (2020) also found a decrease in SUVA;s4 with in-
creasing autochthonous DOM in the Three Gorges Reservoir. Nev-
ertheless, the decrease in ajs4 and fluorescence intensity of each
component in the transition reservoir areas implied that in ad-
dition to the input from in situ production, notable net removal
of CDOM occurred (Fig. 2(c and d)). Photodegradation, microbial
degradation and sorption by particles may all remove CDOM from
the water column (Hansen et al., 2016). Due to the preferential uti-
lization of non-aromatic OM, microbial degradation of DOM nor-
mally induces an increase in SUVA,s4 (Hansen et al,, 2016). Pho-
todegradation is the likely mechanism, as it preferentially removes
aromatic DOM, which is mainly of terrestrial origin, and causes
a strong decrease in azs4 and SUVAys4 as previously observed
(He et al., 2020; Stubbins et al., 2010). The role of DOM sorption
by sinking particles in the transition region remains unclear and
merits further study.

The DOC characteristics (concentration, carbon isotopes,
SUVA,s4, azs4 and fluorescence intensity of each component) of
the outlet samples were similar to those of the river samples,
suggesting little transformation of the released water, which is
related to the layer of the outlet (please refer to the discussion
below).

4.2. Sources and transformation of organic carbon in the reservoir
profile

As water flows into the reservoir, due to changes in the phys-
ical conditions at the different depths, the biogeochemical pro-
cesses may exhibit large differences down the profile, especially
during the summer season, when notable thermal stratification oc-
curs (Fig. 3(a)). Based on the physiochemical parameters, the reser-
voir profile was divided into four layers: surface layer (0-15 m),
subsurface layer (15-45 m), intermediate layer (45-80 m) and bot-
tom layer (80-120 m).

In the surface layer, the notably high DO% and POC% values, low
DIC concentration, high DOC level and §'3Cp;¢c enrichment all indi-
cated substantial photosynthesis, thus producing and accumulating
OC. In addition, the lowest ajs4 and SUVA,s4 values and fluores-
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Fig. 5. Delineation of the major relationship of the OC in river-reservoir systems with the use of §3C and A™C and major sources according to previous reports

(Marwick et al., 2015).

cence intensity indicated the notable removal of CDOM by pho-
tochemical degradation (Hansen et al., 2016), as observed in the
whole surface layer in the transition reservoir area. Sorption was
unlikely an important process within the reservoir since most min-
eral particles had already settled in the transition region, as indi-
cated by the changes in TSM (Fig. 2(b)). Therefore, this layer can
be denoted as the production-photodegradation dominant layer
(PPDL).

In the subsurface layer, a sharp decline in DO% at 15 m in-
dicated a decrease in production and an increase in oxygen con-
sumption. DIC and DOC at 15 m were still 2 mg L~! lower
and 0.3 mg L~! higher, respectively, than those observed at the
riverine site, suggesting that primary production still occurred at
15 m but much lower than that in the surface layer. An earlier
study suggested that light still reached this layer (Hemsley et al.,
2015); hence, a weaker BCP process could still occur. The low-
est DO% and pH values at 15 m suggested notable OC mineral-
ization. The sharp increases in as4, SUVA,s4, fluorescence inten-
sity and 813Cpgc at 15 m were all consistent with microbial degra-
dation/transformation (Romera-Castillo et al., 2011). The most de-
pleted 813Cpgc at 15 m was also in consist with weak primary pro-
duction that utilized the depleted §3Cpc in this layer. However,
the POC concentration was largely decreased, suggesting that even
there was primary production, it was very weak. Then the fraction
of terrestrial POC could not be ignored in this layer. The enrich-
ment in §'3Cpgc and depletion in A™Cpgc was also in accord with
the increased fraction of terrestrial POC that were still suspended.
Increases in the fraction of terrestrial OC could also explain the
variation trend of §3Cpoc and A™Cpgc. Overall, this layer is de-
noted as the biodegradation dominant layer (BDL).

In the intermediate layer (45-80 m), since no light reached this
layer, primary production and photodegradation were all negligi-
ble. All DIC and DOM parameters all resembled those at the river-
ine sites (Fig. 2 and Fig. 3), suggesting little transformation of car-
bon in this layer. The DOC characteristics of the released water
were also similar to those of this layer since the water was re-
leased at a certain depth within this layer. Therefore, the effect
of the dam on water release also depended on the outlet of the
reservoir. The notably low POC concentration in this layer largely
occurred due to the gradual removal of suspended particles during

transport from the river to the reservoir. The A™Cpoc and A™Cpgc
continue to enrich and deplete, respectively, and was consisting
with the increased fraction of terrestrial OM. Hence, this layer can
be denoted as the river-mixing dominant layer (RMDL).

In the bottom layer (80-120 m), very interestingly, an obvious
increase in §'3Cpgc and §'3Cpgc along with a new FDOM compo-
nent were occurred at 80 m. An earlier study indicated that due to
the preferential utilization of the 3C light component, an enrich-
ment in §3Cpgc could be observed during microbial degradation
(Meckenstock et al., 2004). The changes in the DOC isotopes and
FDOM components were consistent with the microbial transforma-
tion of DOM observed in various aquatic environments (Jiao et al.,
2010). An earlier study in lake overlying water also reported a sim-
ilar phenomenon (Yang et al., 2014). The slight increase in DOC and
ays4 in the bottom layer may be derived from diffusion from sedi-
ments. Therefore, this layer can be denoted as the anaerobic mod-
ification dominant layer (AMDL).

4.3. Quantifying the transformation of carbon among the different
carbon pools and implications

To quantitatively understand the transformation of carbon
among the different carbon pools (DIC, POC and DOC), different
parameters were applied. As mentioned above (Section 4.2), POC in
the surface layer of the transition-reservoir area is predominantly
of an autochthonous source, while the addition of DOC is also de-
rived from in situ production. Therefore, the amount of OC con-
tributed by in situ production (OCp’) can be estimated as the sum
of POC concentration of the samples from the transition and reser-
voir areas (POCs) and in situ production of DOC in the transition
and reservoir areas (DOCp), and a two-end member mixing model
based on A™C was applied to quantify the DOCp (Raymond and
Bauer, 2001a) (see the supplementary text for a detailed analysis
and calculation method; Table S3).

The results (Table S4) indicate that in the transition and reser-
voir areas, phytoplankton contributed ~50% to the total DOC, while
this value decreased to < 5% in the RMDL and AMDL, suggesting
that either the newly produced DOM was not largely transferred
to the deeper layers or that the OM was largely degraded. In ad-
dition, although the CDOM experienced substantial photodegrada-
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tion (aps4 and fluorescence intensity decreased by approximately
19% and 72%, respectively), only approximately 10% of the terres-
trial DOM was removed (except at station H8). The unexpected
high removal of terrestrial DOM at H8 was related to the relatively
depleted ACpgc value. We speculate that if this value is true (i.e.,
no point contamination), it may then be related to the consider-
able sinking of suspended particles, which absorbed the terrestrial
DOM.

The DIC concentration was mainly affected by photosynthesis,
precipitation of carbonates and outgassing, which are modulated
by various physiochemical conditions (Jan et al., 2010). Here, we
define the difference between the sample (DICs) and riverine DIC
values (DICg) as ADIC. During the photosynthetic uptake of DIC by
aquatic phototrophs, half of the DIC is bonded with Ca?* to form
calcium carbonate (Liu et al., 2018), which is defined as ADICc, and
the other half is incorporated into the OM pool, which is defined
as ADICp (Liu et al, 2018). In theory, ADICc=ADICp. In addition,
the molar ratio of ADIC¢ equals the molar of reduced Ca2t in BCP
process. By considering the loss of DIC and Ca2* in different pro-
cesses (BCP and carbonate precipitation due to changes in temper-
ature), the transfer of DIC into the OC pool can be calculated (see
supplementary file for detailed determination method and results).

(Hotspot)
River area Transition area

Resuspension O

The results indicated that OCp’ was much lower than ADICp
(Fig. 6), which suggests two important facts: 1) a large amount
of DIC was transferred to the OC pool in this karst area in sum-
mer (ADICp was ~3.1 to 6.3 mg L' (15.5-31.5 mg-C m~2 (10~21%),
assuming similar carbon transfer occurred in the upper 5 m of
the transition-reservoir area)), even higher than the riverine DIC
concentration in non-karst areas (Shih, 2018); 2) only 20-24% re-
mained in the OC pool in the water column with ~70% of the pro-
duced OC had an unknown fate in current study (Table S4). In most
terrestrial ecosystems, aquatic primary production is limited by
phosphorus (Wang, 2020). In the H]D, phosphate exhibited a sharp
decrease from the river to the transition area and approached 0 mg
L1 in the reservoir area (Table S2), suggesting that in situ pro-
duction was also limited by P in our study area. The amount of
autochthonous OC remaining in the water column was close to
the P-bonded OC following the Redfield ratio, which ranged from
approximately 1-1.3 mg L~! (supplementary Table S5). The much
higher ADICp value may occur because P-containing OM was pref-
erentially mineralized and re-entered the water column to support
photosynthesis (Lomas et al., 2010); therefore, the reservoir acted
as a factory that continuously converted DIC into OC, either pre-
served in sediments or emitted as CO,. The OC burial efficiency is
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Fig. 7. Conceptual model of the effect of the reservoir on the modification of riverine organic matter and the processes of organic matter migration and transformation

inside the reservoir.
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therefore key to the global carbon budget. Earlier studies showed a
highly variable OC burial efficiency (<10% to >90%) in other reser-
voirs (Mendonga et al., 2016). The low pCO, value in the transi-
tion and reservoir areas (Table S2) suggested that the OC produced
through primary production may not be largely degraded. How-
ever, the net burial of OC in the HJD reservoir requires further re-
search.

Interestingly, ADIC exhibited a higher value in the transition
area than that in the reservoir area (Fig. 2(b), Table S5). Simi-
lar results were observed for ADIC¢ which together implied that
a higher primary production occurred in the transition area than
that in the reservoir area (Liu et al., 2018), which could also
be supported by the Chl-a data (Fig. 2(a)). The higher values of
83Cpic, DO%, DOC and POC in the transition area also revealed
higher primary production, and were consistent with the observa-
tions in Greifen Lake that §'3Cpjc and §'3Cpgc was more enriched
during higher productivity season (Hollander and Mckenzie, 1991)
(Fig. 2(a), (b) and (e)). We speculate that in the transition region,
the high primary productivity might be related to the release of
nutrients from terrestrial TSM (Wang et al., 2011). In contrast, the
reservoir area mainly provided nutrients for the primary produc-
tion process through OM degradation. These results emphasize the
importance of the transition area in reservoir research. Previously,
studies mainly focused on reservoir areas (Mendongca et al., 2016;
Mendonca et al., 2017; Wang, 2020; Wang et al., 2019); however,
our results reveal that transition areas are in fact hotspots for the
primary production process and potential burial.

Furthermore, the results of our study also indicate that the
reservoirs in karst areas exhibit a very high potential to affect
the climate over non-karst areas under the condition of inten-
sified human activities. Since in situ production is a nutrient-
limited process, once nutrients enter the river system, the pro-
cess is largely enhanced. Compared to non-karst areas, more suf-
ficient DIC sources occur in karst areas to support this process,
which promotes the burial of OC or degradation into CO, by a fast
production-degradation process (Fig. 7). The net effect (degradation
vs. preservation) may generate a high spatiotemporal variation reg-
ulated by physical conditions. Not only will a large amount of ter-
restrial OM be buried in reservoirs in the next ten to one hundred
years, but a considerable DIC amount will also be converted into
OM and be buried or degraded and emitted to the atmosphere.

5. Conclusion

Karst areas are carbon rich region, the effect of reservoir on car-
bon transport may have global significance, however, were not well
constrained, especially the OC related biogeochemical processes. By
applying multi-tracers, we found that during the transition from
the river to the reservoir, terrestrial POC was replaced by an au-
tochthonous source, along with the gradual removal of terrestrial
DOC and net addition of autochthonous DOC (Fig. 7). Higher pri-
mary production was observed in the upper 5 m in the transition
area (27+2.5 mg C m~2 (18+2%)) than in the reservoir (19+3 mg
C m~2 (134+2%)), suggesting the transition area is in fact a hotspot
for carbon transfer and should be given more attention in future
studies. However, the results from current study couldn’t represent
the biogeochemical processes occurred throughout the year since
there is only one systematic analysis in summer season.

The depth distribution of the DOC and POC concentrations and
compositions during the stratification period revealed a structured
carbon cycling pattern (Fig. 7). Higher production-degradation of
OC occurred in the surface layer, while a lower in situ produc-
tion but notable remineralization was observed in the subsurface
layer. Little OC transformation occurred in the intermediate layer,
and notable microbial transformation and/or sediment diffusion in
the bottom layer (Fig. 7).

Water Research 194 (2021) 116933

We further estimated that the amount of DIC (3.1-6.3 mg L~!
(15.5-31.5 mg-C m~2 (10-21%))) that was incorporated into OC
pool caused by the reservoir was equal to/higher than the river-
ine DIC concentration in non-karst area, suggesting that the influ-
ence of reservoir on riverine carbon transport and transformation
is more significant. Due to nutrient limitations and large amounts
of available C, the reservoirs in karst regions are highly sensitive
to anthropogenic activities, and would have a higher potential to
affect the climate over non-karst areas.
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