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Abstract Organic carbon (OC) source attribution for cas-Keywords Cascade reservoirsTerrigenous OC Lignin -
cade reservoir sediments has been identiped as a criticAutochthonous OC Three-end-member mixing model

gap in understanding the effective carbon sink of inland

waters. In this study, nine sediment cores were collected

from cascade reservoirs in the Wujiang and Pearl Riversl Introduction

We analyzed lignin phenol A8), total organic carbon

(TOC) content, and stable carbon isotopic compositiorRivers act as an important channel connecting 87% of the
(6*3C) of the sediments, focusing on the changes of terEarthOs land surface with the oceans and transport a large
rigenous OC, and the variation of OC source in cascadamount of terrestrial organic matter and nutrient elements
reservoir sediments after damming. Our results showed thgGordon et al. 2003; Wang et al. 2019). Therefore, it is an
the £8 and TOC contents decreased from upstream tactive region of the carbon cycle. Sen et(@012) reported
downstream reservoirs, indicating the signibcant intercepthat rivers transport approximately 20 Pg/yr of sediment to
tion of terrigenous OC by cascade damming. Additionally,the ocean (Sen et al. 2012). Terrigenous organic carbon
the A8 content in the Pearl River reservoir sediments wagOC) in sediments is challenging to degrade and is a long-
much higher than that in the Wujiang River. From theterm stable carbon sink that primarily originates from soil
three-end-member mixing model, we estimated that OC irorganic matter and plant debris (Hedges et al. 1997; Sun
reservoir sediments mainly comes from soil and planktonet al. 2018). Conversely, a biological carbon pump can
After damming, the proportion of plankton OC in TOC convert inorganic carbon (IC) into OC in water, and
slightly increased in seasonal and annual regulation reseplankton primarily contributes to the labile autochthonous
voirs due to the limnetic evolution of the reservoir. TheseOC (Yi et al. 2021). Therefore, understanding the propor-
Pndings suggest that the cascade damming increases ttien and change processes of terrigenous and auto-
interception capacity of the river to terrigenous OC andchthonous OC is vital for understanding the migration and
nutrients, and that slowing of water velocity caused byburial of terrigenous OC and the river carbon cycle.
damming affected primary productivity and Ruvial carbon More than 2.8 million dams have been built worldwide
cycling. over the past several decades to solve the problems of
agricultural irrigation, water use, and clean energy power
supply (Grill et al. 2019; Lehner et al. 2011). Compared
with a single dam, the interlocking regulation capability of
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stratibcation (Yu et al. 2019). Similarly, it is reported that cascade reservoirs in the basin; (b) quantitatively calculate
dam reservoirs store 25%D30% of the particulate mattehe contribution rate of terrigenous and autochthonous OC
(4.5 Gtlyear), and OC for river transport to the oceanthrough the three-end-member mixing model, and (c) ana-
decreases by 26%, indicating the ability to intercept OC idyze the changes in autochthonous OC before and after
enhanced (Rapin et al. 2020). Meanwhile, the static watereservoir construction.
effect formed by the weakening of hydrodynamic condi-
tions in the reservoir area is conducive to the growth of
algae and other plankton, implying that the proportion of2 Materials and methods
terrigenous OC in the sediment will change. This causes
the carbon cycle of the river to gradually change into a2.1 Study area and sampling
lake-like carbon cycle, increasing the autochthonous OC
(Kondolf et al. 2014). This increase in autochthonous riverThe Pearl River is the second largest river in China, and the
OC signibcantly affects the global carbon cycle and isWujiang River is the largest tributary of the upper reaches
related to global warming and environmental problemsof the Yangtze River. In addition, the Pearl River upstream
such as algal blooms. and the Wujiang River are located in southwestern ChinaOs

Furthermore, the construction of large-scale cascadkarst areas. In this region, there is a characteristic cascade
reservoirs causes the greenhouse gas,(@x in reser- dam system, making these two rivers ideal for cascade
voirs to exhibit prominent spatiotemporal characteristicsreservoir studies. Taking the Pearl and Wujiang Rivers as
(Li 2018; Lehner et al. 2011; Shi et al. 2017). China cur-the main study areas, we collected seventeen sediment
rently has the highest number of dams in the world, but theores from nine reservoir areas and selected nine sediment
utilization rate of water resources development is signib<cores for analysis using the overall index and biomarker
cantly lower than in developed countries. In the future,methods (Fig. 1). The lengths of sediment cores and
China will build new reservoirs and dismantle aginglocation information etc. are given in Table 2. The basic
reservoirs to improve the utilization rate of water resourcesinformation about all reservoirs is shown in Table 1. Sed-
However, a high density of cascade dam developmentisnent cores were collected using a custom-made columnar
aggravates river fragmentation, hydrological changessediment sampler (maximum sampling depth is 80 cm).
sediment deposition, and ecological impacts, potentiallyThe sediment core information is shown in Table 2. A total
changing the riverOs capacity to transport and transforof 199 samples were obtained by separating sediment cores
organic matter. Therefore, the quantitative identibcation ofnto 1D2 cm thick layers. These samples were wrapped in
terrigenous and autochthonous OC in cascade reservoirssterilized aluminum foil, sealed in plastic bags, and stored
essential to reveal all pathways of organic carbon input anéh a refrigerator at ® 200 in the laboratory for further
its role in the organic carbon pool. At present, both thetreatment.
overall indicator and biomarker methods are commonly
used to identify the OC source in sediments to avoid the.2 Elemental analysis
limitations of a single method. For example, when using
the C/N ratio to determine the source of OC, diagenesis andlo remove inorganic carbon, a dry sample weighing 0.25 g
selective adsorption of N by sediments affect OC was treated with 6 mol/L of hydrochloric acid until the
source discrimination (Hopmans et al. 2004). Furthermorebubbling stopped. The sample was acidibed overnight,
as a unique substance of terrestrial vascular plants, ligniwashed with ultrapure water until a pH of 7 was reached,
has a single source and is difbcult to degrade, it can be dried, and stored in a sample vial for further analysis. TOC
good indicator of the input changes in terrigenous OC. Thisnd total nitrogen (TN) were measured using an elemental
method has also been applied to discriminate betweeanalyzer (FLASH 2000 HT, Thermo Fisher Scientibc, MA,
internal and external sources of sediments and particulatedSA), while 8°C was measured using a stable isotope
matter in estuaries and continental shelf areas (Ellis et agnalyzer (FLASH 2000 HT, Thermo Fisher Scientibc, MA,
2012; Tareq et al. 2006). USA).

This study used lignin as a tracer, combined with total
organic carbon (TOC), C/N, and stable carbon isotope®.3 Lignin phenol analysis
(6*°C) to analyze the sediment cores in the reservoir area.
We examined two large rivers: the Wujiang River and theln this experiment, the copper oxide method proposed by
upper reaches of the Pearl River in southwest China, orkledge (1982) was used to extract lignin phenol from
which characteristic cascade reservoir developments havaediments (Hedges et al. 1982, 1995). Freeze-dried the
taken place. The study aims to: (a) analyze the migratiosample (0.25 g), CuO powder (0.05g), and ferrous
and burial of terrigenous OC after the construction ofammonium sulfate [Fe(NBx(SOy)2-6H,0; 0.025 g] were
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Fig. 1 Study area and sediment sampling locations

Table 1 Reservoir information

Reservoirs Elapsed  Average water Catchment Annual runoff Storage capacity Hydraulic retention Regulation
time (yr) depth (m) area (k) volume (16mq) (10° m?) time (day) mode

The Pearl River

Chaishitan 21 1640.4 4556 48.4 4.37 103 Annual
(CST)

Longtan 11 400 98,500 517 273 193 Annual
(LT)

Yantan 28 223 106,580 555 26 21 Seasonal
(YT)

Dahua (DH) 34 155 112,200 627 9.64 5 Daily

The Wujiang River

Dongfeng 25 25 18,161 108.9 8.74 29 Seasonal
(DF)

Hongjiadu 19 60 9900 48.88 68.5 368 Annual
(HJD)

Wujiangdu 40 33 27,790 158 50.24 49 Seasonal
(WJD)

Silin (SL) 12 22 48,558 266.16 34.02 17 Daily

Pengshui 12 NA 69,000 410 8.13 11 Daily
(PS)

added to the polytetralBuoroethylene vessel, and 7 mL obxidation, two types of internal standards (ethyl vanillin

NaOH solution (2 M) was added to the vessel under and trans-cinnamic acid) were added for recovery, and the
nitrogen atmosphere for digestion in a microwave digestiorpH value was adjusted to 1 with HCI (6 M). The samples
system (WX-6000, PreeKem, Shanghai, China). Aftewere then loaded on a Cleanert PEP cartridge (150 mg/
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Table 2 Sediment cores information

Reservoirs Construction Time (yr) Sediment core length (cm) Reservoir construction nodes (cm)  Longitude and Latitude

The Pearl River

Chaishitan (CST) 2000 37 - 18 N254{1”, E103385"
Longtan (LT) 2010 24 - 10 N257143’, E1065921.8
Yantan (YT) 1993 34 —29 N246/55', E1012916"
Dahua (DH) 1987 8 NA N2@B 17", E10715820"
The Wujiang River

Dongfeng (DF) 1995 25 -1 N2641739’, E1068125"
Hongjiadu (HJD) 2001 14 -8 N26B627', E1094I741"
Wujiangdu (WJD) 1982 20 - 17 N278/33’, E10621'34"
Silin (SL) 2008 29 -4 N2741751", E10811'45’
Pengshui (PS) 2007 26 -5 N29I1'40’, E1081P' 13’

6 mL; Bonna-Agela Technologies, CA, USA) and eluted(Akerjord et al. 1996). The equations, marked8yC and
using ethyl acetate. The eluents were concentrated to ne&8 (mg/100 mg OC) are as follows:
dryness under a gentle nitrogen stream and reconstitute/QBSa

le= A8soil X fsoil + A8pnvt X fonvt + A8piant X ol
with 800 uL of acetonitrile and 20QuL of triisopropyl- mPe son s pvE = ot plant = “plant

benzene. The 2HL acetonitrile resolution sample and 75 (1)
pL 99 % bis-trimethylsilyl triBuoroacetamide (BSTFA)  §*3*Csample= 6*3Csoil x fsoil + 63Cphytx fphyt
1 % trimethylchlorosilane (TMCS) were placed in the + 6*3Cplant x fplant (2)

liner at 70 [A for pre-column derivatization for 10 min.
The analytical instrument was a gas chromatograph coul -

pled with a mass spectrometer (GCMS-QP2020, Shimazu, where, f soil» Tphy, @ndfpiane represent the relative pro-

Kyoto, Japan), and a DB-1 quartz capillary column (DB-1,portions of OC from the soil, freshwater plankton, and

30.00 mx 0.32 mmx 0.25um; Agilent, CA, USA) was terrestrial vascular plants to TOC, respectively. Regarding

used for separation. The initial temperature of Tdwas  the selection of background parameters, we used soil, plant,

maintained for 1 min, and then increased to 30Catarate  and plankton data from the Pearl and Wujiang River

of 4 [@/min and maintained for 10 min. The ion source Basins, which are representative of previous studies, as

temperature was set to 230, and the samples were packground parameters. The following assumptions were

scanned using ion monitoring (SIM) mode. The recoveriesised: A8y, = 0.58 mg/100 mg OC (Zhang et al. 2014),

of trans-cinnamic acid and ethyl vanillin were 700110 %.A8,,,.= 15+ 5 mg/100 mg OC (Gsiret al. 2003), and it
Four categories of monomer phenols produced after thg generally believed that freshwater phytoplankton do not

oxidative decomposition of lignin include P-hydroxy seriescontain  lignin (Rezende et al. 2010);6**Ceoi.

(P), vanillin (V) series, syringyl (S), and cinnamyl (C). A = 241+ 1% (Yu et al. 2010), 5130phyt-

total of 11 monomers were produced: vanillin, aceto- = —_30+ 2.6 % and513Cp|am= —27 4+ 2% (Chen et al.

vanillone, vanillic acid, syringaldehyde, acetosyringone,2009; Wei et al. 2020). MATLAB software was used to

syringic acid, p-coumaric, ferulic acidsp-hydroxyben- calculate the relative contribution value of each end-

zaldehyde p-hydroxyacetophenone, ampeghydroxybenzoic  member of the OC in the sediments.

acid (Hedges, 1995). Lignin-phenolic parameters have

specibc indicative abilities because different sources and

geochemical processes lead to different lignin-phenoli@ Results

monomer ratios.

fsoil + fphyt+ fplant (3)

3.1 Contents of lignin phenols, organic carbon,
2.4 Three-end-member mixing model and isotopes in sediments

A three-end-member mixing model with soil, terrestrial The values o8 andA8 represent the lignin content in the

vascular plants, and phytoplankton as sources of OC wasediment and organic carbon, respectively. Figure 2 shows
applied to the quantitative analysis of OC sourceshe 8 andA8 values of the reservoir sediment cores from
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Table 3 Degradation River Basin TOC TN  (Ad/Al)v (Ad/Al)s References
parameters in different river
basins Amazon 058 NA 081 0.71 Sun et al. (2017)
Cyprus 0.2 0.04 0.23 NA Thomas et al. (1999)
Baltic 2.59 NA 0.37 NA Anja and Kay (2000)
Churchill Falls Hydroelectric (Canada) 1.29 0.078 0.69 0.34 Teisserenc et al. (2013)
Gulf of Mexico 1.323 0.157 0.474 NA Sampere et al. (2011)
Qiantang River 0.762 0.091 1.063 0.339 (Yuan et al. 2017)
Pearl River (downstream) 1.38 0.12 0.3 0.24 Li et al. (2017)
Shuang River 1.01 0.17 0.402 0.579 Loh et al. (2020)
Jiao River 0.64 0.1 0.545 0.324 Loh et al. (2020)
Ximen River 0.61 0.11 0.379 0.937 Loh et al. (2020)
Feiyue River 0.67 0.09 0.331 0.482 Loh et al. (2020)
Ao River 0.85 0.13 0.262 0.242 Loh et al. (2020)
Yellow River 0.1183 0.094 0.525 0.226 Sun et al. (2011)
Bo Hai 0.177 0.014 0.645 0.228 Sun et al. (2011)
Sanxia 0.93 0.115 0.425 0.358 Ding et al. (2017)
6 S the P/(V+ S) values of the other sediment cores were all
5] 1 —o—;?brllt;;ver less than 0.4.
N T \ . .
CST - 3.2 Three-end-member mixing model analysis
3 DH

)] . The three-end-member model calculation results indicated
%/ \ that, in the Pearl River reservoir, the contribution of soil to
"1 wp DF WID — o the sedimentary OC is 30.9D87.1%. In most sediment
04 SL PS cores, (except SL, PS, and DH), the contribution of the soil
. S S OC in the shallow sediments was lower. The contribution
-100 0 100 200 300 400 500 600 . . . . . .
rate of the soil at all sites increased with increasing depth.
5 The contribution rate of vascular plants was 2.30D023.8%,
lower than that of soil and phytoplankton, but its variation
b was relatively stable, with an average of 10.4%. The con-
5 (.}ST\+ ; tribution rate of phytoplankton was 3.47D58.3%, in contrast
vr to the soil contribution rate, the phytoplankton contribution
2 ”/‘i rate decreased with increasing depth. In the Wujiang River
DF © 'XY‘;Q, sediment, the soil QC _contribution rate was 17.8995.1%,
14 WJID DH ° and the soil contribution rate was the highest in the
Ps upstream DF reservoir. The contribution rate of vascular
plants ranged from 0.03D35.6%, with the maximum value
appearing in the SL reservoir. The contribution rate of
plankton was 2.82D79.7%, and the minimum value was
Fig. 3 Variation of TOC andx8 content in the Pearl River and gptained in WJD. Overall, the vascular plants contributed
Wujiang River basin the least, and soil was the primary source of OC, similar to
the sediment of the Pearl River reservoir.

¥8(mg/10g)

T T T T T
-100 0 100 200 300 400 500 600
Distance (km)

sediment cores were higher in the middle layersl 2 to
—8 cm). The (Ad/Al) values of the WJD decreased in the
surface layer £ 2 to — 1 cm). The (Ad/Al) value of the
central part £ 14 to — 3 cm) of the WJD was approxi-
mately 0.4, which is similar to that of the HJD, Silin (SL),
and Pengshui (PS) reservoir (Ad/Al) values. The P#\S)

values of the upper layers-(7B0 cm) of the CST and LT Lignin content in the surface sediments and TOC content

were signibcantly greater than 0.4 and varied greatly, Wh”%howed a decreasing trend in both basins from the

4 Discussion

4.1 Lignin phenol
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upstream to downstream regions, ref3ecting the interceptiorelease of soil OC. With an increase in reservoir operation
effect of dams on particulate matter (Fig. 3). Similar resultstime, the input OC of the RBuctuation zone tends to be a
were obtained in a study of surface sediments in thestable (Routh et al. 2004). We estimated the depth of the
Wujiang River (Lin et al. 2021). Some studies have showrsediment cores corresponding to the time node of the dam
that the construction of reservoirs leads to interception, andonstruction based on special events before and after the
larger particles can be easily intercepted upstream (Wangonstruction of the reservoir (data from our group) and the
et al. 2019). Although the Pearl and Wujiang River Basinsdata are shown in Table 2. We observed that in the depth
belong to the karst region of southwestern China and haveodes of most sediment cores lignin content RBuctuations
similar climate types (subtropical monsoon climate) andwere more consistent with the presumed reservoir con-
major vegetation types of evergreen broadleaf forests, thergruction time. In particular, WJD sediment cores were the
was a signibcant difference in the lignin content in themost evident in the Wujiang River, and lignin content
sediments of their reservoirs. The lignin content in theincreased approximately 2.7 times after WJD water stor-
sediments of the Pearl River Basin was much higher thaage. Based on the grain size data and sediment color
that of the Wujiang River Basin. The maximum lignin observations, we found that the grain size and color of
content in the Pearl and Wujiang River sediments wasediment at— 17 cm changed signibcantly, so we pre-
obtained from the LT and WJD reservoirs, respectively.sumed that the year corresponding-tol7 cm was 1982,
Important tributaries Bow into both reservoirs, indicatingthe time of WJD reservoir construction. Studies have
that interval recharge of the tributaries is an essentiashown that the lignin content in sediments increases by
supplement to terrestrial OC content in the sediments50D300 % after water storage (Houel et al. 2006).
(Figs. 4, 5) Unlike lignin, the TOC content in sediment cores from
The vegetation and soil around the reservoir were subthe Wujiang River Basin was higher than those from the
merged at the initial stage of reservoir impaction, resultingPearl River Basin. First, there is low forest cover in the
in plant decomposition in the RBuctuation zone and théWujiang River basin and thus low lignin content in the soil

Fig. 4 Relationship between the information of degradation parameters with depth in different locations When Ad/Al ratioje8Pé@ceed
0.4, it indicates degradation, and when they are greater than 0.6, it indicates extreme degradation
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