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A B S T R A C T   

River is a crucial channel for the transport of terrestrial organic carbon (OCterr) into the sea, and has significant 
implications for the global carbon cycle. However, with the intensification of human activities within the 
watershed (such as dams and changes in land use), the sediment and OCterr output from rivers have significantly 
decreased. To study the influence of human activities on the provenance and transport of particulate organic 
carbon (POC) exported from the Changjiang River Basin (CRB), we collected suspended particulate matter 
samples during the rainy season of 2021. The POC content exhibited an increasing trend from the headwater 
zone to the estuary. Results of three-end-member mixing model indicated that both soil-derived and autoch
thonous OC (OCauto) contributed approximately more than 40.0 %. Notably, OCauto experienced a significant 
increase from the Three Gorges Dam (TGD) to estuary in the mainstem, attributed to the sediment interception 
effect of the TGD. The POC contents in the headwater zone and Jinshajiang River in 2021 were lower compared 
to those in 2007, which can be attributed to a decrease in cultivated land area and increase sediment trapping by 
cascade dams. Affected by TGD, the POC content in the middle and lower reaches as well as the delta zone first 
decreased in 2003 and then increased from 2007 to 2021. Additionally, the degradation of lignin phenols and n- 
alkanes was influenced by the TGD, which prolonged the retention time of terrestrial plants. Compared to 
previous studies, the decrease in soil-derived OC and increase in OCauto in CRB, influenced by dams and land use, 
could have long-lasting effect on carbon burial in the ECS.   

1. Introduction 

Rivers play an important role for the transport of terrestrial organic 
carbon (OCterr) to the ocean. OCterr and its properties within the rivers 
reflect both natural and human processes within the drainage basin 
(Galy et al., 2015). The OCterr is often divided into dissolved organic 
carbon (DOC) and particulate organic carbon (POC). During transport, a 
portion of POC decomposes and re-enters the atmosphere in the form of 
CO2 (Fearnside and Pueyo, 2012), while the remaining portion is buried 
in sediment (Galy et al., 2007, 2008). Globally, 200 Mt y-1 of POC is 
transported by rivers to the ocean (Galy et al., 2015), with a significant 
portion coming from the large rivers in Asia, accounting for approxi
mately 40 % of the POC transported from land to ocean (Galy et al., 

2008; Park et al., 2018). The Changjiang River (CJR) is the longest and 
largest river in Asia (with the largest water discharge and drainage basin 
area), annually transporting 122 Mt of sediment to the East China Sea 
(ECS) (CWRCMWR, 2016–2021), carrying a substantial amount of 
OCterr. The exported POC from the CJR is deposited in the estuary and 
transported southward, playing a crucial role in OC exchange between 
land and oceans. 

The POC in rivers were mainly from biospheric OC (terrestrial plants, 
aquatic in-situ primary producers, and pre-aged soil) and petrogenic OC 
(Galy et al., 2015; Hilton, 2017). The unstable nature of POC varies 
depending on its sources. Since algae-derived POC is more easily 
degraded than terrestrial plants- and soil-derived OC due to its labile OC 
composition, such as amino acids, carbohydrates, and lipids (Mannino 
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and Harvey, 1999; Canuel and Hardison, 2016). Therefore, the 
composition of POC will affect its fate during transportation. 

The intensification of human activities within the watershed, such as 
reservoirs, land use, and water and sediment regulation, has altered the 
sources and transport of POC in global rivers. The numerous dams on the 
upper reaches of the Godavari River are increasing the in-situ produc
tion of organic carbon, while limiting the transport of organic carbon 
upstream (Kirkels et al., 2022). Besides, organic carbon in the Red River 
system was mainly derived from erosion and soil leaching in the basin 
(Le at al., 2017). Large lakes, reservoirs, and navigable ponds upstream 
of the Upper Mississippi River Basin increased more productive down
stream reaches (Voss et al., 2017), while POC were likely derived pri
marily from terrestrial C3 plants in the Lower reach (Cai et al., 2015). 
Water-Sediment Regulation Scheme influenced the source of POC in the 
lower Yellow River (Hu et al., 2015). Moreover, most studies in the 
Changjiang River Basin were conducted before 2010, indicating that soil 
organic matter was the dominant source of the POC in the rainy season 
of 1997, 2003, 2006, 2009, and 2010 (Wu et al., 2007b; Yu et al., 2011; 
Wang et al., 2012; Wu et al., 2018), with some contribution from 
terrestrial plant debris (Wu et al., 2018). However, there is a lack of 
quantitative analysis on the contribution of POC sources during the 
rainy season in the Changjiang River basin (CRB). The soil-derived OC 
was dominant in the mainstem CJR, with proportions of 37 %-49 % and 
44 %-56 % in 2009 and 2010, respectively (Wu et al., 2018). While, the 
autochthonous POC (OCauto), derived from in-situ primary producers 
(including phytoplankton, aquatic vascular plants, benthic algae, and 
mosses, Peterson et al., 1985; Onstad et al., 2000), was often overlooked 
(Wu et al., 2007b; Wu et al., 2018). After the construction of the Three 
Gorges Dam (TGD), there was a significant decrease in the absolute 
supply of POC flux to the lower reaches of the CJR and the ECS between 
2003 and 2006 (Yu et al., 2011). The particulate terrestrial OC trans
ported by the Changjiang River in 2006 decreased to less than two-thirds 
of that in 2003 (Yu et al., 2011; Wang et al., 2020a). Especially, the TGD 
intercepted 82 % of the sediments from the upper reach of the CJR 
annually between 2016 and 2021 (CWRCMWR, 2016–2021). Moreover, 
the CRB has undergone extensive human activities in recent years (Yang 
et al., 2015). The completion of the Jinshajiang River cascade dams 
resulted in the significant interception of sediment from the headwater 
zone (Yang et al., 2018; Wang et al., 2022b), leading to an 80–88 % 
decrease in POC transported in the Jinshajiang River from 2003 to 2012 
to 2013–2019 (Wang et al., 2022b). Furthermore, the implementation of 
a ten-year protection policy for the CRB since 2016 has resulted in 
substantial changes in land use, including a 5 % increase in cultivated 
land area and a 37 % reduction in soil erosion from 1990 to 2020 
(CWRCMWR, 2005, 2006-2015, 2018, 2020). As a result of above- 
mentioned activities, there has been an increase in OCauto flux export 
from the CJR (Wang et al., 2022b; Zhao et al., 2022). Despite increasing 
attention to local OCauto, there is still limited research on the quantita
tive sources of POC in the CRB, especially after 2016. Therefore, it is 
necessary to conduct a quantitative analysis of the POC sources to 
elucidate the changes under the influence of human activities. 

The objectives of this study were to: i) determine the sources of POC 
in the CRB during the flooding season; ii) investigate the spatiotemporal 
variations in the sources, transport, and degradation of POC in the CRB 
during the flooding season; iii) explore the relationship between land 
use, soil erosion, dam construction, and the sources of POC in the CRB 
during the flooding season. In order to reveal changes in POC content 
and sources, the sampling results during the flood season in previous 
studies were compared. 

2. Materials and methods 

2.1. Study area 

The CJR is globally renowned as the third longest river and the 
fourth largest in terms of fluvial sediment load (Jiang et al., 2013). CRB 

exhibits a warm climate and experiences abundant rainfall. The CJR 
carried 70 % of water and 86 % of sediment load during the flood season 
(May–October), which transported 70 % of the POC flux every year 
(Wang et al., 2011a; CWRCMWR, 2016–2021). Therefore, sampling in 
the flood season can well represent the overall characteristics of sus
pended POC transport. And CRB has a multi-level and stepped terrain, 
flowing through mountains, plateaus, basins (tributaries), hills, and 
plains (Fig. 1c). Therefore, CRB is rich in hydropower resources. The 
construction of over 50,000 dams, including the TGD, has significantly 
reduced sediment discharge into the ECS, decreasing from 413 Mt yr− 1 

prior to 2003 (Wang et al., 2011b) to 118 Mt yr− 1 between 2016 and 
2021 (CWRCMWR, 2016–2021). Especially, sediment from the head
water zone and Jinshajiang River has been considerably reduced due to 
the trapping effect of cascade dams since 2012 (Yang et al., 2018). Given 
the pronounced spatial variation within the CRB concerning landscape, 
rock type, land use, climate, and precipitation, we have divided the 
region into five distinct parts (Fig. 1a): the headwater zone (from the 
TTR to BT), Jinshajiang River reach (from BT to YB), upper reach (from 
YB to YC), the middle and lower reaches (from YC to DT), and the delta 
zone (from DT to XLJ). This division follows the standard established by 
Guo et al. (2019). The tributaries of the CJR are distributed across the 
headwater zone (BQ and CME River), the upper reach (Yalongjiang, 
Minjiang, Jialingjiang, and Wujiang River basins), the middle and lower 
reaches (Hanjiang River, Dongting Lake, and Poyang Lake basin), and 
the delta zone (Tai Lake basin). The vegetation cover along the river is 
diverse and abundant (Yu et al., 2007), reflecting a heterogeneous 
pattern of various land use types (Guo et al., 2015). According to the 
Chinese Multi-period Land Use Cover Change dataset, the areas of 
cultivated land, woodland, grassland, water body, construction land, 
and unused land in the CRB in 2020 were 47.7 × 104 km2 (26.8 %), 73.4 
× 104 km2 (41.3 %), 41.0 × 104 km2 (23.1 %), 5.6 × 104 km2 (3.1 %), 
5.3 × 104 km2 (3.0 %), 4.8 × 104 km2 (2.7 %), respectively. In addition, 
the middle and lower reaches of the CJR (1.7 × 105 km2) and its trib
utaries (7.3 × 104 km2) have the largest area of cultivated land, while 
the woodland (9.6 × 104 km2) and grassland (6.9 × 104 km2) of Jin
shajiang River reach were relatively prosperous. The developed land 
was concentrated in the middle and lower reaches of the CJR and the 
delta zone (total area of mainstem and tributaries 4.1 × 104 km2; 
Table S3, Supplementary Material). 

2.2. Sample collection 

During the rainy season of 2021, a total of 47 surface water samples 
were collected along the entire CRB. These samples encompassed 20 
samples from the mainstem and 27 samples from various tributaries 
(Fig. 1a). More than 200 L of surface water at each sampling site was 
stored in clean polyethylene buckets directly pumping from a depth of 
0.3 m horizontally in the middle of the river from a bridge or boat in 
time series. To obtain the suspended particulate matter for analysis, 
water samples were filtered using pre-combusted (450℃, 4 h) Whatman 
GF/F filters with a pore size of 0.7 μm 1 L each time within three hours 
after collection. According to the concentration of suspended particulate 
matter, multiple filters can be used at a sampling point until all water 
samples have been filtered. The filters were carefully preserved at a 
temperature of − 20℃ and subsequently subject to freeze-drying using a 
vacuum freeze drier. The dried samples were ground using an agate 
mortar. 

2.3. Laboratory analysis 

After homogenization, the samples were acidified using 4 mol/L HCl 
and decalcified for 24 h. Subsequently, the materials were thoroughly 
rinsed with deionized water and dried in an oven at a temperature of 
55 ◦C. For the determination of the POC and stable isotope (δ13C) con
tents, a Thermo Flash 2000 elemental analyzer interfaced with a MAT- 
253 isotope ratio mass spectrometer was utilized. The precision of the 
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POC determination was better than ± 0.02 ‰. The precision of the δ13C 
was better than ± 0.1 ‰, using standard notation relative to the VPDB 
(Vienna Pee Dee Belemnite) standard. Further details regarding the 
methodology can be found in Xing et al. (2011). 

The analysis of lignin phenols followed the CuO oxidation method as 
described by Yu et al. (2011). In brief, 1.0 g of dried and homogenized 
sample was digested with 1.0 g CuO and 0.05 g Fe(NH4)2(SO4)2 in 15 mL 
2 M NaOH under vacuum conditions at a temperature of 170 ℃ for a 
duration of 3 h. Following cooling to room temperature, recovery 
standards including ethyl vanillin (EV) and trans-cinnamic acid (CA) 
were added. The pH of the mixture was adjusted to 1 using HCl, after 
which the mixture was extracted three times with ethyl acetate and 
subsequently dried using a nitrogen blow-dry method. The reaction 
products were converted to trimethylsilyl derivatives using bis(trime
thylsilyl)trifluoroacetamide (BSTFA, 99 %)/trimethylchlorosilane 
(TMCS, 1 %). The analysis of lignin phenols was performed using a 
Thermo Fisher 1300 gas chromatograph (GC) equipped with a flame 
ionization detector. 

5 G of dry homogeneous sample was combined to 15 mL solution of 
dichloromethane-methanol (DCM:MeOH = 1:1) in polytetrafluoro
ethylene (PTFE) teflon tubing. The suspension was vigorously vortexed 
for 30 s, followed by a 15-minute sonication period. This extraction 

process was repeated for four times, and the resulting supernatants were 
combined. The mixture was then concentrated to 0.5 mL and blow dry 
with nitrogen gas. Then a solution of 2 mL KOH-MeOH was added for 
saponification at a temperature of 40 ◦C for 12 h. The extraction of 
neutral lipids was carried out using 2 mL of hexane each time, resulting 
in four extraction cycles. The concentrated solution was then passed 
through a chromatography column containing 10 mL of n-hexane. The n- 
alkane compounds were determined using a GC (Thermo 1300) instru
ment. The GC analysis procedure for the n-alkanes involved the 
following steps: The temperature was initially raised from 80 ◦C (held 
for 2 min) to 140 ◦C at rate of 10 ◦C/min, and then further increased to 
315 ◦C (held for 25 min) at rate of 4 ◦C/min 

2.4. Calculation of n-alkanes 

n-alkane compounds are valuable tracers commonly used as to 
identify sources of OC due to their specific resistance to degradation and 
distinctive source characteristics. Short-chain n-alkanes (n-C15, n-C17, 
and n-C19 widely exhibit a unimodal distribution) are primarily derived 
from aquatic algae and bacteria (Meyers, 1997; Meyers, 2003; He et al., 
2020). Mid-chain n-alkanes, represented by n-C21, n-C23, and n-C25 with 
a maximal unimodal distribution, are commonly associated with 

Fig. 1. (a) Samples collected from CRB. Pentagrams represent the mainstem samples and triangles indicate tributaries samples. The detailed information of sampling 
points for the mainstem and tributaries of CJR were shown in Table S1 and S2, Supplementary Material. (b) Land use type of the CRB. The data was taken from Xu 
et al. (2023). (c) Elevation of the CRB. 
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macrophytes, both emergent and submerged (Ogura et al., 1990; Mey
ers, 2003; He et al., 2020). By contrast, long-chain n-alkanes (n-C27, n- 
C29, and n-C31) are widely utilized as indicators of terrestrial plants 
(Bourbonniere and Meyers, 1996; Meyers, 1997; Meyers, 2003; Rao 
et al., 2014). 

The Carbon Preference Index (CPI) is a parameter that reflects the 
relative abundance of odd and even carbon n-alkanes. A CPI value 
greater than 1 indicates a dominance of odd carbon atoms within the 
calculated carbon number range, while a CPI value less than 1 suggests a 
dominance of even carbon atoms within the calculated carbon number 
range. Generally, n-alkanes derived from higher plants exhibit a clear 
odd-carbon dominance (Wu et al., 2001). The CPI value is also employed 
to indicate the degradation state of n-alkanes (Fahl and Stein, 1997; 
Yamamoto et al., 2008). The CPI value in living plants typically exceeds 
5 and gradually decreases to 1 as degradation progresses (Rieley et al., 
1991). To facilitate a more comprehensive analysis of the n-alkane, 
short-chains (CPI14-22) and long-chains (CPI25-33) were analyzed sepa
rately. The calculation formula for CPI is as follows: 

CPI14− 22 = 0.5 ×
[∑

(C15 + C17 + C19 + C21)/(C14 + C16 + C18

+ C20)+
∑

(C15 + C17 + C19 + C21)/(C16 + C18 + C20

+ C22)
]

(1)  

CPI25− 33 = 0.5 ×
[∑

(C25 + C27 + C29 + C31 + C33)/(C24 + C26 + C28

+ C30 + C32)+
∑

(C25 + C27 + C29 + C31 + C33)/(C26 + C28

+ C30 + C32 + C34)
]

(2)  

2.5. Calculation of lignin phenols 

The lignin phenol concentration was expressed as Ʃ8 (mg 10 g− 1 dry 
weight), including cinnamyl phenols (p-coumaric and ferulic acid), 
syringyl phenols (syringaldehyde, acetosyringone, and syringic acid), 
and vanillyl phenols (vanillin, acetovanillone, and vanillic acid). Λ8 (mg 
100 mg TOC-1) is the Σ8 normalized to 100 mg of organic carbon. The 
ratios of syringyl/vanillyl (S/V) and cinnamyl/vanillyl (C/V) can pro
vide insights into the plant sources and degradation status of POC. A C/V 
ratio of less than 0.05 indicates woody tissue, while a C/V ratio greater 
than 0.2 suggests non-woody tissue (Hedges and Mann, 1979). While, S/ 
V ratio is close to 0 in gymnosperms and higher than 0.4 in angiosperms 
(Hedges and Mann, 1979). Furthermore, the ratios of acid to aldehyde of 
vanillyl phenols (Ad/Al)v from fresh plants are generally lower than 0.4 
(Hedges et al., 1988; Goñi et al., 1993). 

2.6. Three-end-member mixing model 

To determine the relative contributions of different OC sources in the 
CRB, a three-end-member mixing model was utilized. This model 
incorporated the values of OC to organic nitrogen (C/N) ratio and δ13C 
to estimate the fractional contributions of the soil (fs), terrestrial plants 
(ftp), and autochthonous OC (fau) to the POC source in the CJR. 

C/N =
[
fs × C/Ns

]
+
[
ftp × C/Ntp

]
+
[
fau × C/Nau

]
(3)  

δ13C =
[
fs × δ13Cs

]
+
[
ftp × δ13Ctp

]
+
[
fau × δ13Cau

]
(4)  

fs + ftp + fau = 1 (5)  

Owing to sediment trapping by the TGD, the impact of sediments from 
the upper reach on the middle and lower reaches was reduced (Yu et al., 
2011). The end-member values above and below sample point YC were 
different. In addition, previous studies have shown that C3 plants were 

dominant in the CRB (Yu et al., 2007), so the C/N ratio and δ13C of C3 
plants were uniformly used in the model for terrestrial plants. Please 
refer to Table 1 for further detail. To account for the variability in end- 
member values, a random sampling Monte Carlo simulation strategy 
was employed using MATLAB (version R2021b, MathWorks, USA). This 
simulation approach, as described by Andersson (2011), allowed for the 
assessment of source variability in the end-member values. 

2.7. Statistical analyses 

Pearson’s correlation analysis was employed to assess the signifi
cance of the relationships between the environmental parameters and 
biomarker distributions. To conduct these analyses, SPSS software 
(version 21.0, BM, SPSS, USA) was used for all analyses. 

3. Results 

3.1. Bulk properties in the CRB 

Fig. 2 illustrates the values of POC content, δ13C, and C/N ratio of 
suspended particulate matter in CRB. The POC content in the mainstem 
CJR increased from the headwater zone to the estuary (Fig. 2a), ranging 
from 0.20 % to 2.04 % (an average of 0.87 % ± 0.55 %, n = 20). In 
comparison, the POC contents in the tributaries that converge into the 
middle and lower reaches were higher than that in the tributaries that 
converge into the upper reach and headwater zone (Fig. 2b). The δ13C 
values were in the range of − 26.99 ‰ and − 23.74 ‰ in the mainstem 
(mean value of − 25.18 ‰ ± 0.82 ‰), and gradually become negative 
along CJR (Fig. 2c), indicating an increase in OCauto. Similarly, δ13C 
values in the middle and lower reaches were relatively low compared to 
the values in upper reach and headwater zone in tributaries (Fig. 2d). 
The mean value of C/N ratio in the mainstem (8.22 ± 0.90, Fig. 2e) was 
greater than that in the tributaries (7.66 ± 1.49, Fig. 2f)). Specifically, in 
tributaries, values of C/N ratio greater than 10 occurred in the 
Yalongjiang River, Daduhe River, and Minjiang River, suggesting the 
contribution from soil OC. 

3.2. Lignin phenols in the CRB 

The parameters of lignin phenols were determined to analyze the 
contribution from terrestrial plants (Fig. 3a-j). Overall, Λ8 and Σ8 values 
show relatively consistent trend in the mainstem (Fig. 3a and c), grad
ually decreasing along the CJR. And it might be consistent with the 
vegetation coverage area (Fig. 1b and Table S3, Supplementary Mate
rial). The Λ8 and Σ8 values in Jialingjiang River showed an increasing 

Table 1 
The end-member values of C/N ratio and δ13C from soil, terrestrial plants, and 
OCauto, as indicated by mean ± standard deviation.  

End element Sample points 
above YC 

Sample points 
below YC 

References 

C/N 
ratio 

δ13C/‰ C/N 
ratio 

δ13C/‰ 

Soil 9.7 ±
3a 

− 23.0 
± 2b 

9.7 ±
3a 

− 23.0 
± 2b 

Guo, 2015; Wu et al., 
2018; 

Terrestrial 
plants 

25.3 
± 9.9c 

− 31.7 
± 2d 

25.3 
± 9.9c 

− 28.5 
± 2d 

Yu et al., 2007; Wu 
et al., 2018; Sun et al., 
2021 

OCauto 6.0 ±
2.0e 

− 30.0 
± 2.6e 

6.0 ±
2.0 e 

− 30.0 
± 2.6e 

Wei et al., 2020  

a The C/N ratio values of soil is from Guo (2015). 
b The δ13C values of soil is from Wu et al. (2018). 
c The C/N ratio value of terrestrial plants is from Sun et al. (2021). 
d The δ13C ratio value of terrestrial plants is from Yu et al. (2007) and Wu et al. 

(2018). 
e The C/N ratio and δ13C ratio value of OCauto is from Wei et al. (2020). 
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trend from upstream to downstream, while the values were low in the 
middle reaches and high in the upstream and downstream of the 
Yalongjiang River, Daduhe River, Minjiang River, and Hanjiang River 
(Fig. 3b and d). The C/V and S/V ratios fluctuated and increased from 
the headwater zone to the estuary (Fig. 3e and g), reflecting changes 
from woody to non-woody and from gymnosperms to angiosperms. 
However, in tributaries, the C/V and S/V ratios were higher in the 
middle and lower reach (suggesting non-woody angiosperms, Fig. 3f and 
h) than in the Jinshajiang River basin (woody gymnosperms, Fig. 3f and 
h) and the upper reach (woody angiosperms, Fig. 3f and h). The (Ad/Al) 
v values decreased along runoff in the CRB (Fig. 3i and j), implying a 
decrease in the degree of lignin phenols degradation. 

3.3. n-alkanes in the CRB 

At most sampling points, the n-alkanes ranged from n-C14 to n-C35. 
The concentrations of n-alkanes varied from 456.0 ug g TOC-1 to 7153.6 
ug g TOC-1 in the mainstem (Table 2) and from 604.2 ug g TOC-1 to 
10909.2 ug g TOC-1 in the tributaries (Table 3). Specifically, the con
centrations of short-chain (n-C15, n-C17 and n-C19) and long-chain n-al
kanes (n-C27, n-C29 and n-C31) were high in both mainstem and 
tributaries (Table 2 and 3). While, the mid-chain (n-C21, n-C23 and n-C25) 
contents were only accounted for about 10 % of the total n-alkanes 
concentrations, showing the fewer OC from macrophytes. The CPI14-22 
values rose along the CJR and suggested the decrease in the degree of 
degradation of short-chain n-alkanes. However, the improving CPI25-33 
indicated the increase in the degree of degradation of long-chain n- 
alkanes. 

3.4. Sources of POC in the CRB 

C/N ratio, δ13C, lignin phenols, and n-alkanes serve as indicators of 
different sources of POC in the CRB and can complement each other. 
Typically, terrestrial soil and plants have a high C/N value, while 

aquatic phytoplankton has a low C/N value (Meyers, 1997). Addition
ally, shifts in δ13C during diagenesis can indicate the selective loss of 
specific fractions of OC with different compositions (Onstad et al., 
2000). Most of the sampling points in both the mainstem and tributaries 
fell within the range close to soil and phytoplankton (Fig. 4), high
lighting the significance of contributions from soil-derived OC and 
autochthonous OC. Lignin phenols and n-alkanes can indicate the source 
of terrestrial plants, and n-alkanes can also reflect OC from phyto
plankton. The three end-member mixing model is an effective tool for 
quantitatively analyzing POC sources. And the results were presented in 
Fig. 5. The POC in the CRB was primarily composed of soil-derived OC 
and OCauto (Fig. 5a, b, e and f), which aligned with the dominance of 
short- and mid-chain n-alkanes observed in the CRB (Table 2 and 3). In 
the mainstem, the mean contribution of soil-derived OC (50.3 % ± 5.4 
%) was slightly higher than the value of OCauto (37.8 % ± 5.1 %), while 
the terrestrial plants proportion was the lowest (11.9 % ± 1.4 %) 
(Fig. 5a, c and e). The proportions of OC from tributary soil (47.0 % ±
7.3 %), in-situ primary production (41.3 % ± 7.4 %), and terrestrial 
plants (11.8 % ± 2.4 %) were similar to those from the mainstem 
(Fig. 5b, d and f). 

4. Discussion 

4.1. Characteristics and influencing factors of POC transport in the CRB 

The distribution of POC in the CRB exhibited certain patterns along 
the river, with variations observed in different sections. The POC con
tent generally increased from the headwater zone to the estuary 
(Fig. 2a), while the δ13C decreased along the river in both the mainstem 
and the tributaries (Fig. 2b). The C/N ratios decreased from the upper 
reach CJR to estuary (Fig. 2c). Notably, there was a significant and sharp 
increase in POC content by approximately twice from JSJ-PZH to YB. 
The contributions from tributaries such as the Minjiang River and 
Daduhe River cannot be overlooked, as they have relatively large C/N 

Fig. 2. Spatial distribution of bulk OC properties of suspended particles in mainstem and tributaries of the CRB. (a, b) POC content, (c, d) δ13C value, (e, f) C/ N ratio.  
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ratios and δ13C values (Kendall et al., 2001; Wu et al., 2007a). The POC 
content at JSJ-PZH and YB were 0.50 and 1.44, respectively, while it was 
0.35 at YLJ-PZH and 1.43 at MJ-YB (Fig. 2a). This indicated the sig
nificant contribution from Minjiang River. It can be seen that the content 
of POC decreased notably from upstream to downstream of the 
Yalongjiang River (Fig. 2a), primarily due to the presence of several 
cascade dams, particularly between YLJ-YJ and YLJ-PZH (Fig. 1a), 
which intercepted a substantial amount of suspended sediment (Wang 
et al., 2020b). Similarly, the Hanjiang River, also featuring numerous 
cascade dams, displayed a downward trend. Generally speaking, after 
dam construction, there will be a large amount of suspended particulate 
matter deposition, and algae proliferation in the reservoir, which will 
increase the POC content. However, research has found that the density 
of algae in the Yalongjiang River, Han River, and Minjiang River during 
the 2020 rainy season was relatively low compared to other areas in the 

Changjiang River Basin (Hu et al., 2022). Therefore, it may not be 
possible to provide sufficient OCauto. However, in the case of the Daduhe 
River and Minjiang River, the POC content increased from upstream to 
downstream, with only one dam situated between MJ-YX and MJ-LS 
(Fig. 1a), where the capture effect of dams on sediment might be not 
significant. Furthermore, the C/N ratios in the mainstem exceeded the 
inflow value of the Jialingjiang River, Daduhe River, Minjiang River, 
and Wujiang River, indicating that these tributaries had a significant 
impact on the C/N ratio of the mainstem of the CJR. 

The Λ8 values show a decreasing trend from the headwater zone to 
the estuary in the CRB (Fig. 3a), while the degree of degradation did not 
show an increase (Fig. 3e), indicating a reduced contribution of lignin to 
POC along the river course. The δ13C values gradually became negative 
along the runoff (Fig. 2b), indicating that the contribution of soil organic 
carbon is far inferior to that of terrestrial plants. On the other hand, long- 

Fig. 3. Spatial distribution of lignin phenols parameters in the mainstem and tributaries of the CRB. (a, b) Λ8 contents, (c, d) Σ8 contents, (e, f) C/ V ratio, (g, h) S / 
V, and (i, j) (Ad/Al)v. 
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chain n-alkanes decreased from the headwater zone to the TGD. The 
observations were consistent with the analysis of land use types in the 
CRB, where the area of woodland and grassland decreases from the 
headwater zone to the estuary (from 1.0 × 105 km2 to 0.5 × 105 km2, 

Fig. 1b and Table S3, Supplementary Material). This decrease in vege
tated areas may impact the input of terrestrial plant-derived POC into 
the river. In addition, we observed a decrease in Λ8 values accompanied 
by relatively high (Ad/Al)v in the Jinshajiang River and upper reach of 

Table 2 
Concentrations of n-alkanes and selected parameters in mainstem of the CRB.  

River reaches Sampling 
sites 

Longitude 
(◦E) 

Latitude 
(◦N) 

n-C14-35 

/ug g TOC- 

1 

n-C15 + n-C17 + n- 
C19 

/ug g TOC-1 

n-C21 + n-C23 + n- 
C25 

/ ug g TOC-1 

n-C27 + n-C29 + n- 
C31 

/ ug g TOC-1 

CPI14- 

22 

CPI25- 

33 

Headwater Zone TTR  92.44  34.22  1268.9  23.5  111.8  737.0  0.86  8.27 
DQY  92.77  34.03  3995.2  337.9  536.2  1716.0  0.73  5.65 
NJBL  93.02  34.13  1617.5  18.3  99.7  1019.8  0.72  7.80 
QML  95.82  34.02  3389.2  1020.8  327.7  400.9  1.37  1.36  

Jinshajiang River ZMD  97.25  33.01  4281.3  230.8  482.9  1979.0  0.58  4.42 
BT  99.01  29.77  7153.6  1971.8  837.0  2068.1  2.23  4.50 
SG  100.01  26.89  6746.2  1623.0  1003.6  1646.5  1.40  4.81 
PZH  101.81  26.60  3606.1  818.9  353.4  1151.8  1.87  3.99 
YB  104.67  28.77  961.5  95.9  99.6  382.1  1.02  4.46  

Upper Reach of CJR CQ  106.61  29.62  1289.5  250.3  109.1  437.6  1.75  3.63 
FL  107.39  29.71  1009.4  130.6  88.7  344.5  1.16  3.57 
WZ  108.42  30.74  1632.5  169.7  229.2  234.1  1.00  1.13 
TGR  110.97  30.86  1302.5  363.5  131.2  92.5  1.07  0.85 
YC  111.27  30.76  1538.7  301.7  101.4  394.7  1.04  2.35  

Middle and Lower Reaches of 
CJR 

YY  113.23  29.54  1066.9  271.8  96.0  81.5  0.95  0.77 
WH  114.29  30.57  1634.7  457.2  129.7  466.9  2.02  3.58 
HK  116.30  29.80  456.0  54.6  39.0  127.9  0.74  3.20 
DT  117.63  30.77  1155.3  173.0  104.4  361.9  1.27  2.27 
NJ  118.77  32.13  1104.0  147.5  122.3  303.8  1.13  2.29  

Delta Zone XLJ  120.96  31.79  1051.0  51.0  23.6  400.9  2.61  1.29  

Table 3 
Concentrations of n-alkanes and selected parameters in tributaries of the CRB.  

River reaches Sampling 
sites 

Longitude 
(◦E) 

Latitude 
(◦N) 

n-C14-35 

/ug g TOC- 

1 

n-C15 + n-C17 + n- 
C19 

/ug g TOC-1 

n-C21 + n-C23 + n- 
C25 

/ ug g TOC-1 

n-C27 + n-C29 + n- 
C31 

/ ug g TOC-1 

CPI14- 

22 

CPI25- 

33 

Headwater 
Zone 

BQ  92.37  33.86  4442.1  309.6  574.4  2219.0  1.40  5.24 
CMER  93.31  35.31  10909.2  4416.7  1241.8  611.0  2.57  0.67  

Jinshajiang River YLJ-GZ  99.99  31.61  1997.7  100.4  362.5  993.5  1.42  5.84 
YLJ-YJ  101.01  30.04  957.5  230.0  88.0  123.0  1.20  0.87 
YLJ-PZH  101.80  26.61  3067.3  899.4  468.5  502.6  2.14  2.10 
DDH-JC  102.01  31.74  2689.7  419.4  503.3  1057.8  2.07  6.61 
DDH-LD  102.17  30.07  1399.9  140.8  203.9  545.1  0.97  4.02 
DDH-LS  103.75  29.56  2025.7  458.7  234.1  647.3  2.18  3.80 
MJ-YX  103.48  31.05  1250.2  313.7  87.6  429.3  2.29  3.97 
MJ-LS  103.76  29.53  1304.5  429.7  94.0  336.6  2.06  3.37 
MJ-YB  104.53  28.82  604.2  159.8  42.5  191.0  2.57  5.25  

Upper Reach of CJR JLJ-GY  105.78  32.39  1439.4  393.2  159.2  100.4  1.08  0.83 
JLJ-NC  106.12  30.82  1241.2  149.5  100.2  483.7  1.15  4.56 
JLJ-CQ  106.54  29.56  1179.7  164.4  61.6  444.8  0.94  4.50 
WJ  107.41  29.71  2226.7  376.5  163.9  765.2  1.38  3.63  

Middle and Lower Reaches of 
CJR 

YJ  111.70  28.96  632.4  99.2  39.5  212.3  1.01  3.25 
ZS  112.37  28.61  1490.1  119.4  54.6  723.0  1.22  4.74 
XJ I  112.87  28.36  1166.4  284.7  123.5  129.0  1.26  0.87 
DTH  113.00  29.00  803.1  71.5  66.9  352.3  1.10  3.25 
HJ-AK  108.98  32.65  1365.5  219.4  88.2  490.4  1.26  3.40 
HJ-XY  112.14  32.03  1201.0  17.2  51.9  920.5  2.98  7.09 
HJ-WH  114.24  30.58  1833.4  455.5  186.1  480.7  2.23  2.38 
GJ  115.88  28.69  2220.5  693.4  186.3  445.8  1.61  2.51 
PYH  116.19  29.25  1037.9  186.8  49.8  244.8  0.65  2.48 
HKX  116.21  29.74  1202.8  164.8  37.3  617.3  3.18  3.49 
FH  116.34  28.07  888.8  247.1  65.3  283.8  3.40  3.78 
XJ II  116.82  28.46  1784.8  228.7  164.2  726.0  1.64  3.46  
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the CJR, which may be related to the interception of sediment by 
cascade dams and TGD. The C/V and S/V values increase from the 
headwater zone to the estuary (Fig. S1a and 1b, Supplementary Mate
rial). This trend is particularly evident in the middle and lower reaches 
CJR, including Dongting Lake and Poyang Lake, where the C/V and S/V 
values are significantly higher compared to the upper reach CJR 
(Fig. S1b, Supplementary Material). This suggests that the contribution 
of non-woody angiosperms, rather than woody gymnosperms, becomes 
more prominent in the middle and lower reaches.The (Ad/Al)v ratios 
were mostly greater than 0.4, especially in the tributaries where the 
values are higher than in the mainstem. This suggests that OC derived 
from terrestrial vegetation has undergone microbial degradation. The 
decreasing contribution of lignin phenols to POC corresponds to the 
decrease in terrestrial vegetation coverage across the CRB. 

The contents of total n-alkanes were higher at the sample sites in the 
headwater zone and Jinshajiang River compared to the upper reach CJR 
and downstream areas (Table 2). Both short- and long-chain n-alkanes 
were more abundant than mid-chain n-alkanes in most samples from the 
mainstem. Short-chain n-alkanes exhibited an increasing trend from the 

headwater zone to the TGD station, indicating the significant contribu
tion of phytoplankton productivity of POC. Moreover, the tributaries 
with dam constructions, such as the Yalongjiang River, Daduhe River, 
Minjiang River, and Hanjiang River, showed an increase in short-chain 
n-alkanes along the river (Table 3). This can be attributed to the 
increased transparency resulting from dam interception, which pro
motes the prosperity of phytoplankton in the river (Tian et al., 2021). 
The CPI14-22 ranged from 0.5 to 3.5, indicating a lower degradation level 
compared to the CPI25-33, which varied from 0.5 to 9.0. This suggests 
that long-chain n-alkanes (terrestrial plants-derived OC) underwent 
higher degradation than short-chain n-alkanes (OCauto). The CPI25-33 
exhibited a decreasing trend from the headwater zone to the estuary in 
the CRB, indicating a gradual decrease in the degradation of long-chain 
n-alkanes (terrestrial plants-derived OC). In summary, the contribution 
of phytoplankton to POC increased along the river, while terrestrial 
plants have the opposite effect. These patterns were closely related to 
the distribution of terrestrial plants, as well as the interception effect of 
cascade dams and TGD. 

Fig. 4. C/N ratio and δ13C of POC in the mainstem (a) and tributaries (b) of the CRB. The isotopic and elemental compositions of different end-members are taken 
from Yu et al. (2007), Guo (2015), Wu et al. (2018), Wei et al. (2020), and Sun et al. (2021). 

Fig. 5. Three-end-member mixing model results for proportions of soil (a, b), terrestrial plants (c, d), and OCauto (e, f) in mainstem and tributaries of the CRB.  
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4.2. Source and influencing factors of POC in the CRB 

The soil-derived OC was dominant in the CRB, but the contribution 
of OCauto also played an important role (Fig. 5). The contribution of soil- 
derived OC showed a decreasing trend from the headwater zone to the 
estuary (Fig. 5a and b), contrary to the OCauto (Fig. 5d and e). Especially 
at sampling points below TGD, OCauto showed an increasing trend, 
indicating the impact of TGD on the composition of POC. The proportion 
of OCauto increased from TGD to YY, where the C/N value decreased and 
negative δ13C values were observed (Fig. 2b and c), indicating an in
crease in phytoplankton-derived OC. In addition, the OCauto of station 
YB (located downstream of the Jinshajiang River cascade dams) also 
increased compared to the stations upstream of the Jinshajiang River. 
Generally, phytoplankton-derived OC is influenced by weak hydrody
namic conditions. Slower flow rates increase water age and promote the 
sedimentation of suspended particles, resulting in decreased water 
turbidity and enhanced photosynthesis of phytoplankton. This explains 
the increased proportion of OCauto (Liu et al., 2018). Short-chain n-al
kanes exhibited significant advantages and a high degree of degradation 
in the the middle and lower reaches CJR (Table 2). This may be attrib
uted to improved transparency caused by sediment interception by the 
TGD in the upper reach CJR (Tian et al., 2021; Panwar and Yang, 2022; 
Wang et al., 2022b). Specifically, OCauto dominated in rivers flows into 
Dongting Lake and Poyang Lake. Where the transparency in the west 
Dongting lake increased by 45 % from 1996 to 2014 (Tian et al., 2021). 
The prosperity of algae in the middle and lower reaches CJR (Zhang 
et al., 2023) aligned with the high contribution of OCauto observed in our 
study. There was no significant trend in the variation of terrestrial 
plants-derived OC in the mainstem (Fig. 5c). However, it was signifi
cantly higher than other tributaries in the Yalongjiang River, Daduhe 
River, Minjiang River, and Dongting Lake (Fig. 5d). This could be 
attributed to differences in vegetation coverage in the river basin. The 
land-use type map (Fig. 1b) indicated denser grassland and woodland in 
this region compared to other area. The influence of vegetation cover 
was reflected in the distribution of long-chain n-alkanes (r = 0.334, p <
0.05; Table S4, Supplementary Material). Surface runoff transported leaf 
litter from riparian zones as well as leaves and wood debris eroded from 
the soil into the river. The δ13C values reflected the carbon fixation 
pathway of photosynthesis in different organisms, such as C3 and C4 
plants (Onstad et al., 2000). It has been reported that the average δ13C 
values of C3 plants and C4 plants were − 28.2 ‰ ± 1.9 ‰ and − 12.6 ‰ ±
0.3 ‰, respectively (Yu et al., 2007). Given that the decrease in δ13C 
value from − 23.74 ‰ to − 29.22 ‰, C3 plants dominated the CRB (Wu 
et al., 2007a). Furthermore, the lignin phenol composition in the 
headwater zone and the Jinshajiang River primarily indicated the 

woody gymnosperm tissue, while the non-woody angiosperm tissue 
dominated in the middle and lower reaches CJR. 

4.3. Variation of POC under the influence of human activities 

We compared the POC contents of the research samples using the 
same sample method during the flood season in 1997, 2003, 2007, 2010, 
and 2018 with our study (Wu et al., 2001, 2018; Yu et al., 2011; Mao 
et al., 2011; Wang et al., 2022a,b). Our investigation revealed significant 
changes in the POC content within the Jinshajiang River, headwater 
zone and upper reach CJR (Fig. 6). Notably, the POC content of the 
samples collected from the headwater zone to the Jinshajiang River in 
2007 (mean 0.65 % ± 0.14 %) was higher compared to that of 2021 
(mean 0.30 % ± 0.09 %). This indicates a decline in POC levels over 
time. Since our study did not include TSM data, we found through 
literature review that the TSM concentration at PZH station in 2021 
(15.4 mg/L, Lyu et al., 2023) was significantly lower than in 2007 
(450.3 mg/L, Mao et al., 2011). Several studies have reported that 
cultivation activities contribute to the loss of soil-derived OC into water 
bodies (Batjes and Sombroek, 1997; Guo et al., 2015). This is because 
mechanical clearing and tillage may further cause the removal of topsoil 
and disrupt soil aggregates (Ashagrie et al., 2007), whereby making soil 
OC more likely to enter water bodies with rainfall. It is worth noting that 
the cultivated land area has decreased by 342 km2 from 2005 to 2020, 
which makes large-grained soil with low POC less susceptible to erosion. 
Consequently, cultivation can be identified as one of the factors affecting 
the POC content from the headwater zone to the Jinshajiang River. 
Furthermore, there has been a significant increase in the construction of 
large cascade dams along the Jinshajiang River over the past few de
cades (Fig. 1a). These dams have intensified sediment capture from the 
headwater zone (Yang et al., 2018; Wang et al., 2022b). Wang et al. 
(2022b) also reported that the presence of these dams led to a significant 
reduction POC flux by 80–88 % in the Jinshajiang River. The dams 
reduced the velocity of water body in Jinsha River and increases the 
retention time of water body, which is conducive to the settlement of 
suspended matter and the photosynthesis of phytoplankton. However, 
the density of phytoplankton in the Jinsha River is the lowest in the 
Changjiang River Basin (Zhang et al., 2023), so the OCauto is not the 
main factor affecting the POC content. In conclusion, our research 
demonstrates that the POC content in the Jinshajiang River has expe
rienced significant changes over time, with decreased levels in recent 
years. The decrease can be attributed to multiple factors, including 
cultivation activities and the construction of large cascade dams that 
influence sediment capture and organic carbon transport in the region. 
In addition, it can be seen that the POC contents in the middle and lower 

Fig. 6. POC content for POC in mainstem of the CJR from 1997 to 2021.  
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reaches of the CJR were significantly higher in 1997 than those in 2003 
(Wu et al., 2001; Yu et al., 2011), during to TGD intercepting a large 
amount of sediment in the river channel since 2003 (Yu et al., 2011; 
Wang et al., 2020a). Between 2007 and 2021, the POC contents recov
ered to be higher than those in 1997 (Wu et al., 2001, 2018; Mao et al., 
2011; Wang et al., 2022a,b), due to an increase in autochthonous OC in 
water bodies (Bao et al., 2014; Wu et al., 2018). 

Numerous studies have previously identified soil-derived OC or 
OCauto as the primary component of POC in rivers worldwide (Onstad 
et al., 2000; McCallister et al., 2006; Bao et al., 2014; Marín-Spiotta 
et al., 2014). However, our study reveals a different scenario in the CRB. 
We found that both soil-derived and OCauto jointly dominated the POC in 
the middle and lower reaches as well as the delta zone of the CRB, 
contrasting with earlier research in the region (Wu et al., 2007b; Yu 
et al., 2011; Wang et al., 2012). Specifically, the contribution of soil- 
derived OC proportion was higher in 2010 (44–56 %) (Bao et al., 
2014; Wu et al., 2018) compared to 2021 (38–53 %) in the samples 
collected from the mainstem, spanning from the middle and lower rea
ches to the estuary. This decline in soil-derived OC can be attributed to 
two factors: the reduction in cultivated land area and soil erosion area. 
Over time, the cultivated land area in the CRB decreased from 501,958 
km2 in 1990 to 477,098 km2 in 2020, and the total area affected by soil 
erosion also continuously decreased from 530,800 km2 in 1997 to 
337,000 km2 in 2020, as reported by the Bulletin of Soil and Water 
Conservation (CWRCMWR, 2005, 2006-2015, 2018, 2020) in the CRB 
(Figure S2, Supplementary Material). Furthermore, we conducted a 
comparison of lignin phenols in different years (2003, 2006, 2008, and 
2021) and observed higher contents of lignin phenols in the upper reach 
CJR compared to the middle and lower reaches. Although both Λ8 and 

Σ8 contents were higher in 2003 than in 2006 and 2021 (Fig. 7a and b), 
the (Ad/Al)v values exhibited an opposite trend (Fig. 7c). This indicated 
a decrease in the freshness of lignin phenols over time. Additionally, we 
analyzed the concentration of n-alkanes in the CRB from 1997 to 2021 
(Fig. S3a, Supplementary Material). In 1997, the concentration of n-C14- 

33 alkanes increased along the mainstem and was significantly higher 
than the values observed in 2021 (Fig. S3a, Supplementary Material). 
The proportions of n-C21 + n-C23 + n-C25 n-alkanes (c(ALKmac)) were 
lower in 2021 than in 2003 (Fig. S3c, Supplementary Material), whereas 
the proportions of n-C15 + n-C17 + n-C19 (c(ALKphy)) n-alkanes were 
opposite (Fig. S3d, Supplementary Material). This suggested a decrease 
in terrestrial plant-derived OC and a rise in phytoplankton-derived OC. 
Additionally, both CPI14-22 and CPI25-33 showed higher values in 2021, 
followed by 1997 and 2003 (Qi, 2006; Wu et al., 2007a. Fig. S3e and f, 
Supplementary Material), indicating an upswing in the degradation of 
n-alkanes. This expansion may be caused by the slowing down of water 
flow during TGD operation, which raised the retention time of water 
bodies (lignin phenols and n-alkanes) (Yu et al., 2011; Wang et al., 
2022a). Moreover, nitrogen and phosphorus are crucial nutrients for 
phytoplankton growth. Generally, and increased concentrations of these 
nutrients in water can lead to phytoplankton blooms (Zhang et al., 
2023). Long-term observations by Ge et al. (2020) also revealed an 
upward trend in dissolved inorganic nitrogen and phosphorus concen
trations from 1999 to 2017 at Datong station. However, the shrinking of 
a large number of macrophytes in reservoirs and lakes, which have poor 
connectivity between rivers and lakes, has resulted in a dominance of 
phytoplankton over macrophytes as the primary source of OC (Tang, 
2020). Therefore, the increase in nitrogen and phosphorus nutrients is a 
significant factor leading to the rise of OCauto. 

Fig. 7. Distribution patterns of lignin phenol parameters in mainstem of the CJR from 2003 to 2021: (a) Λ8 contents, (b) Σ8 contents, and (c) (Ad/Al)v.  
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5. Conclusions 

In this study, we conducted an analysis of bulk POC properties and 
biomarkers in the CRB during the rainy season of 2021. Notably, we 
observed that the POC content exhibited a pattern of variation along the 
mainstem. Specifically, the POC content was found to be lowest in the 
headwater zone and Jinshajiang River, while it gradually increased from 
the headwater zone towards the estuary. Additionally, we noted higher 
POC contents in the tributaries of the middle and lower reaches CJR 
compared to the upper reach CJR. Interestingly, the lignin phenol and n- 
alkanes contents displayed a contrary trend to the POC contents, grad
ually decreasing along the mainstem from the headwater zone. Through 
a three-end-member mixing model, we were able to estimate the con
tributions of different sources of OC in the CRB. Soil-derived OC and 
OCauto accounted for varying percentages in the CRB, ranging from 26.5 
% to 60.0 % and 28.1 % to 61.3 %, respectively, with average values of 
48.4 % ± 6.8 % and 40.1 % ± 6.7 %. Above the TGD, the soil-derived OC 
was higher than OCauto. While the proportion of OCauto increased from 
TGD to estuary, and even higher than soil-derived OC at station YY and 
DT, due to sediment trapping caused by the TGD. The contributions of 
terrestrial plants were estimated to be 11.8 % ± 2.0 %. Furthermore, we 
observed a decline in POC content from 2007 to 2021 at sampling points 
in the Jinshajiang River and headwater zone. This reduction can be 
attributed to two factors: the decrease in cultivated land area and the 
sediment trapping effect of cascade dams. The operation of the TGD 
resulted in an increased retention time of terrestrial plants debris in the 
water, leading to an escalated degradation degree of lignin phenols and 
n-alkanes from the upper reach CJR to the estuary. Given these findings, 
it is essential to conduct further research to understand the implications 
of reduced soil-derived OC and increased OCauto in CRB on the OC burial 
in the ECS. Such investigations will help us gain a comprehensive un
derstanding of the complex dynamics of OC in this vital region. 
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