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Hydro-ecological controls on 
riverine organic carbon dynamics in 
the tropical monsoon region
Qianzhu Zhang1,2, Zhen tao2, Zanwen Ma2,3, Quanzhou Gao2,4, Haojun Deng2, Peng Xu2, 
Jian Ding2, Zhengang Wang2 & Youwen Lin5

Transport fluxes and properties of riverine organic carbon in the tropical monsoon region were the 
vital parameters in the global riverine organic carbon fluxes budget. The study focused on the riverine 
organic carbon in the Changhuajiang River (CHJR), locating at the mid-west of the Hainan Island, China. 
Dissolved organic carbon (DOC) concentrations in the CHJR ranged from 0.22 mg/L to 11.75 mg/L with 
an average of 1.75 mg/L, which was lower than the average of global rivers and had a significantly 
temporal and spatial variation. Output flux of riverine DOC was calculated as 0.55 t/km2/y, which could 
be revised up to 1.03 t/km2/y, considering that the riverine discharge before dam construction. A linear 
model of riverine DOC flux suitable in CHJR basin was established, which involved the factors, such as 
soil organic carbon, runoff depth and slope, etc. There was a large variation of POC concentrations in 
the CHJR where the average POC concentration in the dry season was 2.41 times of the wet season. 
Riverine POC flux in CHJR basin was calculated as 1.78 t/km2/y, higher than the average of global rivers 
and far lower than those in other domestic larger rivers. About 8.28 × 103 t POC were exported yearly 
in CHJR, of which, 7.15 × 103 t originated from terrestrial ecosystem and 1.13 × 103 t stemmed from 
aquatic ecosystem. Meanwhile, about 87.74% of terrestrial source happened in the wet season and 
12.26% in the dry season. This research revealed that the riverine organic carbon mainly stemmed from 
the surface erosion processes in the drainage basin during the wet season.

As the key channel linking marine and terrestrial ecosystem, global rivers played an important role on the global 
carbon cycle1,2. According to previous statistics, about 1Gt C were annually transported into the ocean via global 
rivers3, accounting for 20% of the total absorption amount (5.0Gt) in terrestrial and marine ecosystem (http://
co2now.org). In the fluvial fluxes, the 40% were transported in the form of organic carbon by global rivers4, 
approximating to 1~2% of the net primary production5. While, the riverine organic carbon concentrations and 
their output process reflected terrestrial ecosystem changes, and the fluxes exported into the ocean were the 
important constraint of the oceanic carbon budget and cycling6. In previous research, two approaches that carbon 
data for large rivers and the model formulas were recognized to estimate global riverine carbon fluxes7. In the 
former, the measured data of riverine organic carbon concentrations in various regions was particularly impor-
tant, considering that there were large differences in river organic carbon concentrations in different latitudes 
regions1. The available studies research certificated that the riverine dissolved organic carbon (DOC) concentra-
tions were not high in the tropical regions due to the rapidly decomposition of organic matters, in spite of high 
primary productivities1. However, Huang et al. had pointed out that the total fluxes of riverine organic carbon 
in the Asia area kept at a much higher level7. It was possible that particulate organic carbon (POC), which was 
carried by particulate suspension, occupied a large proportion, but enough supporting materials should be pro-
vided. In the latter, the parameters applied for establishing fluvial fluxes models were sometimes regional, which 
hardly represented the overall situation of global rivers. As the results concluded by Ludwig et al., the drainage 
intensity, basin slope and amount of organic soil carbon were the main determinants of DOC fluxes and the total 
mass of suspended matter govern POC fluxes4. Based on above-mentioned models, the global riverine organic 
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carbon fluxes were calculated and their 45% was derived from the tropical region (42.7% of land area on earth), 
where 61% of the total terrestrial primary productivities, 66.2% of riverine discharge and 73.2% of riverine total 
suspended solid (TSS) were produced8,9. With rain and heat during the same period, strong erosion commonly 
happened in Asian monsoon region when vegetation flourished in the wet season, which likely resulted that 
more organic carbon were washed into rivers10,11. Organic carbon ratios of suspended solids in the 11 rivers were 
investigated in China12, which indicated that the riverine organic carbon ratios in southern China were observ-
ably high. Most researches on riverine organic carbon were carried out in Yangze River13–15, Yellow River16 and 
Xijiang River10,11,17, et al. However, there were very few reports about the output processes of riverine organic 
carbon in the tropical region of China. In this paper, riverine organic carbon was investigated in Changhuajiang 
River (CHJR) basin, locating at the mid-west of Hainan Island, China with the aim of understanding the materials 
fluxes originating from Hainan Island into the South China Sea.

Study Area
Originating from the central of Hainan Island, the CHJR initially flowed to southwest and then turned to north-
west in the Ledong County. It finally drained into the South China Sea at Changcheng County (Fig. 1). The CHJR 
was the second largest river in Hainan Island, with the 5150 km2 area and 232 km length. This basin was located 
in the Asian tropical monsoon, where the climate was obviously divided into wet seasons (from May to October) 
and dry seasons (from November to April of the second year). The annual temperature in the whole basin ranged 
from 17.70 °C to 27.93 °C. The average rain of multi-year was up to 1508.55 mm, with 83.55% in the wet season. 
The CHJR discharges 22.3 × 108 m3 water (at the Baoqiao hydrologic station, representing 90% of the total basin 
area), accounting for 53.48% of the average runoff (41.7 × 108 m3) over years18. Their 18.7 × 108 m3 was exported 
in wet season and 3.6 × 108 m3 in dry season.

The Indosinian and Variscan granites including biotite-monzonite granite, granodiorite, quartz-diorite and 
granite-porphyry were widely exposed, which represent the 66.84% of total area. Tropical monsoon forests were 
predominant in the middle and upper basin, and the main crops (banana and cane, etc.) and artificial economic 
forests (eucalyptus, rubber and mango, etc.) were largely distributed in the middle and lower reach. From the 
basin boundary to main valley, the soil types showed a gradual transition of yellow soil-red soil-red cinnamon 
soil, accounting for 18.69%, 27.71% and 53.62% of the total drainage area, respectively. The soil organic carbon 
contents were high in Bawang Mountain and Jianfeng Mountain. The mountain and hilly, with the steep terrain, 
were mainly distributed in middle and upper reaches. In addition, the platform and plain were mainly distributed 
in main valley and downstream alluvial areas.

Sampling and Experiment
Sampling. 66 water samples (A) within the CHJR basin were collected in January (dry season) and August 
(wet season) 2014 from the river mouth to the headwater and were positioned by the GPS (Fig. 1). About 25 L 
water samples (B) were collected at Baoqiao and Maoyang hydrologic stations, representing for lower and upper 
reaches, respectively. Temperature, pH, conductivity (Cond) and total dissolved solid (TDS) were monitored by 
Ultrameter™ Model 9 P with the accuracy of ±0.10 °C, ±0.20, ±1 µS/cm, and ±0.2 mg/L in situ.

Figure 1. The sketch of vegetation types and distribution of samples in the CHJR basin (Made with ArcGIS 
10.0).
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Experiments and methods. After being filtered through 0.45 μm-porosity Whatman GF/F filters, the water 
samples A were measured by TOC-VCPH analyzer, Shimadzu Co., Japan, referring to water quality-determination 
of TOC by nondispersive infrared absorption method (GB13193-91). Measured accuracy maintained in the range 
of −0.01 mg/L~ 0.01 mg/L. All samples were kept in the refrigerator at 4 °C before analysis. The water samples 
B were pump filtered through 150 mm diameter cellulose acetate membranes with 0.45 μm-porosity. Particulate 
matters residual in those membranes were gathered in evaporating dishes and dried at 4 °C about 2~3 days. They 
then were weighed for TSS with the balance (0.1 mg~1 g). And the contents of organic carbon (POC) and nitro-
gen (PON) were measured by the element analyzer ELCHNS-O, VariO Co., German, with the precision of 0.3%.

The soil organic carbon contents in the basin were calculated by the weight average of different vegetation 
types, ranging from 0 to 12.61 kg/m3. Soil organic carbon contents in tropical rain forest, artificial economic forest 
and agricultural cultivation was the measured by our research group19, and those in tropical shrub and grassland 
were cited from the literature20–22. The slope information was converted according to the DEM data (http://gre.
geodata.cn/) in the basin.

Results
DOC concentrations and spatial-temporal variation in CHJR. DOC concentrations in the CHJR 
ranged from 0.22 mg/L to 11.75 mg/L with an average of 1.75 ± 1.91 mg/L, which was lower than the average value 
(5.75 mg/L) of global rivers1 (Fig. 2). Comparing with other rivers in the Asia, the DOC concentrations were far 
lower than those rivers flowing into Arctic Ocean in the north of Asia and gentle lower than the main large rivers 
in China, such as Yangtze River, Yellow River and Xijiang River, etc. Not only that, the DOC concentrations were 
also lower than those rivers located in tropical regions. CHJR basin was provided with high temperatures and 
rapid decomposition rates of organic matters. Meanwhile, low intensity of human activities maybe was another 
reason for the low DOC concentrations in the CHJR.

The riverine DOC concentrations had significant difference between the dry season and wet season, which 
were consistent with seasonal changes of riverine discharge (Fig. 3a). Moreover, the average riverine DOC 

Figure 2. The DOC concentration, DOC Fluxes and basin area of the major rivers in global. (Yan = Yangtze 
River13; Yel = Yellow River3; Bra = Brahmaputra3; Gan = Ganges River3; Ind = Indus River3; Ori = Orinoco 
River3; Par = Paraná River3; Zam = Zambezi river3; Nil = Nile River3; Dan = Danube River3; Sei = Seine3; 
Xij = Xijiang River10; Don = Dongjiang River23; Bei = Beijiang River24; CHJR, This study; Len = Lena River25; 
Obr = Ob River26; Yen = Yenisei River26; Cor = Colorado River27; Mis = Mississippi River28; Stl = St Lawrence 
River29;Yuk = Yukon River30; Ama = Amazon River31; Con = Congo River31; Nig = Niger River31; Tan = Tana 
River32; Elb = Elbe33; Rhe = Rhein33).

Figure 3. The seasonal difference of riverine DOC concentration and discharge and those spatial variation in 
the mainstream.
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concentrations in the wet season were higher than those in the dry season. This phenomenon both appeared in 
mainstream and tributaries. Riverine DOC was commonly divided into the exogenous and endogenous sources. 
The former primarily came from terrestrial materials (plants and soils) erosion, and the latter was produced 
during the growth of aquatic phytoplankton1. Due to the weather that hot and rainy in the wet season, more exog-
enous DOC was transported into rivers under intense erosion. At the same time, the vigorous growth of aquatic 
phytoplankton contributed more DOC endogenous sources.

No matter in the dry season or the wet season, the average of riverine DOC concentrations in the tributaries 
was higher than that in the mainstream. Stemming from mountains with steep terrain, the tributaries had taken 
in more material from terrestrial ecosystem. Organic matters were decomposed when they were transferred to the 
mainstream, with slow-flowing water conducive to microbial activity. The dilution effect may be another reason 
for the low riverine DOC concentration in mainstream.

The riverine DOC concentrations were higher in the middle reaches (30#~39#) than those in the upper and 
lower reaches (Fig. 3b), and that phenomena both happened in the dry season and the wet season. The construc-
tion of DGB reservoir in the basin had changed the hydrological situation and largely multiplied the aquatic 
algae34–36, which increased the endogenous sources of DOC in middle reaches. After discharging from DGB 
reservoir, the riverine DOC concentration gradually decrease towards to the lower reaches (30#~26#), which was 
likely because that the impact of reservoir gradually weakened.

The POC concentrations and spatial-temporal variation in CHJR. TSS in rivers was the main carrier 
of POC. Therefore the POC exporting pattern was affected by the TSS erosion process to some extent. Terrestrial 
ecosystem suffered from strong erosion with heavy rain in wet season, and terrigenous materials were largely 
transported into the river. Above analysis likely was the main reason that caused the riverine TSS contents were 
far higher in the wet season than those in the dry season (Fig. 4a). The TSS content in the upstream (Maoyang 
Station) was higher than that in the downstream (Baoqiao Station) in the dry season, however, which was con-
trary in the wet season. Due to the impact of seasonal water storage in the DGB Reservoir, the flow rates signif-
icantly decreased after injection into the reservoir in the dry season, which brought that a considerable part of 
TSS was detained in reservoir. However, the reservoir regularly discharged and maintained at a certain capacity 
in order to prevent floods in the wet season.

Beside of POC, PON was also important ingredient of riverine suspended solid. POC and PON contents in the 
CHJR water simultaneously changed with a linear trend (Fig. 4b), which illustrated that they had the same source. 
There was a largely seasonal variation in POC contents, which in the dry season was 2.41 times of wet season 
(Fig. 4c) and obviously increased with the reduction of TSS contents (Fig. 4d). For that phenomenon, the possible 
reasons were speculated as follows. The surface soil was the important source of riverine suspended matter. The 
soil POC of main vegetation types in the CHJR basin had significant seasonal difference, which in the dry season 
(0.82%) was 1.71 times of those in the wet season (0.48%)37. Meanwhile, the POC content in soil profile gradually 
decreased from top to bottom, so the POC content of suspended matter in the river decreased with the erosion 
strengthening in the wet season. Furthermore, the increase of TSS reduced transmittance in the river, which 
largely inhibited the photosynthesis in aquatic ecosystem and also brought the reduction of endogenous POC.

Figure 4. The contents and correlations of TSS, PON, POC in CHJR.
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Discussion
Riverine dissolved organic carbon hydrodynamic output process. The Baoqiao hydrologic station, 
representing 90% of the total basin area, was selected for the control section of the whole basin, where the DOC 
concentrations were respectively 1.17 mg/L and 1.13 mg/L in the dry season and wet season. According to Eq. 
(1), the total output amount of riverine DOC was calculated as 2.53 × 103 t/y with 83.40% in the wet season and 
16.60% in the dry season, and the above-mentioned flux was converted to 0.55 t/km2/y in consideration of the 
basin area (Eq. (2)). The DOC flux in CHJR was lower than that in large rivers such as the Amazon and Congo 
rivers etc. (Fig. 2) and the average DOC flux 2.04 t/km2/y in most global rivers4. Due to influence of damming in 
the basin, the CHJR runoff (22.2 × 108 m3) in the recent years only accounted for 53.24% of the multi-years runoff 
(41.7 × 108 m3). If the multi-years runoff was taken into account, the average DOC flux in the CHJR was up to 
1.03 t/km2/y, which was higher than those of Yangtze River and Dongjiang River in China and most rivers in the 
North America and Africa (Fig. 2). Consequently, the dams could reduce the carbon transport capacity of rivers 
at some extent.

∑= ×
=

F Q[DOC]
(1)DOC

i
i i

1

2

=f F S[ ]/ (2)DOC DOC

(Where FDOC was the total DOC output amount and fDOC represented the DOC fluxes. Q and S denoted the 
discharges and the area of the CHJR basin, respectively. The i = 1, 2 meant the dry and wet season).

Influencing factors of organic carbon output in CHJR. According to the previous scholars, soil organic 
carbon, vegetation coverage, runoff depth and slope information were key factors controlling the output fluxes 
of riverine organic carbon4. Seven tributaries in CHJR basin were selected for studying the factors influencing 
riverine organic carbon. Subject to sampling and analysis conditions, the riverine DOC in the CHJR were mainly 
discussed here. The DOC concentrations of seven tributaries were the weighted average values according to run-
off in the dry and wet season. The DOC fluxes of seven tributaries were calculated by Eqs (1) and (2).

The relationships among DOC concentrations, DOC fluxes and influencing factors including soil organic car-
bon, runoff depth, slope and vegetation coverage were analyzed (Fig. 5). Results displayed that significantly pos-
itive relationships (p < 0.05) between DOC concentrations (DOC fluxes) and soil organic carbon contents were 
found (Fig. 5a) in the CHJR basin. However, the opposite case that significantly negative relationships (p < 0.05) 
existed between DOC concentrations (DOC fluxes) and the other three factors including runoff depth, slope and 
vegetation coverage (Fig. 5b–d). As many scholars had confirmed that soil organic carbon was the primary source 
of riverine organic carbon1,10,25, riverine DOC concentrations and fluxes commonly increased with the increase 
of soil organic carbon contents. Numerous studies had revealed that slope was the key factor affecting the runoff 
speed38,39. Water retention time in terrestrial ecosystem was short in steep mountainous areas with high slope due 

Figure 5. Influencing factors of organic carbon output in CHJR.
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to the fast water convergence rate. The interaction between water and soil in the basin was not sufficient, which 
brought that few soil carbon was carried into rivers. The statistics showed that runoff depth negatively corre-
lated with soil organic carbon and positively correlated with slope in the tributaries. Therefore, the relationship 
between DOC concentrations (DOC fluxes) and runoff depth was largely influenced by soil organic carbon and 
slope in the basin. The tributaries with the higher runoff depth tended to be provided with the higher soil organic 
carbon contents and lower slope according to above analysis. The existence of surface vegetation could effectively 
reduce soil erosion by the interception of stems and leaves on rainfall and the consolidation effect of roots on 
soil35, which largely reduced the terrestrial sources of riverine organic carbon.

Based on the relationships between DOC fluxes and its influencing factors (including the soil organic carbon, 
slope and vegetation coverage), a linear model was established to calculate the DOC fluxes by the SPSS18 (Eq. (3)).  
The vegetation coverage in the basin positively correlated with the slope largely due to the human activities 
(Fig. 6a–c). According to the linear model and above environment information in CHJR basin, the grid units of 
DOC fluxes were simulated (Fig. 6d). The result displayed that the DOC fluxes in the basin ranged from 0 t/km2/y 
to 6 t/km2/y and its frequencies were normally distributed with the central axis of 0.52 t/km2/y. Meanwhile, the 
weighted average of DOC fluxes was calculated as 0.49 t/km2/y, gently lower than the measured value 0.55 t/km2/y.

Ludwig et al. had established the watershed DOC fluxes model in consideration of runoff depth, slope and soil 
organic carbon contents4 (Eq. (4)). The average runoff depth was 479.97 mm based on the recent five years runoff 
in the CHJR basin. The average organic carbon content was 10.05 kg/m3 according to the measured values by 
our research group19. The average slope 0.27 radians (15.33°) were statistically obtained by ArcGis 10.0 in CHJR 
basin. The DOC flux was calculated as 0.51 t/km2/y based on the Eq. (4) close to the value of 0.49 t/km2/y, which 
illustrated that the Eq. (4) was reliable in CHJR basin.

f C S V r p0 61 0 624 1 148 , 0 89, 0 05 (3)soilDOC = . × + . × − . × = . > .

(This study)

f Q S C r p0 004 8 76 0 095 , 0 90, 0 01 (4)DOC soil= . − . + . = . > .

(Where fDOC was the DOC flux (t/km2/a). Q, S, Csoil and V denoted the runoff depth (mm), slope (radians), soil 
organic carbon contents (kg/m3) and vegetation coverage, respectively3).

Figure 6. The soil organic carbon (a), slope (b), vegetation coverage (c) and simulated DOC fluxes (d) in CHJR 
basin (Analyzed by SPSS18.0).
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Riverine particulate organic carbon hydrodynamic output process. According to the measured 
values at the Baoqiao and Maoyang hydrological stations, the average TSS was calculated as 107.06 mg/L in 
the CHJR, which was basically consistent with the monthly average from 1957 to 200840. By the Eq. (5), the 
TSS output amount in CHJR basin was 38.72 × 104 t in 2014, which was much lower than the multi-years aver-
age 69.91 × 104 t40. Considering that the average runoff in the recent five years accounted for 53.24% of the 
multi-years, the above analysis was credible. Accordingly, the TSS output flux was 41.08 t/km2, and the surface 
erosion rate was calculated as 82 m/Ma in light of the average soil density 1.83 g/cm3 in the basin (measured by 
our research group19), which illustrated that CHJR basin had long been in mechanical denudation.

∑= ×
=

F TSS Q[ ]
(5)TSS

i
i i

1

2

(Where FTSS was the total TSS output amount and Q represented the discharges of the CHJR basin. The i = 1, 2 
meant the dry and wet season).

Despite that the POC contents (POC%) of TSS were relatively low in the wet season, but the POC concentra-
tions (CPOC) were high, because the TSS concentration in the wet season was 22.51 times of that in the dry season 
(Fig. 4a). According to Eqs (6) and (7), about 8.28 × 103 t POC were annually exported by CHJR, 98% of which 
happened in the wet season. Based on the exponential function between TSS and POC (Fig. 4d), the contents and 
output fluxes of POC were simulated (Fig. 7). The simulation results displayed that POC% kept at relatively low 
level from May to October and their monthly average was calculated as 3.81%, approximating to our measured 
value 4.02%. The variation of monthly POC output fluxes was consistent with the CHJR’s runoff and opposite to 
the POC%. Riverine POC was largely exported from June to October in CHJR, accounting for 93.60% of the total 
amount. This phenomenon confirmed the previous conclusions from our research group that riverine POC in the 
Asian monsoon regions was mainly exported during the summer10.

= ×C TSS POC% (6)POC

∑= ×
=

F C Q[ ]
(7)POC

i
POC i i

1

2

(Where FPOC was the total POC output amount and fPOC represented the POC fluxes. CPOC and TSS were the 
concentration of POC and TSS in the river (mg/L) and POC% represented the contents of POC in the TSS (%). 
The meanings of Q, S and i were described in the previous section).

The erosion environment of terrestrial organic carbon. The riverine POC flux in CHJR basin was 
calculated as 1.78 t/km2/y (Eq. (7)), which was gently higher than the average of global rivers (1.65 t/km2/y)3 
and far lower than those in other large rivers in domestic, such as 6.14 t/km2/y in Yangtze River4, 14.68 t/km2/y 
in Yellow River41 and 8.30 t/km2/y in Xijiang River10. The previous studies have shown that there were high soil 
erosion modulus those basins42. Riverine POC fluxes were related to the surface soil erosion conditions. When 
the surface environment of the basin was dominated by leaching, water stayed for a long time in the surface 
soil. After long-term filtration, the large-size particle matters were likely intercepted in the terrestrial ecosystem, 
which was beneficial to the production of riverine DOC. Otherwise, when the surface environment of the basin 
was dominated by scouring, more soil organic carbon were transported into rivers with the particulate matters10. 
Accordingly, the ratios of POC fluxes and DOC fluxes were the important indexes reflecting the surface envi-
ronment in the basin. On the basis of the POC fluxes (1.78 t/km2/y) and DOC fluxes (0.55 t/km2/y) in CHJR, 
the ratio was up to 3.24, which was far lower than that (33.33) in the Yellow River41 and relatively close to 4.35 in 
the Xijiang River10. However, it was far higher than the average (0.81) of global rivers4. In that sense, the surface 
environment was dominated by scouring in CHJR basin.

The source of riverine organic carbon in CHJR. Riverine organic matters were usually the mixture of 
terrestrial and aquatic ecosystems. In previous studies, C/N ratios of organic matter were widely used as the 
important indexes to trace the riverine organic carbon source43–45. There were high C/N ratios of organic matter 

Figure 7. The monthly POC contents and output amount in multi-years.
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in the wet season in CHJR, comparing with those in the dry season (Fig. 8). And the C/N ratios in the upper 
reach were always higher than those in the lower reach both in wet season and dry season. The formula about 
the source of riverine organic carbon was established, taking the C/N ratios of organic matter in terrestrial and 
aquatic ecosystems as two end members (Eq. (8)). Based on different types of land use, the average C/N ratio in 
terrestrial ecosystems was calculated as 10.49 in CHJR basin (Unpublished). The C/N ratios of organic matter in 
aquatic ecosystems was referred to that of Zengjiang Basin in South China46, taking the similar environment of 
two basins into account. Accordingly, the source of riverine organic carbon in CHJR was analyzed by the Eq. (8).

= × + − ×C N f C N f C N( / ) ( / ) (1 ) ( / ) (8)sample land aquatic

(Where the f was the ratios of terrestrial source).
Analysis results showed that there were 82.78% of riverine organic matter from terrestrial ecosystem in 

Baoqiao Station in the wet season. In Maoyang Station, the ratio of riverine organic matter from terrestrial ecosys-
tem was up to 92.70% in the wet season. It was deduced that terrestrial ecosystem was the main source of riverine 
organic matter in the wet season in CHJR basin. Correspondingly, about 83.63% of riverine organic matter was 
produced from aquatic ecosystem in the Baoqiao Station in the dry season. And aquatic ecosystem contributed 
72.65% of riverine organic matter in the Maoyang Station in the dry season. From this, it was illustrated that 
aquatic ecosystem was the main source of riverine organic matter in the dry season in CHJR basin. As mentioned 
above, terrestrial particles were largely transported into the river in the wet season, due to abundant rainfall and 
strong soil erosion. At the same time, the increase of particle suspended solids would reduce the transparency of 
water bodies, which inhibited the photosynthesis of aquatic ecosystem. On the contrary, the surface erosion was 
weakened, and the photosynthesis of aquatic ecosystem strengthened in the dry season. There were high ratios 
of terrestrial source in the upper reach no matter in the wet season or the dry season. Relatively speaking, the 
surface erosion was strong in the upper reach with fast flow rate in mountainous areas, which likely brought more 
terrestrial materials.

Based on the above ratios of riverine organic matter, POC output amount from terrestrial ecosystem and 
aquatic ecosystem was calculated by Eqs (9 and 10). Among 8.28 × 103 t POC exported in CHJR basin, about 
7.15 × 103 t originated from terrestrial ecosystem and 1.13 × 103 t stemmed from aquatic ecosystem. About 
87.74% terrestrial organic carbon was exported in the wet season, and 12.26% in the dry season. Conversely, 
about 78.14% aquatic organic carbon was produced in the dry season, and 21.86% in the wet season.

∑= × ×
=

F F Q f[ ] [ ]
(9)POC land

i
POC i i

1

2

∑= × × −
=

F F Q f[ ] [ ] (1 )
(10)POC aquatic

i
POC i i

1

2

The significance of riverine organic carbon exporting in global. According to the above analysis, 
CHJR delivered approximately 10.81 t organic carbon to the estuaries annually, of which, 30.56% was DOC and 
69.44% was POC. The DOC flux of CHJR was lower than those of tropical (30°N–30°S) rivers in Africa, America, 
Asia and Oceania (Fig. 9) given by Huang et al.7. While, the POC flux was lower than those in America and Asia 
and close to the flux average of tropical rivers. Comparing with other tropical rivers, there was higher ratio of 
POC flux to DOC flux in CHJR, which illustrated that the hydrodynamic output process of riverine organic 
carbon represented a special surface erosion process in Asian tropical monsoon. The organic carbon fluxes were 
likely overestimated, taking the wide area of tropical monsoon in Asia. It was certified that the organic carbon 
removal phenomena commonly occurred in the estuaries47,48. Based on existing research, Dai et al. adopted an 
average removal rate of 10% for estuarine organic carbon6. Considering the above results, we obtained an esti-
mate of DOC flux of 9.73 t/y in CHJR basin, however, which should be furtherly studied due to lack of relevant 
material.

Figure 8. The source and C/N ratios of riverine organic matter.
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conclusion
Transport fluxes and properties of riverine organic carbon in CHJR located at tropical monsoon region were 
discussed. DOC concentrations ranged from 0.22 mg/L to 11.75 mg/L with an average of 1.75 mg/L in the CHJR, 
which was lower than those in most global rivers. There were high riverine DOC concentrations in the wet season 
and large variation of riverine DOC concentrations in the mainstream. Due to the effect of damming in the basin, 
riverine DOC concentrations were higher in the middle reach than those in the upper and lower reach. Output 
flux of riverine DOC was calculated as 0.55 t/km2/y, which could be revised up to 1.03 t/km2/y, considering that 
the riverine discharge before dam construction. Soil organic carbon, runoff depth, slope and vegetation coverage 
were the key factors controlling output fluxes of riverine organic carbon, and a linear model suitable in CHJR 
basin was established in this paper. The POC contents of TSS had a largely seasonal variation in the CHJR, which 
in the dry season were 2.41 times higher than that in the wet season. From the perspective of spatial variation, 
POC contents of TSS in the upper reach were higher than those in the lower reach in the wet season, and this 
spatial distribution pattern was the opposite in the dry season, due to the impact of seasonal water storage in the 
DGB Reservoir. About 8.28 × 103 t POC were annually exported by CHJR, and riverine POC flux in the basin was 
calculated as 1.78 t/km2/y. The POC flux was higher than the average of global rivers but far lower than those in 
other domestic larger rivers. About 7.15 × 103 t POC was annually scoured into the river from terrestrial ecosys-
tem, and 1.13 × 103 t POC stemmed from aquatic ecosystem. Meanwhile, 87.74% of terrestrial source POC were 
exported in the CHJR basin during the wet season. This research confirmed that the surface erosion of terrestrial 
ecosystem in the wet season was main contributor to riverine organic carbon in the CHJR basin.

References
 1. Meybeck, M. Carbon, nitrogen, and phosphorus transport by world rivers. American Journal of Science. 282, 401–450 (1982).
 2. Richey, J. E. E. et al. Biogeochemistry of carbon in the Amazon River. Limnol. Oceanogr. 35, 352–371 (1990).
 3. Meybeck, M. & Ragu, A. River discharges to the oceans. An assessment of suspended solids, major ions and nutrients. Environmental 

Information and Assessment Rpt. (UNEP, Nairobi, 1996).
 4. Ludwig, W., Probst, J. L. & Kempe, S. Predicting the oceanic input of organic carbon by continental erosion. Global Biogeochemical 

Cycles. 10, 23–41 (1996).
 5. Milliman, J. D. & Meade, R. H. World-wide delivery of river sediment to the oceans. The Journal of Geology. 91, 1–21 (1983).
 6. Dai, M. H., Yin, Z. P., Meng, F. F., Liu, Q. & Cai, W. J. Spatial distribution of riverine DOC inputs to the ocean: An updated global 

synthesis. Current Opinion in Environmental Sustainability. 2, 170–178 (2012).
 7. Huang, T. H., Fu, Y. H., Pan, P. Y. & Chen, C. T. A. Fluvial carbon fluxes in tropical rivers. Current Opinion in Environmental. 

Sustainability. 4, 162–169 (2012).
 8. Milliman, J. D. & Syvitski, J. P. M. Geomorphic/Tectonic Control of Sediment Discharge to the Ocean: The Importance of Small 

Mountainous Rivers. Journal of Geology. 100, 525–544 (1992).
 9. Syvitski, J. P. M., Vorosmarty, C. J., Kettner, A. J. & Green, P. Impact of Humans on the Flux of Terrestrial Sediment to the Global 

Coastal. Ocean. Science. 308, 376–380 (2005).
 10. Gao, Q. Z. et al. Riverine organic carbon in the Xijiang River (South China): seasonal variation in content and flux budget. 

Environmental Geology. 41, 826–832 (2002).
 11. Zhang, Y. L. et al. The response of dissolved organic carbon export to the typical flood event in the Xijiang River. Acta Scientiae 

Circumstantiae. 27, 143–150 (2007).
 12. Chen, J. S., Hong, S., Wang, L. X. & Wang, F. Y. Geo-chemical Parameters of River Particulate in Eastern China. Acta Geographica 

Sinica. 55, 417–427 In Chinese (2000).
 13. Lin, J., Wu, Y., Zhang, J., Yang, S. L. & Zhu, Z. Y. Seasonal variation of organic carbon fluxes in the Yangtze River and influence of 

Three-Gorges engineering. China Environmental Science 27, 246–249 (2007).
 14. Mao, C. P. et al. Seasonal variation in the flux and isotopic composition of particulate organic carbon along the mainstream of the 

Changjiang River. Earth Science frontier. 18, 161–168 (2011).
 15. Wang, M., Zhang, L. J. & Gui, Z. S. Spatial and Temporal Transport of Organic Carbon in Changjiang Mainstream and Influence of 

Three Gorges Project. Periodical of Ocean University of China. 41, 117–124 In Chinese (2011).
 16. Zhang, L. J., Wang, L., Cai, W. J. & Liu, D. M. Organic carbon transport and impacts of human activities in the Yellow River. 

Biogeosciences Discussions. 9, 14365–14405 (2012).
 17. Gao, Q. Z. & Wang, Z. G. Dissolved inorganic carbon in the Xijiang River: concentration and stable isotopic composition. 

Environmental Earth Sciences. 73, 253–266 (2015).
 18. Chorography Office Of Hainan, China. Biography of Hainan Province. In Chinese (Nanhai Press, Haikou, 2005).
 19. Ma, Z. W. Seasonal changes, reserves and controlling factors of terrestrial biogenic silica in the tropical monsoon region: a case study of 

Changhua River Basin, Hainan Island. (Sun Yat-Sen University, Guangzhou, 2015).

Figure 9. The organic carbon fluxes comparison between CHJR and other tropical rivers7.

https://doi.org/10.1038/s41598-019-48208-y


1 0Scientific RepoRtS |         (2019) 9:11871  | https://doi.org/10.1038/s41598-019-48208-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

 20. Chen, Q. Q. et al. Organic matter turnover rates and CO2 flux from organic matter decomposition of mountain soil profiles in the 
subtropical area, south China. Catena. 49, 217–229 (2002).

 21. Lin, X. D., Qi, Z. P., Tang, S. M. & Meng, L. Oxidizable Organic Carbon and Light Fraction Organic Carbon of Artificial Plantation 
Land and Artificial Grassland in Hainan Province. Chinese Journal of Tropical Crops. 33, 171–177 In Chinese (2012).

 22. Veldkamp, E. Organic carbon turnover in three tropical soils under pasture after deforestation. Soil Science Society of America 
Journal. 58, 175–180 (1994).

 23. Xie, C. J. Carbon Sink effect of Chemical Weathering and Export Process of Dissolved Carbon in Dongjiang River basin. In Chinese (Sun 
Yat-Sen University, Guangzhou, 2014).

 24. Gao, Q. Z., Shen, C. D., Sun, Y. M. & Yi, W. X. A Preliminary Study on the Organic Carbon Weathering Fluxes in Beijiang River 
Drainage. Environmental Sciences. 22, 12–18 (2001).

 25. Semiletov, I. P. et al. Gustafsson. Carbon transport by the Lena River from its headwaters to the Arctic Ocean, with emphasis on 
fluvial input of terrestrial particulate organic carbon vs. carbon transport by coastal erosion. Biogeosciences 8, 2407–2426 (2011).

 26. Raymond, P. A. et al. Flux and age of dissolved organic carbon exported to the Arctic Ocean: A carbon isotopic study of the five 
largest arctic rivers. Global Biogeochemical Cycles. 21, GB4011 (2007).

 27. Alexer, R. B., Slack, J. R., Ludtke, A. S., Fitzgerald, K. K. & Schertz, T. L. Data From Selected U.S. Geological Survey National Stream 
Water Quality Monitoring Networks. Water Resources Research. 34, 2401–2405 (1998).

 28. Dubois, K. D., Lee, D. & Veizer, J. Isotopic constraints on alkalinity, dissolved organic carbon, and atmospheric carbon dioxide fluxes 
in the Mississippi River. Journal of Geophysical Research: Biogeosciences. 115, 2–11 (2010).

 29. Hélie, J. F. & Claude, H. M. Sources of particulate and dissolved organic carbon in the St Lawrence River: Isotopic approach. 
Hydrological Processes. 20, 1945–1959 (2006).

 30. Guo, L., Cai, Y., Belzile, C. & Macdonald, R. W. Sources and export fluxes of inorganic and organic carbon and nutrient species from 
the seasonally ice-covered Yukon River. Biogeochemistry. 107, 187–206 (2012).

 31. Coynel, A., Seyler, P., Etcheber, H., Meybeck, M. & Orange, D. Spatial and seasonal dynamics of total suspended sediment and 
organic carbon species in the Congo River. Global Biogeochemical Cycles. 19, GB4019 (2005).

 32. Bouillon, S., Dehairs, F., Schiettecatte, L. S. & Borges, A. V. Biogeochemistry of the Tana estuary and delta (northern Kenya). 
Limnology & Oceanography 52, 45–59 (2007).

 33. Abril, G. et al. Behaviour of Organic Carbon in Nine Contrasting European Estuaries. Estuarine Coastal & Shelf Science 54, 241–262 
(2002).

 34. Gao, Y. et al. Impacts of river impoundment on the riverine water chemistry composition and their response to chemical weathering 
rate. Frontiers of Earth Science. 7, 351–360 (2013).

 35. Zhu, K. X., Bi, Y. H. & Hu, Z. Y. Responses of phytoplankton functional groups to the hydrologic regime in the Daning River, a 
tributary of Three Gorges Reservoir, China. Science of the Total Environment. 450, 169–177 (2013).

 36. Jung, S. W. et al. Impacts of dam discharge on river environments and phytoplankton communities in a regulated river system, the 
lower Han River of South Korea. Journal of Ecology & Environment. 37, 1–11 (2014).

 37. Zhang, Q. Z. et al. Influences of anthropogenic activities on dissolved silica migration in a granite-hosted basin, Hainan Island, 
China. Quaternary International. 440, 99–110 (2017).

 38. Mu, W. B. et al. Effects of Rainfall Intensity and Slope Gradient on Runoff and Soil Moisture Content on Different Growing Stages of 
Spring Maize. Water. 7, 2990–3008 (2015).

 39. Xiao, D.P. et al. Factors Influencing Surface Runoff in the Granitic Gneiss of Taihang Mountains. Bulletin of Soil and Water 
Conservation. 30, 114–118 In Chinese (2010).

 40. Yang, Z. H., Jia, J. J., Wang, X. K. & Gao, J. H. Characteristics and variations of water and sediment fluxes into the sea of the top three 
rivers of Hainan in recent 50 years. Marine science bulletin. 32, 92–99 (2013).

 41. Zhang, S., Gan, W. B. & Ittekkot, V. Organic matter in large turbid rivers: the Huanghe and its estuary. Marine Chemistry. 38, 53–68 
(1992).

 42. Li, Z. G. & Liu, B. Z. Calculation on soil erosion amount of main river basin in China. Science of Soil and Water Conservation. 4, 1–6 
(2006).

 43. Gupta, L. P., Subramanian, V. & Ittekkot, V. Biogeochemistry of Particulate Organic Matter Transported by the Godavari River, 
India. Biogeochemistry. 38, 103–128 (1997).

 44. Rostad, C. E., Leenheer, J. A. & Daniel, S. R. Organic Carbon and Nitrogen Content Associated with Colloids and Suspended 
Particulates from the Mississippi River and Some of Its Tributaries. Environmental Science & Technology. 31, 3218–3225 (1997).

 45. Sampei, Y. & Matsumoto, E. C/N ratios in a sediment core from Nakaumi Lagoon, southwest Japan —usefulness as an organic 
source indicator. Geochemical Journal. 35, 189–205 (2008).

 46. Tao, Z. et al. The sources, seasonal variation and transported fluxes of the riverine particulate organic carbon of the Zengjiang River, 
Southern China. Acta Scientiae Circumstantiae. 24, 789-795 In Chinese (2004).

 47. Amon, R. M. W. & Benner, R. Photochemical and microbial consumption of dissolved organic carbon and dissolved oxygen in the 
Amazon River system. Geochim Cosmochim Acta. 10, 1783–1792 (1996).

 48. Moran, M. A., Sheldon, W. M. Jr & Sheldon, J. E. Biodegradation of riverine dissolved organic carbon in five estuaries of the 
southeastern United States. Estuaries. 22, 55–64 (1999).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (Grant Nos 41771216, 41871014, 
41340019), the Natural Science Foundation of Guangdong Province, China (Grant No. 2015A030313070) and 
National Public Research Institutes for Basic Research Expenses (CKSF2017027/CQ). We would like to thank 
Wenkui Tang, Wei Zheng, and Mei Zhou for the assistance on the samples collection and the experimental 
analysis.

Author Contributions
Qianzhu Zhang, Zhen Tao and Quanzhou Gao conceived of and designed the study. All authors provided 
academic input into the paper. Qianzhu Zhang, Zanwen Ma and Haojun Deng performed the experiments, 
analyzed the data and prepared the figures. Peng Xu, Jian Ding, Zhengang Wang and Youwen Lin provided expert 
statistical advice and contributed to the analysis. Qianzhu Zhang and Zhen Tao wrote the paper.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-019-48208-y


1 1Scientific RepoRtS |         (2019) 9:11871  | https://doi.org/10.1038/s41598-019-48208-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-48208-y
http://creativecommons.org/licenses/by/4.0/

	Hydro-ecological controls on riverine organic carbon dynamics in the tropical monsoon region
	Study Area
	Sampling and Experiment
	Sampling. 
	Experiments and methods. 

	Results
	DOC concentrations and spatial-temporal variation in CHJR. 
	The POC concentrations and spatial-temporal variation in CHJR. 

	Discussion
	Riverine dissolved organic carbon hydrodynamic output process. 
	Influencing factors of organic carbon output in CHJR. 
	Riverine particulate organic carbon hydrodynamic output process. 
	The erosion environment of terrestrial organic carbon. 
	The source of riverine organic carbon in CHJR. 
	The significance of riverine organic carbon exporting in global. 

	Conclusion
	Acknowledgements
	Figure 1 The sketch of vegetation types and distribution of samples in the CHJR basin (Made with ArcGIS 10.
	Figure 2 The DOC concentration, DOC Fluxes and basin area of the major rivers in global.
	Figure 3 The seasonal difference of riverine DOC concentration and discharge and those spatial variation in the mainstream.
	Figure 4 The contents and correlations of TSS, PON, POC in CHJR.
	Figure 5 Influencing factors of organic carbon output in CHJR.
	Figure 6 The soil organic carbon (a), slope (b), vegetation coverage (c) and simulated DOC fluxes (d) in CHJR basin (Analyzed by SPSS18.
	Figure 7 The monthly POC contents and output amount in multi-years.
	Figure 8 The source and C/N ratios of riverine organic matter.
	Figure 9 The organic carbon fluxes comparison between CHJR and other tropical rivers7.




