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Abstract: Dissolved carbon has been widely investigated in natural rivers worldwide. However, it
has been rarely studied in riverine system of farming regions, where small streams have been usually
modified by a water gate and flood levee. This study was conducted to investigate dissolved organic
and inorganic carbon (DOC, DIC) in artificially modified tributary streams, namely the Desheng and
Shuangqiao-Shiba streams, in a farming region of the lower Yangtze River basin. The results showed
that the DOC and DIC concentrations had remarkable temporal–spatial variability in the Desheng and
Shuangqiao-Shiba streams. The mean DOC concentrations were 5.4 and 6.7 mg L−1 in the Desheng
and Shuangqiao-Shiba streams during the period of about 1 year, while the DIC concentrations
were 14.0 and 9.6 mg L−1 in both streams, respectively. The DOC and DIC concentrations mainly
showed the linear decreasing trends from source through to export in the spring, summer, autumn,
and winter. The DOC concentration was almost always lower than the DIC concentration. The
DOC concentration was positively correlated with the DIC concentration in the Desheng stream
over the four seasons, indicating that the DOC and DIC potentially had similar sources. The DOC
and DIC concentrations increased with sewage discharge, which introduced a potential hazard to
human health. The water gate and flood levee in the Desheng and Shuangqiao-Shiba streams were
constructed for discharging floods and recharging irrigation in the farming region, and their effects
on dissolved carbon require further research.

Keywords: DOC; DIC; freshwater; sewage discharge; farming region

1. Introduction

Riverine systems are remarkable transport conduits for carbon and nitrogen. A previ-
ous long-term monitoring study indicated an increasing trend of dissolved organic carbon
(DOC) concentrations across most of the northern Hemisphere [1]. A large quantity of
riverine carbon is transported and transformed into the oceans and the atmosphere. For
instance, the global riverine system exported 710 Tg C yr−1 of fluvial carbon into the oceans
and emitted 230 Tg yr−1 of carbon dioxide (CO2) into the atmosphere [2]. Wallin et al. [3]
found that CO2 emissions represent 53% of the carbon flux in rivers, which would be partly
due to rapid turnover of DOC. Sunlight, particularly ultraviolet irradiation, oxidizes DOC
to lower-weight organic compounds such as CO2 and carbon monoxide (CO). The loss of
dissolved inorganic carbon (DIC) through CO2 degassing from lakes, reservoirs, and rivers
represented a remarkable portion of the terrestrial carbon [4]. The global methane (CH4)
emissions from riverine systems were estimated at 26.8 Tg yr−1, which was comparable to
the emissions from lakes and wetlands [5]. However, estimates of dissolved carbon and
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related greenhouse gases are highly uncertain due to their temporal and spatial variability.
Thus, more integrated measurements are required on various scales.

Dissolved carbon is largely affected by a range of processes in riverine systems. For
instance, DOC is derived from in situ production and atmospheric deposition, but it is
depleted via photodegradation, flocculation, and microbial consumption. Similarly, DIC is
produced by carbonate dissolution, silicate weathering, atmospheric CO2 invasion, and
aquatic and soil respiration, but it is removed by CO2 emissions to the atmosphere, aquatic
photosynthesis, and carbonate mineral reactions [4,6]. Furthermore, in farming regions, a
source of dissolved carbon to riverine systems is discharge from potential sewage systems.
Increasing dissolved carbon concentrations in waters has caused wide concern for public
health over the past decades [1].

Factors driving dissolved carbon processes have been widely investigated in riverine
system worldwide. DOC concentrations in riverine systems change spatially depending
on the catchment geophysical characteristics and depend temporally on climatic patterns.
For instance, riverine DOC and DIC concentrations are affected by climatic conditions,
hydrological variables, and source and sink characteristics [4]. Heavy rainfall events can
export a remarkable quantity of DOC and DIC from streams to estuaries [7]. Furthermore,
the effects of freezing and cold storage on bulk DOC and dissolved nitrogen (DN) con-
centrations and their fractions were observed in lake water, leaf leachates, and peat soil
water [8]. However, investigations on the drivers of dissolved carbon in riverine systems
are still limited for understanding regional and global carbon budgets.

Dissolved carbon has often been investigated in natural riverine systems. For instance,
the DOC concentration was investigated in lowland fen- and upland peat-dominated
catchments in north Wales, UK [9]. The effects of temperature and moisture on DOC
concentration were investigated in south-central Ontario, Canada, where the DOC concen-
tration was strongly associated with temperature but weakly and negatively correlated
with river discharge [10]. Stream flora and fauna had the potential for affecting the pro-
duction and degradation of DOC [11]. On the basis of population dividing lines, China
can be coarsely divided into southeastern farming and northwestern nomadic regions [12]
(Figure S1). The population line is highly identical with the annual precipitation line of
about 400 mm. Riverine systems are intensively distributed in farming region, where rivers
are usually modified by water gates and flood levees for flood protection and cropland
irrigation. However, natural rivers are scarcely modified in northwestern nomadic re-
gion. Relative to natural rivers, artificially modified rivers are rarely investigated in the
southeastern farming region.

The Yangtze River is the largest river in China, with an approximate length of 6397 km
and a basin area of 1.8 × 106 km2 [13]. A number of branches and streams are distributed
in the Yangtze River basin. Previous studies on the fluxes and processes of dissolved
carbon have mainly focused on the trunk riverine system in the Yangtze River basin [14–16].
However, dissolved carbon fluxes and processes have been rarely investigated in small
branches and streams.

The overall objective of this study was to investigate the dissolved carbon in artificially
modified small streams in the farming region of the lower Yangtze River basin. Specifically,
we wanted to address the issues of how DOC and DIC were distributed in spatial and
seasonal scales and which factors drove the processes of dissolved carbon. Furthermore,
we wanted to discuss the effects of anthropogenic activity on dissolved carbon.

2. Materials and Methods
2.1. Site Description

This study was carried out in tributary streams of the lower Yangtze River, namely
the Desheng and Shuangqiao-Shiba streams (Figure 1). The streams are distributed in the
lowland floodplains within the He and Hanshan counties, Anhui province, China, where
the altitude ranges approximately between 5–15 m. The streams are located in a subtropical
monsoon climatic zone, where rice is widely cultivated. The mean annual temperature is



Water 2022, 14, 4057 3 of 14

about 15.7 ◦C. The coolest monthly temperature is 2.5 ◦C in January, while the warmest is
28.2 ◦C in July. The mean annual precipitation is about 1085 mm, with the rainy season
between May and September. Plants usually grow from March to November, while the
soils are mainly brown loam.

Water 2022, 14, x FOR PEER REVIEW 3 of 16 
 

 

lowland floodplains within the He and Hanshan counties, Anhui province, China, where 
the altitude ranges approximately between 5–15 m. The streams are located in a subtrop-
ical monsoon climatic zone, where rice is widely cultivated. The mean annual temperature 
is about 15.7 °C. The coolest monthly temperature is 2.5 °C in January, while the warmest 
is 28.2 °C in July. The mean annual precipitation is about 1085 mm, with the rainy season 
between May and September. Plants usually grow from March to November, while the 
soils are mainly brown loam. 

 
Figure 1. Field investigation and water sampling were conducted in the tributary streams of the 
lower Yangtze River basin. Triangles indicate sampling sites in the Desheng and Shuangqiao-Shiba 
streams, where water flows from west to east and further into the lower Yangtze River (a). The lower 
Yangtze River basin (b). Sampling sites were sequenced from west to east (i.e., from site S1 to S13 
in the Desheng stream and from S1 to S9 in the Shuangqiao-Shiba stream). Detailed coordinates and 
altitudes of the sampling sites can be found in Table S1. 

The Desheng and Shuangqiao-Shiba streams originate from hilly and mountainous 
areas. The Desheng stream flows about 36.3 km from its source into the Yangtze River 
with a basin area of 427.3 km2. The Shuangqiao-Shiba stream is approximately 20.9 km in 
the length in terms of surface water with a basin area of 91.8 km2. A water gate and flood 
levee are prominent features in the Desheng and Shuangqiao-Shiba streams. The streams 
gradually grow wider from the source through to the export, with about 50–80 and 40–60 
m in the middle sections of the Desheng and Shuangqiao-Shiba streams, respectively. In 
general, the water flows in the flooding summer but it is relatively stagnant in the other 
seasons. Detailed information on physical-chemical characteristics in both streams can be 
found in Table 1. 

  

Figure 1. Field investigation and water sampling were conducted in the tributary streams of the
lower Yangtze River basin. Triangles indicate sampling sites in the Desheng and Shuangqiao-Shiba
streams, where water flows from west to east and further into the lower Yangtze River (a). The lower
Yangtze River basin (b). Sampling sites were sequenced from west to east (i.e., from site S1 to S13 in
the Desheng stream and from S1 to S9 in the Shuangqiao-Shiba stream). Detailed coordinates and
altitudes of the sampling sites can be found in Table S1.

The Desheng and Shuangqiao-Shiba streams originate from hilly and mountainous
areas. The Desheng stream flows about 36.3 km from its source into the Yangtze River
with a basin area of 427.3 km2. The Shuangqiao-Shiba stream is approximately 20.9 km
in the length in terms of surface water with a basin area of 91.8 km2. A water gate and
flood levee are prominent features in the Desheng and Shuangqiao-Shiba streams. The
streams gradually grow wider from the source through to the export, with about 50–80 and
40–60 m in the middle sections of the Desheng and Shuangqiao-Shiba streams, respectively.
In general, the water flows in the flooding summer but it is relatively stagnant in the other
seasons. Detailed information on physical-chemical characteristics in both streams can be
found in Table 1.

2.2. Field Investigation and Sampling

A series of field investigations and water samplings were conducted in the Desh-
eng and Shuangqiao-Shiba streams, and results were enhanced by using the data from
both streams. For the main understanding of the temporal-spatial variability in terms of
dissolved carbon, water samples were collected from 13 and 9 sites in the Desheng and
Shuangqiao-Shiba streams, respectively. In each sampling site, three water samples were
collected as replicates at intervals of about 100 m. Water samples were collected from the
Desheng and Shuangqiao-Shiba streams at quarterly and semiannual intervals, respectively.
Specifically, water samples were collected in late October 2018, late March, early August,
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the middle of October 2019, and the middle of January 2020 in the Desheng stream and late
March and the middle of October 2019 in the Shuangqiao-Shiba stream.

Table 1. Physical-chemical characteristics in the Desheng and Shuangqiao-Shiba streams and their
surrounding ponds.

Stream
Sampling

Habitat
pH Temperature TOC TN NO3−-N NH4

+-N Ca2+ SO42− Cl−

(◦C) (mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1)
Desheng Normal area 7.7 (0.3) A 10.9 (0.2) A 14.7 (0.6) A 1.65 (0.10) B 1.50 (0.08) B 0.47 (0.01) A 19.0 (2.7) A 28.8 (16.4) C 23.4 (7.7) C

Sewage outlet 7.8 (0.3) A 10.8 (0.2) A 15.1 (3.5) A 2.55 (0.31) A 2.20 (0.12) A 0.33 (0.01) B 19.2 (1.8) A 59.6 (15.7) A 60.3 (24.7) A
Surrounding

pond
7.9 (0.2) A 10.4 (0.4) A 4.9 (0.3) B 0.61 (0.15) C 0.20 (0.13) C 0.25 (0.09) B 26.4 (8.3) A 50.3 (46.2) AB 49.6 (9.5) B

Shuangqiao Normal area 8.2 (0.2) a 10.4 (0.1) a 34.9 (7.6) a 0.55 (0.09) a 0.21 (0.06) a 0.17 (0.01) ab 27.4 (2.3) a 66.8 (26.2) ab 67.6 (18.7) a
-Shiba Sewage outlet 7.9 (0.4) a 10.9 (0.4) a 36.0 (5.6) a 0.60 (0.07) a 0.20 (0.04) a 0.22 (0.01) a 25.5 (0.9) a 75.7 (12.7) a 71.1 (10.0) a

Surrounding
pond

7.8 (0.2) a 10.4 (0.3) a 4.4 (1.5) b 0.54 (0.06) a 0.14 (0.10) a 0.13 (0.05) b 18.7 (3.6) b 15.9 (2.1) c 20.8 (8.9) b

Note(s): For the measurements of background physical-chemical characteristics, water samples were not filtered
through 0.45 µm nylon syringe filter. Value is mean (standard deviation) of three replicates (n = 3). Abbreviations
are used for total organic carbon (TOC) and total nitrogen (TN). The different upper and lower letters indicate
statistically significant differences (p < 0.05) among three habitats in the Desheng and Shuangqiao-Shiba streams,
respectively, analyzed using Duncan’s multiple range test.

In order to understand the potential changes in dissolved carbon and nitrogen across
the transects of the streams, water samples were collected across the transect of the S5 site in
the middle section of the Desheng stream in the middle of October 2019. For understanding
background physical-chemical characteristics, water samples were collected around the S2,
S3, and S11 sites in the Desheng stream and the S4, S5, and S6 sites in the Shuangqiao-Shiba
stream. The normal areas and sewage outlets of the streams and their surrounding ponds
were investigated in early March 2020 (Table 1).

Water sampling was possible at about 2 m from the shore edges of the streams and
ponds, while the sampling could reach the center of the Desheng stream by boat access.
Water related to pollutant discharge was sampled in the area near the discharge outlets.
Water was sampled at a depth of 0.3–0.5 m below the surface using a stainless pipe equipped
with a gastight 100 mL disposable polypropylene syringe fitted with a three-way stopcock.
In the field, the water temperature was directly measured using a portable thermometer.
Stagnant water in the stainless pipe was completely removed before collecting water into
a beaker for determining the pH. Specifically, the pH was measured using a portable
pH meter (Mettler Toledo, FG2, Shanghai, China) after an equilibration for about 5 min
after water collection. Water was further collected into 100 mL polyethylene bottles for
determining the DOC, DIC, DN, and/or environmental variables. The polyethylene bottles
were always rinsed with 0.2 M HCl and deionized water in advance. Water samples were
directly collected into the bottles after rinsing with stream water. They were put in a black
bag for protecting from photolysis and subsequently put in a cooler box with ice packs to
suppress microbial activity during transportation to the laboratory. Once in the laboratory,
the water samples were stored in a refrigerator at −20 ◦C until analysis within one month.
It was assumed that the water quality was not changed during the freezing and thawing of
the water samples.

Water samples were additionally collected into gas bags for measuring the concen-
trations of CH4, CO2, and nitrous oxide (N2O). In order to minimize the possibility of
degassing during the sampling, it was ensured that the sampled water was not exposed to
the atmosphere. Specifically, 60 mL of water was injected into a 120 mL gas bag that was
evacuated and injected with 60 mL of local air in advance. Water in the bag was vigorously
shaken by hand for about 1 min to allow the gases dissolved in the water to be degassed
into the headspace. In order to avoid potential microbial contamination, the headspace
gases were further transferred into another gas bag that was evacuated in advance.
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2.3. The Analyses of Variables

The water samples were defrosted at room temperature after removing them from the
refrigerator. DOC is generally characterized as the fraction of organic carbon capable of
passing through a 0.45 µm filter [17]. The water samples were filtered through 0.45 µm
nylon syringe filter and thereby carbon and nitrogen that were dissolved in forms such
as DOC, DIC, and DN were measured. In contrast, the measured carbon and nitrogen
were defined as the total organic carbon (TOC) and total nitrogen (TN) when the water
samples were not filtered through the nylon syringe filter. For measuring the DOC, the
water samples were blown with 3 M HCl for removing the SIC. The concentrations of DOC,
DIC, and DN were measured using a C/N analyzer (Multi N/C 3100, Analytik-Jena AG,
Jena, Germany). The carrier gas was high-purity oxygen at a flow rate of 160 mL min−1

and an injection volume of 500 µL. The DOC, DIC, and DN concentrations were calibrated
using standard solutions with known concentrations, and only calibration curves with an
R2 value of 0.95 or above were accepted. The water samples with substantial concentrations
were diluted within the detectable range of the machine using deionized water, which
was also used as a blank. Analyses of dissolved carbon and nitrogen standard solutions
at 10 mg L−1 intervals demonstrated that the machine was linear from 0 up to at least
200 mg L−1, with an R2 value ≥ 0.95. The concentrations of TOC and TN were also mea-
sured using the Analytik Jena Multi N/C 3100 analyzer. NH4

+ and NO3
− concentrations

were colorimetrically measured by an automated flow injection analyzer (AutoAnalyzer
3 High Resolution SEAL Analytical GmbH, Jena, Germany). The concentrations of Ca2+

were measured by an ICP-OES Spectrometer (ICAP6300; Thermo Fisher, Waltham, MA,
USA). The sulfate (SO4

2−) and chloride (Cl−) concentrations were analyzed using a Thermo
ICS-1500 device by the ion chromatography method [18].

The concentrations of CH4, CO2, and N2O were analyzed by gas chromatography
(GC). The GC was an Agilent Technologies 7890 A or 7890 B equipped with an injection
loop, a flame-ionization detector operated at 250 ◦C, and an electron capture detector
operated at 350 ◦C. The column oven temperature was 60 ◦C, and the carrier gas was N2
with a flow rate of 48 mL min−1. Certified CH4, CO2, and N2O standards at 2.0, 404, and
0.355 µL L−1, respectively, (Beijing AP-BAIF Gases Industry Co. Ltd., Beijing, China) were
used for calibration. The concentrations of greenhouse gases were adjusted for the local
temperature and atmospheric pressure according to the ideal gas law.

2.4. Calculation and Statistical Analysis

The concentration of CH4 dissolved in the water samples was calculated from the CH4
concentration in the headspace of gas bag measured by GC. The calculation method was
described in [19]. The concentrations of CO2 and N2O dissolved in the water samples were
also calculated using this method.

Statistical analysis was conducted using the SPSS 25.0 software package. Statistical
differences were tested for values on both a spatial and seasonal basis. Firstly, original data
sets were checked using a series of tests. For instance, the Shapiro–Wilk test was used for
normality while the Levene test was used for equality of variances. The data in each group
of treatments were normally distributed. Secondly, the data among each group of treatments
were tested by one-way ANOVA. When a significant difference was identified, a comparison
of means test was applied. Duncan’s multiple range test was employed to determine
significant differences in each group of treatments. The Pearson test was used to examine
the significance of correlation between the DOC and DIC concentrations. Statistically
significant differences among treatments (p < 0.05) were indicated by different letters.

3. Results
3.1. Physical-Chemical Characteristics

The physical-chemical characteristics were investigated in subsurface water layer of
the Desheng and Shuangqiao-Shiba streams and their surrounding ponds (Table 1). The
pH was always higher than 7, indicating an alkaline condition in the water system. The
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temperature had no significant difference among the normal areas and sewage outlets of
the streams and their surrounding ponds. The TOC concentration was significantly higher
in the streams than in the surrounding ponds (p < 0.05). Specifically, the TOC was 14.7,
15.1, and 4.9 mg L−1 in the normal areas and sewage outlets of the Desheng stream and its
surrounding ponds, respectively, while the TOC was 34.9, 36.0, and 4.4 mg L−1 in the areas
and sewage outlets of the Shuangqiao-Shiba stream and its surrounding ponds, respectively.
However, the TN concentration was higher in the sewage outlets of the streams than in
the other habitats, of which the differences reached statistical significance in the Desheng
stream. Most of NO3

−-N and NH4
+-N concentrations were significantly higher in the

streams than in their surrounding ponds. The Ca2+ concentration showed less differences
among the three habitats relative to the other physical-chemical factors. The SO4

2− and Cl−

concentrations were significantly higher in the sewage outlets than in the other habitats
(p < 0.05).

Across the transect of the S5 site in middle section of the Desheng stream, the pH
showed significant differences, but the water temperature, DOC, DIC, and DN showed
no significant differences among the five locations of the transect (p > 0.05) (Figure 2).
Accordingly, the water sampling near the shores was thought to be representative of
the streams.
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Figure 2. Changes in pH, temperature, and dissolved carbon and nitrogen (DOC, DIC, and DN)
across the transect of the Desheng stream. Sampling locations at the sampling site 5 (see Table S1)
were successively the south shore (south 1), south 2, center, north 2, and north shore (north 1). Water
was sampled in the middle of October 2019. Values are displayed as mean ± SD (n = 3). The means
with the same upper- or lower-case letters identify no significant differences (p > 0.05) among five
sampling locations, which was analyzed using Duncan’s multiple range test.
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3.2. Dissolved Organic and Inorganic Carbon Concentrations

The DOC and DIC concentrations had different degrees of seasonal variability in
the Desheng and Shuangqiao-Shiba streams (Table 2). In general, the DOC concentration
was much lower than the DIC concentration. The mean DOC and DIC concentrations
were much higher in October 2018 than in October 2019, indicating significant interannual
variability (p < 0.05, n = 13). The DOC and DIC concentrations were much higher than
the DN concentration, but they consistently showed seasonal variability in both streams.
Accordingly, the subsequent results and discussion on the DOC and DIC approximately
reflected the status of the DN.

Table 2. Seasonal variations of dissolved carbon/nitrogen and greenhouse gases in the Desheng and
Shuangqiao-Shiba streams.

Stream Sampling
Date

Number
of pH Water DOC DIC DN CH4 CO2 N2O

sampling
sites (n)

temperature
(◦C) (mg L−1) (mg L−1) (mg L−1) (µL L−1) (µL L−1) (µL L−1)

Desheng October, 2018 13 8.2 (0.4) AB 20.2 (1.2) B 6.9 (1.8) A 14.8 (2.6) B 3.1 (1.5) A
March, 2019 13 8.5 (0.6) A 16.1 (0.6) C 4.7 (1.6) B 9.9 (1.6) C 2.7 (1.2) A 37.6 (73.9) A 787.4 (205.7) A 0.35 (0.08) B
August, 2019 13 7.6 (0.6) CD 31.5 (1.4) A 5.1 (2.2) B 18.0 (4.3) A 1.1 (0.7) B
October, 2019 13 8.0 (0.6) BC 20.7 (1.0) B 5.2 (2.0) B 10.0 (3.1) C 2.7 (3.4) A 36.7 (96.5) A 1109.6 (987.6) A 0.70 (0.50) A
January, 2020 13 7.5 (0.2) D 6.9 (1.5) D 4.9 (0.9) B 17.1 (2.2) A 3.0 (1.4) A

Shuangqiao March, 2019 9 8.0 (0.5) a 16.3 (0.7) b 6.6 (2.0) a 11.3 (2.3) a 1.5 (1.2) a
-Shiba October, 2019 9 7.8 (0.4) a 20.0 (0.7) a 6.9 (1.7) a 7.8 (1.5) b 0.5 (0.2) b 10.8 (7.3) 812.6 (234.8) 0.34 (0.02)

Note(s): Water samples were filtered through 0.45 µm nylon syringe filter, and thereby measured carbon and
nitrogen were the dissolved organic and inorganic carbon and nitrogen (DOC, DIC, and DN). Value is mean
(standard deviation) of all sampling sites; datum in each sampling site is an average of three replicates. The
different upper and lower letters indicate statistically significant differences (p < 0.05) among the sampling seasons
in the Desheng and Shuangqiao-Shiba streams, respectively, analyzed using Duncan’s multiple range test.

The DOC and DIC concentrations had great spatial variability in the Desheng and
Shuangqiao-Shiba streams (Figures 3 and 4). In general, the DOC and DIC concentrations
showed significant differences in the sampling sites of the two streams (p < 0.05) and
showed a much larger spatial variability in the summer than in the winter. The DOC and
DIC concentrations showed linear decreasing trends from the source through to the export
of the Desheng stream in all four seasons. The DOC concentration linearly decreased
from the source through to the export of the Shuangqiao-Shiba stream, whereas the DIC
concentration showed contrasting linear trends between the spring and autumn seasons. On
average, the annual DOC concentration was 6.5, 5.2, and 3.3 mg L−1 in the upper, middle,
and lower sections of the Desheng stream, while annual the DIC concentration was 16.0,
12.7, and 12.8 mg L−1 in the three sections, respectively. For measurements in the spring
and autumn seasons, the mean DOC concentration was 8.2, 7.1, and 4.9 mg L−1 in the
upper, middle, and lower sections of the Shuangqiao-Shiba stream, whereas the mean DIC
concentration ranged approximately between 9–10.5 mg L−1 in three sections, respectively.

The sampling S2 and S3 in the Desheng stream were in the southern Huanfeng town,
while the S10 and S11 were in the southern Liyang town; the S5 in the Shuangqiao-Shiba
stream was in the northern Liyang town (Figure 1a). There were visible sewage discharge
in the sampling S2 and S3 in the Desheng stream, and the S5 in the Shuangqiao-Shiba
stream but sewage was partly treated for decreas-ing pollution in the S10 and S11 in the
Desheng stream. In general, DOC and DIC con-centrations were higher in the southern
Huanfeng town relative to the other sampling sites in the Desheng stream (Figure 3), while
the concentrations were higher in the northern Liyang town relative to the other sampling
sites in the Shuangqiao-Shiba stream (Figure 4). Accordingly, sewage discharge increased
DOC and DIC concentrations in both streams.

When the DIC concentration was linearly fitted with the DOC concentration, the DIC
concentration was significantly correlated with the DOC concentration in the Desheng
stream during the four seasons (p < 0.05, n = 13) (Figure 5a–d), indicating they might have
similar origins such as parent matter, precipitation, and/or biological processes. In the
Shuangqiao-Shiba stream, however, the DIC concentration was not significantly correlated
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with the DOC concentration in the spring (p > 0.05, n = 9) (Figure 5e), but the correlation
was significant in the autumn (p < 0.05, n = 9) (Figure 5f). Accordingly, the correlation
between the DOC and DIC concentrations was slightly different between both streams.
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Figure 3. Spatial variations in DOC and DIC in the Desheng stream. Sampling was conducted in the
spring (a), summer (b), autumn (c), and winter (d), respectively. Sampling sites were sequenced in the
X-axis from mouth (S1, i.e., Site 1) to export (S13) of the stream; the S1–4, S5–9, and S10–13 sites were
located in the upper, middle, and lower sections of the stream. The S2 and S3 sites were located near
the town of Huanfeng, while the S10 and S11 sites were near the town of Liyang. Dotted lines indicate
spatial change trends. Values in each sampling site are displayed as mean ± SD (n = 3 replicates).
The different letters indicate statistically significant differences (p < 0.05) among the sampling sites,
which was analyzed using Duncan’s multiple range test.
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Figure 4. Spatial variations in DOC and DIC in the Shuangqiao-Shiba stream. Sampling was
conducted in the spring (a) and autumn (b), respectively. Sampling sites were sequenced in the X-axis
from mouth (S1, i.e., Site 1) to export (S9) of the stream; the S1–3, S4–6, and S7–9 sites were located
in the upper, middle, and lower sections of the stream. The S5 site was located close to the town of
Liyang. Dotted lines indicate spatial change trends. Values are displayed as mean ± SD (n = 3). The
different letters indicate statistically significant differences (p < 0.05) among the sampling sites, which
was analyzed using Duncan’s multiple range test.
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Figure 5. DIC concentrations in relation to DOC concentrations in the spring (a), summer (b), autumn
(c), and winter (d) in the Desheng stream (n = 13 sites) and in the spring (e) and autumn (f) in the
Shuangqiao-Shiba stream (n = 9 sites), respectively. The Y-axes labels are the same for the left and
right columns.
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3.3. Greenhouse Gases Concentrations

The CH4, CO2, and N2O concentrations showed almost no significant differences
between the spring and autumn seasons in the Desheng stream (Table 2). The CH4 concen-
tration in the subsurface water was approximately 37 and 11 µL L−1 in the Desheng and
Shuangqiao-Shiba streams, respectively. The CH4 concentration was remarkably higher
than its atmospheric concentration, and thereby CH4 had potential emissions from the
streams. However, the N2O and CO2 concentrations were low, close to their atmospheric
concentrations, indicating they had no potential emissions by infiltration from the streams.

4. Discussion
4.1. Seasonal and Spatial Variability in Dissolved Carbon

The mean DOC concentration was 5.4 and 6.7 mg L−1 in the Desheng and Shuangqiao-
Shiba streams during the investigated period of about 1 year, respectively (Table 2). The
concentration was much higher than those in the other tributary rivers of the Yangtze
River basin. For instance, the mean DOC concentration was 0.82 and 0.33 mg L−1 in
small rivers of Yeniugou and Hulugou in the upper Yangtze River basin during the period
from August 2015 to September 2018, respectively [20]. The mean DOC concentration was
summarized at 1.88 mg L−1 in the rivers of the Yangtze River basin [21]. However, our
DOC concentration was much lower than those in the lakes of the Tibetan plateau [22],
where the overall mean DOC concentration was 23.9 mg L−1.

The mean DIC concentration was 14.0 and 9.6 mg L−1 in the Desheng and Shuangqiao-
Shiba streams, respectively (Table 2). The concentration was obviously lower than the mean
DIC concentration in the upper Yangtze River basin [20], where the concentration was 18.7
and 18.0 mg L−1 in the Yeniugou and Hulugou rivers, respectively. Accordingly, our DIC
concentration was located in the middle-lower section of the range summarized from data
reported. In this study, the DIC concentration was almost always higher than the DOC
concentration (Figures 3 and 4). It was consistent with the result reported by [20], where
the DIC concentration was much higher than the DOC concentration in the Yeniugou and
Hulugou rivers. Most of our DOC and DIC concentrations were positively correlated with
each other (Figure 5), whereas the DOC and DIC concentrations reported by Gao et al. [20]
were not correlated with each other. DIC is mainly derived from carbonate and/or silicate
dissolution by carbonic acid, and thereby most riverine DIC is present in the forms of
bicarbonate ions (HCO3

−) and carbonate ions (CO3
2−) or is converted into CO2 dissolved

in water. Riverine DIC concentrations are reduced mainly by CO2 outgassing, biological
photosynthesis, and bicarbonate/carbonate reactions, and thereby pH is an important factor
in determining riverine DIC concentrations. In this study, a pH of more than 7 indicated an
alkaline condition in the Desheng and Shuangqiao-Shiba streams (Table 1). The remarkable
DIC concentration was partly derived from the alkaline conditions in the streams.

The DOC and DIC concentrations showed seasonal trends in the Desheng and Shuangqiao-
Shiba streams, generally with higher values in the summer and autumn than in the spring
and winter (Table 2; Figures 3 and 4). This was consistent with those in other streams. For
instance, the DOC and DIC concentrations generally followed seasonal trends, where the
DOC concentration increased from spring through to winter but the DIC concentration
decreased from spring through to winter [4]. The DOC concentration of 11.0 mg L−1 in
the summer was obviously higher than the concentration of 8.4 mg L−1 in the winter in
the final effluent from the rivers of the United Kingdom [23]. The seasonality of DOC and
DIC is closely associated with temperature, since temperature drives the seasonality of
dissolved carbon production and processes. One field investigation indicated a positive
correlation between the DOC concentration and temperature within peatlands and forested
catchments [10]. The rising temperature may approximately explain the 10–20% increase in
the DOC concentration in peatlands [24]. In this study, the temperature largely changed
throughout the seasons (Table 2), and therefore the higher DOC production under the rising
temperature may explain the higher DOC concentration in the summer and autumn than
in the spring and winter.
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Obviously, temperature is unlikely to be the sole factor driving the dynamics of dis-
solved carbon. Dilution effects may be used for partly explaining the decreasing trends
of the DOC and DIC concentrations from source through to export in the Desheng and
Shuangqiao-Shiba streams (Figures 3 and 4). In situ aquatic processes such as photodegra-
dation, microbial remineralization, and sediment sorption can exert a weaker control over
dissolved carbon pools in larger riverine systems because of the longer residence time in
larger rivers when compared with smaller streams. The dry season often increases the water
residence time and causes in situ processes to take effect and transform dissolved carbon.
The water residence time was shorter in the rainfall season than during the no-flooding
months in the Desheng and Shuangqiao-Shiba streams. This could partly explain why the
DIC concentration was significantly higher in the summer than in the other seasons in the
Desheng stream. This also affected the spatial distribution of the DOC and DIC concentra-
tions in both streams. To our knowledge, hydrology plays an important role in the spatial
distribution of dissolved carbon in riverine system. A relatively low DOC concentration in
the downstream sections of rivers is in part due to a dilution effect, in addition to photo-
and bio-degradation during transit through the upper and middle stream [25].

In general, dissolved carbon in riverine systems is primarily from the surrounding
landscapes [9,22]. Rainfall events flush dissolved carbon from the surrounding uplands
into low-lying waters [26]. The leaching of DOC and DIC from soils into riverine sys-
tem represents a remarkable flux in the terrestrial carbon budget on regional and global
scales [27]. Globally, about 15% of net productivity in terrestrial ecosystems is exported to
aquatic systems mainly as leached DOC and DIC and eroded POC [27]. This could be used
to partly explain the higher DIC concentration in the flooding summer relative to those in
the other seasons in the Desheng stream. Soil DOC is derived from litter leachates, root
exudates, and microbial degradation products, variations of which are primarily controlled
by soil texture, moisture, and total organic carbon [28]. The global DOC concentration
is, on average, summarized at 7.2 mg L−1 for all sampling events from 2006 to 2009 [29].
Our mean DOC concentration was lower than the global mean value, presumably due to
the lack of measurements in the surrounding cropland soils. How the surrounding crop-
lands affect dissolved carbon in the Desheng and Shuangqiao-Shiba streams will require
further research.

The mean atmospheric concentrations of CH4, N2O, and CO2 were 1.803, 0.324, and
391 µL L−1 on the global scale in 2011 [30]. The CH4, N2O, and CO2 concentrations in the
subsurface water were 20.5, 2.4, and 1.6 times that of their atmospheric concentrations in the
Desheng stream and 6.0, 2.1, and 1.0 times that in the Shuangqiao-Shiba stream, respectively
(Table 2). Anaerobic conditions, which prevail in water, tend to favor the production of CH4
as a metabolic end product. CH4 might be produced in the beds of the streams, transported
by infiltration, and then be emitted into the atmosphere. In this study, the gradient of CH4
concentration between the subsurface water and the atmosphere was much higher than
those of N2O and CO2, indicating that CH4 might have potential emissions from the streams.
However, the gradient of CH4 concentration was much lower than those in wetlands and
tree stems [31,32], where a substantial CH4 gradient between two systems is a premise for
detectable CH4 emissions into the atmosphere. Accordingly, CH4 emissions between the
subsurface water and the atmosphere should be negligible in the Desheng and Shuangqiao-
Shiba streams. This was consistent with previous studies, where the small contribution of
CH4 to the total carbon loss is generally lower than 1% in riverine system [4,5,33]. The CO2
and N2O concentrations were close to their atmospheric concentrations, indicating they
had no emissions by infiltration in the Desheng and Shuangqiao-Shiba streams.

4.2. Effects of Anthropogenic Activity on Dissolved Carbon

In general, water gates and flood levees are prominent landscape features of artificially
modified rivers in farming regions, whereas neither a water gate nor a flood levee appears
in natural rivers in nomadic regions (Figure S1). Water gates and flood levees are widely
present in the Desheng and Shuangqiao-Shiba streams. Small wetlands have developed
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along the outside perimeters of the streams where soil was removed for constructing
flood levees. Areas outside the streams have been generally reclaimed for croplands. The
seasonal distribution of DOC concentration was weaker in the artificially modified Desheng
and Shuangqiao-Shiba streams (Table 2) than in natural streams [20–22]. The DOC and DIC
concentrations showed remarkable differences between artificially modified and natural
rivers in the Yangtze River basin [this study; [20–22]. All these differences may be explained
by a comprehensive result of multiple variables, of which water gates and flood levees
should have a remarkable effect. The detailed effects of water gates and flood levees on
dissolved carbon in riverine systems of farming regions require further research.

In this study, physical-chemical factors generally had higher concentrations in sewage
outlets than in the other habitats (Table 1), indicating that the streams were more or less
polluted. Sewage discharge is a source of dissolved carbon to artificially modified riverine
systems. In general, riverine areas receiving sewage discharge have higher DOC and DIC
concentrations than those without sewage influence. Higher DOC and DIC concentrations
were distributed in the sampling sites close to sewage outlets than in the other sites
(Figures 3 and 4). Specifically, sewage discharge was visible in the S2 and S3 in the southern
Huanfeng town in the Desheng stream, where DOC and DIC concentrations were usually
higher relative to the other sampling sites. Sewage discharge was partly controlled for de-
creasing pollution in the sampling S10 and S11 in the southern Liyang town in the Desheng
stream, whereas sewage discharge was visible in the S5 in the northern Li-yang town in the
Shuangqiao-Shiba stream (Figure 1a). These can be used to partly explain why the DOC
and DIC concentrations were not significantly higher in the sampling sites S10 and S11 than
in the nearby sampling sites of the Desheng stream (Figure 3), whereas the concentrations
were significantly higher in the S5 site of the Shuangqiao-Shiba stream than in the nearby
sampling sites (Figure 4). In addition, the pH of more than 7 (Tables 1 and 2) also indicated
sewage discharge into the Desheng and Shuangqiao-Shiba streams. Riverine areas receiving
sewage discharge generate higher fluxes of greenhouse gases to the atmosphere than those
without sewage influences, such as those in naturally used land [34,35]. Furthermore,
rising nutrient concentrations due to sewage discharge might promote phytoplankton
photosynthesis, which might change the DOC and DIC pool in riverine systems.

DOC contains a diverse array of compounds, a complex viewed as the sum of thou-
sands of individual organic compounds. The complexity of DOC compositions and reac-
tions in the influence of sewage discharge indicate that DOC is associated with human
health. A substantial DOC concentration might indicate a potential hazard to human health
when people drink the water. For instance, a rising DOC concentration in many upland
catchments of the United Kingdom represents a challenge for drinking water quality, in
particular due to the role of DOC as a precursor in the formation of trihalomethanes [9].
Measured DOC concentrations from natural/unpolluted groundwater are typically below
4 mg L−1, above which anthropogenic influence and/or contamination issues might oc-
cur [36]. In nature, organic matter originates from plant, microbial, and animal products
both in the forms of metabolized products and their decomposing products. Alternatively,
it may be produced in waters from aquatic plants, plankton, and higher organisms. The
influence of dissolved organic matter on contaminants and its effects on pathogenic mi-
croorganisms are helpful for understanding the DOC and DIC processes and fluxes in
riverine systems. In future, we would like to compare the dissolved carbon between natural
and artificially modified rivers.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14244057/s1, Figure S1: Modified and natural streams are mainly
distributedin southeastern farming and northwestern nomadic regions of China, respectively. Water
gate and flood leveeare prominent landscapes in artificially modifiedstreams, while neither water gate
nor flood levee in natural streams. Red dotted line is an assumed population dividing linebetween
the farming and nomadic regions (Hu 1935). Table S1: Detailed coordinates and altitudes of the
sampling sites.

https://www.mdpi.com/article/10.3390/w14244057/s1
https://www.mdpi.com/article/10.3390/w14244057/s1
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