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Abstract: Dissolved organic carbon (DOC) in inland waters (rivers, reservoirs, lakes, and small ponds)
plays a significant role in the global carbon cycle and affects global climate change. In addition,
DOC is also a vital indicator of the water environment due to its multiple physical, chemical, and
ecological roles. Lakes and ponds of small sizes are abundant on a global and regional scale, and
a large increase in ponds is expected with global agricultural land expansion. However, the DOC
characteristics of ponds in agricultural watersheds are still unclear, posing a challenge to better
understanding the carbon cycle of inland waters. In this study, we explored the DOC variability and
their influencing factors in ponds draining different landscapes in a typical agricultural watershed to
address the issue. The field measurements over a year showed the DOC concentration varied among
ponds draining different landscapes. Specifically, the mean DOC concentrations in the natural pond,
sewage pond, aquaculture pond, and irrigation pond were (6.17 ± 1.49) mg/L, (12.08 ± 2.92) mg/L,
(9.36 ± 2.92) mg/L, and (8.91 ± 2.71) mg/L, respectively. Meanwhile, monthly measurements found
the DOC varied across sampling dates. The DOC variability was positively correlated with nutrients,
primary production, and precipitation, suggesting anthropogenic loadings, an internal production
rate, and hydrological regime that regulated the substantial variability of DOC in these ponds at the
watershed scale. Further, large pollutant discharge and high primary production led to peak DOC
occurring in the sewage pond. Our results implied that more attention should be paid to ponds in
agricultural watersheds to better understand the roles of inland waters in the global carbon cycle.

Keywords: inland water; carbon cycle; agricultural watershed; DOC variability; human activity

1. Introduction

Dissolved organic carbon (DOC) affects the function and structure of lakes and plays
an integral role in the biogeochemistry and ecology of surface water [1–3]. First, high DOC
can reduce the physical properties of lakes, such as light attenuation, and subsequently
reduce productivity [4,5]. Second, DOC affects the thermal structure and mixing depth of
lakes via altering transparency [6,7]. Third, DOC serves as a substrate for heterotrophic
bacteria, which will increase oxygen depletion, leading to hypoxia [8]. Rising DOC also
poses a potential threat to the water quality of drinking water lakes [5]. Considering DOC
plays multiple physical, chemical, and ecological roles and is thus an important indicator
of water quality [9–11], substantial research attention is needed for the DOC of lakes.

The DOC in lakes plays an essential role in the global carbon cycle and significantly
affects global climate change [3,12,13]. The DOC in inland waters will be converted to
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greenhouse gases (e.g., CO2 and CH4) by biotic and abiotic processes such as mineraliza-
tion [14–16]. It should be noted that the DOC varies across time and space [17,18]. These
patterns in DOC concentration are difficult to extrapolate from one region to another due
to significant differences in environmental conditions [19,20]. Additionally, small lakes and
ponds are abundant on global and regional scales [21,22]. These ponds often possess physi-
cal and biogeochemical characteristics that differ from larger lakes [23,24]. For instance,
small ponds are often more heavily subsidized with large internal loading inputs [25]. Small
ponds are hot spots for biogeochemical cycling, and likely play a disproportionately large
role in the global carbon cycle [24]. It is worth noting that small ponds are more common
landscape features in China, covering approximately 1.8% of the land area [26]. Small
ponds in China are generally constructed or used for aquaculture, irrigation, and sewage
discharge [26,27]. The study of DOC in water bodies in China has mainly focused on lakes
and rivers [8,17]. However, the DOC variability in ponds remains largely unknown. A
previous study has shown that the surrounding landscape plays an essential role in the
pond DOC in Northeast China [28], and a study demonstrated the complex dynamics and
environmental risk of DOC in subtropical ponds [29]. Therefore, the DOC variability of
ponds in China is a key issue that needs to be addressed.

In addition, land use type and land cover play a significant role in regulating aquatic
DOC concentration [5,19,30]. Agricultural land accounts for approximately 40% of the
Earth’s ice-free land surface cover and significantly affects the hydrological, biogeochemical,
and ecological characteristics of aquatic ecosystems [31–33]. Meanwhile, global agricultural
land expansion is accompanied by a large number of small ponds [34–36]. The DOC
characteristics of ponds in the agricultural watershed are still unclear. The pond has
multiple functions, such as water storage, sewage reception, and aquaculture [37,38], but
how these functions influence the DOC characteristics remains unknown. Thus, more field
measurements are needed to understand the linkages between the variations of DOC and
its dominant factor in the ponds of the agricultural watershed.

China is a large agricultural country, and the construction of a substantial number
of ponds has made great contributions to the rural development of China [39,40]. Mean-
while, agricultural ponds play an irreplaceable role in agricultural development. The lower
reaches of the Yangtze River, located in eastern China, have long been one of the most
densely populated agricultural regions and have a long history of productive rice-based
agriculture. There are numerous small ponds for a variety of purposes in the watershed.
Depending on exogenous load levels, ponds draining different landscapes in the same
agricultural basin may have different biochemical cycle processes and DOC variability.
However, the change in DOC concentration in ponds in this agricultural watershed with
intense human activities is poorly understood. We explored the DOC variability and their
influencing factors in ponds draining different landscapes in a typical agricultural water-
shed (the Tongyang River watershed), which is located in the lower region of the Yangtze
River Basin in eastern China with a long history of agricultural practice. The purpose of this
study was (1) to investigate the temporal-spatial variability of DOC, (2) to elucidate the fac-
tors influencing the variability, and (3) to compare the magnitude of the DOC in the ponds.
We anticipate that the results from the study could further supplement the information
on DOC in inland waters with different landscape ponds. More significantly, this study is
expected to assist in exploring the main influencing factors of DOC variability in ponds and
provide a valuable data source for the carbon cycle in such heavily agricultural regions.
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2. Materials and Methods
2.1. Study Area and Sampling Ponds

The Tongyang River watershed is a small rural watershed on the north shore of
Lake Chaohu, with a total area of 89.3 km2, situated in a humid subtropical climate
zone (Figure 1). The annual mean temperature and precipitation are 16 ◦C and 1030 mm,
respectively. The types of land use in the watershed are mainly agricultural, such as planting
rice, cotton, and rapeseed. The agriculture-related non-point pollution in the watershed is
severe, primarily due to the application of fertilizers and domestic sewage discharge. There
are various ponds for a variety of purposes distributed in the watershed. Four different
landscape ponds are selected according to the land use type. The natural pond is far away
from the village and is surrounded by forest (area: 0.004 km2; depth: 2–3 m). The sewage
pond is discharged with a large amount of sewage due to the high human population
density (area: 0.007 km2; depth: 0.5–1 m). The aquaculture pond is shallow, and shrimp
and crabs are mainly raised in the pond (area: 0.003 km2; depth: 0.3–0.5 m). Agricultural
practices are the dominant local source of anthropogenic N discharging into the irrigation
pond (area: 0.01 km2; depth: 1–2 m).

Figure 1. Map showing the geographical location of the Tongyang River watershed and sampling
ponds. The blue area indicates Lake Chaohu; The blue lines indicate inflow and outflow rivers; The
gray area indicates the study area; The blue diamonds denote different sampling ponds, and the
yellow triangle denotes a local automatic meteorological observation station in the watershed.

2.2. Water Sample Collection and DOC Concentration Measurement

Four different landscape ponds in the basin were sampled monthly from 2020 to 2021
except in December 2020 and February 2021.Each pond was set up with sampling points
according to its area and depth, and the sampling frequency was once a month. Each
field survey throughout the ponds was generally completed between 8:00 and 18:00 in two
consecutive days. Bubble-free surface water was taken using an organic glass hydrophore
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at each sampling site, and water samples for dissolved DOC measurements were transferred
to 500 mL brown plastic bottles via tubing. Both of the hydrophore and brown plastic
bottles were washed with local water before sampling. Within 24 h, all samples were
filtered (0.45 µm) and kept refrigerated at 4 ◦C before analysis. DOC analysis consisted
of acidification of the sample, followed by combustion using a Total Organic Carbon
Instrument (Shimadzu TOC-VCPH, Kyoto, Japan). The analysis was repeated at least
three times per sample, resulting in a DOC concentration in mg/L and a percent standard
deviation. The detection limit for DOC was 0.4 µg L−1.

2.3. Auxiliary Variables Measurement

The variables considered in this study included water temperature (Tw), pH, dissolved
oxygen concentration (DO), total nitrogen concentration (TN), dissolved total nitrogen
concentration (DTN), ammonium nitrogen concentration (NH4

+-N), nitrate nitrogen con-
centration (NO3

−-N), total phosphorus concentration (TP), dissolved total phosphorus
concentration (DTP), chlorophyll a concentration (Chl-a), and water depth. The measure-
ments of Tw, pH, and DO were conducted in situ using a multi-parameter probe (YSI 6600,
YSI Inc., Yellow Springs, OH, USA), which was calibrated before measurement. TN and
DTN concentrations were measured by the alkaline potassium persulfate digestion UV
spectrophotometric method. TP and DTP concentrations were measured by the ammonium
molybdate spectrophotometric method. The concentrations of NO3

−-N and NH4
+-N were

determined by a flow injection analyzer (Skalar SAN++, Breda, The Netherlands) with high
precision after filtration with Whatman GF/F filters. The detection limit for NO3

−-N and
NH4

+-N concentrations was 0.6 µg L−1. Chl-a concentration was determined spectrophoto-
metrically (Shimadzu UV 2600, Kyoto, Japan), and chemical oxygen demand concentration
(COD) was determined by the dichromate method. The precipitation came from the local
automatic meteorological observation station in the Tongyang River watershed.

2.4. Statistical Analysis

The experimental and statistical analysis data were analyzed by land use type (natural
pond, sewage pond, aquaculture pond, and irrigation pond). The differences in DOC
concentrations were summarized as means for spring (from March to May), summer
(from June to August), autumn (from September to November), and winter (January).
A least significant difference post-hoc test was used to determine the differences among
measured variables using SPSS (version 22.0), and differences at the p < 0.05 level were
deemed statistically significant. The drivers influencing DOC concentrations in ponds were
analyzed using a stepwise multiple regression method, and the data were plotted using
Origin 2021.

3. Results
3.1. Environmental Variability

There was an insignificant difference in water temperature between four different
landscape ponds (p > 0.05), but their biochemical parameters varied significantly (Table 1).
Among them, the DO concentration in the irrigation pond was the lowest, and in the natural
pond was the highest. The highest COD, Chl-a, and nutrient concentrations occurred in the
sewage pond and the lowest in the natural pond. The variables of NH4

+-N, TN, DTN, TP,
DP, and Chl-a concentrations showed insignificant differences between the aquaculture
pond and the irrigation pond (p > 0.05). Overall, the sewage pond had the highest COD,
Chl-a, and nutrient concentrations, followed by the irrigation pond and the aquaculture
pond, and the natural pond had the lowest.
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Table 1. Key aquatic environment variables at different ponds of the Tongyang River watershed
during pond-survey period. The presented values are the mean ± standard deviation. Different
letters indicate significant differences at p < 0.05 across pond types.

Pond Type
Depth Area Temperature DO COD NO3− -N NH4

+-N TN DTN TP DTP Chl-a
(m) (km2) (◦C) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (µg/L)

Natural
pond 2–3 0.004 22.62 ± 8.27 9.86 ± 3.04 3.36 ± 0.78 c 0.46 ± 0.19 0.29 ± 0.09 b 1.35 ± 0.25 b 1.23 ± 0.25 b 0.07 ± 0.04 b 0.06 ± 0.03 b 2.37 ± 1.03 b

Sewage
pond 0.5–1 0.007 22.43 ± 9.99 8.94 ± 3.80 6.84 ± 1.07 a 0.67 ± 0.21 0.68 ± 0.48 a 2.89 ± 1.13 a 1.93 ± 0.63 a 0.35 ± 0.25 a 0.12 ± 0.08 a 50.16± 43.15 a

Aquaculture
pond 0.3–0.5 0.003 22.03 ± 8.72 9.29 ± 4.25 4.64 ± 0.93 b 0.48 ± 0.15 0.39 ± 0.12 b 1.41 ± 0.12 b 1.28 ± 0.11 b 0.07 ± 0.04 b 0.05 ± 0.04 b 5.78 ± 3.59 b

Irrigation
pond 1–2 0.01 22.90 ± 9.51 7.73 ± 2.77 4.65 ± 1.05 b 0.56 ± 0.33 0.41 ± 0.15 b 1.45 ± 0.35 b 1.32 ± 0.31 b 0.08 ± 0.03 b 0.06 ± 0.03 b 6.22 ± 4.10 b

3.2. Temporal Variability of DOC

The monthly field measurements from September 2020 to September 2021 showed that
DOC concentrations fluctuated over time (Figure 2). In addition, the DOC concentration
in the natural pond was 3.97–9.35 mg/L, and the average DOC concentration in spring,
summer, autumn, and winter was 5.88, 6.65, 6.17, and 5.66 mg/L, respectively, indicating
that the DOC concentration in the warm season was higher than in the cold season. The
DOC concentration in the sewage pond ranged from 7.35–17.21 mg/L, which was high
in spring (14.38 mg/L), higher than in summer (11.89 mg/L), autumn (10.97 mg/L),
and winter (10.19 mg/L). The DOC concentration in the aquaculture pond ranged from
5.81 to 14.59 mg/L, and in spring it was 10.71 mg/L, which was higher than in summer
(9.70 mg/L), autumn (8.84 mg/L), and winter (6.85 mg/L). The DOC concentration in the
irrigation pond ranged from 5.17 to 13.76 mg/L, which showed that the DOC concentration
in spring (10.69 mg/L) > summer (9.70 mg/L) > autumn (7.66 mg/L) > winter (6.19 mg/L).

Figure 2. Monthly variations of DOC concentration in the natural pond (a), sewage pond (b),
aquaculture pond (c), and irrigation pond (d).
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3.3. Spatial Variations of DOC Concentration

Figure 3 showed the spatial variations of DOC concentration in the natural pond,
sewage pond, aquaculture pond, and irrigation pond, and the mean DOC concentration was
(6.17 ± 1.49), (12.08 ± 2.92), (9.36 ± 2.92), and (8.91 ± 2.71) mg/L, respectively (Figure 3).
The DOC concentration in the natural pond had the lowest value, and was significantly
(p < 0.05) lower than that of the sewage pond, aquaculture pond, and irrigation pond.
The DOC concentration in the sewage pond had the highest value and was significantly
(p < 0.05) higher than in the natural pond, aquaculture pond, and irrigation pond. The
DOC concentration showed a nonsignificant (p > 0.05) difference between the aquaculture
pond and the irrigation pond.

Figure 3. Spatial variations of DOC concentration in different ponds during sampling period. Error
bars indicate standard deviation. Different letters indicate significant differences at p < 0.05 across
pond types.

3.4. Factors Influencing DOC Variability

Significant correlations between DOC concentration and precipitation were found in
four different landscape ponds (Figure 4). In the natural pond and irrigation pond, the
seasonal fluctuation of DOC concentration was driven by precipitation in the watershed,
and the precipitation explained 46% of the observed temporal variability in the natural
pond (R2 = 0.46, p < 0.05, Figure 4a) and 44% of the variability in the irrigation pond
(R2 = 0.44, p < 0.05, Figure 4d). However, the correlations between precipitation and DOC
concentration in the sewage pond and aquaculture pond were not statistically significant
(R2 = 0.14, p = 0.37, Figure 4b; R2 = 0.09, p = 0.29, Figure 4c).

Another characteristic of agricultural watersheds is nutrient enrichment. The corre-
lation analysis showed that the DOC concentration variability in ponds was also closely
related to N loadings at the watershed scale (Figure 5). Specifically, the NH4

+-N, TN, and
NO3

−-N concentrations explained 25%, 32%, and 21% of the observed variability of DOC,
respectively. Here, the Chl-a concentration, an index of primary production, was also
positively correlated with DOC at the watershed scale (Figure 5d). It should be noted that
the Chl-a concentration only explained 15% of the DOC variability, suggesting other factors
such as external loadings discharge influence the variability.
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Figure 4. Temporal correlations between DOC concentration and precipitation in the natural pond (a),
sewage pond (b), aquaculture pond (c), and irrigation pond (d). The 5-day accumulated precipitation
(mm) before each sampling was used.

Figure 5. Correlations between DOC concentration and NH4
+-N concentration (a), between DOC

concentration and TN concentration (b), between DOC concentration and NO3
−-N concentration (c),

and between DOC concentration and Chl-a concentration (d) of ponds at watershed scale.
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Additionally, for individual ponds, these environmental variables also influenced
the DOC variability (Table 2). DOC concentration in the natural pond was significantly
positively correlated with COD, TN, and TP concentrations. The DOC concentration in the
sewage pond was significantly positively correlated with NO3

−-N, NH4
+-N, TN, TP, and

Chl-a concentrations. The DOC concentration in the irrigation pond was significantly posi-
tively correlated with NO3

−-N and NH4
+-N concentrations. The DOC concentration was

significantly positively correlated with the NH4
+-N concentration in the aquaculture pond.

Table 2. Correlations between monthly DOC concentration and environment variables.

Pond Type
Temperature DO Chl-a COD NO3−-N NH4

+-N TN TP
(◦C) (mg/L) (µg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

Natural pond 0.23 0.29 −0.47 0.53 * 0.34 0.3 0.55 * 0.88 **
Sewage pond −0.15 0.24 0.61 * 0.29 0.61 * 0.55 * 0.71 * 0.72 *

Aquaculture pond −0.02 0.37 −0.46 0.25 0.12 0.55 * 0.3 0.4
Irrigation pond 0.22 −0.12 −0.21 0.12 0.54 * 0.59 * −0.26 0.39

** Correlation is significant at the 0.01 level. * Correlation is significant at the 0.05 level

4. Discussion
4.1. Effects of Human Activities on DOC

The inland waters of the agricultural watershed can be highly polluted due to rural
activities with high fertilizer N application and domestic sewage discharge from local
residents [37,41,42]. The fertilizer N application rates in Eastern China are approximately
600 kg N ha−1 yr−1 [36,41], which is significantly higher than the agricultural fertilizer
application rates (less than 150 kg N ha−1 yr−1) in Sweden [43], France [44], and the US [45].
The nutrient loadings in natural water bodies are generally very low, which was also
evidenced from our field measurement in the natural pond. However, human activities can
increase the nutrient loadings of water bodies [14]. The measured nutrient concentrations
in the ponds (Table 1) were similar to those in anthropogenic aquatic ecosystems such as
eutrophic lakes/ponds and artificial waterbodies [35,37], suggesting that human activities
(input of fertilizer N and domestic sewage discharge) could affect the biogeochemical
cycle processes of the ponds. It should be noted that previous studies have found high
nutrient loadings stimulate the degradation of DOC, leading to the nutrient being negatively
correlated with DOC [46,47]. However, our results found the nutrient loadings (NH4

+-N,
NO3

−-N, and TN concentrations; Figure 5a–c) were positively correlated with DOC on the
watershed scale, implying that human activities may influence the DOC variability.

The effects of human activities could be explained by external loading input and
internal DOC production. Substantial external DOC inputs have been found widely,
which significantly affect the carbon cycle of aquatic ecosystems [48–50]. Generally, the
DOC and nutrients co-vary [14,51]. A large number of external loads enter the ponds to
supplement DOC and nutrient loadings due to farmland drainage, leaching, runoff, and
soil erosion [37,52], eventually leading to the nutrient and DOC being correlated with
each other. The sewage pond is easily affected by human activities, and the discharge of
domestic sewage into the pond directly affects the DOC and nitrogen cycles [53,54], likely
making the changes in DOC more sensitive to the enrichment of nutrients. The direct DOC
input from domestic sewage discharge could increase DOC concentration. Meanwhile, the
water exchange capacity of the sewage pond is poor. The nutrients, such as organic matter,
nitrogen, and phosphorus, in the pond stimulate the biological metabolic activities, leading
to a higher DOC concentration. Large feed applications in aquaculture ponds may increase
the DOC and nutrients synchronously [55], which can also explain why high DOC occurred
with nutrient enrichment. It is reasonable to assume that surface runoff can contribute
to the DOC’s variability. In the study region, the surface runoff was mainly driven by
precipitation, and significant correlations between DOC and precipitation were only found
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in the natural pond and irrigation pond (Figure 4). These suggested that other sources may
not be the controlling factor determining the DOC variability.

Nutrient enrichment can indirectly increase DOC by stimulating primary production.
Generally, phytoplankton can release a large amount of DOC in the process of growth and
death, providing endogenous DOC [56–58]. Thus, some previous studies have found that
primary production influences the DOC variability of lakes [17,59]. It is well established
that nutrient enrichment can significantly improve the primary production of inland
waters [14,60,61], which is also evidenced by our measured data showing peak Chl-a
concentration (an index of primary production) occurred in the sewage pond with high
nutrient loadings. In the natural pond, the Chl-a and nutrient concentrations were the
lowest (Table 1). Importantly, the Chl-a concentration was positively correlated with DOC
(Figure 5d). Both of these suggested an indirect role for human activities in determining
DOC variability. For comparison, peak DOC concentration occurred in the sewage pond,
and it is important to note that the Chl-a concentration in the sewage pond (50.16 µg L−1)
was significantly higher than that in the natural pond (2.37 µg L−1), aquaculture pond
(5.78 µg L−1), and irrigation pond (6.22 µg L−1). Higher Chl-a concentration probably
contributes to the large DOC, suggesting the indirect role of human activities in determining
DOC variability.

4.2. Causes of the Temporal Variation and the Role of Precipitation

Notably, field measurements showed the DOC varied temporally (Figure 2). This
finding was expected considering the endogenous DOC production rate was influenced
by primary production, which generally depended on temperature [57,62]. This is well
illustrated by the seasonal variability of DOC at the natural pond, showing peak DOC
in warm seasons and the lowest in cold seasons. Meanwhile, the temporal variability of
farm practices was likely associated with DOC variability. For instance, in the irrigation
pond, peak DOC occurred in the spring (Figure 2d), which could be attributed to the
centralized fertilization by farmers at that time. Thus, the temporal variability of DOC
and its influencing factors should be considered to better understand the carbon cycle,
especially for agricultural watersheds with intense human activities [63,64].

Previous studies have demonstrated that hydrological regimes controlled the DOC
variability by regulating the DOC input from watersheds [5,20,65]. In the region we studied,
precipitation was the main hydrological event (Figure 4). A previous study has shown that
precipitation is negatively correlated with lake DOC [20], but some published studies found
that DOC increases with heavy precipitation [66,67]. Even previous field measurements
have found that the effect of precipitation varied seasonally [64]. Here, our results showed
that heavy precipitation generally increased the DOC concentration, suggesting hydrology
regulated DOC input from the watershed [62]. The DOC concentration-precipitation
relationships also implied the agricultural watershed contained considerable amounts of
DOC, which would be transported to the ponds via runoff. Meanwhile, it should be noted
that DOC was unrelated to precipitation in the aquaculture pond (Figure 4c), due to the
fact that the aquaculture pond was sealed off with fences, which were likely to prevent the
precipitation-driven DOC input.

4.3. Comparison with Other Studies

Field measurements over a year showed the DOC varied among ponds draining
different landscapes (Figure 3). Notably, the DOC concentration of the sewage pond
((12.08 ± 2.92) mg/L) was twice that of the natural pond ((6.17 ± 1.49) mg/L). The pollu-
tant loadings may contribute to the large difference in DOC between two ponds [33,54].
The concentrations of Chl-a, COD, and NH4

+-N in the natural pond, which were the mainly
human-dominated/induced pollutant, were relatively low (Table 1), with less human
activities, suggesting minor external DOC input from the watershed [14,51]. Meanwhile,
the concentration of Chl-a was also lower than that in the other three landscape ponds
(Table 1), suggesting a lower DOC production rate in the natural pond [17,59]. The sewage
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pond was significantly affected by human activities with substantial domestic sewage
discharge, which contained a large amount of DOC and contributed considerably to the
high DOC concentration [54]. Large pollutant input resulted in high Chl-a concentration
in the sewage pond (Table 1). In this study, the Chl-a concentrations in the sewage pond
were 21, 9, and 8 times higher than in the natural pond, aquaculture pond, and irrigation
pond, respectively, suggesting a significant DOC production rate [58,59]. Previous studies
have found aquatic DOC to vary regionally [17,20]. Our results found that DOC varied
significantly within a single watershed due to intense human activities.

The measured DOC concentration was significantly higher than the mean value
(3.88 mg L−1) of global lakes [65], generally higher than in eutrophic lakes with high
primary production [14,59], and slightly higher than the median of 7500 lakes across
diverse geographical regions [20]. Meanwhile, the DOC concentration in this study was
lower than the value of Canadian ponds [68] but similar in German ponds [69]. Small ponds
are abundant on global and regional scales [21,22], and global agricultural land expansion
would be accompanied by a large number of small ponds [34,35,37]. To accurately estimate
the carbon budget of inland waters and better understand their influence factors, much
attention should be paid to the DOC variability of ponds with intense human activity, such
as in agricultural watersheds.

DOC is one of the largest organic pools on the earth’s surface [12,17], which also
provides substances for CO2 and CH4 production. A previous study has shown that a large
contribution to inland water carbon gas emissions from small ponds is primarily due to
the enhanced microbial respiration, which is a result of increased carbon loadings such as
DOC [24]. Positive correlations between CO2/CH4 and DOC have been found in small
waterbodies such as ponds [35], suggesting DOC concentration can be considered a proxy
of greenhouse gas production potential. The biological and photochemical degradation
of DOC has been suggested as an important factor underlying this positive relationship
between DOC and CO2 concentrations [70]. Photochemical oxidation can directly trans-
form allochthonous DOC to CO2 as well as produce lower molecular weight fractions of
DOC available for bacterial mineralization [71]. Allochthonous DOC may also be directly
degraded by biological processes and subsequently converted to CO2 in freshwater [72,73].
Thus, the DOC variability and its influencing factors should be considered in the carbon
cycle and greenhouse gas predictions.

The DOC variability and their influencing factors in ponds draining different land-
scapes from a typical agricultural watershed were investigated based on field measure-
ments. However, some limitations may cause uncertainties in this study. First, temporal
variation of DOC was observed, suggesting high-frequency observation was needed, espe-
cially during rainfall periods and farming seasons. For instance, the DOC concentration
in our study was associated with precipitation and nutrient loadings. The heavy precip-
itation and farmland N fertilizer application affect the DOC variability [66,67]. Second,
inter-annual climate patterns (e.g., wet-dry periods) have been found to influence aquatic
DOC variability [74,75]. The data in this study is limited to just one year (from September
2020 to September 2021). Long-term field measurements may be critical to understanding
controls on pond DOC variability and predicting future change. Meanwhile, the lack of
field measurement in December 2020 and February 2021 may hamper our understanding
of the temporal variability of DOC. Supplementary measurements are needed in the future
to identify the influencing factors of DOC. Third, the DOC concentration in aquatic ecosys-
tems such as lakes and ponds can be affected by interconnected physical, chemical, and
biological processes [17,45,56], and watershed landscape characteristics also modulate the
DOC dynamics [5]. This study focused on the effects of external pollutant loads and algae
blooms on DOC variability. Human activities and other biogeochemical processes should
be paid attention in such a highly agricultural-dominated watershed.
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5. Conclusions

The field measurements over a year showed the DOC concentration varied among
ponds across different pond types. Specifically, the mean DOC concentrations in the natural
pond, sewage pond, aquaculture pond, and irrigation pond were (6.17 ± 1.49) mg/L,
(12.08 ± 2.92) mg/L, (9.36 ± 2.92) mg/L, and (8.91 ± 2.71) mg/L, respectively. In addition,
the Peak DOC concentrations occurred in the aquatic ecosystem with higher nutrient
concentrations, suggesting the role of watershed land use and human activities (input of
fertilizer N and domestic sewage discharge). Meanwhile, monthly measurements found
that DOC varied across sampling dates, implying that temporal variability of DOC should
be considered in agricultural watersheds with intense human activities. The DOC variability
was positively correlated with nutrients, primary production indicated by chlorophyll-a,
and precipitation, suggesting anthropogenic loading input, an internal production rate,
and a hydrological regime that regulated the substantial variability of DOC in these ponds
at the watershed scale. More attention should be paid to ponds in agricultural watersheds
to better understand the roles of inland waters in the global carbon cycle.
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